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For news from, and information about, light sources worldwide, visit www.lightsources.org

For links to online content including animations, videos, etc., look for URLS or (for readers of the print ver-
sion of this book) QR codes (below). QR codes quickly link smartphone users to the content. 
A code reader can be downloaded from, for instance,  http://www.quickmark.com.tw/En/basic/download.asp
Adobe Flash may be required for some films.



ThE ADvANCED PhOTON SOUrCE FACILITy AT ArgONNE NATIONAL LAbOrATOry

The Advanced Photon Source (APS) occupies an 80-acre site on the Argonne National Laboratory campus,
about 25 miles from downtown Chicago, Illinois.

For directions to Argonne, see http://www.anl.gov/directions-and-visitor-information.

The APS, a national synchrotron radiation research facility operated by Argonne for the U.S. Department of Energy (DOE) Office
of Science, provides this nation’s brightest high-energy x-ray beams for science. Research by APS users extends from the center of
the Earth to outer space, from new information on combustion engines and microcircuits to new drugs and nanotechnologies whose
scale is measured in billionths of a meter. The APS helps researchers illuminate answers to the challenges of our high-tech world,
from developing new forms of energy, to sustaining our nation’s technological and economic competitiveness, to pushing back against
the ravages of disease. Research at the APS promises to have far-reaching impact on our technology, our economy, our health, and
fundamental knowledge of the materials that make up our world. 

ContACt us
For more information about the APS or to order additional copies of this, or previous, issues of APS Science, send an e-mail to

apsinfo@aps.anl.gov, or write to APS Info, Bldg. 401, Rm. A4115, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL
60439, or go to http://www.aps.anl.gov/Science/Reports/ to download PDF versions. 

Visit the APS on the Web at www.aps.anl.gov
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While one might have expected

some tempering in the pace of the
revolution that was sparked by the
advent of accelerator-based x-ray
facilities nearly 40 years ago, instead
the future has never looked brighter
for x-ray science.

Internationally, new storage-ring
and free-electron-laser (FEL) x-ray
facilities are being planned, built, and
commissioned for user operations at an
increasing pace. Nationally, the U. S.
Department of Energy (DOE) has built
the world's first FEL source to reach
the x-ray region of the spectrum, the
Linac Coherent Light Source at SLAC
National Accelerator Laboratory, and
will soon be commissioning a next-gen-
eration storage ring source for high-bril-
liance medium-energy x-rays, the
National Synchrotron Light Source II at
Brookhaven National Laboratory. here
at Argonne, we are in the design phase
for a major upgrade to DOE’s premier
high-energy x-ray source, the
Advanced Photon Source (APS). 

In September of 2011 I was hon-
ored by Argonne Director Eric Isaacs
to be appointed Director of this

life science community to advocate
for the field.

Even while planning for our
upgrade, we’ve continued to augment
our current facility. At the time of this
writing the APS has 64 simultane-
ously operating end stations. A new
canted beamline is being added at
Sector 13. The 7-BM end station ded-
icated to ultrafast x-ray radiography
and tomography experiments for fuel
sprays and associated phenomena is
undergoing commissioning. A new
beamline for intermediate energy x-
rays nearing completion at Sector 29
will operate at energies between 250
and 2500 eV to provide capabilities
for angular resolved photoemission
spectroscopy and soft x-ray resonant
scattering. And a new beamline for
dynamic compression studies is in the
design stage. Users there will exam-
ine and understand, at the micro-
scopic level, the dynamic response of
materials subjected to large compres-
sions, high temperatures, and large
deformations on short time scales
(picoseconds to microseconds). 

Our user program continues to
grow. The total number of APS users
of all kinds (visitors, remote, mail-in,
and co-proposers) reached 4713 in
fiscal year (Fy) 2011, an increase of
7% over Fy2010. More users, in this
case, meant more experiments.
These exceed 4400 in Fy11, 11%
higher than in Fy10. These increases
come as our scheduled x-ray hours
have stayed the same, indicating that
we are learning to be more efficient in
the way we run our user program.
And the increase in users can also be
taken as an indicator of the increas-
ing number of researchers who are
turning to synchrotron x-ray tech-
niques to answer their questions.

Brian Stephenson
Associate Laboratory Director,

Photon Sciences;
and Director, Advanced Photon Source

remarkable facility at such an exciting
time. While my background is in
development of x-ray techniques for
materials science, and I've been
involved in building several beamlines
at APS and elsewhere, it is a new
challenge and pleasure to facilitate
research across the full spectrum of
disciplines represented at APS. The
science highlights in this book are just
a sample of the stream of knowledge
produced by our users in the past
year. The APS Upgrade Project will
move that knowledge forward as we
provide our users with new tools and
capabilities. A progress report by
Upgrade Project Director george
Srajer follows this “Welcome.” 

The year 2011 has been eventful.
In addition to developing the concep-
tual design for the APS Upgrade
Project, the scientific output of the
APS continues to increase and the
APS accelerator systems achieved
new records for x-ray availability and
machine reliability, building on what
has been a gold standard for light
source operation.

The life sciences are an impor-
tant part of the APS research portfo-
lio.  Life science researchers are the
largest segment of our user commu-
nity, and approximately half of our
operating beamlines are devoted to
the life sciences. To forge stronger
links with that community, and in the
wake of strong recommendations for
such action by several review commit-
tees, we have created a new part-
time position, Senior Advisor for Life
Sciences at the APS. Prof. keith
Moffat of the University of Chicago, a
long-time leader in life science
research at synchrotron x-ray facilities
and a pioneer of time-resolved x-ray
studies, has agreed to take on this
responsibility. he is advising APS
management, coordinating the devel-
opment of a long-range strategy for
life science at the APS, interacting
with his counterparts at other facili-
ties, and working with groups in the

WELCOmE
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ThE ADvANCED PhOTON SOUrCE
UPgrADE PrOjECT

george Srajer

That was not the only review of the
APS-U in 2011.

The APS Scientific Advisory
Committee (SAC) held a review of
Upgrade proposals on March 7-9. That
review produced endorsement by the
SAC of all 35 of the beamline propos-
als and their prioritization into three cat-
egories: Very Strongly Recommended,
Strongly Recommended, and
Recommended. This scientific prioriti-
zation has been extremely useful in
planning for the Upgrade and associ-
ated long-term improvements to the
APS. This review was followed almost
immediately by the Argonne Director's
Review of APS-U on March 14-16. This
group reviewed the draft Conceptual
Design Report and the project’s scope,
cost, schedule, and management in
preparation for the May DOE review.
The review also produced valuable
advice that will help us carry the project
forward.

At the time of this writing we have
developed a “roadmap,” a long-term
plan for the locations of current and
potential future programs/beamlines at
the APS. Our approach was centered
on the premise that a roadmap must
incorporate not only the activities
included in the base and contingent
scope of the APS Upgrade Project, but
also proposed activities outside of the
Upgrade. Also, the goal is to minimize
disruption or relocation of the existing
collaborative access team or X-ray
Science Division beamlines.

We presented roadmap scenarios
to the Stakeholder Committee, resident
users, XSD staff, the Project Science
Advisory Committee (PSAC), the SAC,
and Argonne’s Laboratory Director. We
also created a Web page for user input.
Based on constructive and thoughtful
feedback, we are in the process of nar-
rowing the roadmap to one base sce-
nario and several options.

We are growing the project team in
anticipation of ever-increasing
Upgrade-related effort and in prepara-
tion for upcoming milestones. The first
one is the DOE Office of Science sta-

tus review of the project scheduled for
june 13, 2012. The purpose of this
review is to assess the project’s
progress toward the Critical Decision 2,
“Approve Performance Baseline”
review in early fiscal year 2013. Our
scientific and engineering staff contin-
ues the development of short-pulse x-
ray capability and superconducting
undulators, the innovative technologies
that will complement and support the
new and improved beamlines.

In February of 2012, Argonne
Director Eric Isaacs appointed me APS
Upgrade Project Director. By way of
introduction, I have been with the APS
since joining Argonne as an assistant
physicist in 1991 during the original
APS construction project. I have been
involved in developing and managing x-
ray science programs and facilities,
most recently as Associate Division
Director in XSD, as the leader for
Argonne's hard X-ray Sciences
Strategic Initiative, and as a group
leader for polarization studies. 

Bringing the APS-U to fruition
promises to be an exciting and fulfilling
process for all of us. As noted on the
Upgrade web site, “The … APS-U…
Project… will enhance the capacity and
capabilities of the … DOE’s… largest
national synchrotron x-ray research
facility. Innovative physics and tech-
nologies developed and implemented
by Argonne scientists and engineers
will result in an improved world-class
source of high-energy, high-brightness,
tunable x-rays for scientific research.
With nanometers of spatial resolution
for imaging and picoseconds of timing
resolution for dynamics research, the
upgraded Advanced Photon Source will
enhance our support of the DOE
research missions in energy, the envi-
ronment, and national security for the
coming decades.” 

george Srajer
Deputy Associate Laboratory Director,

Facility Development, Photon Sciences;
and Director, Advanced Photon Source

upgrade Project 

May 2012
On Thursday, September 15,

2011, William Brinkman, Director of the
U.S. Department of Energy (DOE)
Office of Science gave his approval for
Critical Decision 1 (CD-1) for the
Advanced Photon Source Upgrade
(APS-U) Project.

This action signaled DOE’s formal
approval of the alternative selection
and cost range for the APS-U Project,
established the preliminary technical
scope of the project, and authorized
the detailed preliminary design and ini-
tial research and development activi-
ties. 

The awarding of CD-1 to the APS-
U followed a rigorous and ultimately
successful DOE review of a conceptual
design for the APS-U on May 17-19,
2011. That review culminated in a
unanimous review committee recom-
mendation for approval of CD-1. We
were all gratified that the committee
members commended the work our
staff had done, and the recognition of
our staff’s professionalism and dedica-
tion. In addition, the review provided
comments and recommendations that
will be incorporated into the preliminary
design for the APS-U Project. The final
conceptual design report has now been
made publicly available at:
http://www.aps.anl.gov/Upgrade/Docume
nts/CDR/.



APS SECTOrS: At the APS, a “sector” comprises the radiation sources (one bending magnets and one insertion device, although the number of
insertion devices in the straight sections of the storage ring can vary), and the beamlines, enclosures, and instrumentation that are associated with
a particular storage ring sector. The APS has 35 sectors, 34 of which are dedicated to user science and experimental apparatus. The 35th has
limited space for instrumentation and is used primarily for accelerator-related studies. X-ray Science Division (XSD) sectors comprise those
beamlines operated by the APS. Collaborative access team (CAT) sectors comprise beamlines operated by independent groups made up of
scientists from universities, industry, and/or research laboratories. Collaborative development teams (CDTs) comprise an external partner group
that drives the development of a beamline that will be ultimately operated by the APS.

Key to the beamline descriptions below and that accompany each science highlight: beamline designation • Sector operator • Disciplines •
Techniques • radiation source energy • User access modes • 

For detailed information, go to http://www.aps.anl.gov/Beamlines/Directory/ and click on the “Beamline” link at left on the page.

Sector 1: XSD 1 • 1-BM-B,C: Chemistry, materials science, physics • Powder diffraction, high-pressure diamond anvil cell • 8-22 kev • On-site • 1-
ID-B,C,E: materials science, physics, chemistry •  high-energy x-ray diffraction, radiography, small-angle x-ray scattering, fluorescence spec-
troscopy, Pair distribution function • 50-90 kev, 50-150 kev • On-site • 

Sector 2: XSD 2 • 2-BM-A,B: Physics, life sciences, geoscience, materials science • Tomography, phase contrast imaging • 5-30 kev, 0-30 kev •
On-site • 2-ID-B: materials science, environmental science, physics • Coherent x-ray scattering (soft x-ray), microfluorescence (soft x-ray) • 635-
2900 ev • On-site • 2-ID-D: Life sciences, materials science, environmental science • microfluorescence (hard x-ray), microdiffraction, micro x-ray
absorbtion fine structure • 5-30 kev • On-site • 2-ID-E: Life sciences, environmental science, materials science • microfluorescence (hard x-ray) •
7-10.5 kev, 11-17 kev • On-site •

Sector 3: XSD 3 • 3-ID-B,C,D: Physics • high-pressure diamond anvil cell, inelastic x-ray scattering, nuclear resonant scattering • 7-27 kev,
14.41-14.42 kev • On-site •

Sector 4: XSD 4 • 4-ID-C: Physics, materials science • magnetic circular dichroism (x-ray magnetic circular dichroism, soft x-ray), x-ray magnetic
linear dichroism, x-ray photoemission spectroscopy, x-ray photoemission electron microscopy, anomalous and resonant scattering (soft x-ray) •
500-2800 ev • On-site • 4-ID-D: Physics, materials science • Anomalous and resonant scattering (hard x-ray), magnetic x-ray scattering, mag-
netic circular dichroism (x-ray magnetic circular dichroism, hard x-ray) • 2.7-40 kev • On-site •

Sector 5: DuPont-Northwestern-Dow CAT • 5-BM-C: materials science, polymer science • Powder diffraction, tomography • 10-42 kev • On-site
• 5-BM-D: materials science, polymer science •  X-ray absorption fine structure, high-energy x-ray diffraction, general diffraction • 4.5-25 kev,
4.5-80 kev • On-site • 5-ID-B,C,D: materials science, polymer science • Powder diffraction, x-ray standing waves, x-ray optics development/tech-
niques, small-angle x-ray scattering, surface diffraction, x-ray reflectivity, wide-angle x-ray scattering • 5-20 kev • On-site •

Sector 6: XSD 6 • 6-ID-B,C: Physics, materials science • magnetic x-ray scattering, anomalous and resonant scattering (hard x-ray), general dif-
fraction, grazing incidence diffraction, surface diffraction (Uhv) • 3.2-38 kev • On-site • 6-ID-D: Physics, materials science • magnetic x-ray scat-
tering, high-energy x-ray diffraction, powder diffraction, pair distribution function • 27-52 kev, 50-100 kev, 67-130 kev • On-site •

Sector 7: XSD 7 • 7-BM-B: Commissioning • 7-ID-B,C,D: materials science, atomic physics, chemistry • Time-resolved x-ray scattering, time-
resolved x-ray absorption fine structure, phase contrast imaging • 6-21 kev • On-site •

Sector 8: XSD 8 • 8-BM-B: Life sciences, environmental science • microfluorescence (hard x-ray) • 5.5-20 kev, 7-17 kev • On-site • 8-ID-E:
materials science, polymer science, physics • grazing incidence small-angle scattering, x-ray photon correlation spectroscopy, intensity fluctuation
spectroscopy, grazing incidence diffraction • 7.35-7.35 kev, 12-12 kev •  On-site • 8-ID-I: materials science, physics, polymer science • Intensity
fluctuation spectroscopy, small-angle x-ray scattering, x-ray photon correlation spectroscopy • 6-12.5 kev, 7.35-7.35 kev, 7.35 kev • On-site •

Sector 9: XSD 9 • 9-BM-B,C: materials science, chemistry • X-ray absorption fine structure • 2.1-23 kev • On-site • 9-ID-B,C: Physics, materials
science • resonant inelastic x-ray scattering, inelastic x-ray scattering, liquid scattering • 4.5-24 kev • On-site •

Sector 10: Materials Research CAT (MR-CAT) • 10-BM-A,B: materials science, chemistry, environmental science, physics • X-ray absorption fine
structure, x-ray lithography, tomography • 3-200 kev, 4-32 kev • On-site • 10-ID-B: materials science, environmental science, chemistry • X-ray
absorption fine structure, time-resolved x-ray absorption fine structure, micro x-ray absorption fine structure, microfluorescence (hard x-ray) • 4.3-
27 kev, 4.3-32 kev, 15-90 kev • On-site •

Sector 11: XSD 11 • 11-BM-B: Chemistry, materials science, physics • Powder diffraction • 15-35 kev • On-site, mail-in • 11-ID-B: Chemistry, envi-
ronmental science, materials science • Pair distribution function • 58-60 kev, 90-91 kev • On-site • 11-ID-C: materials science • high-energy x-
ray diffraction, diffuse x-ray scattering, pair distribution function • 115 kev • On-site  11-ID-D: XSD • Chemistry • X-ray absorption fine struc-
ture, general diffraction, time-resolved x-ray absorption fine structure • 4-40 kev • On-site •

Sector 12: XSD 12 • 12-BM-B: materials science • X-ray absorption fine structure, powder diffraction, general diffraction, x-ray reflectivity, fluo-
rescence spectroscopy, small-angle x-ray scattering • 5-23 kev • On-site • 12-ID-B: Chemistry, materials science, life sciences, geoscience, poly-
mer science • Small-angle x-ray scattering, grazing incidence small-angle scattering, wide-angle x-ray scattering • 7.9-14 kev • On-site • 12-ID-
C,D: Chemistry, physics, materials science • Small-angle x-ray scattering, grazing incidence small-angle scattering, wide-angle x-ray scattering,
surface diffraction • 4.5-36 kev • On-site •

Sectors 13 through 15: Center for Advanced Radiation Sources (CARS)  
Sector 13: GeoSoilEnviro(GSE)CARS-CAT • 13-BM-C: geoscience, environmental science • Surface diffraction, high-pressure diamond anvil cell,
single-crystal diffraction • 10-10 kev, 18-18 kev, 30-30 kev • On-site • 13-BM-D: geoscience, environmental science • tomography, high-pres-
sure diamond anvil cell, high-pressure multi-anvil press, x-ray absorption fine structure • 4.5-70 kev • On-site • 13-ID-C,D: geoscience, environ-
mental science • Inelastic x-ray scattering, small x-ray absorbtion fine structure, microdiffraction, x-ray absorption fine structure, microfluorescence
(hard x-ray), high-pressure diamond anvil cell, high-pressure multi-anvil press •  4-45 kev • On-site • Continued on page 10
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Continued from page 8

Sector 14: BioCARS-CAT • 14-BM-C: Life sciences • macromolecular crystallography, fiber diffraction, biohazards at the bSL2/3 level, subatomic
(<0.85 Å) resolution, large unit cell crystallography • 8-14.9 kev • On-site • 14-ID-B: Life sciences • Time-resolved crystallography, time-resolved
x-ray scattering,  Laue crystallography, wide-angle x-ray scattering, biohazards at the bSL2/3 level, macromolecular crystallography • 7-20 kev •
On-site •

Sector15: ChemMatCARS-CAT • 15-ID-B,C,D: materials science, chemistry • Single-crystal diffraction, anomalous and resonant scattering (hard x-
ray), wide-angle x-ray scattering, microdiffraction, liquid surface diffraction, small-angle x-ray scattering, ultra-small-angle x-ray scattering, high-
pressure diamond anvil cell • 6-32 kev, 10-60 kev • On-site •

Sector 16: High Pressure CAT (HP-CAT) • 16-BM-B: materials science, geoscience, chemistry, physics • White Laue single-crystal diffraction,
energy dispersive x-ray diffraction •  10-120 kev • On-site • 16-BM-D: materials science, geoscience, chemistry, physics • Powder angular disper-
sive x-ray diffraction, x-ray absorption near-edge structure, single-crystal diffraction, high-pressure diamond anvil cell • 6-70 kev • On-site • 16-
ID-B: materials science, geoscience, chemistry, physics • microdiffraction, single-crystal diffraction, high-pressure diamond anvil cell • 24-35 kev •
On-site • 16-ID-D: materials science, geoscience, chemistry, physics • Nuclear resonant scattering, inelastic x-ray scattering (1-ev resolution), x-ray
raman scattering, x-ray emission spectroscopy, high-pressure diamond anvil cell • 6-25 kev, 14.41-14.42 kev • On-site •

Sector 17: Industrial Macromolecular Crystallography Association CAT (IMCA-CAT) • 17-BM-B: Life sciences • macromolecular crystallography,
multi-wavelength anomalous dispersion, microbeam, single-wavelength anomalous dispersion • 7.5-14 kev • On-site, remote, mail-in • 17-ID-B: Life
sciences • macromolecular crystallography, multi-wavelength anomalous dispersion, microbeam, single-wavelength anomalous dispersion • 6-20
kev • On-site, remote, mail-in •

Sector 18: Biophysics CAT (Bio-CAT) • 18-ID-D: Life sciences • Fiber diffraction, microdiffraction, microfluorescence (hard x-ray), small-angle x-
ray scattering, time-resolved x-ray scattering, micro x-ray absorption fine structure • 3.5-35 kev • On-site •

Sector 19: Structural Biology Center CAT (SBC-CAT) • 19-BM-D: Life sciences, ultra-low-temperature (15K), multi-wavelength anomalous disper-
sion, single-wavelength anomalous dispersion • 6-13.5 kev • On-site, mail-in • 19-ID-D: Life sciences • Large unit cell crystallography, macromolec-
ular crystallography, microbeam, multi-wavelength anomalous dispersion, single-wavelength anomalous dispersion, subatomic (<0.85 Å) resolution,
ultra-low-temperature (15K) • 6.5-19.5 kev • On-site, remote, mail-in •

Sector 20: XSD 20 • 20-BM-B: Chemistry, environmental science, geoscience, materials science • micro x-ray absorption fine structure,
microfluorescence (hard x-ray), x-ray absorption fine structure • 2.7-25 kev, 2.7-30 kev, 2.7-35 kev • On-site • 20-ID-B,C:
materials science, environmental science, chemistry • X-ray absorption fine structure, surface diffraction, x-ray raman scattering, small-angle x-ray
absorbtion fine structure, microfluorescence (hard x-ray), time-resolved x-ray absorption fine structure, x-ray emission spectroscopy • 4.3-27 kev,
7-52 kev • On-site •

Sector 21: Life Sciences CAT (LS-CAT) • 21-ID-D: Life sciences • macromolecular crystallography, microfluorescence (hard x-ray), nano-fluores-
cence imaging, nanotomography • 6.5-20 kev • On-site, remote, mail-in • 21-ID-F: Life sciences • macromolecular crystallography • 12.7 kev •
On-site, remote, mail-in • 21-ID-G: Life sciences •  macromolecular crystallography • 12.7 kev • On-site, remote, mail-in •

Sector 22: Southeast Regional CAT (SER-CAT) • 22-BM-D: Life sciences • macromolecular crystallography • 8-20 kev •  On-site, remote • 22-ID-
D: Life sciences • macromolecular crystallography, multi-wavelength anomalous dispersion, microbeam • 6-20 kev • On-site, remote •

Sector 23: General Medicine and Cancer Institutes CAT (GM/CA-CAT) • 23-BM-B: Life sciences • macromolecular crystallography • 12.5-12.75
kev • On-site • 23-ID-B: Life sciences • Large unit cell crystallography, macromolecular crystallography, microbeam, multi-wavelength anomalous
dispersion, single-wavelength anomalous dispersion, subatomic (<0.85 Å) resolution • 3.5-20 kev • remote • 23-ID-D: Life sciences •
macromolecular crystallography, microbeam, large unit cell crystallography, subatomic (<0.85 Å) resolution, multi-wavelength anomalous disper-
sion, single-wavelength anomalous dispersion • 5-20 kev • On-site, remote •

Sector 24: Northeastern CAT (NE-CAT) • 24-ID-C: Life sciences • macromolecular crystallography, microdiffraction, single-wavelength anomalous
dispersion, single-crystal diffraction, microbeam • 6.5-23 kev • On-site • 24-ID-E: Life sciences • macromolecular crystallography, microbeam,
microdiffraction, single-wavelength anomalous dispersion, single-crystal diffraction • 12.68 kev • On-site  •

Sector 26: Center for Nanoscale Materials/X-ray Science Division (CNM/XSD) • 26-ID-C: Physics, materials science • microfluorescence (hard x-
ray), microdiffraction, tomography • 8-12 kev • On-site •

Sector 29: Intermediate-Energy X-ray CDT (IEX/CDT) • 29-ID-A: Commissioning •

Sector 30: XSD 30 • 30-ID-B,C: Physics, materials science • Inelastic x-ray scattering, resonant inelastic x-ray scattering • 5-14 kev, 5-30 kev,
23.7-23.9 kev • On-site •

Sector 31: Lilly Research Laboratories CAT (LRL-CAT) • 31-ID-D: Life sciences • macromolecular crystallography, single-wavelength anomalous dis-
persion, single-crystal diffraction • 4.7-28 kev • mail-in •

Sector 32: XSD 32 • 32-ID-B,C: materials science, life sciences, geoscience • Phase contrast imaging, radiography, transmission x-ray microscopy,
tomography • 7-40 kev • On-site •

Sector 33: XSD 33 • 33-BM-C: materials science, physics, chemistry • Diffuse x-ray scattering, general diffraction, powder diffraction, x-ray reflec-
tivity, grazing incidence diffraction, anomalous and resonant scattering (hard x-ray) • 5-35 kev • On-site • 33-ID-D,E: materials science, physics,
chemistry • Anomalous and resonant scattering (hard x-ray), diffuse x-ray scattering, general diffraction, surface diffraction, x-ray reflectivity, x-
ray standing waves • 4-40 kev, 6-21 kev • On-site •

Sector 34: XSD 34 • 34-ID-C: materials science, physics • Coherent x-ray scattering • 5-15 kev, 7-25 kev • On-site • 34-ID-E: materials science,
physics • microdiffraction, Laue crystallography, microbeam • 7-30 kev • On site •
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ACCESS TO bEAm TImE AT ThE APS

All beam time at the APS must be requested each cycle through the web-based Beam Time Request
System. Five types of requests are possible: general User (a researcher not associated with a particular
beamline), Partner User  (a member of a collaborative access team [CAT], a partner user proposer, or a
member of a collaborative development team), CAT member, CAT staff, and APS staff. Each beam time
request (BTR) must be associated with a proposal, but the requirements for each proposal type differ.

The new APS User Portal (http://www.aps.anl.gov/Users/aps_userPortal.html) provides access to com-
prehensive information for prospective and current APS users.

gENERAL USER PROPOSALS AND BTRS

Proposals are peer reviewed and scored by a general User Proposal Review Panel, and time is allo-
cated on the basis of scores and feasibility. A new BTR must be submitted each cycle, and for each cycle,
allocation is competitive. Proposals expire in two years or when the number of shifts recommended in the
peer review have been used, whichever comes first.

PARTNER USER PROPOSALS AND BTRS

Proposals are peer reviewed by a general User Proposal Review Panel and reviewed further by a sub-
committee of the APS Scientific Advisory Committee; the final decision on acceptance is made by the APS
Deputy Director. Although a new BTR must be submitted each cycle, a specific amount of beam time is
guaranteed for up to three years.

CAT MEMBER PROPOSALS AND BTRS

Proposals from CAT members are much shorter, do not expire, and are reviewed by processes devel-
oped by individual CATs. A new BTR must be submitted against these proposals for each cycle during which
the proposal needs beam time, and allocation/scheduling is determined by the CAT.

CAT AND APS STAFF MEMBER PROPOSALS AND BTRS

Proposals of this type are also very short, do not expire, and are reviewed through processes devel-
oped by either the CAT or the APS. A new BTR must be submitted against such proposals for each cycle
during which the proposal needs beam time. Each CAT/beamline determines how these BTRs are allo-
cated/scheduled. 

INDUSTRIAL USERS

Improving industrial-user access to beam time is the focus of an APS pilot plan under the rubric
“Measurement Access Mode” (MAM). Initially, several sectors agreed to participate in the MAM pilot. This
involved setting aside three rapid-access beam-time shifts, at approximately two-week intervals (some 5% of
the beam time). Qualifying MAM projects are then scheduled during each running cycle into the next avail-
able rapid-access period on the appropriate beamline. Concurrently, a web site
(http://www.aps.anl.gov/industry/) was begun in order to make the whole access process easier for potential
industrial users. An electronic contact information form filled out by the principal investigator (PI) is emailed
to the APS Industrial Liaison Office for follow-up. This follow-up comprises an acknowledgement e-mail and
contact with the PI for a verbal/e-mail discussion to obtain further information.  If the consensus is that the
proposed work meets three criteria (Can it be done here?  Can it be done safely?  Is there a reasonable
chance that useful information can be obtained?), the office arranges contact between the PI and the beam-
line scientist for the APS sector where the work will be done. In addition, work on the appropriate administra-
tive issues (user registration, user agreements, user accounts) is begun. The web site is currently being
upgraded to include much more information for industrial users. For more information, contact Dennis Mills
(DMM@aps.anl.gov) or the Industrial Liaison Office (aps-i@aps.anl.gov).
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members of the superconducting undulator and APS Upgrade (APS-U) Project teams assembled in the
bldg. 314 high bay at Argonne. behind them is the large cryostat for the superconducting planar
undulator being developed for the APS-U Project. Left to right in the photo are: marion White (ASD-
AOP and APS Upgrade Project); joe gagliano, jr. (ASD-mD); john TerhAAr (ASD-mD); joel Fuerst
(ASD-mD); Chuck Doose (ASD-mD); matthew Kasa (ASD-mD); Denise Skiadopoulos (AES-DD); jack
burke (AES-mOm); Kurt boerste (ASD-mD); Susan bettenhausen (ASD-mD); mike merritt (ASD-mD);
yury Ivanyushenkov (ASD-mD); Emil Trakhtenberg (AES-mED); Efim gluskin (ASD-mD); george Srajer
(PSC and APS Upgrade Project); and Quentin hasse (ASD-mD).

Around the APs
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A NEW “TrIXS” FOr mEASUrINg LOW-ENErgy SUrFACE
AND INTErFACIAL ELECTrONIC STrUCTUrE

eleCtroniC & mAgnetiC mAteriAls
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Fig. 1 (above). TrIXS measurements were performed on the LErIX spectrometer
at beamline 20-ID-b,C. The outer fan of x-ray analyzers collects x-rays of a
fixed scattered energy and focuses them to a corresponding array of detectors
below. by scanning the incident energy, researchers collect loss spectra at 19
momentum transfers simultaneously.
Fig. 2 (right). Evolution of the La N4,5-edge with q as measured by TrIXS (left)
and by a hartree Fock calculation for lanthanum (right). Note that the high q
multiplet fine structure from lanthanum’s f-states is quantum mechanically forbid-
den in dipole-limited techniques, like x-ray absorption and electron energy loss
spectroscopy. The sensitivity of TrIXS to f-states occupation and hybridization will
be useful for planned studies on lanthanides and actinides.
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Figure 1 shows the spectrometer
used at XSD beamline 20-ID-B,C to
capture the x-rays in this research. The
material examined for this research
was composed of a 10-nm-thick epitax-
ial thin film of LSCO deposited upon an
STO substrate. Below the critical angle,
the x-rays are expected to only pene-
trate 2-3-nm into the film. This surface
sensitivity was confirmed by the sup-
pression of the substrate’s strong tita-
nium signal and the enhancement of
lanthanum, an element only present in
the LSCO thin film. Scattering from lan-
thanum’s 4d electrons (the N4,5-edge)
highlighted a unique aspect to TRIXS.
At high scattering angle (corresponding
to high momentum transfer, q), the 4d
electrons were able to transition to
open f-orbitals typically forbidden by
low energy techniques. As seen in Fig.
2, the evolution of the spectrum with q
arises from these new “dipole-forbid-
den” states with angular momentum
beyond the reach of traditional spectro-
scopic methods. These findings will be
applied to future studies of materials
incorporating elements from the lan-
thanide and actinide groups of ele-
ments.

This research has for the first time
applied the TRIXS method to a thin
film, demonstrating several advantages
as compared to other x-ray techniques.
One advantage of TRIXS is its ability to
confine x-ray interactions mostly to the
thin film of interest. Another crucial

advantage of TRIXS is its ability to
probe electronic states that other meth-
ods cannot access. Finally, while a sin-
gle type of thin-film oxide was investi-
gated here, the TRIXS technique
should be applicable to a wide array of
new and interesting materials systems
involving extreme environments typi-
cally inaccessible to lower energy
probes. — Philip Koth

See: T.T. Fister1*, D.D. Fong1, j.A.
Eastman1, h. Iddir1, P. zapol1, P.h.
Fuoss1, M. Balasubramanian1, R.A.
gordon2, k.R. Balasubramaniam3, and
P.A. Salvador3, “Total-Reflection
Inelastic X-Ray Scattering from a 10-
nm Thick La0.6Sr0.4CoO3 Thin Film,”
Phys. Rev. Lett. 106, 037401 (2011).
DOI:10.1016/j.gca.2011.01.025
Author affiliations: 1Argonne National
Laboratory, 2Simon Fraser University,
3Carnegie Mellon University
Correspondence: *fister@anl.gov

Sector 20 at the APS and research at the
facility are supported by the U.S. Depart-
ment of Energy (DOE) Office of Science, a
Major Resources Support grant from
NSERC, the University of Washington,
Simon Fraser University, and the APS. This
research was also supported by the DOE
Solid-State Energy Conversion Alliance (T.T.
F., k.R.B., and P.A.S.). Use of the APS is
supported by the DOE Office of Science
under Contract No. DE-AC02-06Ch11357.

TRIXS is the extension of core-
shell inelastic x-ray scattering (IXS) to
surfaces. (“Core-shell” refers to an
atom’s inner electrons, as opposed to
its outer, or valence, electrons). The
basic idea of IXS is that when an x-ray
photon inelastically strikes an atom,
the energy transfer can eject a core
electron. By changing the amount of
energy transferred to the electron, IXS
can map out the (unoccupied) density
of states for a particular element, which
is extremely sensitive to its local bond-
ing and chemical state. This process,
also known as x-ray Raman scattering,
is analogous to more established tech-
niques, like x-ray absorption spec-
troscopy or electron energy loss spec-
troscopy, but uses high-energy x-rays
to measure sub-keV excitations. For
instance, TRIXS was able to easily dis-
tinguish oxygen atoms in the LSCO
thin film from its underlying SrTiO3
(STO) substrate.

The TRIXS technique utilizes
inelastic scattering via an incident
beam of x-rays that strike a target at a
very shallow angle almost parallel to
the target’s surface. Such a shallow, or
grazing, angle of incidence results in
nearly all of the x-rays being reflected
from the surface. In contrast, steeper
angles of incidence result in many of
the x-rays being absorbed or refracted
deeper into the material instead of
being reflected. TRIXS uses x-ray
beams that intercept the target close to
its critical angle (typically a very small
angle), which is the exact angle
wherein all incident x-rays are (theoret-
ically) reflected off the target.

A variety of spectroscopy techniques have been used to probe the
oftentimes complex structures found in thin films. Existing techniques
have proven to be somewhat limited. Low-energy methods are con-
strained near the surface of the thin film and to vacuum-based envi-

ronments; on the other hand, high-energy probes can access samples in extreme
conditions, but are insensitive to light elements. In this research, a new high-
energy x-ray technique — total reflection inelastic x-ray scattering (TRIXS) — was
used at the APS to gather information about the electronic structure (i.e., the unoc-
cupied density of states) within a thin film of La0.6Sr0.4CoO3 (LSCO). The TRIXS
method was able to probe electronic phenomena within the thin film that are hid-
den from other high-energy x-ray techniques, making it applicable for studying a
wide range of new and interesting materials systems involving extreme environ-
ments typically inaccessible to lower-energy probes.

20-ID-B,C • XSD • Materials science, environmental science, chemistry • X-ray absorption fine
structure, surface diffraction, x-ray Raman scattering, small-angle x-ray absorbtion fine structure,
microfluorescence (hard x-ray), time-resolved x-ray absorption fine structure, x-ray emission
spectroscopy • 4.3-27 keV, 7-52 keV • On-site • Accepting general users •
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T he origin of charge-density-wave (CDW) order, which is a low-energy ordered
state of a solid, is a long-standing problem relevant to a number of important
issues in condensed matter physics, such as the role of stripes in superconduc-
tivity of chemical compounds containing the copper anion, and charge fluctua-

tions in the colossal magnetoresistive manganites that can change electrical resistance
when introduced to a magnetic field, both of which have implications for new materials-
based technologies. Researchers employing inelastic x-ray scattering experiments at the
XSD 30-ID-C high-energy resolution inelastic x-ray scattering (hERIX) beamline at the APS
have produced results that clarify how CDW functions in a material closely associated with
the phenomenon, and could lead to investigations of other materials where electron-phonon
coupling is important, and that possess unusual and often technologically useful electronic
and magnetic properties.

30-ID-B,C • XSD •  Physics, materials sci-
ence • Inelastic x-ray scattering, resonant
inelastic x-ray scattering • 5-14 keV, 5-30
keV, 23.7-23.9 keV • On-site • Accepting gen-
eral users •

WhAT DrIvES ThE ChArgE DENSITy WAvE
PhASE TrANSITION IN 2H-NbSE2?

Left to right; Ayman Said (XSD-IXN), john-Paul Castellan, Stephen rosenkranz, and ray Osborn
(all ANL-mSD). behind them is the hErIX spectrometer at Sector 30 of the APS. The  instrument is
used to study collective excitations of atoms in single crystals and disordered  systems. The energy
resolution of the hErIX spectrometer is 1.5 mev.

eleCtroniC & mAgnetiC mAteriAls



pseudogap state in cuprates. The
observation of phonon anomalies in
manganites at the wave vector of the
checkerboard-type order and anom-
alies observed in La2–xSrxCuO4 at the
stripe ordering wave vector demon-
strate that strong EPC could be impor-
tant in these materials as well.

— Vic Comello

See: F. Weber1,2*, S. Rosenkranz1, 
j.-P. Castellan1, R. Osborn1, R. hott2,
R. heid2, k.-P. Bohnen2, T. Egami3,
A.h. Said1, and D. Reznik2,4,
“Extended Phonon Collapse and the
Origin of the Charge-Density Wave in
2H-NbSe2,” Phys. Rev. Lett. 107,
107403  (September 2, 2011). 
DOI:10.1103/PhysRevLett.107.107403
Author affiliations: 1Argonne National
Laboratory, 2karlsruhe Institute of
Technology, 3University of Tennessee,
4University of Colorado at Boulder
Correspondence: *frank.weber@kit.edu

Work at Argonne and use of the Advanced
Photon Source was supported by the U.S.
Department of Energy Office of Science
under Contract No. DE-AC02-06Ch11357.
The construction of hERIX was partially
supported by the National Science
Foundation under grant No. DMR-0115852.

is determined by the electron-
phonon coupling.

To test this conjecture,
researchers from Argonne, karls-
ruhe Institute of Technology, the
University of Tennessee, and the
University of Colorado at Boulder
measured the energies and
linewidths of phonon excitations
in 2H-NbSe2 as a function of tem-
perature and compared the
measurements to ab initio calcu-
lations. They utilized high-energy
resolution inelastic x-ray scatter-
ing at beamline 30-ID-C, which
allowed them to obtain measure-
ments of the relevant phonon
excitations over a wide tempera-
ture range.

When 2H-NbSe2 transitions
to the CDW phase on cooling,
acoustic phonons soften to zero
energy and become overdamped
over an extended region around
the CDW wave vector (Fig. 1).
This extended phonon collapse is
dramatically different from the sharp
cusp in the phonon energies expected
from Fermi surface nesting. however,
the energy widths of the phonons,
which are proportional to the EPC,
show a strong but also broad peak at
the CDW wave vector qCDW = (0.329,
0, 0) (wave vectors given in q = (2/a,
2/b, 2/c) with a = b = 3.44 Å and c =
12.55 Å). A detailed comparison
between the experimental results and
lattice dynamical calculations using
density functional perturbation theory
confirm that the periodicity of the CDW
ordered state in 2H-NbSe2 is deter-
mined entirely by the wavelength
dependence of the EPC, not the elec-
tron-electron interaction. 

The evidence that a wave vector-
dependent EPC can drive a structural
phase transition explains the enigmatic
behavior of CDW ordering in 2H-NbSe2

and may provide a new approach for
understanding other strongly correlated
systems for which EPC is important.
The results have implications for many
other strongly correlated systems, par-
ticularly CDW correlations in the form
of stripes and/or checkerboard patterns
that have been linked to the emer-
gence of unusual states and physical
properties, such as colossal magne-
toresistance in manganites and the
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When metals are cooled, they
often undergo a phase transition to a
differently ordered state. Iron and
nickel, for example, become ferromag-
netic below temperatures of several
hundred degrees Celsius because their
electronic spins spontaneously align to
produce a net magnetization. Since the
1970s, several metals have been dis-
covered to undergo a phase transition
of another type, a transition to a CDW
state. At high temperatures, the elec-
tronic density is the same in each crys-
tallographic unit cell, but when the
CDW state forms, the electronic den-
sity becomes non-uniform, with a peri-
odic modulation that may not be com-
mensurate with the underlying lattice.
For many years, it was generally
believed that this remarkable behavior
was driven primarily by electron inter-
actions, with the length scale of the
modulation determined by the wave-
length of the mobile conduction elec-
trons. This is known as Fermi surface
nesting, because the electrons that are
coupled have momenta that lie on a
surface of constant energy, the Fermi
energy.

On the other hand, the electrons
are also strongly coupled to the atomic
nuclei making up the crystal lattice, so
the modulation in electron density is
always accompanied by a modulation
of the lattice. The interactions are
known as electron-phonon coupling
(EPC), because the periodic lattice dis-
tortion can be thought of as a freezing
of a quantized atomic vibration, or
phonon. In most textbooks, it is
assumed that the lattice distortion fol-
lows the electronic modulation, but they
always occur simultaneously. Could it
be the other way around, that is, that
the lattice distortion is driving the elec-
tronic modulation?

This has become a central ques-
tion in one of the most-often studied
CDW materials, 2H-NbSe2. Some theo-
rists have questioned whether the elec-
tron-electron coupling is strong enough
to produce a modulation with the
observed wave vector (or inverse
wavelength), and their doubts seemed
to be confirmed by photoemission
measurements of the electronic struc-
ture. however, there has never been
any evidence of the alternative expla-
nation, that the modulation wavelength

Fig. 1. Soft mode dispersion and linewidth at the CDW
phase transition temperature TCDW = 33K in 2h-NbSe2

measured by high-resolution inelastic x-ray scattering at
the hErIX spectrometer at Sector 30 of the APS. Lines
are guides to the eye.

eleCtroniC & mAgnetiC mAteriAls
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R esearchers utilized an APS beamline to study how a nickelate-based
superlattice synthesized from layers of LaNiO3 and LaAlO3 behaved
due to quantum confinement, a situation in which electron movement is
constrained to certain directions. These crystals shared electronic char-

acteristics with cuprates, but were different enough that there was no guarantee that
cuprate-like physics would be seen. The results of this study found characteristics
common to both the crystals and the cuprates. In addition to holding out a tantaliz-
ing material for further study regarding potential superconductors, the ability to fine
tune electron interaction in this superlattice might be a prototype for exploring a new
generation of electronics based on Mott electrons. >>>

STUDyINg NEW mATErIALS FOr
hIgh-TEmPErATUrE SUPErCONDUCTOrS

eleCtroniC & mAgnetiC mAteriAls



The team will now attempt to
“dope” — that is, remove some Mott
electrons so the remaining electrons
can move more freely — to mimic how
the parent cuprate crystals were previ-
ously transformed into high-tempera-
ture superconductors.  — Karen Fox

See: jian Liu1,2*, S. Okamoto3, M. van
Veenendaal4,5, M. kareev1, B. gray1, P.
Ryan4, j.W. Freeland4, and j. Chak-
halian1, “Quantum confinement of Mott
electrons in ultrathin LaNiO3/ LaAlO3
superlattices,” Phys. Rev. B 83, 161102
(2011).
DOI:10.1103/PhysRevB.83.161102
Author affiliations: 1University of
Arkansas, 2Lawrence Berkeley National
Laboratory, 3Oak Ridge National
Laboratory, 4Argonne National
Laboratory, 5Northern Illinois University
Correspondence: *jxl026@uark.edu

j.C. was supported by the Department of
Defense-Army Research Office under grant
No. 0402-17291 and the U.S. National
Science Foundation under grant No. DMR-
0747808. M.v.V. was supported by the U.S.
Department of Energy (DOE) Office of
Science under Contract DE-Fg02-
03ER46097. S.O. was supported by the
U.S. DOE. Use of the Advanced Photon
Source was supported by the U.S. DOE
Office of Science under Contract DE-AC02-
06Ch11357.
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lar to the layers. This suggests that,
within the plane of a single layer, this
could be used to control, and indeed
increase the interactivity of Mott elec-
trons, antisocial electrons that gener-
ally prefer not to be shared between
two atoms. Insulating well across lay-
ers, but increased Mott electron inter-
action within the layers is a characteris-
tic shared by the cuprates.

To understand this phenomenon
better, they examined what was hap-
pening to the nickel on a microscopic
scale by using the XSD 4-ID-C beam-
line at the APS. X-rays from the beam-
line excited the core electron of the
nickel atoms, allowing the researchers
to map the nickel sites, as well as the
local Mott electrons that coupled
strongly to the hole left behind. From
the spectra produced by the excited
nickel electrons, the researchers con-
firmed that imposing quantum confine-
ment in the vertical direction (that is,
across the layers) enhances electron
interaction in the horizontal direction, in
line with the layers (Fig.1). This is fur-
ther amplified by the simple fact that
the aluminum in the alternating layers
will not take on any extra Mott elec-
trons in the vertical direction. Together
this leads to a charge redistribution that
constrains electron sharing to the hori-
zontal direction. 

Such a phenomenon is similar to
what happens in superconducting
cuprates. Indeed, the differentiation
between electron interaction in the hori-
zontal and vertical directions has a
close relation to the temperature below
which the material becomes supercon-
ducting. 

In the search for superconducting
materials that don't need to be main-
tained in a liquid nitrogen bath — or
even better but more elusive, can exist
at room temperature — researchers
study materials analogous to the cop-
per oxides, or cuprates, which have
been the only materials to exhibit
superconductivity as high as 140k.
One area of interest is nickel oxides, or
nickelates, in which a nickel atom
replaces the copper atom in a given
material, while maintaining a similar
crystal and electronic character. Such
materials do not exist in nature, but
recent advances in technology now
exist to create layers of material as thin
as a one-unit cell, creating not just a
sandwich of different materials, but an
entirely new crystalline material. 

First, the researchers from the
University of Arkansas, Lawrence
Berkeley National Laboratory, Oak
Ridge National Laboratory, Argonne,
and Northern Illinois University per-
formed electrical conductivity measure-
ment on crystals with different thick-
nesses of the LaNiO3 layer. They
observed that as a change in thickness
pushed the crystal toward the confine-
ment limit — that is, electron move-
ment being more and more constrained
to a single direction — it artificially
forced the material to become insulat-
ing in the vertical direction, perpendicu-

4-ID-C • XSD • Physics, materials science •
Magnetic circular dichroism (x-ray magnetic
circular dichroism, soft x-ray), x-ray mag-
netic linear dichroism, x-ray photoemission
spectroscopy, x-ray photoemission electron
microscopy, anomalous and resonant scat-
tering (soft x-ray) • 500-2800 eV • On-site •
Accepting general users •

< Fig. 1. A 3-unit-cell-thick layer of LaNiO3

sandwiched by two LaAlO3 layers. Each octa-
hedron cage has oxygen sitting at each corner,
and the ball in the middle is either nickel or
aluminum. The two planes highlight the inter-
faces where the electrons are constrained.
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E fforts to resolve the age-old debate about the origin of metallic ferromagnetism have
redoubled since the recent discovery that iron pnictides and chalcogenides become
superconductive at relatively high temperatures, because it just may turn out that reso-
lution of this problem with respect to these materials leads to the development of a new

theory of superconductivity. At issue is whether magnetic order arises from local magnetic moments
interacting through exchange interactions or whether it arises from a spin-density wave of itinerant
electrons; another possibility is that magnetic order is the result of a combination of the two.
Researchers utilized XSD beamline 9-ID-B,C and approached this question by studying several iron
pnictides and chalcogenides in the paramagnetic regime where the presence of localized magnet-
ism would be a telltale sign of local moments. Their results provide new clues to magnetism in iron-
based superconductors.  >>>

Some of the members of the research
team in this study. Left to right, Thomas
gog and Diego Casa (both XSD-IXN),
hlynur gretarsson (University of
Toronto), and jungho Kim (XSD-IXN).
The instrument behind them is the
“inelastic spectrometer” in APS research
station 9-ID-b. It is used to perform
inelastic x-ray scattering measurements
with medium-energy resolution for elec-
tronic excitations in novel materials,
such as high-Tc superconductors and
other transition metal oxides.

ThE OrIgIN OF mAgNETISm IN IrON PNICTIDES
AND IrON ChALOgENIDES

eleCtroniC & mAgnetiC mAteriAls



(shown on the right-hand side). 
Through this method, the

researchers found local magnetic
moments in the paramagnetic phase in
all of the iron pnictide and chalco-
genide samples. The moment size was
found to be independent of tempera-
ture or carrier concentration but did
vary significantly across different fami-
lies. Specifically, all iron pnictide sam-
ples have local moments of about
1B/Fe, while FeTe and k2Fe4Se5 fami-
lies have much larger local moments of
~2B/Fe and ~3.3B/Fe, respectively. 

The results suggest that the mag-
netism in iron-based superconductors
requires a description that takes into
account the local moment as well as
the effect of itinerant electrons. The rel-
ative importance of local-moment ver-
sus itinerant magnetism depends on
the type of anions involved and the
structural details.  — Vic Comello

See: h. gretarsson1 , A. Lupascu1,
jungho kim2, D. Casa2, T. gog2, W.
Wu1, S.R. julian1, z.j. Xu3, j.S. Wen3,
g.D. gu3, R.h. yuan4, z.g. Chen4, N.-
L. Wang4, S. khim5, k.h. kim5, M.
Ishikado6, I. jarrige6, S. Shamoto6, j.-
h. Chu7, I.R. Fisher7, and young-june
kim1*, “Revealing the dual nature of
magnetism in iron pnictides and iron

chalcogenides using x-ray emission
spectroscopy,” Phys. Rev. B 84,
100509 (2011).
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The researchers, from the
University of Toronto, Argonne,
Brookhaven National Laboratory, the
Chinese Academy of Science, Seoul
National University, japan Atomic
Energy Agency, and Stanford
University relied on x-ray emission
spectroscopy (XES) because of its
proven track record as a bulk-sensitive
method for probing the spin states of
iron (Fe) in minerals.

The comprehensive investigation
involved the magnetic moments of
PrFeAsO, Ba(Fe,Co)2As2, LiFeAs,
Fe1+x(Te,Se), and A2Fe4Se5 (where A =
Cs, k, and Rb). The local moment sen-
sitivity of the k emission line (3p →
1s) originates from a large overlap
between the 3p and 3d orbitals, with
the k emission process involving a
core-hole in the final state (3p5) that
interacts strongly with the 3d6 valence
electrons by means of exchange inter-
actions that are driven mainly by the
presence of a net magnetic moment in
the 3d valence shell. Since the 3p-3d
interaction is local, this method is not
sensitive to long-range order but only
probes the local magnetic moment.
The final states with antiparallel or par-
allel net spins between the 3p5 core-
hole and 3d6 valence shell give rise to
a main peak k1,3 and a low-energy
satellite k ', which has the appear-
ance of a shoulder. Such final states
are clearly seen in k2Fe4Se5 (Fig.1b).
The size of this splitting depends on
the local moment, but extracting the
position of the satellite peak can be dif-
ficult. In the case of BaFe2As2, for
instance, the low-energy satellite k '
is hard to observe (Fig.1a). So the
team used integrated absolute differ-
ence analysis (IAD) in calculating the
total local moment, which makes use
of the whole spectrum rather than peak
position. 

Figure 1 shows an example of the
IAD method. By subtracting each spec-
tra from the nonmagnetic reference
spectra of FeCrAs and integrating the
absolute value of the difference, the
corresponding IAD value can be
extracted. In Fig.1c, the IAD value
derived in this way can be seen for
various samples.  Since the IAD num-
ber is proportional to the local mag-
netic moment, this can be mapped
onto a local magnetic moment scale
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Fig. 1. (a and b) The XES spectra of the Fe Kβ emission lines for baFe2As2 and
K2Fe4Se5; the nonmagnetic reference spectra of FeCrAs and the difference spectra
are also plotted. Note that the difference spectrum for baFe2As2 was magnified by
a factor of 2. (c) The IAD values derived from the XES spectra for various samples.
The room-temperature data are shown in circles, and the low-temperature IAD val-
ues at T = 15K are shown in triangles for Fe1.12Te and rb2Fe4Se5. On the right-hand
side is the local magnetic moment scale.
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Fig.1. Uhv STm images of the sample surfaces. (a) Clean epitaxial graphene (Sample bias −2.1 v,
tunneling current 50 pA, scale bar 20 nm). Inset: atomically resolved image showing the honeycomb
lattice of graphene (−0.4 v, 50 pA, 1 nm). (b) Single-monolayer coverage of PTCDA on epitaxial
graphene (−1.9 v, 22 pA, 10 nm). Inset: molecularly resolved image showing that the PTCDA mono-
layer has a herringbone arrangement (−2.0 v, 70 pA, 4 nm). (c) At ~ 1.5-mL PTCDA coverage, the
sample concurrently possesses regions with 1-mL and 2-mL PTCDA (−1.9 v, 22 pA, 10 nm). The
region to the left of the white dashed line has two layers of PTCDA, while the region to the right has
one layer. (d) Schematic depth profiles of the two lines, a–b and c–d, indicated in (c). The SiC step
edge in both profiles is the same, but is covered by one layer of PTCDA in line a–b and two layers in
line c–d. From j.D. Emery et al., Surf. Sci. 605, 1685 (2011). ©2010 Elsevier b.v. All rights reserved.

ANALyzINg PTCDA mONOLAyErS
ON EPITAXIAL grAPhENE

T here is great interest in graphene-based electronics because graphene has excellent
and unique electronic properties that can be used for future applications such as flex-
ible and stretchable transparent electrodes and optical modulators to significantly
enhance ultrafast optical communication and computing. however, integrating

graphene with other materials is difficult because it is largely chemically inert: there is no chem-
ical handle on graphene for a reaction to take place. Thus, materials deposited on the surface,
such as dielectric thin films, do not form high-quality layers. A possible solution to this problem
was sought by researchers who investigated whether monolayers of a common organic semi-
conductor could adsorb to epitaxial graphene without disturbing its electronic properties and act
as a seeding layer for growth of additional thin films. Using scanning tunneling microscopy
(STM) and high-resolution x-ray reflectivity (XRR) at XSD beamline 33-BM-C at the APS, these
researchers studied both the lateral and vertical structure of a substrate-graphene-semiconduc-
tor stack and found an organic semiconductor material that is a promising seed layer for deposit-
ing high-quality dielectric films. >>>
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between the PTCDA and the
graphene is roughly 3.40 Å
(similar to the bonding dis-
tance between individual
graphene layers). This sup-
ports the view that the rela-
tionship is defined by –*
stacking and suggests that,
because of the large spatial
separation, the electronic
properties of the PTCDA are
largely decoupled from those
of epitaxial graphene. 

Because it does not dis-
rupt the electronic properties
of the underlying graphene
and forms well-ordered, sta-
ble monolayers, PTCDA is a
promising seed layer for
depositing high-quality dielec-
tric films with a high dielectric
constant. In subsequent work,
the team grew and character-
ized highly insulating layers
on top of the PTCDA and
demonstrated well-behaved
metal-oxide-graphene capaci-
tors enabled by the use of
PTCDA seeding layers [1]. 

— Yvonne Carts-Powell
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Researchers have tried to over-
come the graphene-integration problem
by creating functional groups that are
covalently bound to graphene, but this
process can interfere with graphene’s
desirable properties. The researchers
in this study instead deposited an
organic semiconductor called perylene-
3,4,9,10-tetracarboxylic dianhydride
(PTCDA) onto the graphene. PTCDA
self-assembles into a highly ordered
monolayered film. 

The researchers, at Northwestern
University, École Supérieure de
Physique et de Chimie Industrielles de
la ville de Paris, and Argonne grew
graphene on a SiC substrate via ther-
mal decomposition, resulting in a sur-
face with both single and bilayer
graphene. They deposited PTCDA
monolayers in an ultra-high-vacuum
(UhV) system, which formed films both
one and two layers thick on the
graphene. The UhV system included a
separate chamber for performing STM,
which allowed them to image the lateral
structure without breaking vacuum.
Samples of varying PTCDA dose were
also transferred to beamline 33-BM-C
for XRR studies.

From the STM and XRR data, the
researchers inferred the structure of
the functionalized graphene, using a
combination of Fienup-based phase-
retrieval methods and model-based
least-squares analyses to interpret the
data. The STM data shows that PTCDA
forms well-ordered monolayers with a
long-range herringbone arrangement
that conforms seamlessly to the sur-
face of graphene (Fig. 1). XRR allowed
them to resolve the interfacial structure
of the PTCDA layers on epitaxial
graphene. They employed 17-keV x-
rays, with an incident flux of about 1010

photons/s, and a 2.0-mm  0.1-mm
beam to obtain reflectivity data (Fig. 2).
The x-ray scattered intensity pattern
near the specular condition was col-
lected with a point detector for low-
angle data, and with a two-dimensional
charge-coupled device at high angle.
From this data, full electron density
profiles were developed for samples of
three varying PTCDA coverages.

The interlayer spacing between
PTCDA and graphene depends on the
molecular interaction between layers.
Based on the data, the spacing

Fig. 2. (a) Xrr data and fits for bare graphene (zero
monolayer or 0 mL, red squares, black line), as well as a
1-mL (red circles, blue line) and 2-mL (red diamonds,
green line) PTCDA grown on epitaxial graphene. These
data provide information about the vertical structural pro-
files of the PTCDA/Eg/SiC (0001) stack, allowing for the
extraction of interplanar spacing of the individual layers.
(b) An idealized depiction of 1-mL PTCDA on epitaxial
graphene as viewed from the [1000] direction with
oxgyen, silicon, carbon, and hydrogen atoms shown in red,
blue, gray, and white, respectively. The interplanar spac-
ing between the graphene sheet and the PTCDA layer is
d3, approximately 3.4 Å, indicating characteristic 
stacking interactions between the two layers.

33-BM-C • XSD • Materials science, physics,
chemistry • Diffuse x-ray scattering, general
diffraction, powder diffraction, x-ray reflectiv-
ity, grazing incidence diffraction, anomalous
and resonant scattering (hard x-ray) • 5-35
keV • On-site • Accepting general users •
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beamline scientist Steven Weigand (Northwestern University and DND-CAT) adjusting the fume
exhaust prior to a small-angle x-ray scattering experiment using the Linkam thermal stage capil-
lary flow-cell at Sector 5 of the APS. 

Around the APs
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energy, whereas no such domains are
present in the blend of PTAT-3 and
PC61BM. This allowed the team to
focus on this specific blend for further
investigation.

They also carried out grazing inci-
dence wide-angle x-ray scattering
(gIWAXS) measurements using XSD
beamline 8-ID-E at the APS, to show
how the stacking of the conjugated
bonds in PTAT-3/ PC61BM is parallel to
the surface on which the copolymer
film is deposited, despite or perhaps
because of the presence of the bulky
2-butyloctyl alkyl side chains on the
PTAT-3 polymer chain (Fig. 2). This
bodes well for the transport of “holes,”
the opposite of electrons, from one
electrode to the second electrode at
the opposite end of the film. 

In addition, PTAT-3 is soluble in
organic solvents and so can be han-
dled much more easily than the other
copolymers tested. Moreover, cyclic
voltammetry experiments show that it
can be repeatedly oxidized and
reduced, the chemical process that
occurs within the material during solar
energy conversion, which bodes well
for a long-lasting solar cell.

The team's solar cell based on a
thin film of PTAT-3/ PC61BM on an
indium tin oxide and [poly(3,4-ethylene-
dioxythiophene)-tetramethacrylate]:
polystyrene sulfonic acid (PEDOT:
PSS] sandwich showed an overall
energy conversion efficiency of 5.6%.
Commercial inorganic photovoltaic
materials have an efficiency of around

10-12%, although one manufacturer
has recently claimed to have devel-
oped an efficiency of more than 20%.
Such photovoltaics are expensive and
have none of the potential benefits of
manufacturing ease, robustness, and
flexibility of organic photovoltaics.

The team notes that the tetra-
thienoanthracene reinforces the stack-
ing between conjugated chains in the
solid copolymer films and it is this that
boosts device efficiency because holes
and electrons can be transported more
easily. They concede that devices
based on bigger polymers with the
same 2-butyloctyl alkyl side chains as
PTAT-3 have even better solar proper-
ties, but suffer from a rapidly diminish-
ing solubility, which means they could
not easily be processed into thin films
for commercially viable devices.

A good solution is to balance the
two conflicting effects in search of fur-
ther enhancement of solar cell proper-
ties, the team concludes.

— David Bradley
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Finding ways to boost efficiencies
in such materials is the goal of the
research team from The University of
Chicago, the National Institute of
Standards and Technology (NIST), the
University of Delaware, and Argonne.
The researchers made a series of
semiconducting copolymers, known
generically as PTAT-x, a polymeric ver-
sion of tetrathienoanthracene. This
molecular unit contains a series of
alternating double bonds between car-
bon atoms, a conjugated system, which
is a prerequisite for building a semicon-
ducting polymer. In the polymer the
conjugated system forms long chains
of electron-rich bonds. Shine a light on
such a system and electrons are
nudged along the chains so that a cur-
rent flows.

The team incorporated a second
conjugated monomer unit, thieno[3,4-
b]thiophene, into their copolymers. The
polymer chains within the material
stack together as the conjugated sys-
tems line up. Spectroscopy revealed
that the material absorbs ultraviolet-vis-
ible light with three broad spectral
peaks at 684-, 664-, and 665-nm wave-
lengths in the red part of the visible
spectrum.

The team then fabricated thin lay-
ers of their semiconducting copoly-
mers, just 100-nm thick, into a solar-
cell device for testing. They carried out
small-angle neutron scattering (SANS)
measurements on the Ng7 30-m
SANS instrument at NIST (Fig. 1). The
SANS measurements showed that cer-
tain polymer blends contain large
domains — crystalline regions — that
are detrimental to conversion of solar

P hotovoltaic devices that directly convert incident sunlight into
electricity offer great potential as a sustainable, non-polluting
energy source. Chemists hope to find inexpensive alternatives to
inorganic semiconducting materials, such as silicon, cadmium

telluride, and copper indium gallium selenide. Organic semiconducting poly-
mers especially show much promise, given that they are relatively easy to
make, their properties can be fine-tuned, and they can be flexible as well as
inexpensive. Unfortunately, the efficiencies of organic, as opposed to inor-
ganic semiconductors are not high. Now, a team of researchers has carried
out studies at the APS on how novel copolymers stack together to boost their
solar energy conversion efficiency.

8-ID-E • XSD • Materials science, polymer science, physics • grazing incidence small-angle scat-
tering, x-ray photon correlation spectroscopy, intensity fluctuation spectroscopy, grazing incidence
diffraction • 7.35-7.35 keV, 12-12 keV • On-site • Accepting general users •
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Fig. 2. Two-dimensional gIWAXS patterns of the blend
films of PTAT-3/PC61bm (1:1, w/w) (a) and PTb-
8/PC61bm (1:1, w/w) (b). (c) Out-of-plane linecuts of
gIWAXS of PTAT-3/PC61bm and PTb-8/PC61bm films.
(d) In-plane linecuts of gIWAXS of PTAT-3/PC61bm and
PTb-8/PC61bm films. Note: gIWAXS profiles have been
shifted vertically for clarity. 

Fig. 1. Transmission electron microscopy images of
polymer/PC61bm blend films. (a) PTAT-3/PC61bm from
CF/DIO (98/2, v/v); (b) PTAT-4/PC61bm from CF/DIO (98/2,
v/v); (c) PTb-8/PC61bm from Cb/DIO (98/2, v/v), the scale
bar is 200 nm. (d) SANS profiles for as-spun thin films of PTAT-
3/PC61bm and PTb-8/PC61bm. both figures: Feng he et al.,
j. Am. Chem. Soc. 133, 3284 (2011), ©2011 American
Chemical Society.
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O ne limiting factor that plays against the widespread use of solar-panel-based photo-
voltaics is the problem of obtaining cost-effective materials for commercially viable
systems that can sustainably meet the modern demand for energy. Most solar panels
available today use solid-state, silicon-based solar cells. But during the last decade, a

new technology using dye-sensitized solar cells (DSSCs) has proven to be more efficient and less
costly. By most estimates, DSSCs will be capable of reaching grid parity — a break-even point of
economic efficiency compared to electricity generated from conventional fossil fuels and distributed
on the power grid. But in order to achieve workable DSSCs, scientists and engineers must under-
stand the structural functioning of these promising materials at the molecular level. Researchers
utilizing the XSD 11-ID-D beamline at the APS have captured the transient structural changes in
the excitation state of one DSSC. knowledge like this will move us closer to new sources of eco-
nomical and renewable energy. >>>

Fig. 1. Schematic of photoinduced interfacial electron transfer from ruN3 to TiO2

nanoparticle, mimicking dye-sensitized solar cell.

A CLOSEr LOOK AT STrUCTUrAL ChANgES
IN DyE-SENSITIzED SOLAr CELLS
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the spectra produced in the reaction
and using a relatively new data analy-
sis approach.

In this experiment, the dye sensi-
tizer was a complex of the transition
metal RuN3 (RuII (dcbpy)2(NCS)2 in
which dcbpy is 4,4¢-dicarboxy-2,2¢-
bipyridine. A laser pump pulse focused
on the dye sensitizer triggered a metal-
to-ligand-charge-transfer (MLCT) caus-
ing one electron to be injected into the
TiO2 substrate. After a time delay of
50 ps, an x-ray probe pulse was
applied, and x-ray absorption spec-
troscopy used to capture the short-term
structural changes of the interfacial
system. Since the duration of XTA
measurements has an upper limit of 80
ps, only the transient excitation phase
of the interfacial system was visualized,
not the injection dynamics of the MLCT
state, which occurs on a sub-ps-to-ps

time scale depending on sample envi-
ronment. The researchers’ own OTA
measurements indicate that the elec-
tron injection from photoexcited-dye
into the TiO2 nanoparticle lattice hap-
pens within several ps under the same
sample condition as in the XTA meas-
urement.

Two types of ligand bonds were
observed during the two phases: the
laser-off or ground state, and the laser-

on or charge-separated state, Ru-NCS
and Ru-dcbpy. The research team
compared its monitoring of structural
changes with a multidimensional inter-
polation analysis to fit the experimental
spectra to the theoretical calculations.
This analysis was used to determine
the relative distances of the two ligands
during the ground state and the
charge-separated state. In the excita-
tion state, the Ru-NCS bond length
was shortened from 2.05 Å to 1.99 Å,
while the Ru-dcbpy bond length
remained nearly constant. The different
bond-length response between differ-
ent ligands was attributed to two impor-
tant factors governing metal to ligand
bonding, steric hindrance and bond-
order.

Using the pump-probe approach of
XTA spectroscopy to visualize interfa-
cial, heterogeneous systems and to
clarify the behavior of these complex
systems at atomic-scale resolution will
allow researchers to improve the selec-
tion of ligands and eventually control
the chemical reaction pathways of this
new generation solar cells, bringing us
closer to deploying economically feasi-
ble renewable energy. — Elise LeQuire
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The DSSCs under study in this
research consist of a ruthenium (Ru)-
based dye, or sensitizer, adsorbed to a
thin nanocrystalline titanium dioxide
(TiO2) film to form the working elec-
trode. Photons injected into the dye
cause the transfer of an electron from
the dye RuN3 to the conduction band
of TiO2 resulting in a very short burst of
excitation and a charge-separated state
at the interface of the dye and the
anatase TiO2 substrate. (Fig. 1). Infor-
mation on the transient electronic and
geometric structures of this short-lived
state in DSSCs has previously been
inferred using theoretical calculations,
but directly visualizing the molecular
structures at the atomic scale has not
been possible due to the limitations of
conventional measurements such as
optical transient absorption (OTA).

An international team of re-

searchers from Argonne, Southern
Federal University, Lund University, The
University of Chicago, and Northwest-
ern University has captured the tran-
sient structural changes in the excita-
tion state of this interfacial system
using x-ray transient absorption spec-
troscopy (XTA) at the 11-ID-D beam-
line. The results of the experimental
XTA measurements were further eluci-
dated with the aid of other probes of

11-ID-D • XSD • Chemistry • X-ray absorption fine structure, general diffraction, time-resolved x-
ray absorption fine structure • 4-40 keV • On-site • Accepting general users •
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C ommercial solar cells contain large numbers of microscopic defects, most of
which arise during various stages of the manufacturing process. These defects
have been the focus of intense research for many years because they can
lower the conversion efficiency of photons into electrical energy in the regions

where they appear. Unfortunately, the characterization techniques used to gauge in situ
solar cell defects have met with only limited success, in part due to the challenges pre-
sented by defect topology, which spans spatial dimensions over several orders of mag-
nitude. In this study, researchers combined several separate techniques to identify the
properties of defects. They compared defects with small impacts on solar cell perform-
ance to defects that had large performance impacts. Essential to revealing nanoscale
defect structure and composition were the x-ray fluorescence (XRF) measurements per-
formed at the Argonne Center for Nanoscale Materials, utilizing the CNM/XSD beamline
26-ID-C at the APS. Exploiting the power of x-ray fluorescence microscopy, the research-
ers linked degraded solar power conversion efficiency to a class of defects called dislo-
cations co-located with contaminating elements, most notably copper and iron. The
appearance of those elements was missing from defects that did not degrade conversion.

UNDErSTANDINg DEFECT INTErACTIONS IN
mULTICrySTALLINE SOLAr CELL mATErIALS
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crystalline dislocations and grain
boundaries.

higher-resolution optical images of
0.7 m (700 nm) were obtained over a
selected area of about 25 mm2.
Utilizing an automated process, these
high-resolution optical images were
used to precisely locate individual
defects, especially dislocations. The
density of dislocations could then be
calculated. In multicrystalline silicon
solar cells, some of the dislocations
remain relatively inactive electronically,
while in other instances the dislocation
is associated with the “recombination”
of electrons and holes.

Combining the LBIC and optical
data, a high-resolution map of electrical
output versus dislocation density was
derived. From this combined data set
an important relationship between
defect type and electrical performance
emerged: electrical performance was
poor in regions where recombination-
active dislocations were the dominant
defect type, while electrical perform-
ance appeared unaffected in areas
dominated by pristine (i.e., non-recom-
binant) dislocations.

The highest-resolution measure-
ments obtained in the experiment
were performed on selected regions
via XRF microscopy, which is capable
of revealing the quantity and distribu-
tion of elements within a sample with
a high degree of sensitivity. 10-keV x-
rays were focused using a Fresnel
zone plate to a beam spot with a width
of around 80 nm. This focused beam
was scanned across the cell surface in
increments as low as 25 nm. The XRF
data demonstrated that highly recom-
binant dislocations — those most
associated with poor electrical per-
formance within the solar cell — were
decorated with elevated levels of par-
ticular metals, most notably iron and
copper. By contrast, the non-recombi-
nant dislocations, which did not
degrade performance, had metal con-
centrations, if any, below the sensitiv-

ity threshold of the XRF measure-
ments.

This research sets the stage for a
systematic exploration of the interac-
tion of metal atoms with defects and
the mechanisms that lead to the degra-
dation of electrical performance in
these nanoscale regions. It character-
izes structure/function relationships of
the electronic properties of a commer-
cial-grade solar cell over six orders of
magnitude, from the centimeter-scale
down to structures appearing at the
nanoscale level. Furthermore, the char-
acterization techniques applied to solar
cells in this research should be useful
in characterizing similar efficiency-rob-
bing nanoscale defects in a variety of
other materials utilized in technologies
such as next-generation nanoscale
electronic components, thin-film photo-
voltaic cells (both organic and inor-
ganic), electric batteries, and thermo-
electric devices.  — Philip Koth
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Previous research had indicated
that while some subsets of disloca-
tions, which are abrupt discontinuities
in the repeating crystal structure, are
not particularly harmful to overall cell
efficiency, other dislocation defects do
contribute to lower conversion efficien-
cies in solar cells. Therefore, a goal of
photovoltaic manufacturers is not nec-
essarily the elimination of all defects
(which might prove impractical), but
instead the reduction and control of
those that degrade performance. The
researchers set out to identify proper-
ties unique to both benign and harmful
solar cell defects.

An outstanding feature of this
research is the continuum of character-
ization performed over several orders
of magnitude (Fig. 1). Using a tech-
nique called laser-beam-induced cur-
rent (LBIC), a 10-cm  10-cm solar cell
was mapped at 50-m resolution with
regards to its current collection effi-
ciency. Regions of the solar cell that
were found to be underperforming vis-
à-vis their collection efficiency were
mapped with LBIC to the higher resolu-
tion of 12.5 m. The solar cell was pol-
ished, and the contacts and emitter
removed. The cell was then exposed to
a chemical etch (Secco) for 1 min in
order to reveal defects associated with

26-ID-C • CNM/XSD • Physics, materials sci-
ence • Microfluorescence (hard x-ray),
microdiffraction, tomography • 8-12 keV •
On-site • Accepting general users •

< Fig. 1. multimodal hierarchical material
characterization of solar cell materials: (a)
Internal quantum efficiency (IQE) map of fill
waver. (b) Optical microscope image — no
imaging of high- vs. low-performing areas
possible. (c) IQE map of selected area, with
micron-scale resolution. (d) visible light micro-
scope image of etched sample. high recombi-
nation activity is present at defects. (e) X-ray
fluorescence microscopy with a hard x-ray
nano-beam is used to map the elemental dis-
tribution near dislocation etch pits. Due to its
small escape depth, the silicon signal includes
topographical information. (f) A high-resolu-
tion map of the copper distribution shows that
copper had accumulated around the defect
area. ©The royal Society of Chemistry 2011.
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R echargeable lithium-ion (Li-ion) batteries are currently evolving
from applications in handheld electronic devices to use in elec-
tric vehicles. Acceptance of all-electric vehicles, in addition to
the high cost of the batteries, has been limited by the relatively

short range of the vehicle before the necessary recharge. Conventional
lithium-ion systems are currently limited by their intercalation chemistry: the
electrochemical reaction leading to energy storage is limited to insertion of
one Li per redox-active metal ion. With help from studies carried out at an
APS beamline, researchers have shown that it is possible to improve energy
capacity and storage densities required for more-efficient Li-ion batteries
using a mixed-anion nanocomposite system involving both intercalation and
conversion reactions. >>

Fig. 1. Lithium storage mechanisms in a titanium hydroxyfluoride material.

PrObINg ThE INvISIbLE IN A hIgh-CAPACITy
ELECTrODE mATErIAL FOr LIThIUm-ION bATTErIES
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The nanoscale titanium hydroxyflu-
oride in this trial was created by modi-
fying the cubic form of TiOF2 in a
microwave-assisted process that has
recently been established. hydroxide
ions (Oh) were substituted for anionic
dioxide (02-), creating disordered
cationic vacancies in the crystalline lat-
tice. A voltage profile of the first dis-
charge/charge phases of the modified
titanium hydroxyfluoride showed two
plateaus of capacity upon initial dis-
charge, a small plateau at 1.3V and a
larger one at 0.8V. These plateaus
were absent upon subsequent charge
cycles, suggesting an irreversible reac-
tion. The first, small plateau likely indi-
cated a transition from a cubic to a
rhombohedral structure, a phenomenon
that has been documented in titanium
oxyfluoride systems. 

Pair distribution function analysis
of the high-energy x-ray data showed
that the most dramatic structural
changes occurred during the initial dis-
charge of Li as the material underwent
irreversible partitioning of the fluoro
and oxo ions in the hydroxyfluoride, as
suggested by the second, larger
plateau. 

The combined data showed that
after initial discharge, the composite
consisted of a nanostructured cubic
rock-salt structure (LiyTiO2) core sur-
rounded by a layer of metallic titanium,
(TiO), and lithium fluoride (LiF). Upon
subsequent charging, the Ti was reoxi-
dized, forming an amorphous shell of
TiF3 via a conversion reaction, while
crystalline LixTi02 was involved in an
insertion reaction. These parallel inter-
calation and conversion processes
allow insertion of more than one Li per
Ti (Fig. 1).

This study confirms the utility of
PDF analysis of high-energy x-ray data
combined with NMR and XFS probes
to elucidate the complex core/shell
architecture and electrochemistry of a

composite nanoscale material. The
researchers note that diffraction studies
using low-energy (Cuka) radiation
should be interpreted with caution when
examining transition metal systems. If
an amorphous structure is suspected, a
complementary PDF analysis of high-
energy x-ray data should be performed. 

Mixed-anion nanocomposite sys-
tems will allow an increase in the num-
ber of electrons that can be inserted
into electrode materials, thus boosting
energy density and storage capacity of
the systems. — Elise LeQuire
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The research team, from Argonne
National Laboratory and the
Université Bordeaux (ICMCB-CNRS)
used pair distribution function (PDF)
analysis of high-energy x-ray scatter-
ing data obtained at the XSD 11-ID-B
beamline, together with information
from nuclear magnetic resonance
(NMR) and x-ray photoelectron spec-
troscopy (XPS).These complementary
approaches allowed the researchers
to characterize the electrochemical
reaction of Li with a synthetic com-
posite of titanium hydroxyfluoride in

successive cycles of discharge/
charge. The high-energy x-rays pene-
trated the surface of the composite to
reveal the crystalline structure of the
interior. The surface architecture of
the outer surface was characterized
using XPS. NMR spectroscopy further
explored the bulk lithium environment
revealing two species of ionic Li from
LixTiO2 and LiF phases present in
both discharge/ charge states. The
chemical composition of the outer
shell was investigated using low-
energy XPS. 
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Argonne is at the cutting edge of
the effort to create advanced battery
technologies, focusing especially on
the lithium-ion (Li-ion) battery, which
promises more energy and longer life
than the nickel-metal hydride battery
currently used in electric and hybrid
vehicles. For instance, the new Chevy
Volt, the first mass-produced plug-in
hybrid electric car, is powered by a bat-
tery whose chemistry is based in part
on important breakthroughs developed
by scientists at Argonne. Like all batter-
ies, Li-ion batteries work by moving
electric charge (in this case, lithium
ions) between an anode and cathode.
But vital properties—such as the
amount of electricity a battery can
deliver before recharging is necessary
and how many times it can be
recharged before its microstructure
breaks down under the repeated
cycling stress—can vary greatly
depending on the composition of the
cathode and anode. Most research has
focused on compounds using transition
metals such as cobalt and manganese,
but the precise structural formulation of
the compounds and what might make
one work better than another have
largely been a matter of trial and error
and speculation. The new Argonne
work is an important step toward
resolving the confusion.

The researchers in this study, from
Argonne and the Frederick Seitz
Materials Research Laboratory at the

University of Illinois examined the lay-
ered lithium oxide Li1.2Co0.4Mn0.4O2,
which is a model compound for many
of the advanced battery materials cur-
rently under development for electric
vehicles. The experimenters subjected
samples to a variety of techniques
including x-ray diffraction (XRD), scan-
ning-transmission electron microscopy
(STEM), and x-ray absorption spec-
troscopy (XAS). The combination of
methods yielded a more comprehen-
sive picture than previously achieved.

When examined by XRD,
Li1.2Co0.4Mn0.4O2 revealed an average
long-range crystal structure similar to
that of layered LiCoO2. STEM results,
however, revealed the presence of
lithium atoms, in sites typically occu-
pied by cobalt and manganese atoms,
ordered in a manner similar to that in
layered Li2MnO3. But the STEM data
could not establish the structural rela-
tionship between the ordered lithium
atoms and the neighboring cobalt and
manganese atoms. The XAS experi-
ments conducted at 20-BM, on the
other hand, were successful in distin-
guishing the local atomic environments
around the cobalt and manganese (Fig.
1). The research team determined that
while the crystalline structure of the
Li1.2Co0.4Mn0.4O2 compound is largely
homogeneous over the long range, the
local structure contains Li2MnO3 and
LiCoO2 nanoclusters. These local clus-
ters might present connectivity over

long distances as a dendritic network.
having continuous regions allows for
each unit cell to “talk” to the next unit
cell over very long distances. This con-
nectivity enhances the transport of
lithium ions and hence, the electro-
chemical performance of the material
for battery applications.

The researchers’ broad-based
approach of bringing together a wide
palette of experimental methods, rather
than relying on a single technique, is
an important step towards the custom
design of battery materials based on
results from advanced diagnostic tech-
niques. In the past, most advances in
battery materials development arose
from intuitive experimentation. These
researchers want to complement this
intuitive Edisonian approach with a rig-
orous basic approach to tailoring new
materials.

The next step is to observe the
structural changes that occur in these
lithium-rich compounds as they are
cycled through various voltage win-
dows, which is critical for determining
battery life and durability. Tools and
techniques like those available at the
APS can provide unique insights to
develop structure-property correlations,
which are very important to predict
long-term battery performance.

The work lays a solid foundation
for the design and development of new
compounds that are tailored with
desired properties for specific applica-
tions to meet the need for transforma-
tional materials with high capacities,
high power, and stable crystal struc-

T he lithium-rich compound material Li1.2Co0.4Mn0.4O2 is a puzzle that
holds key insights into the development of more powerful and
robust batteries for electric cars. Using a suite of advanced tech-
niques, including the XSD 20-BM-B beamline at the APS, the

researchers pieced together both the long-range and local structure of this
compound, devising a model that could explain how such materials operate
on the electrochemical level—and how to use them to build a better battery.

20-BM-B • XSD • Chemistry, environmental science, geoscience, materials science •
Micro x-ray absorption fine structure, microfluorescence (hard x-ray), x-ray absorption
fine structure • 2.7-25 keV, 2.7-30 keV, 2.7-35 keV • On-site • Accepting general users •
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Fig. 1. (Top panel) Schematic arrangement of
lithium (yellow), cobalt (blue), and manganese
(magenta) atoms in the transition metal plane
of the layered Li1.2Co0.4mn0.4O2 structure. Well
connected areas with LiCoO2, where only
cobalt is present, and Li2mnO3, where man-
ganese atoms surround lithium atoms in a
hexagonal pattern, are observed. Each of
these areas gives rise to a distinctly different
extended x-ray absorption fine structure
(EXAFS) spectrum (bottom panel) that is char-
acteristic of the local chemical environment.
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tures for the successful commercializa-
tion of lithium-ion batteries for a myriad
of demanding applications.

— Mark Wolverton
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Mn0.4O2,” Chem. Mater. 23(8), 2039
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ImAgINg ChEmICAL AND mICrO-/NANO-STrUCTUrAL
FEATUrES OF ENErgy mATErIALS IN 3-D

Fig. 1. Left: The distinction between Ni oxidation states is enabled by image subtraction at the energy levels associ-
ated with the primary features in the spectra. A linear combination of the Ni and NiO spectra, shown as the red
dashed line, reproduces the spectrum for the region of overlapping Ni-NiO and corroborates the spectra obtained.
Center: Transmission images were taken at x-ray energies of 8326 ev, 8334 ev, 8350 ev, and 8370 ev.
representative regions of each material (Ni (A), NiO (b), and overlapping Ni-NiO (C)) are indicated in the 8334-ev
panel. Facing page: A region of interest highlighted in red in the upper-right image is tomographically reconstructed
and segmented to identify the Ni and NiO phases. Images from Nelson et al., Appl. Phys. Lett. 98, 173109 (2011).
© 2011 American Institute of Physics

C oncerns about the diminishing availability of our petroleum reserves and the
effects of greenhouse gases on the Earth’s climate have spurred intense
efforts to develop cleaner alternative energy technologies such as solid oxide
fuel cells (SOFCs), batteries for electric and hybrid-electric vehicles, and

supercapacitors. These efforts have, in turn, sparked interest in the reduction-oxidation
(redox) cycling of nickel-based oxides in SOFC anodes, lithium-ion battery cathodes, and
nickel oxide supercapacitors. Monitoring redox cycling of such materials (ideally during
system operation) requires the ability to image and characterize changes at the chemical
and morphological levels. Currently, there are no standard nondestructive analytical tech-
niques that enable the three-dimensional (3-D) chemical imaging of complex and large
architectures. X-ray absorption near-edge structure (XANES) nanotomography is being
developed to fulfill that need. Now, full-field XANES nanotomography has been demon-
strated at sub-30-nm spatial resolution by researchers utilizing beamlines at two U.S.
Department of Energy Office of Science synchrotron light sources, including the APS. >>>
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tures in the observed transmission-
based near-edge spectra to guide sub-
sequent nanotomography measure-
ments. This reduces the time needed
for nanotomography by limiting the
number of energy points to the mini-
mum necessary to discriminate differ-
ent chemical phases present in the
sample. The near-edge spectra from
the Ni and NiO samples, obtained at
the APS by the researchers compared
well with results in the literature. These
spectra were also corroborated by
reproducing the spectrum of the over-

lapping Ni-NiO region using a lin-
ear combination of the Ni and NiO
results (Fig. 1). The calibration per-
formed on the foil and powder
samples showed a common peak
in the absorption spectra at 8350
eV, which served as a reference
point for comparing the spectra
and distinguishing between the oxi-
dation states of the Ni foil and NiO
powder. Additional features in the
spectra were identified where
changes in the absorption charac-
teristics of each material relative to
the common peak enabled separa-
tion of the phases present in the
sample. Regions of Ni foil, NiO
powder, and overlapping Ni-NiO
were particularly distinct at 8334
eV and 8370 eV. Determining the
distinct features in the XANES
spectra enabled targeted tomo-
graphic scans at the energies of

interest, which were carried out at
SSRL. Tomographic image reconstruc-
tion and processing techniques were
applied to the full-field XANES images
to achieve three-dimensional mapping
of Ni-NiO phases within the entire
imaged volume (Fig. 1). The resulting
digitized structures enabled quantifica-
tion of phase sizes, interfacial areas,
and phase contiguity associated with
the microstructural effects of redox
cycling.

The nondestructive nature of
XANES nanotomography measure-
ments allows for sample preservation
and can facilitate in situ observation of
battery and SOFC electrodes in con-
trolled oxidizing or reducing environ-
ments and under operational conditions
such as applied current loads. Such
measurements could realize the direct
three-dimensional observation of nickel
oxidation and structural modifications
due to lithium deintercalation phenom-
ena. Thus the research demonstrated
full-field XANES nanotomography as a
technique that enables investigation of
microstructural and chemical evolution
in energy materials. — Vic Comello
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XANES nanotomography com-
bines XANES spectroscopy with full-
field transmission x-ray microscopy
(TXM). The researchers in this study,
from the University of Connecticut,
Brookhaven National Laboratory, SLAC
National Accelerator Laboratory, and
Argonne have demonstrated the 3-D
chemical mapping and microstructural
characterization capabilities of full-field
XANES nanotomography by determin-
ing the near-edge characteristics of Ni
foil and NiO powder samples that were
prepared as a means of simulating the

materials that are present in SOFC and
battery electrodes. Full-field XANES
spectroscopy combined with 3-D nan-
otomography imaging with the TXM
system were performed at the XSD 32-
ID-B,C beamline at the APS and at
Stanford Synchrotron Radiation
Lightsource (SSRL) beamline BL6-2c. 

Full-field XANES nanotomography
begins with XANES spectroscopy
measurements in order to identify
energy levels corresponding to key fea-

32-ID-B,C • XSD • Materials science, life sciences, geoscience • Phase contrast imaging, radiog-
raphy, transmission x-ray microscopy, tomography • 7-40 keV • On-site • Accepting general users
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sapphire’s surface, with each void sur-
rounded by a shell. The dimensions of
the voids and shells were measured
using both transmission electron
microscopy and scanning electron
microscopy. The radii measured for the
voids averaged around 180 nm, which
was also the approximate thickness of
their surrounding compressed shells.

The shock wave of the expanding
plasma reached pressures of over 100
Mbar (equivalent to ~10 TPa, around
one hundred million times standard
atmospheric pressure), which turned a
microscopic region of the surrounding
sapphire into an amorphous
(unordered) phase. For a very brief
increment of time, the extreme pres-
sure and temperature environment pro-
duced by the microexplosion — an
environment akin to conditions deep
within the interiors of many planets —
created “warm dense matter,” a state of
hot solid density plasma (Fig.1). The
laser-induced microexplosions spatially
separated the ionized constituents (alu-
minum and oxygen) of the sapphire
crystal because the two ions of differ-
ent mass traveled at different speeds
during the superheated explosion. This
segregation of aluminum and oxygen
atoms, along with the extremely high
temperature and pressure, synthesized

and trapped nanocrystals of super-
dense bcc-Al within the confines of the
otherwise amorphous, shock-com-
pressed shells.

The sapphire crystal was probed
and analyzed at the hP-CAT beamline
using micro x-ray diffraction, a struc-
tural analysis technique that allows the
examination of very small (sub-micron)
sample areas using a beam of highly-
intense, monochromatic (single wave-
length) x-rays. The x-ray diffraction pat-
terns matched those predicted from
theory for superdense bcc-Al.

This research demonstrates that a
tabletop laser setup can attain the high
temperatures and pressures needed to
synthesize nanoscale amounts of
materials exhibiting high-density
phases. While this particular set of
experiments centered on the creation
of aluminum in the high-density bcc
phase, the basic techniques could be
applicable in the production of a wide
array of new, high-density materials for
experimental study. Moreover, ultrafast
lasers – such as the one used in this
experiment – are capable of high repe-
tition rates in the range of millions of
cycles per second; this high repetition
rate opens up the tantalizing possibility
of creating useful quantities of exotic,
high-density materials utilizing a com-

In order to create the conditions
necessary to form superdense alu-
minum, the research team used very
short (around 150-fs-duration) pulses of
light produced by an ultrafast, titanium-
sapphire laser system. The laser
pulses were focused by a lens to
depths of 20 to 60 m beneath the sur-
face of a sapphire crystal; sapphire
consists of a rhombohedral crystalline
type of alpha aluminum oxide (a-
Al2O3), commonly called corundum.
The focused laser pulse released a
total energy of 100 nj within a submi-
cron volume, resulting in an energy
density of several megajoules per cubic
centimeter.

This enormously powerful, laser-
induced energy state caused a tiny
region within the sapphire crystal to
superheat and form hot plasma.
Subsequently, the superheated plasma
formed a strong shock wave that trav-
eled outward from its initial volume,
producing a compressed shell of mate-
rial. This process — a brief, concen-
trated laser pulse ionizing a micro-
scopic region of sapphire, followed by
an expanding shockwave — produced
an inner void within the sapphire, sur-
rounded by a compressed shell of
material. Repeated firings of the laser
produced an array of voids near the

A new, never-before seen type of aluminum — one with a super-
dense structure — has been discovered by an international
team of researchers employing a single ultrashort laser pulse
focused inside sapphire. This superdense form of aluminum

(just over 40% denser than conventional solid aluminum) was theoretically
predicted more than 30 years ago, but its existence remained unsubstanti-
ated until this experimental research was conducted. Formed at pressures in
the megabar range (millions of atmospheres), and at temperatures exceed-
ing 100,000k (greater than 180,000° F), the superdense material was found
to exist in an unusual lattice ordering: body-centered cubic aluminum (bcc-
Al). The high temperatures and pressures were attained using a relatively
simple table-top laser system. The new material was analyzed thanks to the
penetrating capability of the x-rays from hP-CAT beamline 16-BM-D at the
APS. Discovery of the bcc-Al crystalline phase should help planetary scien-
tists and astronomers gain a better understanding of the interiors of celestial
bodies because the high pressures and temperatures used to produce this
superdense form of aluminum match those found within the interiors of many
planets and stars.

A NEW, SUPEr-DENSE ALUmINUm EmErgES
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Fig. 1. The synthesis of materials from the separation of elements in the plasma state. The illustration
depicts the transformations within space and time in the region of ionized sapphire affected by a
microexplosion, which leads to a physical separation of aluminum (Al) and oxygen (O) ions, and sub-
sequent quenching of the bcc-Al. The horizontal axis represents time and the vertical axis represents
distance from the center of the microexplosion. Insert: This micro-x-ray diffraction image was taken in
the center of the compressed shockwave region, which depicts evidence of bcc-Al formation within
the laser-modified areas.

mercially-available, tabletop laser.
Looking ahead, the progenitors of

this research are hopeful that innova-
tive products based upon superdense
materials – such as the superdense
aluminum created in this experiment –
will eventually be produced inexpen-
sively and in large quantities. These
new materials might well exhibit
unusual mechanical, electric, and mag-
netic properties.

— William A. Atkins and
Philip E. Koth

See: Arturas Vailionis1,2, Eugene g.
gamaly3, Vygantas Mizeikis4, Wenge
yang5, Andrei V. Rode3, and Saulius

juodkazis6*, “Evidence of superdense
aluminium synthesized by ultrafast
microexplosion,” Nat. Comm. 2, 445
(23 August 2011).
DOI:10.1038/ncomms1449.
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Research into the growth and
properties of hydride blisters became
urgent after the 1983 failure of a pres-
sure tube in a CANDU reactor in
Pickering, Ontario. At typical operating
temperatures of a few hundred
degrees Celsius, hydrogen dissolves
into zirconium and migrates through it,
but will precipitate out in the form of
hydride in colder parts of a tube.
zirconium hydride formation is accom-
panied by a roughly 17% increase in
lattice volume. The resulting stress on
the tube, exacerbated by the brittle-
ness of the hydride compared to the
metal, can lead to cracks that are the
starting point for potential larger scale
failure. however, theoretical studies of
hydride blister formation are only partly
in agreement with experimental meas-
urements of induced stresses, and little
has been known until now about the
precise structure of the blisters.

The researchers, from Laboratorio
de Fisica de Neutrones y Reactores
CAB-CNEA (Argentina), CAE-CNEA
(Argentina), and Argonne used x-ray dif-
fraction studies with a 300 x 300 m
beam to map out the presence of zirco-
nium and zirconium hydride grains of
different crystal phases across a blister
a few millimeters wide (Fig. 2). They
created the blister by applying an alu-
minum “cold finger” for 1650 h to a sam-
ple of zirconium alloy held at 320° C.
The test sample, containing 2.5% nio-
bium, was cut from a commercially
available pressure tube and infused
with hydrogen at high temperature.

Many models have predicted that
the blisters should have a 100%

I n water-cooled nuclear reactors, coolant travels to and from the
reactor core at high pressure in tubes made of zirconium alloyed
with a few percent of other metals. These alloys only weakly
absorb neutrons and are generally resistant to corrosion, but

over time, absorption of hydrogen from the cooling water into the metal
can lead to formation of zirconium hydride “blisters” that can dangerously
weaken the tubes. Working at XSD beamline 1-ID-B,C,E at the APS, a
research team has for the first time characterized both the relative abun-
dance and lattice structure of metal and hydride components across
such a blister (Fig.1). The findings should help engineers to more accu-
rately understand the failure risk of reactor pressure tubes. 

Fig. 1. Photograph of hydride blister, measuring roughly 5 mm by 2 mm, in a sample of
zirconium alloyed with 2.5% niobium. (a), (b), (c), and (d) indicate specimen sectioning. 
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hydride composition at their centers,
but the researchers found that the
hydride concentration (mostly in the
form of the -zrh crystallographic
phase) rose only to 80% by volume,
the remaining material being uncon-
verted zirconium, mostly in the a-zr
phase. The less than complete trans-
formation of metal to hydride is consis-
tent with measurements showing that
the stress caused by the blisters is
somewhat smaller than models have
predicted. The high intensity of the x-
ray beam also made possible detec-
tion of small but mechanically signifi-
cant quantities of metal and hydride
grains in other crystallographic
phases.

The researchers were also able to
use the diffraction studies to determine
the “texture” of the metal and hydride
components – that is, whether the
grains are aligned randomly  or are ori-
ented preferentially in some direction or
another. They found that the metal
grains had a significant texture and that
the hydride texture generally tracks the
metal texture, consistent with a precise
relationship between the hydride and
matrix crystals. Some differences in
texture were seen, however, most likely
because metal grains that are stretched
in a certain way or have a specific
alignment are more likely to convert
into hydride. 

The unprecedented level of detail
revealed by this new study would be
very hard to obtain by other experimen-
tal means, the researchers say, but has
great significance in understanding how
hydride blisters form and what kind of

1-ID-B,C,E • XSD • Materials science,
physics, chemistry • high-energy x-ray dif-
fraction, radiography, small-angle x-ray scat-
tering, fluorescence spectroscopy, pair distri-
bution function • 50-90 keV, 50-150 keV • On-
site • Accepting general users •

Fig. 2. Top: Photomicrograph of a blister in cross-section, showing
the formation of cracks at the surface. The small colored squares
indicate the size of the x-ray beam. bottom: Average diffrac-
tograms obtained at locations a, b, and c in top figure. Figures on
this and preceding page from m.A. vicente Alvarez et al., Acta
mater. 59 2210 (2011). ©2011 Acta materialia Inc. Published by
Elsevier Ltd. All rights reserved.
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stress pattern they induce. Such knowl-
edge can lead to better predictions of
the risk of failure and improvements in
the materials and fabrication tech-
niques used for reactor pressure tubes.

— David Lindley 
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Almer3, “Phase and texture analysis of
a hydride blister in a zr-2.5%Nb tube
by synchrotron X-ray diffraction,” Acta
Mater. 59, 2210 (2011).
DOI:10.1016/j.actamat.2010.12.024
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Institute of Science, they found that the
top of the flange is convex and contains
plates, while the back has concave
curves leading to the keel.

Although most of the tooth is made
of calcite, some parts of the tooth con-
tain unusually high levels of magne-
sium. In some areas, magnesium
replaces almost half of the calcium
atoms in calcite. Using EDX analysis at
the University of Wisconsin-Madison,
as well as backscatter electron SEM,
they found that the stone area (the
hardest part of the tooth, which
emerges at the tip) has higher magne-
sium content than the rest of the tooth. 

high-resolution X-PEEM elemental
mapping carried out at the Berkeley
Advanced Light Source allowed them
to map a cross-section of the tooth for
areas of high-magnesium content, and
showed for the first time that the Mg-
rich stone part which will become the
tooth tip is bounded by plates.

Microindentation studies, also
done at the Weizman Institute, showed
that the structure controls how cracks
propagate through the tool.  When the
indenter tip dimpled the surface, cracks
spread radially. But as soon as they
encountered the organic layers at the
surface of a plate or a fiber, the crack
deflected, often by as much as 90°.

The researchers noted holes
within the polycrystalline matrix.
Suspecting that these play a role in
where the teeth break, they investi-
gated the teeth using hard-x-ray

tomography with a resolution of 1 m
at beamline 2-BM-A,B (Fig. 1).  They
found holes that had never been
revealed before, which were abundant
all around the stone part, but not in the
stone part. These are channels in
which the cells forming the tooth live,
and must be absent from the stone part
and the grinding tip, so these won’t
break as the tooth grinds.  

— Yvonne Carts-Powell
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Churchill1, Ian C. Olson1, Vasily
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john h. Fournelle1, Francesco De
Carlo3, Sidney Cohen4, julia
Mahamid4, Andreas Scholl5, Anthony
young5, Andrew Doran5, Fred h. Wilt2,
Susan N. Coppersmith1, and Pupa U.
P. A. gilbert1*, “Self-Sharpening
Mechanism of the Sea Urchin Tooth,”
Adv. Funct. Mater. 21, 682 (2011). 
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Wisconsin, 2University of California,
Berkeley, 3Argonne National
Laboratory, 4Weizmann Institute of
Science, 5Lawrence Berkeley National
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The research team studied in
detail the structure of the tooth of the
California purple sea urchin
Strongylocentrotus purpuratus, using
high-resolution x-ray photoelectron
emission spectromicroscopy (X-PEEM),
scanning electron microscopy (SEM),
SEM energy dispersive x-ray (SEM-
EDX) analysis, electron probe micro-
analysis (EPMA), nanoindentation, and
hard x-ray microtomography.  

As a sea urchin tooth grows, sin-
gle-crystalline plates and fibers are
cemented together at the forming end
by a polycrystalline calcite matrix. The
tooth function depends on this arrange-
ment of the plates, fibers, and matrix.
The researchers found that softer fault
layers between plates and fibers
become the site of fractures, which
allows the tooth to retain its shape
even while surface layers break off.

The researchers from the Univers-
ity of Wisconsin; the University of
California, Berkeley; Argonne; the
Weizmann Institute of Science; and
Lawrence Berkeley National Laboratory
analyzed the structure and strength of
the teeth to see how and where a tooth
breaks and self-sharpens.Each tooth
has a T-shaped cross-section, with the
vertical stroke of the T called the “keel”
and the horizontal piece called the
“flange.” Using SEM imaging at the
University of California, Berkeley,
Electron Microscopy Lab and the Irving
and Cherna Moskowitz Center for Nano
and Bio-Nano Imaging at the Weizmann

S ea urchin teeth are remarkable structures that remain sharp and without
gaps despite constant wear. Although the teeth are composed mostly of
calcite, a carbonate mineral and the most stable polymorph of calcium
carbonate, sea urchins grind holes in limestone, a rock that is also made

of calcite. how do they manage this trick? They have teeth with a complex inter-
nal structure that is coordinated across size ranges from nanometers to centime-
ters. To make sense of the structures and mechanisms involved, researchers
studied sea urchin teeth using a variety of imaging methods including hard x-ray
tomography at XSD beamline 2-BM-A,B at the APS. They found that sea urchin
teeth grow continuously and the tip wears down as it grinds, allowing new surfaces
to be uncovered as old ones wear out. The teeth stay sharp and maintain their
overall shape by controlling where and how they fracture: at soft organic layers,
interspersed with the hard calcite mineral. A similar strategy using layered materi-
als could allow man-made tools to retain their sharpness and shape during use.

hOW SEA UrChINS KEEP ThEIr TEETh ShArP
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> Frame from a movie of the three-dimen-
sional x-ray microtomographic reconstruc-
tion of the sea urchin tooth cross-section,
obtained at APS beamline 2-bm-A,b. The 
S. purpuratus tooth sample was mounted
vertically and rotated around a vertical
axis. A segment approximately 1-mm high
was illuminated by x-rays of photon energy
20 kev. The sample was rotated in 0.12°
steps and a total of 1,500 projection
images were collected.  
Two movies can be viewed at
http://onlinelibrary.wiley.com/store/10.100
2/adfm.201001546/asset/supinfo/adfm_
201001546_
sm_movie1.mov?v=1&s=894ced6c19cbcdd
675f38299ecad 1047b05b3ccc 

and

http://onlinelibrary.wiley.com/store/10.100
2/adfm.201001546/asset/supinfo/adfm_
201001546_sm_movie2.mov?v=1&s=674
3a584972e659fa603f4ef3a2fa222fe069
177. 
From supplementary material to C.E. Killian
et al., Adv. Funct. mater. 21, 682 (2011).

> A sea urchin, Strongylocentrotus purpura-
tus, © Laura Francis, source: bioLib.cz,
http://www.biolib.cz/en/image/id26466/ 

< Fig. 1. A sea urchin tooth cross-sec-
tion extracted from the full three-
dimensional reconstruction of the tooth
from microtomography at APS beam-
line 2-bm. The cyan pixels indicate the
locations of abrupt density variation,
that is, the profile of holes in the tooth.
Notice that there are no holes in the
central stone part, where fracture and
porosity must be prevented, while they
occur everywhere else in the tooth.
From C.E. Killian et al., Adv. Funct.
mater. 21, 682 (2011). ©2011
WILEy-vCh verlag gmbh & Co.
KgaA, Weinheim
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Around the APs

from the Art institute of Chicago’s blog, “Article.”

August 01, 2011

If I say “ring” you might first think of Frodo. Or maybe Wagner if you’re an opera lover. But
you’ll find neither hobbits nor Valkyries at the ring-shaped Argonne National Laboratory just
outside Chicago. What you will find is Art Institute conservation scientists, as we visited the
Lab this month on a mission to bring Picasso to the ring.

Let me qualify that: we brought minuscule samples of Picasso paintings from the Art
Institute to the Advanced Photon Source. At this top-notch facility, scientists rip electrons from
atoms and make them spin furiously around the circumference of the experiment hall—which
is large enough to encircle a baseball stadium. These enraged electrons (always charged with
that negative attitude!) give off enormous amounts of energy, which the scientists can bend
and direct to do wonderful things.

We used the energy from this process to penetrate every single grain of white pigment
that Picasso used with nanometric resolution (that is, splitting human hair eighty thousand
times to get down to a nanometer) in order to determine where it came from. Was it from a
wrinkled tube from one of the artist’s storied houses, produced on the banks of the river Seine
in chi-chi Paris? Or did it come from a drippy can of mass-market produced house paint?
Could the paint possibly have been made in the U.S.? By looking at infinitesimal contaminants
in these zinc oxide pigment particles we hope we will be able to answer these questions and
advance our Picasso-related detective work.

Often conservators are surprised to find themselves in facilities such as these. But at
Argonne, scientists riding around on tricycles (the facility’s favored mode of transportation)
were probably just as surprised to find us. These scientists were encountering Picasso in
unexpected places: posted in a note with our project title on our experimental station’s door
and attached with a drop of nail polish (an ironic fate for a known womanizer!) on a small pin!

Outside, at night (yes, because when you are awarded time for an experiment, you work
24/7 for 5 days: science cannot wait), dragonflies sparkle amidst the grass in the calm, bucolic
setting. Inside, it sparkles too…we are brimming with the excitement of discovery. And that is
how Picasso, a trailblazer in both life and death, went nanotech at Argonne on a hot day in
july 2011.

— Francesca Casadio, Andrew W. Mellon Senior Conservation Scientist, Art Institute of Chicago

The Art Institute of Chicago blog  “ARTicle” is ©2009 The Art Institute of Chicago.

volker rose [XSD-mIC] inside the control room. right, tools of the trade, and our Picasso sample.

ArT SCENE INvESTIgATION: PICASSO gOES NANOTECh
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When Cu-zr alloys are cooled
from the liquid state at a sufficiently
rapid rate, the atoms are unable to
arrange themselves into a crystalline
state. Rather, their motion gradually
slows down until they freeze in place,
remaining disordered in a way that is
somewhat similar to the arrangement
of atoms in normal window glass.
Metallic glasses (also called glassy
metals or amorphous alloys) possess
a unique combination of properties.
Some of these properties resemble
those of normal metals (high strength
and elastic limit); others are like those
of ceramics (hard, but often brittle);
and some properties even resemble
those of polymers (molding and shap-
ing ability). Metallic glasses are
already being deployed in a variety of
applications, including, but not limited
to, biomedical implants, magnetic
cores (such as in transformers),
springs, and micro-electro-mechanical
systems devices.

The researchers in this experi-
ment – representing Washington
University, the University of
Massachusetts, the NASA Marshall
Space Flight Center, Iowa State
University, Argonne, and Oak Ridge
National Laboratory – placed a modi-
fied electrostatic levitator from
NASA’s Marshall Space Flight Center
in the 6-ID-D beamline to study struc-

M etallic glasses — unlike pure metals and most alloys — do not possess crys-
talline long-range order, but they do have short-range order (SRO). Scientists are
still debating (and trying to measure) exactly how and when SRO develops as a
liquid cools and solidifies without crystallizing. When a liquid is cooled below its

freezing point without solidifying, it is said to be supercooled, a state that must be achieved in
order to form a glass. This ability has been known since the 1700s, but the concept is still not
fully understood today. To better understand the nature of atomic-scale ordering in supercooled
metallic liquids, particularly those that can form glasses, scientists working at the XSD 6-ID-D
beamline at the APS studied liquid copper-zirconium (Cu-zr) alloys using beamline electrostatic
levitation (BESL). For the first time, chemical and topological ordering was observed to occur
rapidly and simultaneously in supercooled liquid Cu46zr54 at temperatures well above that where
a glass forms. This study provides scientists with a better understanding of structural and chem-
ical ordering prior to the glass transition in liquid metals and enhances our knowledge of how
supercooled liquids are stabilized (i.e., resist crystallization), which may aid in the development
of new metallic glass alloys for a wide range of applications. >>>

Fig. 1. Images of metal samples levitated in the ESL being melted by a laser beam.

ThE FIrST ObSErvATION OF rAPID OrDErINg
IN A SUPErCOOLED LIQUID mETAL
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tural changes in the liquid Cu-zr alloys
as they cooled. They floated a small,
nearly-spherical (approximately 2.5-
mm-diameter) sample under high vac-
uum, suspended by a computer-con-
trolled electrostatic field, and heated it
from room temperature to 300° C
(572° F) above its melting temperature
utilizing a high-power diode laser
beam. (Fig. 1.) The x-rays generated
by the APS were diffracted by the liq-
uid Cu-zr sample, allowing the
researchers to study how the arrange-
ment of atoms in the supercooled liq-
uid changed as it cooled (Fig. 2).

In the past, many researchers
believed that metallic glasses with
large physical dimensions — bulk
metallic glasses — could form only for
combinations of two or more metals
with very different sizes and chemical
characteristics. It is now well known
that binary alloys such as copper-zirco-
nium (Cu-zr) can also form bulk
glasses. In addition, Cu-zr alloys can
form glasses over a wide range of
compositions. This fact and other
chemical properties make CU-zr an
ideal system to study in BESL. 

The results of this study suggest
that the atoms of Cu46zr54 become
more ordered well before they finally
slow down to form a glass. This rela-
tively rapid chemical and topological
ordering is distinctly different from the
gradual ordering that is typically
observed with supercooling in metallic
liquids. Although chemical ordering has
already been observed for metallic
glasses, and has been predicted by
theoretical calculations for Cu-zr, this is
the first experimental observation of its
kind for a supercooled metallic liquid.

— William Arthur Atkins
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topological ordering in supercooled liq-
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(2011).
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Fig. 2. Total static structure factors (left-hand side) and pair distribution functions (right-hand side),
with changing temperature, for Cu100−xzrx liquids with x = 36 (top), 54 (middle), and 70 (bottom).
From v. Wessels et al., Phys. rev. b 83, 094116 (2011). ©2011 American Physical Society.
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Drawing a parallel between jetting
in bubble bursting and the pinching-off
process in liquid coalescence, the
researchers note that the Oh number
determines the minimum bubble radius
in a given liquid, below which jetting
does not occur. In the five liquids stud-
ied, that minimum radius was approxi-
mately 4, 26, 34, 48, and 54 m in
water, ethanol, dodecane, decalin, and
tridecane, respectively. 

Various bubble sizes were
observed under ultrafast optical imag-
ing (Fig. 1) and a phase diagram for
jetting constructed in which the critical
Oh number was found to be
0.052±0.005, matching the experimen-
tal data. (The absence of jetting in
water could not be observed directly
because bubbles of such small radius
[4 m] cannot be created by the drop-
impact technique.) 

The experiments confirm that jet-
ting does not always occur when bub-
bles burst, and that the presence of jet-
ting is indeed dependent on the size of
the bubbles involved (Fig. 2). generally
speaking, jets will not form from burst-
ing bubbles below a certain critical
size, dependent on the particular liquid.
Aside from the insights the work can
provide into the behavior of aerosols in
various natural processes, particularly
in the emission of gases from the
ocean into the atmosphere, it also has
potential application in many practical
scenarios. Whether one wishes to con-

trol the “fizziness” of soft drinks or
reduce jetting in various manufacturing
processes that involve an air-liquid
interface, the present work demon-
strates that jetting can be controlled by
changing properties of the liquids
involved. Altering the liquid’s viscosity,
surface tension, or density can ensure
that bubbles formed in the liquid
remain small enough to reduce or elim-
inate jetting. Whether they’re
metaphorical or real, there are some
bubbles that should not be burst.

— Mark Wolverton
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Su ji Park1, jung ho je1**, kamel
Fezzaa2, and Wah-keat Lee2, “Size
limits the formation of liquid jets during
bubble bursting,” Nat. Commun. 2, 367
(21 june 2011).
DOI:10.1038/ncomms1369
Author affiliations: 1Pohang University
of Science and Technology, 2Argonne
National Laboratory
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*bmweon@postech.ac.kr,
**jhje@postech.ac.kr
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06Ch11357.

Working at the XSD 32-ID-B,C
undulator beamline of the APS, the
experimenters used a drop-impact
setup to create the bursting and control
the size of the bubbles in five low-vis-
cosity liquids: water, ethanol, dode-
cane, tridecane, and decalin. The
bursting phenomena were first
observed under ultrafast optical
microscopy, followed by ultrafast x-ray
phase-contrast imaging. The latter
method allowed the process to be
observed with extremely high time and
spatial resolution, avoiding reflection
and scattering effects that can occur
with visible light imaging and offering
precise visualization of the liquid-air
interface because of the penetrating
APS x-ray beam.

In the drop-impact technique, a
drop of the test liquid is allowed to fall
freely from a height onto a solid sur-
face. Upon impact, a small bubble is
created inside the drop, which quickly
rises and bursts upon reaching the air-
liquid interface. 

The team found that jetting from
the bursting bubble is the result of cap-
illary waves converging at the interface,
described by the Ohnesorge number
(Oh), the ratio of the viscosity and sur-
face forces that dampen the propaga-
tion of the capillary waves. The experi-
menters suggest that above a certain
critical Oh number, jetting does not
occur because capillary waves are sup-
pressed by viscous stresses.

T he phenomenon of bubble formation, and in particular their bursting, is a crit-
ical part of countless processes in physics, biology, chemistry, geology,
oceanography — anywhere liquid and air interface with each other. When a
bubble bursts, the gas contained within is released and liquid jets are cre-

ated, scattering aerosol droplets. But the formation of jets upon bursting of very small
bubbles, such as those less than 100 m in radius, has remained unconfirmed because
of the difficulty of experimentally visualizing the process at such scales. Now a team of
researchers from Pohang University of Science and Technology and Argonne has used
ultrafast x-ray and optical imaging at the APS to directly visualize the bursting of very
small bubbles. Their work demonstrates that jet formation occurs only with bubbles
larger than a critical size limit that is dependent upon the specific liquid properties. Their
work provides clues about the behavior of aerosols in various natural processes, such
as the emission of gases from the ocean into the atmosphere, and has potential practi-
cal applications in areas including glass manufacturing and biotechnology.

WhAT hAPPENS WhEN bUbbLES bUrST?
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Fig. 1. The moment of the jet formation from a bursting bubble in water, which is visualized by ultrafast x-
ray imaging at the XSD 32-ID-b,C undulator beamline.

Fig. 2. bubble bursting from small bubbles (r<100 m) in a typical drop-impact experiment. A liquid drop that
freely falls from a height onto a solid surface robustly forms a single small bubble after impact. Once a trapped
bubble reaches the fluctuated liquid free surface, it rapidly bursts. The critical size differs with the liquid. Ultrafast
optical images of jetting (upper, r~50 m) and the absence of jetting (lower, r~43 m) in decalin. Scale bar,
150 m. The jet formation is characterized by the emission of aerosol droplets into the atmosphere (marked as
circles). Ethanol, dodecane and tridecane show a similar size limitation for jetting, but water always shows jetting.
From ji San Lee et al., Nat. Commun. 2 (2011). © 2011 macmillan Publishers Limited. All rights reserved.

A Quicktime movie showing x-ray imaging of jetting
in water can be viewed at
http://www.nature.com/ncomms/journal/v2/n6/extre
f/ncomms1369-s5.mov
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is reflected like light bouncing off a mir-
ror. A high-intensity x-ray source is
required for these experiments
because the percentage of reflected x-
ray photons is so low. The bright and
monochromatic x-ray beams produced
by the APS allow specular reflectivity
measurements to be performed in a
rapid and efficient manner that is
impossible in an ordinary laboratory
setting, and difficult at most other syn-
chrotron light sources.

Corundum was studied at DND-
CAT beamline 5-ID-B,C,D; data on
hematite was obtained at XSD beam-
line 33-ID-D,E. The x-ray data collected
on the mineral samples were used to
deduce information about the positions
and degree of disorder of the first few
molecular layers of water wetting their
surfaces. In contrast to what was
observed for other surfaces of hematite
and corundum (left side of Fig. 1),
water adjacent to the (001) surfaces of
hematite and corundum shows very
weak ordering and becomes fully disor-
dered like bulk water closer to the sur-
face (right side, Fig. 1). This weak
water ordering is attributable to two
properties of these surfaces. First,
atoms on other surfaces of these min-

erals take on an undulating form, anal-
ogous to a corrugated metal roof.
Water molecules adsorbed to those
surfaces follow this undulating form.
This “corrugated pattern” limits the lat-
eral (side-to-side) motion of water mol-
ecules, keeping them in fixed locations.
In contrast, atoms on the (001) face
form an atomically flat surface and
nearby water molecules can move
more freely, and are hence more disor-
dered. Second, reactive sites on other
surfaces have a charge even when the
net charge of the surface is neutral
(i.e., the number of positive and nega-
tive sites are perfectly balanced). Be-
cause water molecules are dipoles,
with positively and negatively charged
ends, they orient themselves near
these sites, which help hold them in
place. In contrast, reactive sites on the
(001) surface have no charge over a
wide ph range. Water molecules near
(001) surfaces are free to rotate and
move about, and show greater disorder.

This research has several signifi-
cant consequences. First, it demon-
strates that water dynamics vary
among the different crystal faces of
hematite and corundum and that this
relates to differences in their chemical

Previous investigations by this
researcher from Washington University
and colleagues had determined that
near most crystal faces of hematite and
corundum, such as the (012) and (110)
surfaces, water takes on a regular
arrangement with a high degree of
ordering (left side of Fig. 1). however,
the ordering of water on the most com-
mon face of these minerals, (001), had
not been previously determined with
high precision in the presence of liquid
water. The (001) surfaces have previ-
ously been suggested to display chemi-
cal behavior different from other com-
mon surfaces of hematite and corun-
dum, including little surface charge
development over a wide ph range.
This implied that water may behave dif-
ferently near these surfaces.

Specular x-ray reflectivity was uti-
lized to investigate the structure and
disorder of water near these mineral
surfaces. This technique involves
measuring the intensity of a beam of x-
rays bounced off a sample surface as a
function of incident angle. The vast
majority of those x-rays scatter off the
surface in random directions. however,
a very small fraction, sometimes less
than one out of a billion x-ray photons,

T he interaction of water with minerals is one of the most important processes in
environmental and geological systems. Mineral-water reactions control the com-
position of rivers, lakes, and the oceans, affect where and how fast contami-
nants migrate in the environment, influence how microorganisms carry out

metabolism, and are key steps in the formation and destruction of rocks near the Earth’s
surface. To better understand how water and minerals interact, scientists have probed the
nanoscopic region where water molecules and minerals meet. In this particular research,
the arrangement and disorder of the first few molecular layers of water residing on surfaces
of the minerals hematite (Fe2O3) and corundum (Al2O3) were precisely determined. The
highly intense and monochromatic x-rays at the APS were essential to the successful prob-
ing of the boundary between mineral surfaces and water, which shows the variety of water
dynamics among the different crystal faces of hematite and corundum, and that this relates
to differences in their chemical reactivity. The research, which suggests that mineral sur-
faces in general will show either strong or weak ordering of water and that mineral surface
adsorption of heavy metals like arsenic and lead is affected by the properties of water near
the surface, will improve our understanding of how minerals sequester toxic materials in the
natural world, and could lead to technological applications for optimizing engineered sys-
tems, such as in water treatment facilities.

DISOrDErED WATEr ON mINErAL SUrFACES
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Fig. 1. many mineral surfaces, such as the (012) surfaces of iron and aluminum oxides (left side of figure),
which consist of iron or aluminum (small gold spheres) and oxygen atoms (red spheres), induce strong local
ordering of water molecules (blue spheres), with the transition to disordered bulk water occurring 2 to 3 nm
from the surface. The (001) surfaces of iron and aluminum oxide, however, induce only weak local ordering
of water (right side of figure) and the transition to bulk-like water occurs much closer to the mineral surface.

reactivity. Additionally, at a fundamental
level it suggests that mineral surfaces
in general will show either strong or
weak ordering of water. But these find-
ings go beyond the interaction of water
and minerals. Mineral surfaces adsorb
heavy metals like arsenic and lead and
this adsorption is affected by the prop-
erties of water near the surface. This
work will thus improve the understand-
ing of how minerals sequester toxic
materials in the natural world, and
might also find technological applica-
tions for optimizing engineered sys-
tems, such as in water treatment facili-
ties. — Philip Koth

See: jeffery g. Catalano, “Weak

Interfacial Water Ordering on
Isostructural hematite and Corundum
(0 0 1) Surfaces,” geochim.
Cosmochim. Acta 75 2062 (2011).
DOI:10.1016/j.gca.2011.01.025
Author affiliation: Washington University
Correspondence: catalano@wustl.edu
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There are several distinct types of
smectic phases, each representing dif-
ferent degrees of molecular positional
ordering and relative orientation. In the
smectic A (SmA) phase, the molecules
on average are aligned lengthwise in a
direction perpendicular to the plane
they form. The situation is analogous
to books on a bookshelf, with most
books standing straight up, while oth-
ers point slightly off vertical. On aver-
age, their orientation is vertical. In con-
trast, molecules in the smectic C
(SmC) phase are, on average, tilted
with respect to the perpendicular direc-
tion at an angle a. In any given phase,
the average molecular direction
defines the director.

Typically, the transition from the
SmA to the SmC phase occurs at tem-
perature TAC when the molecular orien-
tation begins to transition from perpen-

dicular to an angle a(T). The transition
is accompanied by a reduction (or
shrinkage) in the thickness d of the
smectic layers due to the tilt of the
molecules. Layer thickness in the SmC
phase is typically reduced by up to
~11%.

In contrast to the typical smectic
behavior, molecules in the de Vries
smectic phases experience a maxi-
mum layer reduction of only around
one percent, about 10 times smaller
than expected. The special behavior
seen in the de Vries phases has been
explained via the diffuse cone model.

O ver a century ago it was recognized that certain materials form a
unique phase of matter between that of liquids and crystals,
commonly referred to as the liquid-crystal (LC) phase. A variety
of molecular types exhibit liquid-crystal behavior, including rod-

shaped molecules referred to as calamitic. The liquid-crystal phases that
calamitic molecules exhibit are temperature dependent: at high tempera-
tures, the molecules form a liquid, while at sufficiently low temperatures they
become crystalline. In between these high and low temperatures, calamitic
molecules exhibit various liquid-crystal phases, including smectic phases. In
the various smectic phases, calamitic molecules form layers where they tend
to point lengthwise in a certain direction. The object of this particular
research entailed investigating the de Vries smectic phases, which are only
formed by special types of calamitic molecules. Investigators utilizing an APS
beamline have produced the first x-ray images directly measuring the orien-
tation of specially-chosen calamitic molecules in two different de Vries smec-
tic phases, thus advancing the overall understanding of these phases, which
will undoubtedly find important technological applications, such as in ultrafast
LC displays.

Fig. 1. Schematic representation of molecules on the surface of a cone in the SmA and SmC
phases. “n” represents the director, “z” the direction perpendicular to smectic layers. Figures
this page and next from hyungguen yoon et al., Phys. rev. Lett 106, 087801 (2011).
©2011 American Physical Society.

SUb-mOLECULAr OrgANIzATION
IN DE vrIES SmECTIC PhASES

soft mAteriAls & liquids



the SmC phase, ferroelectric analogs
of de Vries molecules will undoubtedly
find important technological applica-
tions, such as in ultrafast LC displays.

— Philip Koth

See: hyungguen yoon1, Dena M.
Agra-kooijman1, khurshid Ayub2,
Robert P. Lemieux3, and Satyendra
kumar1*, “Direct Observation of Diffuse
Cone Behavior in de Vries Smectic-A
and –C Phases of Organosiloxane
Mesogens,” Phys. Rev. Lett. 106,
087801 (2011).
DOI:10.1103/PhysRevLett.106.087801
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In this model, calamitic molecules are
constrained to statistically lie on the
surface of an imaginary cone (Fig. 1).
In the SmA phase, the rod-shaped mol-
ecules are distributed randomly over
the surface of the cone, with each mol-
ecule making an angle a with the cen-
tral axis of the cone. The director is
parallel to the cone’s axis since that is
the average molecular orientation. At
the transition temperature TAC, the mol-
ecules begin to favor a single
azimuthal direction upon the cone’s
surface. As temperature continues to
lower, the director eventually transitions
from being coaxial with the cone’s axis,
to lying on one side of the cone’s sur-
face at angle a.

To uncover details of the de Vries
behavior, the researchers from kent
State University, COMSATS Institute of
Information Technology, and Queen’s
University chose a recently synthesized
molecule composed of several sub-
units: a rigid, central molecule (5-
phenylpyrimidine), joined with two flexi-
ble molecules on either end; one a
hydrocarbon (alkyloxy), and the other a
siloxane/hydrocarbon (organosiloxane)
combination. A homologous series of
calamitic molecules was synthesized
by attaching additional hydrocarbon
subunits to the alkyloxy end segment,
creating progressively longer mole-

cules. The two homologs chosen were
C4 and C9 (designating the fourth and
ninth homologs, respectively).

The C4 and C9 homologs were
placed in separate quartz capillaries for
x-ray analysis. X-ray measurements
were performed using the spectrometer
at the XSD 6-ID-B,C beamline at the
APS. Two-dimensional (2-D) x-ray dif-
fraction patterns were generated for
both samples. The 2-D diffraction pat-
terns directly revealed molecular orien-
tations in the SmA and SmC phases.
Figure 2 shows a 9° tilt (i.e., a = 9°) in
the SmC phase for C4, at approxi-
mately 12.8° C below TAC. Significantly,
the siloxane and hydrocarbon seg-
ments were shown to be oriented par-
allel to the director in both the SmA and
SmC phases. however, further analysis
(not yet published) has shown that the
siloxane and hydrocarbon segments
tilted at different angles, and the mole-
cules progressively developed a
hockey-stick shape in the SmC phase.

This research significantly
advances the overall understanding of
the de Vries smectic phases. The col-
lected x-ray data provides the first
direct evidence of the director tilt in de
Vries smectics, as well as revealing the
individual orientations of the siloxane
and hydrocarbon end segments. Due
to their very small layer shrinkage in

6-ID-B,C • XSD • Physics, materials science
• Magnetic x-ray scattering, anomalous and
resonant scattering (hard x-ray), general dif-
fraction, grazing incidence diffraction, sur-
face diffraction (UhV) • 3.2-38 keV • On-site
• Accepting general users •

Fig. 2. representative diffraction patterns in the SmA phase at 57.2 C and the SmC phase at 55.7
C, of mesogen C4 illustrating a change in molecular tilt from 0° in the SmA phase to 9° in the SmC
phase. The dotted line passing through the large angles peaks of the SmC phase represents their
orientation in the SmA phase.
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APS postdoc S. Chen (XSD-mIC) working at the x-ray bionanoprobe at LS-CAT beamline
21-ID-D. Northwestern University, the APS, and Xradia, Inc., collaborated on the design,
construction, commissioning, and operation of the bionanoprobe. The instrument is capa-
ble of two- and three-dimensional imaging of cryogenically cooled biological samples. It
has an energy range of 5 to 20 kev, with mapping resolution of  <30 nm and spec-
troscopy resolution of  <50 nm. The bionanoprobe features an in-vacuum cryo system
and fast tomography through a combination of differential phase and x-ray fluorescence
mapping using dose fractionation. 
Correspondence: Keith Brister, k-brister@northwestern.edu
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Fig. 1. Left: The q-TO framework of compound 9, in which each
q-TO encapsulates six [FeCl4]1– ions, as determined by single-
crystal x-ray diffraction. The yellow shading denotes the position
of individual q-TOs. right: An expanded view of a single q-TO
in compound 9, for which all the [FeCl4]1– ions are encapsulated
within the q-TO. The [FeCl4]1– ions are depicted as space-filling
(green, chloride; orange, iron) and the q-TO framework as wire-
frame (yellow, sulfur; blue, nitrogen; gray, carbon; red, oxygen).
hydrogen atoms have been omitted for clarity. The blue dashed
lines represent the N-h···O hydrogen bonds. From yuzhou Liu et
al., Science 333, 436 (july 2011). ©2011 American Association
for the Advancement of Science. All rights reserved.

MOLECULAR CAGES FOR MORE CONTROL OVER
CHEMICAL REACTIVITY AND REACTION PRODUCTS
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The cages are constructed from
two kinds of hexagonal molecular tiles,
a tris(guanidinium)nitrate [g3NO3]2+

cluster and hexa(4-sulfonatophenyl)
benzene (hSPB6–), joined at their
edges through complementary and
metrically matched N-h•••O-S hydro-
gen bonds to form quasi-truncated
octahedrons (q-TOs) (see Fig. 1). The
researchers showed that (1) the q-TOs
have an interior volume of 2200 Å3, (2)
serve as building blocks of a body-cen-
tered cubic zeolite-like framework, (3)
and can encapsulate a wide range of
differently charged species, including
organic molecules, transition metal
complexes, and “ship-in-a-bottle” nan-
oclusters that are not readily formed
outside a confined environment. These
demonstrations involved the applica-
tion of several analytical capabilities,
including synchrotron-based x-ray dif-
fraction experiments, which were per-
formed on the ChemMat CARS 15-ID-
B,C,D beamline at the APS and at the
European Synchrotron Radiation
Facility.

The q-TOs spontaneously self-
assemble from water-based solutions
of dimethylformamide containing guani-
dinium chloride, sodium nitrate, and
hexaphenylbenzenehexasulfonic acid,
yielding colorless block-shaped crystals
that exhibit well-defined square and
hexagonal facets. The q-TOs form a
body-centered lattice interconnected by
sodium bridges, creating a framework
topology and tiling pattern that resem-

C oaxing molecular components to self-assemble into supramolecular
cages capable of confining other molecules remains a daunting chal-
lenge for chemists, but evidently not for nature. Virus capsids — the
outer shells of viruses — are composed of many protein subunits that

assemble into well-defined polyhedra that function as supramolecular cages for
ribonucleic acid (RNA) or deoxyribonucleic acid (DNA) molecules. Even enzymes
contain molecular-sized and shaped pockets that are capable of binding sub-
strates and catalyzing unique chemical reactions. Man-made supramolecular
cages could prove capable of confining and therefore controlling chemical
processes, stabilizing reactive molecules, achieving chiral separations, and, as
with enzymes, promoting catalytic reactions. So as not to be outdone by nature,
researchers at New york University and the University of Milano-Bicocca guided
the self-assembly of supramolecular cages built from 20 ions of 3 distinct species
held together by 72 hydrogen bonds.

15-ID-B,C,D • ChemMatCARS • Materials
science, chemistry • Single-crystal diffrac-
tion, anomalous and resonant scattering
(hard x-ray), wide-angle x-ray scattering,
microdiffraction, liquid surface diffraction,
small-angle x-ray scattering, ultra-small-
angle x-ray scattering, high-pressure dia-
mond anvil cell • 6-32 keV, 10-60 keV • On-
site • Accepting general users •

ble those found in sodalite and zeolite
A. The framework is stable up to
160°C, reflecting an uncharacteristic
robustness of the hydrogen-bonded
assembly in the solid state. 

The q-TOs and the framework
exhibit a remarkable ability to encapsu-
late and tolerate an assortment of
molecular species with wide-ranging
shapes, sizes, substituents, and electri-
cal charges. Surprisingly, the negatively
charged framework even encapsulates
negatively charged metal ion com-
plexes. The strict conservation of the q-
TO framework structure across such a
wide range of molecules demonstrates
that framework assembly is not guided
by confined-molecule templating. 

Encapsulation of metal clusters in
the q-TOs suggests a route to well-
defined semiconductor quantum dots
having highly uniform and regulated
sizes, which offers an alternative to
more conventional approaches relying
on pores. The assembly of the q-TO
framework can be reversed under mild
conditions by dissolving the crystals in
water to release the confined mole-
cules, so the framework can provide a
facile route to releasing stable “ship-in-
a-bottle” products. It also is reasonable
to suppose that the same design princi-
ples can be extended to [g3NO3]2+ and
suitable tetrasulfonate molecules to
produce other polyhedra, such as the
truncated cuboctahedron and truncated
icosidodecahedron, and their corre-
sponding frameworks. — Vic Comello
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Fig. 1. As featured on the cover of Physical Chemistry Chemical Physics: The novel experimental
apparatus at beamline 7-ID-C of the APS permits picosecond x-ray measurements of the ligand
substitution dynamics of iron pentacarbonyl in ethanol solvent. Cover image from brian Ahr et al.,
Phys. Chem. Chem. Phys. 13, 5590 (2011). ©the Owner Societies 2011.

A FICKLE mOLECULE CAUghT IN ThE ACT
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bonyl sitting at an apex. In earlier
research, these researchers had
shown that in aromatic or alcoholic sol-
vents, a large proportion of these
bipyramids are each distorted by the
presence of a single solvent molecule
latching onto the structure, the effect
being to change the symmetry from
D3h, a dihedral symmetry, to the C2v,
approximately a pyramid with a four-
cornered base.

Exactly how solvent distorts the
symmetry depends on which solvent is
being used, and the effect of this dis-
tortion can be critical to the subsequent
behavior of the metal carbonyl com-
pound. This finding also hints at how
ligand substitution in a solvent might
occur without the carbonyl ligand first
being lost, and then the substitute lig-
and diffusing toward this semi-clad
entity and filling the gap. Indeed, if the
substitution process can occur on the
picosecond timescale, then it would
seem that the solvent may play a more
critical role and act as a mediator so
that the carbonyl can be lost from the
structure simultaneously with the
acceptance of the new ligand, without
breaking any bonding rules. In other
words, a concerted substitution reac-
tion occurs.

The team's new instrument at 7-ID
uses an x-ray streak camera detector
to observe the ligand substitution tak-

ing place in pentacarbonyl iron dis-
solved in ethanol and excited by short
bursts of laser light (Fig. 1). Their
measurements indicate that the loss of
the carbonyl group takes less than a
picosecond to occur, which has been
estimated from the instrument resolu-
tion-limited rise of the corresponding x-
ray absorption signals. The resolution
of the data is limited only by the
response time of the camera, rather
than the relatively long flux time of the
synchrotron x-rays. The researchers
suggest that the same setup could be
used more generally on other beam-
lines. — David Bradley

See: Brian Ahr1, Matthieu Chollet2,
Bernhard Adams2, Elizabeth M.
Lunny3, Christopher M. Laperle3, and
Christoph Rose-Petruck1*, “Picosecond
X-ray absorption measurements of the
ligand substitution dynamics of
Fe(CO)5 in ethanol,” Phys. Chem.
Chem. Phys. 13, 5590 (2011).
DOI:10.1039/c0cp01856b
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Fickle carbonyl-metal bonds are
even present in biological systems; for
instance, hydrogenase enzymes con-
tain carbonyl bound to iron. The ease
with which carbon monoxide attaches
to iron is what makes the gas so toxic
because it can displace oxygen from
the iron center in the hemoglobin mole-
cule in the blood.

The carbonyl-metal bonds have
been endlessly studied in solution and
in the gas phase with various analytical
techniques, revealing much information
about the reactions they can undergo.
What was missing was a clear per-
spective on the actual substitution
process on the picosecond timescale at
which the carbonyls are removed and
the substitute ligand added. 

Researchers from Brown
University, Providence College, and
Argonne used a newly developed
experimental apparatus at XSD beam-
line 7-ID-B,C,D of the APS to carry out
ultrafast x-ray absorption near edge
spectroscopy on an excited form of iron
pentacarbonyl in ethanol solvent. The
new technology allowed them to
observe changes in the molecular
structure that occur in just a few
picoseconds.

In theory, the pentacarbonyl iron
molecule forms a stable trigonal bipyra-
midal structure. The iron atom is at the
heart of this structure, with each car-

S urround a transition metal atom with carbon monoxide groups to make a
metal carbonyl compound and you will have one fickle structure. “Fickle”
is the word for substitution of any one of those carbonyls for a range of
other chemical groups. It is this ease with which the ligands can be

swapped out that makes this group of compounds so useful in organometallic syn-
theses and materials chemistry; they can also act as a source of “oxygenated car-
bon” for converting simpler organic molecules into more complex carbonyl com-
pounds as a critical step in the production of some pharmaceuticals and agro-
chemicals. Now, ultrafast x-ray absorption near edge spectroscopy studies carried
out at the APS have laid bare how organometallic molecules important to chemists
the world over recruits the help of a solvent molecule to allow it to quickly expel a
“carbon monoxide” group and replace it with another chemical group, revealing
useful clues to countless reaction mechanisms in organometallic chemistry and
enzyme processes as well as the underlying cause of carbon monoxide poisoning.

7-ID-B,C,D • XSD • Materials science, atomic physics, chemistry • Time-resolved x-ray scattering,
time-resolved x-ray absorption fine structure, phase contrast imaging • 6-21 keV • On-site •
Accepting general users •
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Fig. 1. Pressure-induced magnetic switching effect. The colored images represent the direction of
the magnetic orbitals (gray plane) with dark green balls for the copper (Cu) centers, blue balls for
nitrogen (N), red balls for oxygen (O) in water (h2O), yellow for fluoride (F); and the bright green
lines for the elongated jT-axis.
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magnetic orbital to make a reversible
and predictable switch from two-
dimensional to one-dimensional cou-
pling.

Their results expand scientific
knowledge about the way molecular-
based materials function. Specifically, it
provides scientists with a much better
theoretical understanding of how to
induce changes in such materials at
relatively low pressures, at least when
compared to traditional solid-state
materials such as metal oxides.
Consequently, this study is a key step
in learning the diverse potential of
molecular materials and applying this
knowledge for a large number of appli-
cations.  — William Arthur Atkins

See: gregory j. halder1*, karena W.
Chapman1, john A. Schlueter2, and
jamie L. Manson2, “Pressure-Induced
Sequential Orbital Reorientation in a
Magnetic Framework Material,” Angew.
Chem. Int. Ed. 50, 419 ( 2011).
DOI:10.1002/anie.201003380
Author affiliations: 1Argonne National
Laboratory, 2Eastern Washington
University
Correspondence: *halder@aps.anl.gov

Work performed at Argonne and use of the
Advanced Photon Source were supported
by the U.S. Department of Energy (DOE)
Office of Science under Contract No. DE-
AC02-06Ch11357. Part of the pressure cell
preparation used the gSECARS facility
Sector 13, APS. gSECARS is supported by
the National Science Foundation-Earth
Sciences (EAR-0622171) and DOE-
geosciences (DE-Fg02-94ER14466).

perpendicularly with strong two-dimen-
sional hydrogen bonds (Oh-F).

Each copper ion, which contains
an unpaired electron, is positioned at
one of the corners of a molecular cube.
Their magnetic spins are disordered at
normal temperatures but begin to align
in opposite directions when tempera-
tures are dropped, bringing about the
state of antiferromagnetism. The scien-
tists used high-pressure equipment
and highly focused x-ray beams from
the 1-BM-B,C beamline. The devices
allowed the scientists to observe a
series of structural transitions as pres-
sure is increasingly exerted onto the
material. These rearrangements
abruptly reorient the magnetic spins of
the material (thus re-stabilizing itself at
one of the possible jahn-Teller orienta-
tions), and, in the process, creating a
reversible magnetic switch effect.

The team discovered that as
increasing pressure is exerted on the
materials, a sudden reorientation of
their spins occurs. These structural
transitions occur at 0.9 gPa (the first
transition) and at 3.1 gPa (the second
transition). This corresponds to a reori-
entation of the jahn-Teller-elongated
axis from the original N-Cu-N bond to
the O-Cu-O bond (after the first transi-
tion), and to the F-Cu-F bond (after the
second transition). The magnetic orbital
reorients, correspondingly, from the
CuF2O2, to the CuF2N2, and then to the
CuN2O2. This action creates a
reversible magnetic switch effect
because the jahn-Teller active metal
centers are coordinated with different
ligands (Fig. 1). The switching occurs
when pressure is released, causing the
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M olecular materials represent the forefront of modern materials discovery efforts,
where their modular structures, comprised of molecular building blocks, can be
rationally designed to include useful properties such as magnetism or porosity.
however, it has been difficult in the past to predict the behavior of these materials

when pressure is applied. Due to such difficulties, scientists from Argonne and Eastern Washington
University have focused their efforts on optimizing high-pressure experimentation at XSD beamline
1-BM-B,C at the APS for this broad family of modern materials. In doing so, they observed that high
pressures predictably induce a switching effect in a molecular magnet based on jahn-Teller effect
active metal centers (those that undergo geometrical distortions to remove electronic degeneracy
and lower the overall energy of the material). This discovery of large pressure-induced changes
represents a major advance in our knowledge of molecular-based magnetic materials and could
yield many important technological applications, such as using magnetic switches for data storage,
as well as in the displays of next-generation advanced magnetoelectronic devices such as laptops,
mobile devices, and many other consumer products.

In the past, the scientific commu-
nity has overlooked the study of molec-
ular materials under applied pressures.
Such studies are important because
these materials move toward real-world
applications that may require materials
to be subjected to significantly high
applied pressures, such as pelletiza-
tion. Indeed, molecular materials are
expected to be much softer than tradi-
tional solid-state materials, and as
such, it is critical to develop a thorough
understanding of the potential structural
and functional perturbations that pres-
sure may induce. 

Following on from their pioneering
work investigating the high-pressure
behavior of porous molecular materi-
als, the researchers in this study
turned their attention to materials with
interesting magnetic properties.
Specifically, they targeted materials
based on jahn-Teller effect active
metal centers because their magnetic
orbitals are arranged relative to an
elongated jahn-Teller axis (which
allows their magnetic properties to be
modified through pressure-induced
structural perturbations).

For this experiment the scientists
used magnetic materials made of
pyrazine- (pyz-) bridged linear chains of
copper (Cu) ions, fluoride (F), and
water (h2O) - CuF2(h2O)2(pyz). Under
ambient conditions, the chains align
along the direction of the jahn-Teller
effect axis, with elongated nitrogen-cop-
per-nitrogen (N-Cu-N) bonds. The mag-
netic orbital is directed along the Cu-L
bonds (where L stands for a particular
ligand of differing field strength) of the
CuO2F2 plane. The chains are linked

ChemiCAl sCienCe



62 APS SCIENCE 2011

Fig. 1. Top: Iron is the reactive core of the heme
molecule responsible for essential biological
processes. The 57Fe nucleus recoils upon absorp-
tion of precisely tuned high-energy x-ray pho-
tons available at the APS, enabling measure-
ment of the resulting molecular oscillations. These
include the heme “doming” motion shown here,
which controls the reaction of oxygen with heme-
containing proteins, such as hemoglobin.
below: measured (NrvS) and predicted (DFT)
iron vDOS are compared for sextet and quartet
states of Fe(P)(br) and Fe(P)(Cl).

rINgINg ThE hEmOgLObIN bELL

K nowing the structure of a molecule is an important part of under-
standing it, but quite often it’s even more important to know how the
molecule moves — the vibrational dynamics that drive and control
its interactions with other molecules in chemical reactions. That’s

particularly true of proteins, the enormously complex molecular structures found
at the heart of important life processes such as cell signaling, ion transport, and
other functions. But most of the available techniques for studying the vibrational
properties of a protein run into some vexing limitations, especially when probing
the lower frequencies at which the proteins actually do their job. A team of
researchers has found a way around that problem by using the APS to investigate
the iron-based heme molecules at the reactive core of a multitude of proteins,
such as hemoglobin. Their work provides new information about the vibrational
dynamics of hemes. >>>
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This work was featured on the cover of j.
Chem. Phys. 135 (2011). ©2011 American
Institute of Physics.
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could only speculate. What they really
wanted was to arrive at something
quantitative on how easy it is to excite
and what the modes actually look like.
X-ray photons carry a great deal of
momentum and one can tune them to
target specifically toward iron. In effect,
the x-ray photons “ring the bell” of the
molecular structure and set it into oscil-
lation, while allowing the vibrational
spectra to be identified and studied.

Using the iron porphine molecule
Fe(P) as a basis for vibrational density-
of-states measurement, the team used
density functional theory calculations to
obtain the spectra of increasingly com-
plex heme molecules (Fig. 1). 

The most common biological ver-
sion of the molecule protoporphyrin IX,
the actual form found in hemoglobin, is
less symmetric because of these side
chains sticking off the edge, so the
spectra look much more complicated.
The researchers spent a great deal of
time so that they could really under-
stand precisely what the vibrations
were, and then they developed some
mathematical analysis to find those
vibrations in the more complicated mol-
ecule.

The research team plans to both
continue the present work and to
expand the experimental technique to
other proteins. Most of their work
involved these heme groups, and has
yielded a detailed understanding of
how to interpret the heme molecules.
The next step is to extend that to look
at more complicated proteins, begin-
ning to branch out to proteins with mul-
tiple metal sites that bind iron directly
to amino acid side chains without
involving heme. The low frequencies
available at the APS are what is really

giving the researchers a unique win-
dow.  — Mark Wolverton

note: Beamline 3-ID, where the experi-
ments were conducted, has pioneered
the applications of nuclear resonance
techniques.Current plans include
improving the energy resolution further
such that collective motions of groups
of atoms in the molecule can also be
reliably characterized.

See: Alexander Barabanschikov1,
Alexander Demidov1, Minoru kubo1,
Paul M. Champion1, j. Timothy Sage1*,
jiyong zhao2, Wolfgang Sturhahn2, and
E. Ercan Alp2, “Spectroscopic identifi-
cation of reactive porphyrin motions,” 
j. Chem. Phys. 135, 015101 (7 july
2011). DOI:10.1063/1.3598473
Author affiliations: 1Northeastern
University, 2Argonne National
Laboratory
Correspondence: *jtsage@neu.edu
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National Institutes of health (Dk35090). Use
of the Advanced Photon Source at Argonne
National Laboratory was supported by the
DOE Office of Science under Contract No.
DE-AC02-06Ch11357.

The experimenters from North-
eastern University and Argonne
employed a new technique called
nuclear resonance vibrational spec-
troscopy (NRVS) at the XSD 3-ID-
B,C,D beamline at the APS. One way
to use vibrational motions — particu-
larly at high frequencies — is as a
structural probe, looking at vibrations of
individual bonds, which tells how strong
that bond is. The research team had
conducted previous work in the far
infrared portion of the spectrum using
another synchrotron x-ray facility, but
found those efforts came up short in
part because biological molecules
always have to be put in water, and
there’s a lot of competing signal from
the water.

At the APS, the researchers could
use NRVS to try another strategy. What
originally brought them to the APS was
extending their investigations to lower
frequencies where vibrational motions
not only are probes but actually partici-
pate in and drive the reactions that
these molecules are involved in. The
NRVS technique allows the ultimate in
probe selectivity while avoiding vibra-
tional interference from other sources.
One can zoom in on the iron, specifi-
cally looking at one atom out of thou-
sands of surrounding atoms, surgically
targeting those vibrations. 

The team examined the spectrum
of 57Fe vibrations in several different
halide complexes of iron porphyrin mol-
ecules that mimic the heme group
found in hemoglobin. In particular, they
focused on a doming vibration of the
heme complex that is believed to play
a vital role in controlling reactions in
hemoglobin such as oxygen binding. 

With just the static structures, they

3-ID-B,C,D • XSD • Physics • high-pressure diamond anvil cell, inelastic x-ray scattering, nuclear
resonant scattering • 7-27 keV, 14.41-14.42 keV • On-site • Accepting general users
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jun Qian (left) and Lahsen Assoufid (both XSD-OPT) at the new APS slope
measuring profiler, which is located in the XSD metrology Lab in the APS
experiment hall. Optical metrology is essential for both x-ray optics quality
control and for advancing x-ray optics. Development of advanced metrology
instruments and techniques remains a continuing effort at the APS. The new
slope measuring profiler can measure beamline mirrors with less than 100-
nrad rms slope error. The data acquisition is based on the Argonne-devel-
oped Experimental Physics and Industrial Control System and was evolved in
collaboration with the AES beamline Controls group. Preliminary testing
began in mid-December 2011. A repeatability of 60-nrad rms was obtained
on a 350-mm flat mirror with a slope error of about 0.200 rad, thus meet-
ing the goal of 100-nrad rms of the first phase of the project. The new sys-
tem began routine operation in march 2012.

Correspondence: Lahsen Assoufid, assoufid@aps.anl.gov
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E arly and correct diagnosis of Alzheimer’s disease (AD) is important for reasons that go
beyond treatment. These include more time to make critical life decisions, planning for
future care, and maximizing the safety of the person with Alzheimer's disease and their
family. New scientific information relevant to this pernicious disease has been obtained by

researchers utilizing the APS and the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. This work points to the use of elevated brain iron content, already observed in
late-stage AD, as a potential tool for early diagnosis. Since the disease is usually diagnosed only in
later stages after cognitive symptoms appear and treatment may not be effective, a method for early
detection would be a major breakthrough in fighting this debilitating neurological illness. >>>

Fig. 1. (a) Light micrograph of a stained hippocampal brain section from a mouse. XFm images: iron
(b), copper (c), and zinc (d) in the same tissue section. Units are mm. Scale bar = 300 m.
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brAIN IrON AS AN EArLy PrEDICTOr
OF ALzhEImEr’S DISEASE
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to be the first and most drastically
affected. 

The x-ray fluorescence microscopy
(XFM) technique employed at the APS
and the NSLS allowed the researchers
to determine how iron content changes
as the diseased brain ages. Their
results show that iron content is signifi-
cantly higher in the cortex early in the
disease and that it corresponds with
the onset of plaque formation; interest-
ingly, the iron was not found within the
plaques. 

given these findings, it is clear
that quantifying brain iron content could
be a powerful early indicator of AD and
has great potential as a diagnostic tool.

Eight years ago, these researchers
used XFM to analyze the plaques of
end-stage human Alzheimer’s disease
and found the plaques to be loaded
with iron, copper, and zinc. They
wanted to know whether metal ions
were involved in plaque formation
and/or brain cell toxicity. To do this,
they needed the mouse model to study
metal accumulation in AD plaques over
the course of the disease. Interestingly,
they found that the mouse plaques
never accumulated metal, except for a
small amount of zinc in the late stages.
These mice also exhibited very little
brain cell death. This was in stark con-
trast to humans, where the plaques
take up a lot of metal and brain cell
death is significant. 

having the right tools and tech-
niques was critical to moving the work
forward. Access to synchrotron light
sources such as the APS and NSLS,
where XFM could be employed, was
instrumental in this work because there
is really no other way besides XFM to

simultaneously image all of the physio-
logical metals (calcium, iron, copper,
and zinc) in the brain. The team was
able to use the NSLS to study the
plaques, but needed the high bright-
ness and small beams at the Bio-CAT
18-ID-D beamline at the APS to effi-
ciently image the large cortex and hip-
pocampus regions.

The team’s work leads them to
question whether metals in the plaques
are a sign of metal ion imbalance in
Alzheimer’s disease, causing brain cell
toxicity. Perhaps the “metallated”
plaques are even toxic themselves.
Understanding this mechanism is our
direction for the future. — Mona Mort

See: Andreana C. Leskovjan1,2, Ariane
kretlow2‡, Antonio Lanzirotti3, Raul
Barrea4, Stefan Vogt5, and Lisa M.
Miller1,2*, “Increased brain iron coin-
cides with early plaque formation in a
mouse model of Alzheimer’s disease,”
NeuroImage 55(1), 32 (1 March 2011).
DOI:10.1016/j.neuroimage.2010.11.073
Author affiliations: 1Stony Brook
University, 2Brookhaven National
Laboratory, 3The University of Chicago,
4Illinois Institute of Technology,
5Argonne National Laboratory. ‡Present
address: BfR-Federal Institute for Risk
Assessment
Correspondence: *lmiller@bnl.gov
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of health grant R01-gM66873. Bio-CAT is a
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Research Center RR-08630. Use of the
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It has been long known that the
formation of amyloid plaques in brain
tissue is associated with AD. Plaques
may form for years before the patient
actually suffers neurological symptoms.
So, much recent research has focused
on finding a way to detect the disease
in its very early stages when treatment
would be most effective. 

One line of research has centered
on the observation that the brains of
patients in late stages of the disease
showed elevated levels of metal ions
such as iron, copper, and zinc.
Measuring metal concentrations in
cerebrospinal fluid or using magnetic
resonance imaging would be an attrac-
tive technique for early diagnosis
because it is non-invasive. Until
recently, however, not much was
known about how metal ions were dis-
tributed in plaque and non-plaque tis-
sues during various stages of the dis-
ease.

Now, thanks to the efforts of the
researchers from Stony Brook
University, Brookhaven, the University
of Chicago, the Illinois Institute of
Technology, and Argonne, new light
has been shed on the relationship
between metal content, plaque forma-
tion, and Alzheimer’s disease. 

The scientists used a model sys-
tem of amyloid plaque formation in
mice to investigate how iron was dis-
tributed in the brain cortex and hip-
pocampus over time. The cortex is the
center of higher brain functions such as
thought and reasoning, while the hip-
pocampus is important for long-term
memory storage. Malfunction of both of
these brain regions is associated with
AD, though the hippocampus appears

18-ID-D • Bio-CAT • Life sciences • Fiber diffraction, microdiffraction, microfluorescence (hard x-
ray), small-angle x-ray scattering, time-resolved x-ray scattering, micro x-ray absorption fine struc-
ture • 3.5-35 keV • On-site • Accepting general users •
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ine elemental distribution inside a sin-
gle cell. X-ray fluorescence microscopy
must be used on static, fixed cells, so
the team examined a series of samples
of the hippocampal neurons, each
sample a static snapshot of the copper
movement process previously
observed. This technique monitored 15
elements simultaneously, and it also
showed large movement of the copper. 

The two sets of observations (Fig.
1) reveal copper movement in conjunc-
tion with information transfer from one
cell to the other – characteristic of cells
undergoing some kind of learning or
memory task. Not only did the copper
move, but cellular uptake and release
was quite rapid. The copper also
seemed to move in conjunction with
calcium release, an element previously
known to redistribute throughout cells
for signaling purposes. Studying this
relationship could open the door to new
information about potential cross talk or
co-dependence of these elements. 

Adding such copper movement to
the fact of the brain's high copper
demand and growing connections
between copper and neurodegenera-
tive diseases suggest that understand-
ing copper will be of particular impor-
tance to understanding the brain.

— Karen Fox

Copper is of particular interest
since the brain needs much higher lev-
els of copper than other parts of the
body. Also, abnormal copper stores are
connected to a variety of neurodegen-
erative ailments, including Alzheimer's
disease. To study — and visually
observe — copper atoms, the team of
researchers, who represent the
University of California, Berkeley; the
howard hughes Medical Institute; and
Argonne developed a bright, fluores-
cent sensor called Coppersensor-3
(CS3). Tests on CS3 revealed a high
selectivity for copper ions, even in the
presence of competing metals. It also
provides a robust fluorescence
enhancement, enabling the observation
of copper in live mammalian cells
under a fluorescent microscope. 

The team used CS3 with live hip-
pocampal cultured neurons. They
observed unadulterated cells and cells
treated with potassium chloride to “acti-
vate” them by inducing depolarization.
In the activated cells, pools of copper
began to move around. 

In order to confirm this unexpected
movement, the researchers employed
a second technique, x-ray fluorescence
microscopy (XRFM), at the 2-ID-E
beamline, which boasts a spatial reso-
lution of 200 nm, fine enough to exam-

W hile it might at first seem counterintuitive, metals, which we
commonly think of as non-biological materials, are actually
prevalent and important ingredients for cells. For instance,
cells often utilize the movement of metals for signaling

processes, as in the well-studied cases of alkali and alkaline Earth metals like
potassium, sodium, and calcium. But a similar role had not been established
for vital transition metals like copper and iron, which have been studied for their
non-dynamic functions in relation to certain enzymes. Now a research team
that carried out experimentation at the XSD 2-ID-E beamline at the APS
reports new methods for watching the movement of these transition elements,
as well as interesting information about the way copper, specifically, moves
around. Their results indicate that the way copper is stored and organized
within cells has an important connection to the functioning of neurons in the
brain. This work also reveals a causal connection between copper and estab-
lished intracellular signal transduction pathways. Taken together, these new
findings point to a better understanding of intracellular copper as being of great
use in studies of the brain.

TrACKINg COPPEr IN ThE brAIN
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dependent copper redistributions in
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Fig. 1. molecular imaging of Cu distributions in resting and depolar-
ized rat hippocampal neurons with CS3 and XrFm. (a) Live primary
rat hippocampal neurons treated with extracellular solution (ECS)
buffer for 2 min and then stained with 2-m CS3 for 10 min. (b–d)
rat hippocampal neurons treated with ECS buffer for 2 min, fixed with
4% PFA and imaged by XrFm. Images shown are for (b) Cu, (c) zn,
and (d) P channels. (e) Live primary rat hippocampal neurons treated
with 50-mm KCl in ECS buffer for 2 min and then stained with 2 m
CS3 for 10 min. (F–h) rat hippocampal neurons treated with 50-mm
KCl in ECS buffer for 2 min and then fixed with 4% PFA and imaged
by XrFm. Images shown are for (f) Cu, (g) zn, and (h) P channels. From
Sheel C. Dodani et al., Proc. Nat. Acad. Sci. 108, 5980 (2011).
©2011 by the National Academy of Sciences
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the plutonium-transferrin complex, but
only one of these is active.

The low-resolution model based
on the small-angle scattering data
reveals that only when plutonium binds
to the so-called C-terminal lobe of the
transferrin protein at the same time that
iron is bound to the N-terminal lobe
does the protein adopt a three-dimen-
sional structure that enables plutonium
uptake into cells. however, if iron is not
present in the N-lobe or plutonium

binds to the N-lobe, the protein has the
wrong shape and is essentially deacti-
vated.

Plutonium can enter the body fol-
lowing accidental release from a
nuclear facility, environmental contami-
nation, or nuclear or radiological attack.
The radioactive metal localizes in the
liver and bones and can remain there
for decades. The conundrum facing
biochemists hoping to understand the
interaction of plutonium with proteins
and cells is that this metal bears little
resemblance to the natural metals
present in our bodies in trace quantities
that are essential for life.

Plutonium is, for instance, a potent
reducing and oxidizing metal depend-
ing on its oxidation state, unlike many
biological metals. It has four oxidation
states — III, IV, V, and VI — that are
putatively relevant to biology, although
most researchers suspect that pluto-

The researchers from Argonne.
The University of Chicago, and
Northwestern University demonstrated
that rat adrenal gland cells (PC12 cells)
accumulate plutonium that has hijacked
a biochemical pathway usually used by
the body for transporting the essential
element iron. Upon ingestion, pluto-
nium ions can hide in the iron transport
protein serum transferrin. An important
clue about how this occurs was also
revealed, in that there are two forms of

T he radioactive element plutonium has no known natural biologi-
cal function and is highly toxic. In spite of these obvious draw-
backs, the human body retains it in tissue when ingested.
Researchers utilized beamline XSD 12-ID-B to assist with small-

angle x-ray scattering (SAXS, Fig. 1), as well as receptor binding assays and
synchrotron x-ray fluorescence microscopy (XSD beamline 2-ID-D) to inves-
tigate how plutonium is accumulated in the body. Their research could pave
the way to a clearer understanding of how treatments might be developed to
allow the body to clear this lethal heavy metal.

hOW PLUTONIUm hIjACKS ThE bODy'S
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Fig. 1. Structural models of
bovine serum transferrins
derived from SAXS data show
that PuCFeNTf adopts a closed
conformation. 

NATUrAL IrON PrOTEIN

nium(IV) is the most significant. But
there are a few characteristics shared
by plutonium and the essential transi-
tion metal iron. This means that pluto-
nium can, under certain conditions,
hijack iron's place in some proteins
such as ferritin and transferrin. This
might underpin its ability to be
uploaded into cells and remain there
undisturbed, silently causing damage
to biological molecules and tissues
through the emission of radiation.

The team points out that in healthy
individuals, transferrin is usually not
fully loaded with iron, as there are bal-
ances to maintain in the transport sys-
tem. This leaves open the possibility of
plutonium exposure quickly filling the
vacant spaces. If the transferrin is par-
tially loaded with iron in the N-lobe,
then the conditions conspire to allow
transportation of plutonium into one's
cells. It might thus be possible to dis-

rupt this biochemical pathway with
drugs taken before or as soon as pos-
sible after exposure to plutonium. The
drugs could be targeted to the transfer-
rin protein and inhibit the processes
that allow it to bind to the cell mem-
branes or release its metallic payload.
A second compound or group of com-
pounds could then be used to mop up,
or chelate, the plutonium ions as they
float free in the body and allow them to
be excreted before they do too much
harm.  — David Bradley
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Soderholm1, "An iron-dependent and
transferrin-mediated cellular uptake
pathway for plutonium" Nat. Chem.
Biol. 7, 560 (August 2011).
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Radiation Facility in grenoble, France;
and the ISIS Neutron Source and
Diamond Light Source at the harwell
Oxford campus, United kingdom.

The researchers, from the
Wellcome Trust Centre for Cell-Matrix
Research, the University of Texas
Medical Branch, Cardiff University, the
University of Sydney, Diamond Light
Source Ltd., ISIS Science and
Technology Facilities Council, and the
Illinois Institute of Technology con-
structed regions of tropoelastin that
were of different lengths and were able
to identify distinct regions of the tropoe-
lastin molecule. Synchrotron measure-
ments of tropoelastin encoded by
exons 2–18 were conducted at the Bio-
CAT beamline 18-ID-D at the APS. In
this way, the researchers determined
the structure of tropoelastin, and identi-
fied a curved, spring-like molecule with
a “foot” region that helps attach the
molecule to cells (Fig. 1). 

To investigate the spring-like prop-
erties of tropoelastin, they also used
atomic force microscopy to perform
stretching experiments on the individ-
ual tropoelastin molecule. These exper-
iments showed that the molecule could
extend to eight times its length and
then return to its original form without
losing its properties, indicating that this
molecule is a near perfect spring.

Elastin is lost as we get older, and
through damage and disease.

Sophisticated elastic and biologically
interactive constructs are a reality, and
are incredibly useful for tissue repair.
Replacing the body’s elastic compo-
nents is now becoming possible thanks
to this exciting tissue engineering
opportunity with these sophisticated
elastic constructs.

The beauty of this tiny, elastic
assembly unit is amazing. It is a coiled
spring, connected to a specialized
interactive appendage. Nature solved
the problem of elasticity by making a
little protein spring. — Emma Hitt

See: Clair Baldock1, Andres F.
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Nat. Acad. Sci. USA 108(11), 4322
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Elastin is the natural elastic mate-
rial in our bodies that allows us to
stretch and flex skin, expand and con-
tract our lungs, and respond to surges
of blood pressure. Elastin is made by
connecting lots of tropoelastin mole-
cules, so if we study tropoelastin, we
learn about the assembly of the body’s
elastic tissue. 

Over the course of a lifetime, the
human heart beats about 2 billion
times, and the lungs expand and con-
tract with every breath. Elastin makes
this possible and as the name sug-
gests, allows tissues to expand and
contract throughout the body.

The tropoelastin building blocks
that form elastin are laid down mainly
in utero and during early childhood.
While elastin is a highly ordered mole-
cule, the actual tropoelastin subunits
are somewhat disordered, a character-
istic that helps allow elasticity within the
elastin molecule. Still, the structure of
tropoelastin must be ordered enough to
be able to provide a functional and
usable building block which displays a
defined three-dimensional solution
shape.

To identify the structure of tropoe-
lastin, the researchers utilized small-
angle x-ray scattering, along with neu-
tron scattering, to visualize the shape
of tropoelastin in solution. They used
several facilities in addition to the APS,
including the European Synchrotron

I t’s not stretching the truth to say that flexibility is an important and
desirable human physiological trait. We owe our flexibility to a pro-
tein called elastin, which derives its properties from a building-block
molecule called tropoelastin. Tropoelastin behaves as an ideal elas-

tomer because it loses no energy between stretch and relaxation.
Understanding the structure and function of tropoelastin is already helping to
pave the way for the development of synthetical materials that can reproduce
nature’s elastic properties. Researchers using the APS have identified how
tropoelastin molecules form a “head-to-tail” assembly, which helps explain
how these molecules work together to confer elastic properties in tissues
throughout the body.

AN UNDErSTANDINg OF ELASTIN’S PrOPErTIES
SPrINgS FOrTh
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Fig. 1. Top: Ab initio shapes of full-length tropoelastin calculated from solution small-angle x-ray scattering (SAXS) or small-angle neutron scat-
tering (SANS) data. The filtered average shapes of 20 SAXS (red) and small-angle neutron scattering (yellow) simulations are shown as a sur-
face representation. An overlay of the models from the two scattering methods is also shown. The proposed locations of the N-terminus, the
spur region containing exons 20-24 and the C-terminus are indicated. Scale bar is 5 nm. middle: SAXS analysis of overlapping fragments of
human tropoelastin. Ab initio models were calculated from SAXS data for tropoelastin constructs 2-18 (blue), 2-25 (brown) and full-length
(red). An overlay of the two N-terminal fragments shows a conserved linear region. Scale bar is 5 nm. bottom: head-to-tail model for elastin
assembly. (a) juxtaposed domains 19 and 25 on one tropoelastin molecule and domain 10 on an adjacent monomer would allow the forma-
tion of a three-way desmosine cross-link found in vivo. (b) Tandem assembly of tropoelastin monomers displaying n-mer propagation as an
outcome of covalently bonded molecules.
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Fig. 1. X-ray diffraction model of the rat collagen microfibril showing the location of sites for
fibronectin (Fn), decorin, and integrin binding, matrix metalloproteinase (mmP) cleavage, and
the location of putative cell and matrix interaction domains. Dinosaur peptide locations are
shown in red, green, and blue. Image originally published in San Antonio et al., PLoS ONE 6(6),
e20381 june 2011.

H ow does one prove that the protein isolated from a 68-million-
year-old dinosaur bone is not a contamination from the interven-
ing millenia or from the lab? This is the task of a research team
who say they have isolated peptides of the common structural

protein, collagen, from bones of tyrannosaurus rex and Brachylophosauraus
canadensis. In their current work, the researchers used x-ray diffraction data
collected at the Bio-CAT 18-ID-D beamline at the APS to generate a model of
collagen structure on which to overlay the location of the putative dinosaur pep-
tides. The results provide support for a model in which the dinosaur peptides
were protected from degradation due to their location within the collagen fibril.
This is important evidence supporting the ancient origin of the peptides and the
mechanism by which they were preserved. In addition, this new knowledge of
collagen structure could be used in the design of highly stable collagenous scaf-
folds to promote bone and tissue regeneration in humans. >>>

hOW DINOSAUrS PUT PrOTEINS
INTO LONg-TErm STOrAgE
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Although the team had previously
presented multiple lines of evidence
supporting the veracity of the find, the
fact that the age of the peptides far
exceeds any previous predictions of
how long a protein could resist degra-
dation has generated controversy. 

Collagen is a common structural
protein found in animals. It makes up
about 25% of the human body and is a
major component of tendons, liga-
ments, skin, and bone. Collagen liter-
ally holds the body together and its
high tensile strength is attributed to its
fibrillar structure. Recent evidence has
shown that the collagen fibril is made
up of microfibrillar units. Three
polypeptides wind into a triple helical
structure to form a collagen molecule.
Five collagen molecules twist around
each other to make microfibrils which
then pack next to each other to form
larger characteristic collagen fibrils.
The amino acid sequence of collagen
is highly conserved, so it is possible to
compare peptides from diverse and
ancient species.

To explain the remarkable durabil-
ity of dinosaur collagen, the re-
searchers from Orthovita, Inc.; North
Carolina State University; Montana
State University; the University of
Pennsylvania; the Beth Israel
Deaconess Medical Center and
harvard Medical School; the harvard-
Massachusetts Institute of Technology
Division of health Sciences and
Technology;The University of
Manchester; The University of york;
and the Illinois Institute of Technology
hypothesized that areas of the protein
deeply within the complex fibrillar struc-
ture might be preferentially protected
from degradation. 

To test this, they set out to create
a model on which to map specific
amino acid sequences along and within

the collagen fibril to see where their
dinosaur peptides matched up. This
was achieved by using x-ray diffraction
data from the rat tendon collagen I
microfibril and fibril in situ, collected at
the Bio-CAT beamline, to construct a
model showing the orientation of the
molecules of the triple helix within the
microfibril (Fig. 1).

The approach the team took over
the last decade has been to study the
structure of collagen in its context, as
fibrils located within intact tissue sam-
ples. By far their most important work
has been in developing the x-ray dif-
fraction techniques and facilities at Bio-
CAT to allow them to understand colla-
gen structure in situ. Without this
understanding, they would not have
been able to perform the analysis
undertaken in this recent work. 

Using this approach, the team was
able identify the location of collagen
sequences that are known to interact
with other molecules and those which
would be expected to be protected in
the interior of the fibrillar structure.
Sequencing and mapping of 11
dinosaur peptides that represented 8
sequences revealed that the dinosaur
sequences were from regions of the
protein that were partly protected by
molecular packing. This localization
could be responsible for protecting the
peptides over the millenia. 

Further comparison of the
sequences to human collagen provided
other clues to how these particular
peptides might have been preserved.
First, there were very few acidic
residues found in five of the
sequences, meaning their hydrophobic
nature would limit their solubility and
availability for degradation. Also, few of
the peptides represented regions of
collagen containing sites targeted by
breakdown enzymes and none of them

were from the most unstable region of
the protein. These features provide
hard biochemical evidence for why
these particular peptides endured for
such a long time.

Does this work satisfy the skep-
tics? Not yet, but having a new mecha-
nism for how ancient proteins might be
preserved is a dinosaur-sized step in
the right direction. — Sandy Field

See: james D. San Antonio1*, Mary h.
Schweitzer2,3, Shane T. jensen4,
Raghu kalluri5,6, Michael Buckley7,8,
and joseph P. R. O. Orgel9**, “Dino-
saur Peptides Suggest Mechanisms of
Protein Survival,” PLoS ONE 6(6),
e20381 (june 2011). 
DOI:10.1371/journal.pone.0020381
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See also: “Twisted structure preserved
dinosaur proteins,” by Ed yong, nature
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http://www.nature.com/news/2011/1106
14/full/news.2011.369.html
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On july 14, 2011, distinguished representatives of Eli Lilly and Company and Argonne celebrated
the completion of Lilly's $2 million upgrade to the company's research-guided LrL-CAT beamline
located at Sector 31 of the APS. The LrL-CAT upgrade enables unattended automatic operation
of the beamline for  extended periods. Previously, LrL-CAT beamline scientists worked in shifts on
nights and weekends to maintain throughput. They now monitor and, if necessary, operate the facil-
ity from remote locations using the Internet. Lilly scientists are now able to get the data they need,
as quickly as possible, in order to make informed decisions on the development of future Lilly med-
icines. The cost of the upgrade was funded by Lilly and supports Lilly research Laboratories'
objective of producing more “timely shots in goal,” in other words, getting medicines approved and
available as quickly as possible to the patients who are waiting. The facility currently examines
more than 10,000 protein crystals per year and supports nearly half of Lilly's research portfolio.
Participants in the LrL-CAT dedication were (l. to r.): john Koss, Consultant Scientist-Automation,
Lilly; Stephen burley, Distinguished Lilly Scholar, Lilly; Dennis mills, Deputy Associate Laboratory
Director, X-ray Science, Advanced Photon Source; brian Stephenson, Associate Laboratory Director,
Photon Sciences, and Director, Advanced Photon Source; horst hemmerle, Senior Director,
Translational Science, Quantitative and Structural biology, Lilly; jan Lundberg, Executive vice
President, Science and Technology, and President, Lilly research Laboratories, Lilly; Karin briner,
vice President, Translational Science and Technologies, Lilly; David Lewis, Senior research Scientist,
Lilly; Eric Isaacs, Director, Argonne National Laboratory; Sonal Sojitra, Senior biologist, Lilly;
Stephen Wasserman, Director, Quantitative and Structural biology, Lilly; and Laura morisco, Senior
Associate, Projects, Lilly.
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STRUCTURAL CLUES TO PREVENTING
STREP-RELATED TOXIC SHOCK
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tein organized fibrinogen into a specific
structure, with four molecules of fibrino-
gen arranged in cross-like fashion
around a single molecule of the M1
protein (Fig. 1). This structure supports
the formation of a supramolecular net-
work, which is distinct in appearance
from a blood clot, but has the same
properties present in a blood clot that
could elicit an inflammatory response. 

According to the researchers, the
level of fibrinogen density that is
induced by the M1–fibrinogen network
is likely to be a critical factor for neu-
trophil activation. They established this
by disrupting the M1–fibrinogen net-
work into fibers or sparse networks,
which in turn resulted in loss of neu-
trophil activation. The cross-like struc-
ture of M1-fibrinogen presents high
densities of integrin-binding sites just
like a blood clot, indicating that integrin
clustering and avidity are conserved
mechanisms for neutrophil activation. 

From these findings, it is possible
to speculate that STSS may be treat-
able by inhibiting the formation of the
complex between the M1 protein and
fibrinogen. Preventing the formation of
this complex would likely prevent the
uncontrolled inflammatory response
that arises from the complex formed by
these two molecules.  — Emma Hitt

See: Pauline Macheboeuf1‡, Cosmo

Streptococcal toxic shock syn-
drome is a major health concern, with
a mortality rate of 30-60%. STSS is
marked by a massive inflammatory
response, and a major factor in caus-
ing this response is known to be the
M1 protein of group A Streptococcus
and its interaction with the human
blood clotting protein fibrinogen. It is
known that the M1–fibrinogen complex
binds proteins called 2 integrins on
neutrophils and triggers the release of
heparin-binding protein (hBP), a
potent dilator of blood vessels and a
strong indicator of sepsis and circula-
tory failure in patients. But it was
unknown why the particular interaction
between M1 and fibrinogen led to a
massive inflammatory response and
activation of neutrophils. This was
especially puzzling as neither M1 nor
fibrinogen in the absence of the other
was capable of activating neutrophils.

This study aimed to help answer
that question. Carryng out x-ray crystal-
lography studies at beamline 23-ID-B,
the researchers from the University of
California, San Diego; The Scripps
Research Institute; and The University
of Queensland found that the M1 pro-

G roup A Streptococcus, a class of bacteria that causes mild-to-
severe and even fatal infections, releases the protein M1, which
can cause toxic-shock-like vascular leakage and tissue injury.
These events are triggered by the formation of a complex

between M1 and a clotting factor in the blood called fibrinogen. The complex
in turn triggers the activation of neutrophils, a type of white blood cell that is
a key player in the immune response. Researchers utilizing the gM/CA-CAT
beamline 23-ID-B at the APS have determined the crystal structure of the
complex that forms between streptococcal M1 and human fibrinogen. They
found that a single molecule of M1 linked together four fibrinogen molecules
into the pattern of a cross. This pattern helped explain the way in which the
complex helps activates neutrophils. Finding out more about this structure
may help us better understand the pathology underlying streptococcal toxic
shock syndrome (STSS).

< Fig. 1. The pathological network formed by
streptococcal m1 protein (red) and host fib-
rinogen (green).
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R ibonucleotide reductase (RR) is an enzyme
with a critical role in DNA synthesis and
repair. Due to its importance in helping to
preserve the balance of genetic material, it

has become a target for development of anti-cancer
drugs. One intriguing feature about RR is how its overall
activity is controlled. The molecule that inhibits its activity,
dATP, binds more strongly to RR than its activator (ATP),
despite being present at lower levels in the cell. Utilizing
the BioCARS 14-ID-B beamline, the gM/CA-CAT 23-ID-D
beamline, and the NE-CAT 24-ID-C and 24-ID-E beam-
lines at the APS, researchers have described the first
report of structures of human RR in complex with its vari-
ous substrates. The most important finding of their study
was the structural explanation as to the increased binding
affinity of the inhibitory dATP. They found that this inhibitor
digs deeper into a pocket in the enzyme’s activity site
because one functional region of its structure is chemi-
cally different from that of ATP. This difference is thought
to lead to conformational changes in the enzyme that keep
it in an inactive state. Understanding the results of this
study will be important in guiding future research in the
development of RR inhibitors as anti-cancer agents.

Fig. 1. (a) ribbon diagram of the hrrm1 dimer. Chains A and b are col-
ored yellow and cyan, respectively. The four-helix-ATP cones of both
subunits are shown in red. TTP (green), gDP (magenta), and ATP/dATP
(grey) bound at the S-, C- and A-sites, respectively, are represented as
transparent surfaces.  (b) The four-helix-ATP cone with ATP-bound. 2Fo-Fc

electron density for ATP (carbon, oxygen and nitrogen atoms are col-
ored yellow, red and blue, respectively) contoured at 1 is shown in
green wire mesh.  (c) The four-helix-ATP cone with dATP-bound. 2Fo-Fc

electron density for dATP (carbon, oxygen and nitrogen atoms are col-
ored black, red and blue, respectively) contoured at 1 is shown in red
wire mesh. (d) hexameric packing of rr1 based on the x-ray crystal
structure of the Scrr1 hexamer. ribbon diagrams of the hexamer pack-
ing arrangement. Scrr1 monomers are colored in forest green and
limon. All the four-helix ATP-binding cones are colored in red. The blue
ball is dATP molecule in four-helix ATP-binding cones.

struCturAl biology



Argonne nAtionAl lAborAtory 81

an important chemical difference in
structure that provided a clue as to
their different binding affinities. In dATP,
a specific chemical group is missing,
allowing it to bind deeper into the
enzyme’s cleft. It is proposed that this
deep binding of the inhibitor to RR
leads to conformational changes in the
enzyme that involve formation of a 6-
subunit structure, or hexamer (Fig.1).
This prevents stimulation of its active
site, keeping it inactive. 

Although some of the finer details
behind the regulation of RR remain to
be determined, this study has provided
a first glimpse into the structural basis
for its control. It has also provided the
first report of the structure of human
RR and the first dATP-bound hexamer
structure providing the molecular basis
for the reduction of its activity. The
results of this study will help to guide
future research in developing RR
inhibitors with anti-cancer properties.

— nicola Parry
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DNA, the molecule that carries the
genetic information in cells and passes
it along from one generation to the
next, is made up of units called deoxy-
nucleotides that form the building
blocks for its synthesis and repair.
Ribonucleotide reductase is crucial
because it is involved in the only path-
way that can produce deoxynucleotides
from scratch, using individual precursor
molecules. Cells need enough deoxy-
nucleotides to ensure accurate cell
function, but too many can lead to
mutations and tumor formation. Be-
cause of this critical role in DNA syn-
thesis, RR is a target for development
of anti-cancer treatments, and RR
inhibitors are produced as drugs to
block its activity. These drugs interfere
with tumor cell growth by blocking
deoxynucleotide formation, and reduc-
ing DNA synthesis and cell replication.

Allosteric mechanisms can be
used to control enzyme activity. They
involve a change in enzyme shape and
function when substrates bind at a
region other than the active site. This
type of mechanism is used to control
the overall activity of RR, depending on
whether an ATP or a dATP binds to the
allosteric activity site. Although dATP is
present in the cell at lower levels than
ATP, it can bind more strongly at this
site. The reason for this was previously
unknown, but this study aimed to inves-
tigate this. 

Based on their studies at the APS,
the researchers from the University of
Tennessee, Case Western Reserve
University, karolinska Institutet, and the
harvard Medical School reported for
the first time the x-ray crystallographic
structure of human RR1 in complex
with various substrates. The most
important finding in the study was in
the area of how the enzyme’s activity is
regulated. human RR was described in
complex with both dATP and ATP in the
region that contains the allosteric activ-
ity site in a structural cleft. Comparing
the binding sites on the dATP inhibitor
and the ATP activator, they discovered
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M alaria is a global tropical disease caused by protozoan Plasmodium
parasites, and transmitted by Anopheles mosquitoes. Researchers uti-
lized the IMCA-CAT beamline 17-ID-B at the APS to investigate the
crystal structure of serpin-2 (SRPN2) from the African malaria mosquito

Anopheles gambiae s.s. (Fig. 1), the first serpin fold from a dipteran insect. They
determined that despite serpin fold similarities between SRPN2 and other serpins,
some differences do exist. In contrast with the fold of most other serpins, SRPN2
adopted a different conformation of the N-terminal hinge of the reactive loop center
(RCL), the region of the protein that acts as “bait” during the reaction with its target
protease. This change in conformation allows the RCL to partially insert into a -sheet
in the protein’s central serpin fold region, reducing the accessibility of the “bait” region
to the protease target. Understanding the results of this study will therefore be impor-
tant in guiding future research in the identification of novel insecticide targets for
malaria control. >>>

Fig. 1. The African malaria mosquito, Anopheles gambiae s.s. is the major vector of malaria in sub-
Saharan Africa. The immunomodulatory protein, SrPN2, from this species is crucial for the female
mosquito's survival.  The crystal structure of SrPN2 will help researchers to develop small inhibitors
of SrPN2 that may be used as future insecticides to combat malaria. Photo credit: D. mayes, K-State
Communications and marketing, and K. michel, Division of biology, Kansas State University.

TAKINg ThE bITE OUT OF mALArIA
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main body of the protein. This
therefore reduces the accessibil-
ity of the “bait” region to the pro-
tease target.

The study has revealed the
first serpin fold, in its native con-
formation, from a dipteran insect,
although there is still a lot to
learn about the partial hinge
insertion in the SRPN2 molecule.
Understanding this process at
the molecular level, however, will
help to determine whether this
represents a new regulatory
mechanism of serpin function,
and whether SRPN2 is a useful
insecticide target. If so, this
understanding would also help
guide future research in the
development of these com-
pounds for malaria control.

— nicola Parry
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Utilizing IMCA-CAT beamline 17-
ID-B at the APS, the researchers from
kansas State University, the University
of kansas, and IMCA-CAT were able to
evaluate the crystal structure of SRPN2
from the African malaria mosquito,
Anopheles gambiae (Fig. 2), the first
serpin fold from a dipteran insect.
Although the researchers discovered
that SRPN2 adopts a fold similar to
that in other serpins, composed of
three central -sheets surrounded by
nine alpha helices, one major differ-
ence was found. This was in the con-
formation of the N-terminal hinge
region of the RCL. In the case of
SRPN2, this enables the RCL to par-
tially insert into, and interact with, one
of the -sheets of its central serpin
fold. This partial insertion of the hinge
region can reduce the activity of the
serpin as it moves the RCL towards the

Malaria is one of the
most serious public health
problems in the world. It is
especially widespread in
many tropical and subtropi-
cal countries, causing one
million deaths and 300 mil-
lion clinical cases annually.
The condition is caused by
protozoan parasites from
the genus Plasmodium that
are transmitted to people
exclusively by infected mos-
quitoes. Although treatment
and preventative measures
are important to control this
disease, drug resistance is
becoming an increasingly
significant problem. It is
therefore important to not
only reevaluate current
insecticide targets, but to
explore novel ones, in the
hope of developing new
insecticides to help combat
malaria. 

Serpins comprise a
group of proteins (serine
protease inhibitors) in vari-
ous eukaryotes that function to inhibit
protease enzymes. In mosquitoes, they
regulate key innate immune reactions
against certain stages of the malaria
parasite. Serpins act as “suicide
inhibitors,” forming a stable complex
with their target protease. They associ-
ate with the protease via a “bait”
reside, in their reactive center loop
(RCL) (the region that is split by the
target protease), that mimics the
enzyme’s normal substrate. Melanin
also plays a major role in the innate
immune system of mosquitoes, which
produce it to damage and encase
invading bacteria and other parasites.
Serpin-2 (SRPN2) is an important regu-
lator of melanization, and it has been
shown that its removal from the mos-
quito’s body results in tumor formation,
death of some malaria parasites, and
shortening of the mosquito’s lifespan.

17-ID-B • IMCA-CAT • Life sciences •
Macromolecular crystallography, multi-wave-
length anomalous dispersion, microbeam,
single-wavelength anomalous dispersion • 6-
20 keV • On-site, remote, mail-in • Accepting
general users •

Fig. 2. The overall structure of SrPN2. The A-sheet is colored red, b-
sheet blue, C-sheet in tan, a-helices are shown in green and the rCL is
colored cyan. PDb: 3PzF. From C. An et al., Proiteins 9, 1999 (2011).
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get for designing vaccines against hIV.  
The Wilson/Burton team focused

on a part of the hIV envelope protein
gp120, which had been thought to be
resistant to antibodies because of pro-
tection from the dense glycan shield.
But recent work called into question the
limits of that protection when it was dis-
covered that several PgT broadly neu-
tralizing antibodies interacted directly
with the hIV glycan coat and gained
access to the protein surface. The
Wilson/Burton researchers used crystal
structures and electron microscopy
data from PgT 128 bound to antigens
and glycan binding data to identify the
antibody recognition site. The team
was able to show that the antibody
could penetrate the glycan shield and
then bind at three sites — two glycans
and a segment of the gp120 V3 loop —
in such a way that gave it both high
binding affinity and strong specificity
(Fig. 1). The team also found that the
high neutralization potency of two PgT
antibodies could be due to the cross-
linking of envelope proteins on the viral
surface, which accelerates viral inacti-
vation.

The kwong team focused on vari-
able regions 1 and 2 (V1/V2) of the
hIV gp120 envelope. These variable
regions of the protein are key players
in hIV evasion of antibody neutraliza-
tion and are themselves densely cov-
ered with glycan. Recent data showed
that the human antibody Pg9 could
interact with V1/V2 and neutralize most
circulating strains of hIV-1. By using
structural data of V1/V2 in complex
with Pg9, the researchers showed how
Pg9 recognition proceeds from molec-
ular interactions, over half of which
involve glycan. By studying related
antibodies Ch04 and PgT145, both
V1/V2-directed, the team found that the
antibodies likely accomplished similar
glycan penetration by using extended
anionic loops (Fig. 2). The data sug-
gest a general mechanism for antibody
recognition of highly-glycosolated anti-
gens, such as hIV. In the case of Pg9,
the researchers found that the viral
weak spot, the point at which an anti-

The Wilson/Burton research team
(from The Scripps Research Institute,
the Ragon Institute, the University of
Washington, the University of Oxford,
Cornell University, Progenics
Pharmaceuticals, the National Institutes
of health, Imperial College London, the
japan Science and Technology
Agency, the Academic Medical Center
Amsterdam, and the International AIDS
Vaccine Initiative) collected data at the
gM/CA-CAT beamline 23-ID-B and the
Stanford Synchrotron Radiation
Lightsource beamlines 11-1 and 12-2.
The kwong research team (from the
National Institutes of health, the
University of Washington, the Scripps
Research Institute, Duke University,
Tumaini University, the kilimanjaro
Reproductive health Programme, the
Ragon Institute, the International AIDS
Vaccine Initiative, and the University of
Maryland) collected data from SER-
CAT beamlines 22-BM-D and 22-ID-D
and gM/CA-CAT beamline 23-ID-B, all
at the APS.

Both research groups focused on
the hIV viral envelope protein, which is
capable of fending off a host’s antibod-
ies that aim to neutralize the virus and
to prevent it from damaging the cell. In
hIV, the envelope protein is coated
with glycan that prevents the host’s
antibodies from recognizing it. But the
diligent efforts of the research teams,
which studied different antibodies, have
proven that this is not always the case.
Despite the presence of the glycan

V iruses that rapidly evolve, such as the human immunodeficiency
virus (hIV) that causes Acquired Immune Deficiency Syndrome
(AIDS), are very good at getting around a host’s immune
defenses.  The viruses create their own defense systems

against the host’s attempts to thwart them.  Then, when the host finds ways
to disable the latest viral defense system, the process continues and an arms
race ensues.  Because hIV has proven to be a superpower in this arms race,
much research effort has been put into understanding and then finding ways
to circumvent the defenses that hIV puts into play when it invades the host.
Thanks to the efforts of two research groups and the help of x-ray beamlines
at the APS and the Stanford Synchrotron Radiation Lightsource, our under-
standing of how to penetrate the hIV defense system has made several
leaps forward.

Fig. 1. The PgT 128 antibody (silver grey and
blue) recognizes hIv’s gp120 outer domain
(green) by binding to two glycans (ball-and-
stick representation) and a short segment of the
v3 loop.

shield, a select few of the host’s anti-
bodies are capable of penetrating the
shield, recognizing the hIV surface
protein, and binding — the first steps in
the neutralization process. Not only
that, but the particulars of this antibody
recognition process make it a good tar-

WINNINg ThE ArmS rACE AgAINST
hIv DEFENSE mEChANISmS
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body may initiate neutralization, con-
sists of two glycans and a strand. This
is the same motif recognized by PgT
128.

The research teams built their
work upon recent evidence that, con-
trary to what had been previously sur-
mised, antibodies could get through the
hIV glycan coat. Though hIV is well
armed with its glycan shield for evading
antibodies, biochemical mechanisms
exist by which human antibodies can
penetrate this coat. Although the pene-
tration mechanisms appear to be bio-
chemically simple, the immunological
mechanisms for their creation may not
be easy to recreate. The new atomic-
level information will certainly boost
structure-based efforts to create vac-
cines against hIV. The arms race
between hIV and humans now ratchets
to the next stage. — Mona Mort
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Fig. 2. The Pg9 antibody (blue and yellow) inserts an
extended loop past protective glycans (ball-and-stick
representation) to recognize a strand of the v1/v2
sheet (purple).  A heterologous scaffold (grey) substi-
tutes for the rest of hIv-1.
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T he hepatitis C virus (hCV), a worldwide health problem with relatively inefficient treat-
ment options, is a focus of considerable medical research. Its RNA polymerase enzyme,
non-structural protein 5B (NS5B), is among the most targeted enzymes for control of the
virus. Researchers from Bristol-Myers Squibb utilized the IMCA-CAT beamlines 17-BM-

B and 17-ID-B, and SER-CAT beamlines 22-BM-D and 22-ID-D at the APS to investigate the geno-
type selective activity of some examples of piperazine-based NS5B inhibitors against two different
hCV strains, 1a and 1b. They determined the crystal structures of a potent form of the inhibitor com-
bined with NS5B proteins from both strains (Fig.1). Their study showed that although the confor-
mation of the inhibitor in both cases was similar, there was a single amino acid change between the
genotypes, located close to the binding site of the inhibitor, and suggested that this could account
for the potency differences. Understanding the results of this study will be important in guiding future
research in the development of potent piperazine-based NS5B inhibitors for hCV control.  >>>

Fig. 1. Crystal structure of compound 5 (green carbon atoms), a potent
form of the inhibitor, bound to NS5b 1a: The orange carbon atoms repre-
sent the location of the single amino acid difference. In the case of NS5b
1a, the amino acid phenylalanine occupies this position. NS5b genotype
1b, on the other hand, contains a tyrosine residue at this position.

LEArNINg TO CONTrOL ThE hEPATITIS C vIrUS
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types. This study aimed to further
investigate this variation in potency.
Utilizing the IMCA-CAT and SER-CAT
x-ray beamlines at the APS, the
researchers obtained co-crystal struc-
tures consisting of potent examples of
the inhibitor in complex with the NS5B
protein of two different hCV genotypes,
1a and 1b. The structure of the inhibitor
was similar in both cases, but a single
amino acid difference was present
between genotypes 1a and 1b, at a
location close to the binding site of the
inhibitor (Fig. 1). The researchers pro-
posed that this sequence change could
account for the potency differences.
Because the binding site is only avail-
able for interactions following displace-
ment of the C-terminus, they suggested
that the amino acid change could regu-
late the displacement, or change the
structural preferences of the C-termi-
nus after it dissociates from the binding
site. 

Although specific interactions
remain to be determined between the
inhibitors and the protein to explain the
variable potency against different hCV
genotypes, this study has provided
possible explanations for the differ-
ence. Understanding this process at
the molecular level may not only reveal
the mechanism for the selective activity
of potent piperazine-based NS5B
inhibitors against different hCV geno-

types, but it will also help guide future
research in the development of these
compounds for hCV control.

— nicola Parry
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hepatitis C virus (hCV) infection is
a major cause of acute and chronic
hepatitis globally, and although the
prevalence of hCV infection varies
throughout the world, it affects over
170 million people. The virus causes
liver disease, which in 15-20% of
cases can lead to chronic hepatitis, cir-
rhosis and liver failure, and even liver
cancer in some patients. First charac-
terized in the late 1980s, hCV belongs
to the flavivirus family of viruses, and
its genome contains a single strand of
RNA. The virus comprises 6 major
genotypes with over 50 subtypes, and
the existence of these numerous
“strains,” combined with its ability to
mutate rapidly, make it difficult for the
immune system to combat it.

Consequently, it has so far proven
difficult to target the virus with single
intervention therapies. The current
standard of care for patients with
chronic hCV infection is a dual combi-
nation therapy, but less than 50% of
genotype 1 patients respond to the
treatment. however, novel drug devel-
opment strategies are constantly being
pursued for treatment of this viral pan-
demic. 

One particular area of focus has
been the search for inhibitors of non-
structural protein 5B (NS5B). This is an
RNA-dependent RNA polymerase, a
protein that is required by the virus for
its replication, and for progression
through its life cycle. Unsurprisingly, it
is therefore one of the main potential
targets for anti-hCV drugs, and recent
evaluation of NS5B inhibitors in clinical
trials has produced encouraging
results.

Previous studies of the piperazine
class of hCV NS5B inhibitors have
shown that some have different levels
of activity against different hCV geno-
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C annabinoids are well known for their analgesic effects, and there is increasing evidence that
they produce a reduction in sensitivity to pain via interactions with both cell membrane
cannabinoid receptors 1 (CB1) and 2 (CB2). Recent studies have suggested that the enzyme
monoglyceride lipase (MgL) may represent a target for the treatment of pain. MgL is the

main enzyme in the brain that breaks down 2-arachidonoyl glycerol, a ligand for both CB1 and CB2. It
is through this action that MgL plays a key role in the regulation of endocannabinoid molecular signal-
ing of pain. Utilizing the IMCA-CAT 17-ID-B beamline at the APS, researchers have described a new
crystal structure of a mutant form of MgL complexed with an inhibitor, the second structure of this
enzyme to be reported in complex with a ligand. They discovered a novel structure of the regulatory lid-
domain, as well as the mechanism of binding of a pharmaceutically important reversible inhibitor.
Understanding the results of this study will be important in guiding future research in the development
of MgL inhibitors as pharmacologic agents for the treatment of pain. >>>

CLUES TO ImPrOvINg PAIN CONTrOL
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provided information about the binding
mechanism of a reversible inhibitor with
pharmaceutical potential. This will help
to guide future research in develop-
ment of MgL inhibitors with antinoci-
ceptive or other favorable properties. 

— nicola Parry

See: Céline Schalk-hihi*, Carsten
Schubert**, Richard Alexander, Shariff
Bayoumy, jose C. Clemente, Ingrid
Deckman, Renee L. Desjarlais, keli C.
Dzordzorme, Christopher M. Flores,
Bruce grasberger, james k. kranz,
Frank Lewandowski, Li Liu, hongchang
Ma, Diane Maguire, Mark j. Macielag,
Mark E. McDonnell, Tara Mezzasalma
haarlander, Robyn Miller, Cindy
Milligan, Charles Reynolds, and
Lawrence C. kuo, “Crystal structure of
a soluble form of human monoglyceride
lipase in complex with an inhibitor at
1.35 Å resolution,” Prot. Sci. 20(4), 670
(2011). DOI:10.1002/pro.596
Author affiliation: johnson & johnson
Pharmaceutical Research and
Development
Correspondence:

*cschalkh@its.jnj.com,
**cschuber@its.jnj.com

Use of the IMCA-CAT beamline at the APS
was supported by the companies of the
Industrial Macromolecular Crystallography
Association through a contract with
hauptman-Woodward Medical Research
Institute. Use of the Advanced Photon
Source at Argonne National Laboratory was
supported by the U.S. Department of
Energy Office of Science under Contract
No. DE-AC02-06Ch11357.

17-ID-B • IMCA-CAT • Life sciences •
Macromolecular crystallography, multi-wave-
length anomalous dispersion, microbeam,
single-wavelength anomalous dispersion • 6-
20 keV • On-site, remote, mail-in • Accepting
general users •

Argonne nAtionAl lAborAtory 89

peutic potential. Monoglyceride lipase,
a member of the a/ hydrolase family
of enzymes, plays a major role in the
metabolism of 2-Ag. 

Researchers engineered a soluble,
crystallizable form of MgL by direct
mutagenesis, and used the IMCA-CAT
beamline at the APS to evaluate the
protein’s three-dimensional conforma-
tion (Fig. 1). They described a new
crystal structure of this mutant form of
MgL in complex with a potent inhibitor,
and found it to very similar to the typi-
cal a/-hydrolase fold (the enzyme’s
characteristic catalytic domain), com-
prising 8 -sheets surrounded by 8 a-
helices. According to the researchers,
in spite of some similarities with previ-
ously reported conformations of MgL,
evaluation of this novel structure of the
enzyme also revealed a ligand-induced
closed conformation of the regulatory
lid-domain (an a helical region of the
enzyme that controls substrate
entrance to the active site). In this
closed conformation, a region of the
lid-domain covered the ligand, a bound
inhibitor, almost completely burying it
within the enzyme’s active site.
Evaluation of the structure lacking the
inhibitor demonstrated that the closed
conformation could accommodate the
native compound 2-Ag. It was also
found that during its catalytic reaction,
the change from the open to closed
conformation of MgL is associated with
electrostatic alterations that result in its
detachment from the cell membrane
upon completion of the cycle.

Although the reason for this
detachment remains to be determined,
this study has provided further insight
into the various conformations of MgL,
and additionally outlines a successful
approach for transformation of mem-
brane-associated proteins into a
monomeric and soluble form. It also

The earliest known use of
cannabis-derived products for medici-
nal purposes dates back at least 3,000
years. Since then, many cultures
throughout the world have been using
cannabis-derived products to treat vari-
ous ailments, and they came into use
in Western medicine in the nineteenth
century. Although controversial, the
analgesic effects of cannabis are well
known, and various clinically related
products are available for safe and effi-
cacious therapy for different diseases.

The main active component of
cannabis is the cannabinoid Δ9-tetrahy-
drocannabinol (ThC), and this exerts
its effects by activating two g-protein
coupled receptors in the body, CB1
and CB2. CB1 is found throughout the
central nervous system, while CB2 is
especially common in peripheral tis-
sues. There is now increasing evi-
dence that cannabinoids produce
antinociception (reduced sensitivity to
pain) via interactions with the two
receptors, both within and outside the
central nervous system. 

Endocannabinoids are cannabi-
noid compounds that are produced
naturally in the body, and 2-arachi-
donoylglycerol (2-Ag) is one such
compound that is involved in various
physiological processes in the brain. It
acts as a lipid transmitter and its regu-
lation is thought to be of great thera-

< Fig. 1. Structure of mgL in the closed con-
formation bound to a nanomolar inhibitor.
mgL adopts a typical a/-hydrolase fold
comprising 8 -sheets (lime-green), 6 canoni-
cal a-helices (cyan) and an additional lid-
domain (teal).  The inhibitor (sphere represen-
tation) is located in the elongated active-site,
which is capped by loops connecting the lid-
domain helices. The lid domain is present in
the closed conformation, sealing access to the
active site.
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The research teams focused on
proteins important to a process called
histone methylation, which is associ-
ated with regulation of gene expression
in cells containing a nucleus (eukary-
otes). In particular, the groups studied
the protein Ash2L, a core component of
the MLL family of histone methyltrans-
ferases. The importance of Ash2L was
indicated by its known, but not clearly
understood, role in histone methylation
and because its structure is conserved
across species. In working on Ash2L,
the research teams, though each stud-
ied a different aspect of the protein’s
behavior, set out to answer two main
questions: Does Ash2L bind directly to
DNA, and what are the effects of Ash2L
mutations on gene expression. In
answering these questions, the
researchers came up with much
needed and surprising details about
Ash2L’s function in the cell. The data
provided by the researchers dovetail
nicely to give a new understanding of
the importance of Ash2L in gene
expression. 

The Lei team set out to character-
ize the amino-terminal end of the
Ash2L molecule known as the plant
homeodomain (PhD) finger, and came
up with some surprising results. By

I n the intricate and complex terrain of cellular biochemistry, shape means
a lot. Slight changes in the three-dimensional structure of a molecule can
make or break its ability to function properly. This law holds throughout the
rich variety of biochemical processes and is especially critical to regulat-

ing how and when DNA is read and turned into a cell’s building blocks. It is not sur-
prising, then, that biochemists and molecular biologists have long searched for
more and more detail about how molecular complexes are able to get it right when
gleaning information from a bewilderingly large number of genes. Certain proteins
that activate stretches of DNA and help control the timing of RNA and protein pro-
duction from a cell’s genome are especially important in this whole scenario. If the
molecules that control gene expression are mutated and do not function properly,
a disease state usually follows. Two research groups — the Lei team from the
University of Michigan and Stanford University schools of medicine, and the
Couture team from the University of Ottawa, the Ottawa hospital Research
Institute, and Northwestern University — collected data at the LS-CAT beamline
21-ID-g at the APS and used these data to greatly advance our knowledge of
DNA-binding proteins. Their work provides critically needed details that can be
used to understand how cells remain healthy.

Fig. 1. (a). The structure of Ash2L N-terminus with two sub-domains: PhD and Wh domain.
(b). The structure of Ash2L Wh domain resembles FOXO1, the DNA-binding motif. (c).
Ash2L N-terminal domain has double-stranded DNA binding activity. (d). The single muta-
tions of Ash2L on proposed DNA-binding interface can disrupt Ash2L-DNA interaction. (e).
Ash2L mutations have defects on chromosome occupancy.

WINgS OF ThE PrOTEIN:
NEW rOLES FOr FANCy ShAPES

21-ID-g • LS-CAT • Life sciences •  Macromolecular crystallography • 12.7 keV • On-site,
remote, mail-in • Accepting general users •
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obtaining the crystal
structure of the N-ter-
minal domain of
Ash2L, they found an
atypical PhD finger
that lacks histone tail-
binding activity. The
structure revealed a
previously unrecog-
nized winged-helix
motif located next to
the PhD finger on the
C-terminal end (Fig.
1). The researchers
combined their struc-
tural data with bio-
chemical and cellular
analyses to show how
the winged-helix motif
of Ash2L binds DNA —
specifically, how Ash2L
targets the Homeobox
(HOX) locus, a region
important to regulating
development. given
the presence of Ash2L
in all MLL complexes,
the researchers used
the data to propose an
important role of
Ash2L: to provide non-specific DNA
binding that helps stabilize other specific
binding mechanisms to an area of active
gene expression. The team produced
mutations of Ash2L’s wing motif that also
suggested the protein’s role in marking
chromosome domain boundaries.

The Couture team focused on how
Ash2L is involved in regulating expres-
sion of -globin genes. Decreased lev-
els of Ash2L had previously been
shown to decrease -globin transcrip-
tion and additional data had suggested
that Ash2L is important in linking tran-
scription factors to histone methylation.
The researchers wanted to uncover
details about the mechanisms underly-
ing these processes. To this end, the
team studied the crystal structure of
Ash2L and combined their structural
data with experimental results that give
an excellent picture of how Ash2L
affects -globin production. A region of
the Ash2L molecule known as the fork-
head-like helix-wing-helix (hWh)
domain — the same as the winged-
helix domain described by the Lei
group, but named differently — binds
directly to DNA and is critical for stable

association with the histone site hS2
and activation of -globin transcription
(Fig. 2). The characteristics of this
AshL2 association and its link to gene
activation led the researchers to pro-
pose that this mechanism could be
applied to understanding regulation of
other genes. Since Ash2L is also
known as a trithorax protein, these
data suggest such a regulatory role for
the Ash2L hWh domain in regulating
HOX gene loci during embryonic devel-
opment.

The efforts of the two research
teams have provided critical and fasci-
nating details about how wing motifs of
the protein Ash2L play important roles
in DNA binding that lead to gene
expression. Most important is that their
work suggests general processes for
the all-important cellular activity of
gene regulation. Powered by both the
specific details and general mecha-
nisms proposed in these studies, fur-
ther work on gene regulation takes
flight.  — Mona Mort
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Fig. 2. Crystal structure of Ash2L: Cartoon representation of Ash2L PhD (dark blue)
and helix-wing-helix (dark yellow) domains in which Ash2L is modeled in complex
with a DNA fragment corresponding to the -globin promoter region. The surface
of the DNA fragment is rendered in grey.
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R esearchers working to understand how chemical signals in the brain are converted into
learning and memory have started to tease out some of the details of this suitably com-
plex process. The molecules that relay chemical signals between neuronal cells of the
brain during tasks of cognitive function interact with their cellular receptors in a highly

specialized and tightly regulated manner. Reduced signaling of one of these molecules, glutamate,
has been identified in a number of diseases including Alzheimer’s, schizophrenia, attention
deficit/hyperactivity disorder, narcolepsy, autism, and Parkinson’s. Drugs have been developed that
can enhance glutamate signaling and, although they have shown promise in improving cognitive
function in preliminary studies, they have proven to be of limited efficacy or to cause adverse effects.
In work completed by researchers at IMCA-CAT beamline 17-ID-B and LRL-CAT beamline 31-ID-D
of the APS, the structure and function of two new compounds that modulate glutamate receptor sig-
naling have been studied. This work provides new insights that will be important in the development
of effective treatments for diseases in which impaired glutamate receptor signaling causes problems
with cognitive function. >>>

Fig. 1. Computer modeling of overlapping structures of CTz (green), CX614 (purple), Compound A
(dark pink), and Compound b (light pink) binding to the glutamate receptor. Image provided by
jonathan harms, Doctoral Candidate, Colorado State University.

CONvErTINg ChEmICAL SIgNALS TO ThOUghTS
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compounds had a preference for a
specific form of the receptor, referred to
as the “flip” variant. Due to the fact that
glutamate signaling diseases could be
caused by different errors in the way
the receptor works, this information
could allow physicians to tailor treat-
ments to the individual needs of their
patients.

Next, structural studies showed
that both compounds bind to the recep-
tor at the same site as CTz and CX614
but, although their binding sites overlap
with those of both CTz and CX614,
they also bind to unique areas of the
receptor (Fig. 1). Interestingly, the crys-
tal structures showed that the com-
pounds shared molecular interactions
with CX614 that had been hypothe-
sized to account for its effects on
receptor deactivation. The structural
data is consistent with functional
assays that showed that both com-
pounds are more potent and effective
than CTz and CX614, both block
desensitization of the receptor, and
both slow deactivation of the receptor
but in different ways. One compound
preferentially slows deactivation of the
“flop” form of the receptor while the
other preferentially slows deactivation
of the flip variant. 

With this promising data in hand,
the group will continue to focus on
learning the structural and functional
characteristics of glutamate receptor
modulators as a pathway to finding
new, more effective compounds that
may be turned into drugs. With new
and exciting compounds being discov-
ered or synthesized every year by
pharmaceutical companies, there is no
shortage of hope that this pipeline will

produce powerful new treatments for
cognitive impairment.  — Sandy Field
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At the junctions between neuronal
cells in the brain, glutamate molecules
released by one cell transmit signals to
the next cell through complex interac-
tions with receptors that recognize glu-
tamate and relay the message. The
strength of the signal is modulated by
the level of exposure to glutamate and
can be deactivated after brief exposure
for the next round of activation. Longer
exposure can cause desensitization
wherein the receptor must recover
before it can be activated again.
Current drugs are known to enhance
glutamate receptor signaling by modu-
lating this receptor deactivation or
desensitization process. Structural
studies of two classes of drugs, repre-
sented by cyclothiazide (CTz) and
CX614, have shown that these drugs
affect glutamate receptor desensitiza-
tion and deactivation, respectively. 

New drug screening and optimiza-
tion efforts have yielded two new mod-
ulators of glutamate receptor signaling.
In order to better understand the details
of how the two compounds act, the
researchers from Colorado State
University, Eli Lilly and Company, and
the Morehouse School of Medicine built
on previous structural information to
evaluate the action of these com-
pounds on glutamate receptor signaling
and compare their findings to those for
CTz and CX614. Their first approach
involved experiments in cells that
express one of two forms of the gluta-
mate receptor on their cell membrane
to test whether the compounds modu-
lated the action of glutamate when it
was added. They found that both com-
pounds enhanced the activity of the
receptors on the cells, but one of the
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T he mechanism by which cells respond to stimuli and trigger hormonal
responses, as well as the senses of sight, smell, and taste, has for the first
time been brought into focus by researchers from Stanford University, the
University of Copenhagen, the University of Michigan, the University of

Wisconsin, Vrije Universiteit Brussel, and Trinity College utilizing the gM/CA-CAT beam-
line 23-ID-B at the APS. This work will pave the way to new research avenues in drug
discovery, cell signaling, and cellular regulation. >>>

Fig. 1. The structure of the 2Ar-gs complex: The 2Ar (blue) occupied by a high affinity
agonist (yellow spheres) forms a complex with gs, the stimulatory g protein for adenylyl
cyclase. gs is composed of three proteins: ga (gold), g (cyan) and gg (purple).

SENDINg A mESSAgE:
hOW rECEPTOrS TALK TO g PrOTEINS
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Receiving a signal, interpreting it,
and responding correctly are three
activities that cells must be good at in
order to respond to stimuli. For
responding to hormones, and for the
senses of sight, smell, and taste, the
activated receptors are coupled with g
proteins. These g protein-coupled
receptors (gPCRs) are involved in a
complex set of steps in which an extra-
cellular hormone or neurotransmitter
binds to and activates a gPCR in the
cell membrane. The activated receptor
passes on the signal to a g-protein
inside the cell, triggering reactions that
ultimately create a cellular response to
the stimulus.

The intricacy of this set of reac-
tions has been appreciated—and stud-
ied—for some time. What was lacking,
however, was a finely-detailed crystal
structure of the gPCR as it actually
signals across the membrane. The
importance of acquiring this knowledge
and knowing a lot more about how
gPCRs function is apparent when we
consider that the human genome con-
tains over 800 gPCR genes. 

The structure of protein receptors
that are involved in cellular responses
to stimuli is available thanks to experi-
ments carried out at the 23-ID-B beam-
line at the APS, and the process of cell
signaling has come into crystal clear
focus (Fig. 1). This crystal structure is
the first high-resolution look at trans-
membrane signaling by a gPCR and
adds critical insight about signal trans-
duction across the plasma membrane. 

The research team studied a spe-
cific model system for gPCR signaling
that has long been used by biochem-
ists and about which much was already
known. In this system, a 2 adrenergic
receptor (2AR) is bound by the out-
side stimulus, known as an agonist,
and then activates gs, the stimulatory
g protein for adenylyl cyclase. 

The researchers were able to cap-
ture the 2AR bound to the gs protein
before the latter went on to the next
step in the dance, which would be
binding a nucleotide. One technical
challenge, and perhaps the reason that
the crystal structure had been so elu-
sive to date, was to create a stable
2AR-gs complex in detergent solu-
tion. Once this problem was solved, the
team could proceed to unveiling the
crystal structure of this active-state
2AR-gs complex (Fig. 1).

The new data allowed the
research team to construct the early
stages of gPCR signaling. Using their
own observations, and other data col-
lected on this model system, a mecha-
nism for the initial stages of complex
formation came into being. The data
provided a pinpoint determination of
exactly which changes in the molecules
permitted that binding stage to carry on
to completion. 

Shape changes in the gs, particu-
larly in the nucleotide-binding pocket,
prepared the protein for the next step.
In the 2AR, the researchers were able
to identify major changes in two areas
of the molecule that fit well with under-
standing of how the 2AR interacts
with molecules outside the cell and
how the two molecules—2AR and
gs—interact each other. The
researchers note that the minibeam
and the rastering capabilities of the
gM/CA-CAT beamline were essential
for collecting the diffraction data on
these crystals.

Future research avenues for the
team involve determining how the com-
plex forms and dissociates after activa-
tion.  — Mona Mort
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F or some time now, biochemists have been unraveling the complex genetic and metabolic
processes that grant immunity. A team of researchers from the University of Toronto,
Argonne, and the National Institutes of health, with the help of the SBC-CAT 19-ID-D
beamline at the APS, has provided definitive evidence that a particular enzyme is involved

in DNA repair. The team’s work supports the argument that certain bacterial genetic elements are
involved in both immunity and DNA repair. This work represents a breakthrough in terms of general
understanding of these cellular processes and shines light on our understanding of how cells resist
enemies and repair damage. >>>

Fig. 1. Crystal structure of ygbT and the potential active site. Left: Surface charge presentation of
the ygbT monomer showing the presence of several large basic patches representing potential DNA
binding sites (colored in blue). right: Close-up view of the main basic patch of ygbT located close
to the potential active site (E141, h208 and D221) and showing the position of several conserved
residues. From m. babu et al. mol. microbiol. 79, 484 (2011). © 2010 blackwell Publishing Ltd.

DOUbLE DUTy:
bACTErIAL ImmUNITy AND DNA rEPAIr
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To further substantiate the role of
ygbT in DNA repair, the researchers
deleted its gene in a strain that then
exhibited greater sensitivity to DNA
damage, thus demonstrating the impor-
tance of ygbT to the DNA repair sys-
tems. Similar sensitivity to DNA dam-
age was observed when the CRISPR
clusters were deleted, suggesting that
ygbT performs its DNA repair role by
interacting with the CRISPRs. Since
three Cas1 proteins from different
organisms showed slightly distinct bio-
chemical behavior and low sequence
similarity, further research would inves-
tigate whether members of a group of
Cas1 proteins have varying functions.

When taken together, results of the
work carried out by the research team
allowed them to characterize ygbT as
a new, structurally distinct type of
nuclease that is capable of acting on
branched DNAs, as well as linear
strands of DNA and RNA. ygbT
appears to be a generalist in that it is
capable of cleaving a broad range of
branched DNAs and, because of its
ability to cleave flap sequences, may
represent a new group of flap endonu-
cleases. Because of its demonstrated
role in DNA repair and its association
with the CRISPR-Cas system, ygbT
provides strong evidence that the
CRISPR-Cas system is involved in
both its well-known role of anitviral
immunity and its newly demonstrated
role of DNA repair. 

Interestingly, the DNA repair role of
the CRISPR system had been pro-
posed at one time solely on the basis
of its enzyme components. But when
the similarity between CRISPR spacers
and viral genomes was discovered,
immunity became the favored role for
the CRISPR system. Now that an
important DNA repair role has been
discovered for a Cas protein, support-
ing the idea of a dual role for the
CRISPR-Cas system, we may be look-
ing at a biochemical system that
evolved in concert to provide both DNA
repair and defense against viruses.
The present data shines much light on

our understanding of how cells resist
enemies and repair damage.

— Mona Mort
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All living things have their natural
enemies. So it is not surprising to dis-
cover that bacteria and eukaryotes
have evolved elaborate defenses
against the viruses and plasmids that
try to invade and destroy them. For
some time now, biochemists have been
unraveling the complex genetic and
metabolic processes that grant immu-
nity. Certain bacterial genetic elements,
known as CRISPRs (clustered regularly
interspaced short palindromic repeats),
and their associated proteins (Cas)
confer immunity against viruses and
plasmids. That the CRISPR system is
probably involved in microbial defense
has been clear for some time; some of
the spacers in the CRISPR genome
resemble sequences from bacterio-
phage and plasmid genomes and can
silence them. But some of the CRISPR
spacers were observed to be similar to
bacterial genetic sequences, leading to
the hypothesis that CRISPR elements
could be involved in repair or regulation
of the bacterial genome. This potential
dual function for the CRISPR system
was intriguing, but required proof. 

The research team focused on a
CRISPR-associated protein called
Cas1, which is found in most prokary-
otes — single-celled organisms lacking
a nucleus, such as bacteria. Though
widespread, the actual function of Cas1
was unclear, so it seemed like a good
candidate in the search for the second,
DNA repair function of the CRISPR
system. The team isolated the Cas1
protein of the bacterium Escherichia
coli, called ygbT, and found it to be a
nuclease — it was able to degrade
DNA sequences that would be involved
in DNA repair, such as holliday junc-
tions and replication forks.

The researchers went on to dis-
cover the potential active site of ygbT
by obtaining its crystal structure and
performing site-directed mutagenesis
(Fig. 1). The team then used genome-
wide screens to show that ygbT inter-
acts, both physically and genetically,
with key elements of the E. coli DNA
repair system. 
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F luorinated compounds are widely used in industrial applications. They can be
found in 20% of pharmaceuticals and up to 30% of agrochemicals. Because
fluorine forms the strongest known bond to carbon, fluorinated organics are
valued for being inert, hydrophobic, and in some cases, lipophobic. But these

same characteristics make large-scale production and use of organofluorines open to
debate about toxicity, ozone depletion, and bioaccumulation. Although the special prop-
erties of the carbon-fluorine bond have been known for some time, details are needed
about how only a few selected enzymes are able to break this bond. A research team set
out to map the reaction process by which defluorination occurs. The work, which relied
heavily on the BioCARS 14-BM-C and SBC-CAT 19-ID-D beamlines at the APS, pro-
vides a detailed and thorough view of the reaction sequences leading to enzymatic deflu-
orination. Armed with these details about the necessary reaction conditions, new
enzymes might be constructed that would improve synthesis, biodegradation, disposal,
and regulatory strategies for the growing markets of organofluorines. >>>

Fig. 1. Crystal structure: michaelis complex of the fluoroacetate dehalogenase from Rhodopseudo-
monas palustris. The intact fluoroacetate substrate is trapped in the active site of the defluorinase
using an inactive mutant, revealing the three important interactions between the halide pocket and
the fluorine atom in green.

IT TAKES A WELL-TAILOrED ENzymE
TO brEAK ThE FLUOrIDE bOND
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bound to product. By following the
enzyme through these biochemical
stages, the researchers could construct
a mechanism by which defluorination
occurred and, at the same time, collect
important details about reaction condi-
tions and spatial associations that will
prove extremely useful in the future
design of defluorinating enzymes.

The researchers confirmed that a
halide pocket on the dehalogenase is
necessary for enzymatic defluorination
(Fig. 1). This pocket provides three
hydrogen bonds to stabilize the fluoride
ion. The enzyme’s pocket also seems
to be custom made for fitting the small
fluoride ion in such a way that explains
how this dehalogenase selectively
operates on fluorinated compounds.
Even though other suitable substrates
would involve breaking a weaker car-
bon-halogen bond, the enzyme shows
a marked preference for breaking the
carbon-fluorine bond.

The researchers also evaluated
structural intermediates of the enzyme-
substrate complex to provide a step-by-
step picture of how the dehalogenase
performs its awesome feat of defluori-
nation. Very detailed descriptions about
how the molecules move in relation to
each other are now available. By intro-
ducing mutations that enlarged the size
of the halide pocket, the team was able
to change the enzyme’s substrate
specificity such that it now preferen-
tially operates on compounds that con-
tain chlorine and bromine over those
with fluorine. Thus, the particular spa-
tial and molecular attributes of the

pocket largely determine its preference
for fluorinated compounds.

The researchers have demon-
strated that an enzyme capable of
defluorination can do so only after
close and precise positioning of the
compound containing the small fluoride
ion. The beauty of this very specific
reaction, though, is that the enzyme
can carry out the work of breaking the
strong carbon-fluorine bond without
external energy input. This is in con-
trast to other strong bonds in nature,
such as nitrogen-carbon and nitrogen-
nitrogen triple bonds, where the cat-
alytic enzymes require energy input.
Biotechnologists can use this newfound
knowledge about defluorinating
enzymes to develop sustainable man-
agement and disposal procedures for
fluorinated organic compounds. 

— Mona Mort

See: Peter W. y. Chan1,2, Alexander F.
yakunin1, Elizabeth A. Edwards1, and
Emil F. Pai1,2*, “Mapping the Reaction
Coordinates of Enzymatic
Defluorination,” j. Am. Chem. Soc.
133, 7461 (2011).
DOI:10.1021/ja200277d 
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Toronto, 2Ontario Cancer Institute/The
Campbell Family Cancer Research
Institute
Correspondence:

*pai@hera.med.utoronto.ca

The research was supported by the Natural
Sciences and Engineering Research
Council of Canada through a graduate
scholarship (P.W.y.C.) and operating grants
(E.A.E. and E.F.P.) and by the Canada
Research Chairs Program (E.F.P.).
BioCARS is funded by the National Center
for Research Resources of the National
Institutes of health (grant RR007707). Use
of the Advanced Photon Source at Argonne
National Laboratory was supported by the
U. S. Department of Energy Office of
Science under Contract No. DE-AC02-
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The carbon-fluorine bond is strong
— the strongest known in natural prod-
ucts — because of the high electroneg-
ativity of fluorine, which polarizes and
strengthens the bond. Adding to the
difficulty of breaking this bond is the
somewhat poor accessibility of the
valence electrons in the bonded fluo-
rine atom. Although structural insights
on the enzymatic breakdown of weaker
carbon-halogen bonds are already
available, exactly how the strong car-
bon-fluorine bond is broken remains
largely a mystery. The research team
in this study, from the University of
Toronto and the Ontario Cancer
Institute concentrated on a group of
enzymes called “fluoroacetate dehalo-
genases,” which possess the rare abil-
ity of being able to hydrolyze the car-
bon-fluorine bond under normal physio-
logical conditions. Previous work had
pointed the way toward focusing on the
spatial constraints arising from the
shape of the enzyme, in particular the
binding pocket. 

The researchers searched through
the genomes of a number of microbes
and discovered several fluoroacetate
dehalogenases. One of them was
found in the photosynthetic bacterium
Rhodopseudomonas palustris, already
well known for its metabolic versatility
and bioremediation potential. The team
then obtained high-resolution crystal
structures of this fluoroacetate dehalo-
genase as it stepped along the defluo-
rination pathway. They were able to
observe the enzyme in its free state,
then bound to intermediates, and finally
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B acteria are masters at creating, and sustaining, disease in humans. Witness recent
outbreaks of E. coli and Salmonella food poisoning. how certain bacterial strains
are able to consistently thwart therapeutic breakthroughs is a question that has
long occupied biochemists. Accumulated evidence hinted at a bacterial pathogen’s

ability to influence cellular scaffolding that served as the cell’s route to normal biochemical path-
ways for processes such as cell polarity, adhesion, receptor trafficking, and protein secretion.
But the actual details of how the bacteria could accomplish this feat remained elusive — until
now. Thanks to the work performed by a research team aided by the SBC-CAT beamlines 19-
BM-D and 19-ID-D at the APS, exciting new details have emerged about how bacteria change
the cells they invade, and could lead to an understanding of how bacteria create disease,
thereby opening new pathways for inventing anti-bacterial therapies. >>>

bACTErIA, DISEASE, AND SCAFFOLDINg

Fig. 1. Structural overlay of Espg bacterial scaffold,
showing how Espg (gray) may couple gTP-bound ArF
(yellow) signaling to the activation of PAK via unfolding
of its regulatory helix (red), together leading to the nucle-
ation of a gTPase-Kinase signaling complex.
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To investigate how bacterial
pathogens affect cellular signalling net-
works, the researchers from the
University of Texas Southwestern
Medical Center focused on an entero-
haemorrhagic strain of Escherichia coli.
In this strain of E. coli, the researchers
identified a protein called Espg, known
as an effector protein, and found that it
regulated trafficking within the cell’s
membrane. They were also able to
identify the host cell’s molecules that
Espg acted upon: ADP-ribosylation
factor (ARF) gTPases and p21-acti-
vated kinases (PAks). When the team
looked at the crystal structure of Espg
in complex with ARF6, they discovered
that, by blocking gTPase Activating

Protein-assisted hydrolysis, Espg was
very effective at disrupting normal sig-
nalling at organelle membranes. The
crystal structure of Espg in complex
with a region of PAk2 revealed another
new discovery: Espg has a catalytic
site, previously unknown in a bacterial
effector, which allows it to participate in
kinase activation. Perhaps the most
structurally convergent result: ARF and
PAks were found on adjacent surfaces
of Espg, suggesting that Espg can act
as its own “catalytic scaffold” while
bypassing the cell’s normal signalling
scaffolding (Fig. 1).

In order to get to the point where
they could understand the specific role
of Espg, the research team started by
identifying new signalling pathways tar-
geted by bacterial pathogens. They
tagged bacterial effector proteins with
green Fluorescent protein and tracked
them to host organelles. In one extra-
cellular pathogenic E. coli strain, which
they continued to study, they found
several type III effectors that interfered
with host trafficking events. In contrast,
strains of intracellular pathogens, such
as Salmonella and Legionella, showed
very little of that type of activity. Thus,
in Espg, the researchers identified a
new type of bacterial signalling protein
that is able to affect cargo transfers in
membrane organelles. Using combined
structural and cellular studies, the team
described a mechanism by which bac-
terial pathogens can regulate mem-
brane trafficking: Espg directly inhibits
ARF guanine nucleotide turnover on
host membranes and, by doing so, pre-
vents vesicle transport. In investigating
interactions between Espg and PAk,
the scientists discovered catalytic
machinery in Espg that appears to be
unique to bacteria.

general implications arise from the
research team’s work on Espg, which
is part of a family of type III effector
proteins secreted by a diverse array of
bacterial pathogens. Espg shows

structural homology with VirA (from
Shigella flexneri), suggesting that VirA
may also serve as an enzyme scaffold,
though it may not affect the same sig-
nalling pathways as Espg. And the
presence in Espg of two unique patho-
genic activities―ARF gTPase inhibi-
tion and PAk stimulation―provide little
doubt that pathogenic bacteria can
control signalling events and override
the host cell’s own signalling systems.
What had been surmised about how
bacteria create diseased cells by dis-
rupting host-signalling systems is now
clearly described by structural and
metabolic data. Next steps will include
looking for roles of Espg and related
bacterial effector proteins in disrupting
additional cellular processes, with an
eye toward creating therapies that will
thwart the ability of the bacteria to
cause disease. — Mona Mort

See: Andrey S. Selyunin, Sarah E.
Sutton, Bethany A. Weigele, L. Evan
Reddick, Robert C. Orchard, Stefan M.
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M. Alto*, “The assembly of a gTPase–
kinase signalling complex by a bacter-
ial catalytic scaffold,” Nature 469, 107
(6 january 2011).
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bilizes an open-pore formation by bind-
ing in the receptor’s transmembrane
domain. glutamate binding occurs in
the extracellular agonist site at the
receptor’s subunit interfaces and picro-
toxin acts by blocking the pore near its
cystolic base. Because picrotoxin is an
open-channel blocker, the researchers
were able to use these results to sup-
port the hypothesis that the pore was in
an open conformation.

The structural data on gluCl allow
a detailed and clear understanding of
how fast inhibitory neurotransmission
works and how shape-changes in Cys-
loop receptors make it possible. In par-
ticular, the data point to two shape
changes when ivermectin binds to
gluCl. First, the receptor changes
shape locally in the region of the bind-
ing site. Second, a large-scale change
in shape occurs when the receptor
switches from its closed, resting state
to its open, activated state. By examin-
ing the crystal structure of gluCl, the
team was able to show that the ion
channel is activated by ivermectin.

To understand how the ion channel
selectively uses chloride, the re-
searchers analyzed the surface electro-
statics of the gluCl crystal structure.
They found that none of the amino
acids lining the pore has a formal
charge. They also found that selectivity
for chloride was probably mediated by
pore constriction and a positive electro-
static potential, arising from the orienta-

tion of helical dipoles. Additional data
collected by the team were used to
propose general principles of ion selec-
tivity in Cys-loop receptors. 

Besides providing much insight
into why inhibitory neurotransmission is
so fast, the structural data provide a
map of a previously undescribed pro-
tein-lipid binding site and define a bio-
chemical scaffold that can be used for
design of new pharmaceuticals. The
data also allow the research team to
propose a similar mode of action in
other Cys-loop receptors interacting
with lipids, such as neurosteroids and
cholesterol. — Mona Mort

See: Ryan E. hibbs1 and Eric
gouaux1,2*, “Principles of activation
and permeation in an anion-selective
Cys-loop receptor,” Nature 474, 54 (2
june 2011).
DOI:10.1038/nature10139
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The researchers focused on how
inhibitory neurotransmitters bind to
receptors from the Cys-loop family,
receptors that consist of five subunits
and are found in the neuron’s mem-
brane. When the neurotransmitter
binds to the receptor, the receptor
changes shape. That change in shape
opens up a chloride-ion channel that
produces a dampening in neuronal
excitability, thereby causing the
inhibitory effect. There were no high-
resolution structural data for this partic-
ular type of Cys-loop receptor, called
an anion-selective receptor, nor was
the chloride selection mechanism clear.
The therapeutic importance of these
chloride channels arises because they
are associated with the activity of ben-
zodiazepines, barbiturates, some
anaesthetics, alcohol, strychnine, picro-
toxin, and ivermectin. To learn exactly
what was happening during this series
of mega-fast events, the research team
studied an inhibitory anion-selective
Cys-loop receptor from the nematode
worm Caenorhabditis elegans. 

The researchers produced the first
known three-dimensional structure of
an inhibitory Cys-loop receptor, the C.
elegans glutamate-gated chloride chan-
nel a (gluCl). The team examined the
x-ray structure of gluCl in complex with
ivermectin, and also with the endoge-
nous neurotransmitter L-glutamate and
the open channel blocker picrotoxin
(Fig. 1). They found that ivermectin sta-

F ast. That is the description applied to how information is transmitted in
the nervous system. Very fast is the term especially applicable to
inhibitory neurotransmission, where it takes only milliseconds for a sig-
nal to travel across the junction between two nerve cells, the synapse.

The high speed at which this inhibition occurs points to a complex biochemical
system whose importance has been known for over a century, but the details of
which have proved difficult to pin down. knowing more about this neuronal
process is essential to understanding the mechanisms by which therapies work,
such as anaesthetics, sedatives, and ivermectin, the latter of which is used to treat
the disease River Blindness. By studying how ivermectin and other modulators of
inhibitory neurotransmission bind to receptors, researchers from the Oregon
health and Science University, with help from the NE-CAT beamline 24-ID-C at the
APS, unveiled exciting new details about this process. Their data provide essen-
tial information, especially about a previously uncharacterized binding site, that
can be used in drug design and new therapies.

SPEEDy SIgNALLINg IN NEUrONS
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Fig. 1. The glutamate-gated chloride channel a from C. elegans sits in cell membranes and
mediates fast inhibitory neurotransmission. This first x-ray structure of a eukaryotic pentameric
ligand-gated ion channel, or “Cys-loop” receptor, provides an atomic-resolution snapshot of
receptor modulation by the therapeutic compound ivermectin (yellow) and by the endogenous
neurotransmitter L-glutamate (red). Figure by ryan hibbs.
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domains recognize certain forms of
double-stranded and single-stranded
RNA. And it is this recognition that
activates the next stage in the signal-
ing process. The research team was
particularly interested in discovering
how the helicase and repressor
domains acted together to allow RNA
binding and how ATP hydrolysis led to
RIg-I activation. To obtain answers to
these questions, the team determined
the structure of human RIg-I helicase-
repressor domain in complex with
double-stranded RNA and an ATP
analog. 

The native data set was recorded
at the 31-ID-D beamline. Data from
iodouridine derivative crystals were
collected at the Cornell high Energy
Synchrotron Source (ChESS) F1
beamline; SAXS data were collected
at the ChESS beamline g1. The sin-
gle-wavelength anomalous dispersion
data set was collected at the National
Synchrotron Light Source beamline
X29. This structural data allowed the
research team to see that the heli-
case-repressor domain forms a ring
around double-stranded RNA, capping
one end (Fig. 1). The team discovered
a previously unknown motif of the
domain, used to recognize both
strands of the RNA. The team then

went on to use small-angle x-ray scat-
tering, limited proteolysis, and differ-
ential scanning fluorimetry to show
that the RIg-I conformation is
extended and flexible and compacts
when it binds RNA.

The research team synthesized
their results into a clear view of how
helicase plays a role in double-
stranded RNA recognition, how the
repressor and helicase domains inter-
act for RNA binding, and how full-
length RIg-I is bound to double-
stranded RNA. Their data also show
that RIg-I changes shape when it
binds RNA. The structural data
obtained by the research team support
a mechanism by which double-
stranded RNA moves without unwind-
ing. The data will also have a broader
impact because they reveal important
biochemical details that can be used to
better understand RNA interference
and DNA repair, which use similar heli-
case domains. 

Taken together, the structural
details provide much-needed insight
into critical steps of a cell setting into
motion its innate immunity, vital if the
cell is to successfully battle invaders.
Understanding how to keep cells
healthy just got a whole lot easier. 

— Mona Mort

The research team from Rutgers
University, the University of Medicine &
Dentistry of New jersey-Robert Wood
johnson Medical School, and the
University of Washington focused on a
biochemical system in which a gene
called retinoic-acid-inducible gene-I
(RIg-I, also known as DDX58) is a
cytoplasmic receptor that distinguishes
between viral and cellular RNA by rec-
ognizing pathogenic-associated molec-
ular pattern (PAMP) motifs. The RIg-I
gene is activated by both double-
stranded and single-stranded-RNA only
if those molecules are marked by cer-
tain additional strings of molecules,
such as phosphates. RIg-I is an impor-
tant gene—when it binds to PAMP
motifs, it starts a signalling cascade
that triggers the cell’s own immune
defenses and inflammatory responses
to produce an antiviral state. Not sur-
prisingly, then, what goes on in the
RIg-I pathway is highly controlled by
the cell. If the RIg-I pathway is not
working properly, cellular biochemistry
goes awry, possibly leading to cell
death, inflammation, autoimmune dis-
eases, and cancer.

Two specific areas of the RIg-I
gene, called the helicase and repres-
sor domains, are particularly important
to its proper functioning. These

I f a cell wants to stay healthy, it must find ways to distinguish between
its own molecules and those of foreign invaders. This is especially
true for invading viruses, which are notorious for finding ways to sub-
vert a cell’s defense mechanisms. It is not surprising, then, that both

the cell and its pathogens have developed elaborate biochemical recognition
systems for detecting its own and thwarting what is not its own. One such
recognition system is specific to differentiating between the cell’s RNA and
that of an invading pathogenic virus. Once the viral RNA has been detected,
an intricate cellular signalling cascade is set into motion, resulting in an
antiviral immune defense reaction. Understanding exactly how this complex
biochemical process works is critical to knowing how innate immunity aids in
fighting viral infection. Important new structural data on this complex process
are now available, thanks to a research team aided by three synchrotron light
sources, including the LRL-CAT 31-ID-D beamline at the APS. 

WhO gOES ThErE?
rECOgNIzINg CELLULAr ENEmIES
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Fig. 1. ribbon diagram of the rIg-I domains and linkers (teal and orange) surrounding
strands of rNA (beige).
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cycles of selection and enrichment to
ensure that it had sufficient affinity to
act as a chaperone. This candidate
RNA/antibody complex was then tested
in functional assays. This is important
because if the antibody chaperone
binds to the RNA but does not change
its activity, that is a good indicator that
the association does not change its
structure. Testing confirmed that their
candidate antibody did not change the
activity of the ligase ribozyme and sug-
gested that the structural integrity of
the ribozyme was maintained in the
complex.

The new antibody chaperone
enabled the team to crystallize the lig-
ase ribozyme/antibody complex and
determine its three-dimensional struc-
ture (Fig. 1). Initial molecular replace-
ment of the antibody portion, for which
the structure was already known, also
facilitated phasing of the ribozyme por-
tion making the refinement of the struc-
ture to 3.1 Å straightforward. In addi-
tion to defining important catalytic fea-
tures of the ligase ribozyme, the struc-
ture of the complex showed that the
antibody recognized portions of the P7
backbone and the P5 loop of the
ribozyme. Based on this success, the

team was interested in whether this
recognition site could be used to crys-
tallize other RNAs.

They used isolated pieces of RNA
with the same sequence as the P7 and
P5 hairpin loops to determine that the
antibody chaperone did not require the
full structure of the ligase ribozyme for
recognition and, in fact, did not need
the P7 interaction either. Antibody bind-
ing could be narrowed down to just the
P5 hairpin loop. Best of all, when they
took that small P5 loop sequence and
engineered it into another RNA se-
quence, their antibody chaperone
bound that RNA with the same affinity
as it had the ligase ribozyme, suggest-
ing that this portable P5 loop and anti-
body combination can be engineered
into other RNAs and used to facilitate
their crystallization too. Will the
researchers use their new tool to clear
the bottleneck of RNA structures?
That’s the plan. — Sandy Field

See: yelena koldobskaya1, Erica M
Duguid1, David M Shechner2,3,‡, Nikolai
B Suslov1, jingdong ye4, Sachdev S
Sidhu5, David P Bartel2,3, Shohei
koide1, Anthony A kossiakoff1**, and
joseph A Piccirilli1*, “A portable RNA

To overcome the significant chal-
lenges of crystallizing and phasing
RNA molecules, the researchers devel-
oped the idea for an approach based
on two concepts that have been
applied to protein and RNA crystallog-
raphy to facilitate the formation of crys-
tals. First, it has been shown that anti-
body fragments that recognize a pro-
tein can stabilize that protein and make
it more likely to form crystals. Second,
an RNA-binding protein called U1A has
been successfully used as a chaperone
that favors the formation of crystals of
RNA for structure determinations. Com-
bining these two ideas, they decided to
make an antibody fragment that recog-
nizes an RNA molecule to see if it
would act as a chaperone to facilitate
its crystallization.

The first challenge for the team
was to generate an antibody that rec-
ognized the ligase ribozyme with high
enough affinity to act as a chaperone.
Using recently developed phage dis-
play methodologies that allow the pro-
duction of “synthetic” antibodies without
host immunization, they first generated
a set of antibodies that recognized the
ribozyme. Picking the best candidate,
they then increased its affinity through

T he central dogma of biology states that DNA is transcribed into messenger RNA, which is then
translated into protein. Proteins, with all of their relative structural and functional complexity,
have been considered to be the primary “active” molecules in biological organisms, while DNA
and RNA provide information storage. Evidence has been mounting that scientists were miss-

ing a big part of the picture. Various genome projects have shown that only a small portion of the DNA of
complex organisms codes for proteins, but a large percentage of DNA is nonetheless transcribed. This has
led to increased understanding of the role of non-coding RNA in cells, including the fact that much of what
was referred to as “junk” DNA actually codes for RNA molecules that adopt three-dimensional structures
and regulate all kinds of cellular processes. Unfortunately, the chemical nature of these RNA molecules
makes them challenging to crystallize for structural determinations that would provide insight into how they
work. Researchers, with help from the LS-CAT beamline 21-ID-D at the APS, have developed a new pro-
tein chaperone that facilitates RNA crystallization. Their work provides structural information on the RNA
of interest, the class I ligase ribozyme, and more importantly, their portable chaperone can be used to crys-
tallize other non-coding RNAs, opening the door for greater understanding of this exciting role for RNA.

DECODINg ThE mySTErIES OF
NON-CODINg rNA
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Fig. 1. Structure of the Class I ligase rNA enzyme in
complex with an antibody chaperone. The antibody
fragment is shown in yellow and blue, the rNA
enzyme in multi-colored ribbon. The P5 and P7 loops
recognized by the antibody are shown in purple and
pink, respectively.
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assays showed that if they used a
DNMT1 peptide that had been phos-
phorylated by AkT1, it could not also
be methylated by SET7. The structural
basis for this was elucidated by solu-
tion of the three-dimensional structure
of SET7 with the peptide from DNMT1
and the substrate for methylation, S-
adenosyl-L-methionine. The crystallo-
graphic structure that was obtained at
the SER-CAT beamline showed that if
DNMT1 was phosphorylated on
Ser143, it would set up repulsive forces
that would make it impossible for SET7
to add the methyl group to Lys142 (Fig.
1). The two modifications are mutually
exclusive. These data suggested that
cross-talk between AkT1 and SET7
adjusts the stability of DNMT1 to regu-
late methylation of the genome during
the cell cycle and development.

Experiments in cultured cells sup-
ported this hypothesis by showing that
when AkT1 was active and expressed
in high concentration, the amount of
DNMT1 increased, and when SET7
was expressed in high concentration,
the amount of DNMT1 decreased. The
effects of activated AkT1 were not
immediate, however, and appeared to
be regulated by the cell cycle, suggest-

ing that other levels of regulation are
also present. When AkT1 activity was
inhibited in cells, DNMT1 levels
decreased and methylation of the
genome was reduced. Therefore,
genome methylation is controlled in a
cell cycle-dependent manner that
involves methylation of DNMT1 by
SET7 to cause destruction of DNMT1
and phosphorylation of DNMT1 by
AkT1 to cause preservation of DNMT1
by preventing methylation. 

This work has clear implications in
cancer, which is characterized by
unregulated cell division. Data from
other groups have shown that in breast
cancers that have aberrant AkT1 acti-
vation, inappropriate hypermethylation
is responsible for turning off a tumor
suppressor gene and consequent
development of cancer. The work here
suggests that this could be due to the
effects of AkT1 on DNMT1 stabiliza-
tion, suggesting that DNA methylation
could be a therapeutic target in these
cancers. — Sandy Field

See: Pierre-Olivier Estève1, yanqi
Chang2, Mala Samaranayake1, Anup k.
Upadhyay2, john R horton2, george R.
Feehery1, Xiaodong Cheng2, and
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Mol. Biol. 18(1), 42 (1 january 2011).
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The team had shown that stability
of the DNMT1 protein is regulated by
protein methylation of DNMT1 on the
amino acid lysine 142 (Lys142) by an
enzyme called SET7. When SET7
methylates DNMT1, it is tagged for
destruction, reducing methylation of the
genome. however, in the course of that
work, they noticed something else
interesting. The amino acid right next to
Lys142, serine 143 (Ser143), is in the
right place to be modified by another
regulatory enzyme called a protein
kinase that adds a phosphate group to
the amino acids serine or threonine.
This led the team to wonder whether
this site is actually phosphorylated and
how that modification affects the methy-
lation right next door at Lys142.

Using a peptide from DNMT1 that
included the amino acids from 137-146
of human DNMT1, the team estab-
lished that Ser143 is phosphorylated
and identified a protein kinase called
AkT1 as the enzyme that makes the
modification. AkT1 is known to be
involved in growth and development
and was identified as an oncogene, a
normal gene that is involved in the
development of cancer when it is over-
expressed or mutated. Biochemical

D NA methylation has emerged in recent years as an important
gene regulatory mechanism involved in everything from behav-
ior to cancer. Methylation of DNA is a reversible modification
that shuts down expression of genes and is particularly impor-

tant during development, when genes must be turned on or off according to
what is appropriate for each tissue type, and during cell division when DNA
is replicated. DNA methyltransferase 1 (DNMT1) is the major maintenance
enzyme responsible for DNA methylation during semi-conservative DNA
replication in human cells. A research team working at the SER-CAT 22-BM-
B beamline at the APS has shown that the stability, and therefore the activ-
ity, of DNMT1 is carefully regulated by two different types of modifications
that respond to cellular signals to mediate the DNA methylation process. The
work highlights the elegant balance of cross-talk between positive and neg-
ative signals that regulate this important enzyme and provides information
that could be used to develop therapies to target the DNMT1 pathway in dis-
eases where DNA methylation has gone awry.

IS gENE EXPrESSION rEgULATED by
A TOggLE Or A DImmEr SWITCh?
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Fig. 1. human DNA methyltransferase 1 is methylated by SET7 (top panel) and phosphorylated by
AKT1 (bottom panel) between an adjacent lysine and serine (middle panel).
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R ibosomes are giant cellular machines responsible for translating
gene transcripts into protein. They are complexes of ribosomal
RNA (rRNA) and proteins, and their essential nature makes them
important targets for antibiotics. Chemical modification of rRNA

contributes to the development of antibiotic resistance as well as to normal
ribosome assembly and function. Two recently-identified bacterial enzymes
add methyl group modifications to rRNA using an unusual radical mechanism.
One of these enzymes, Cfr, has been shown to provide resistance against
antibiotics that attack the bacterial ribosome in methicillin-resistant
Staphylcoccus aureus (MRSA), the most common species of staphylococci to
cause infections; the other, RlmN, methylates rRNA as a normal housekeeping
modification. New studies by a research team utilizing two beamlines at the
APS have elucidated the three-dimensional structure of the radical methylase
enzyme, RlmN. Their work provides additional insight into the underlying
chemical mechanism that this enzyme uses to modify rRNA, as well as an
important glimpse into how essential building blocks can be modified to cir-
cumvent antibiotics that target the bacterial ribosome. >>>

PINg-PONg IN ThE ACTIvE SITE
OF rADICAL SAm ENzymES
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Pennsylvania State University carried
out multiple anomalous dispersion
experiments at the LS-CAT 21-ID-D
and the gM/CA-CAT 23-ID-D beam-
lines at the APS to solve the structures
of RlmN alone and in complex with
SAM (Fig. 1). The structure of the
RlmN/SAM complex revealed that the
three-dimensional orientation of Cys355,
the enzyme-bound iron-sulfur cluster,
SAM, and Cys118 in the active site of
RlmN are consistent with the proposed
ping-pong mechanism. Furthermore,
the structure indicates that SAM-
dependent methyl transfer and activa-
tion reactions occur from the same
SAM binding pocket [4]. 

The authors point out that this
observation reveals that RlmN is an
example of the principle of economy in
the evolution of enzyme binding sites in
which a single active site evolved to
facilitate two different reactions, the
removal of a methyl group from SAM in
the first reaction and then its activation
in a second reaction. If all of this
seems like so much esoteric chemical
detail of interest to only a few enzyme
chemists, consider the fact that this
chemistry has been hijacked by bacter-
ial pathogens to provide resistance to
several key classes of our available
antibiotics. Those bacteria are pretty
good chemists. — Sandy Field
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Typical enzymes that transfer a
methyl group from S-adenosyl-L-
methionine (SAM) to DNA, RNA, or
protein do so by a single displacement
reaction that moves the methyl group
from SAM to a chemically receptive
oxygen, nitrogen, or sulfur atom. RlmN
and Cfr differ in that they methylate an
inert carbon atom. One of the first
clues into how RlmN and Cfr might
accomplish this difficult transformation
came from their identification as radical
SAM enzymes [1]. The radical SAM
enzymes use SAM to activate inert
substrates, making them receptive to
modification. They do this by using a
SAM-bound iron-sulfur cluster to form a
radical species in the active site that
can remove a hydrogen atom from car-
bon or other substrate atoms to initiate
modification of chemically challenging
targets. RlmN and Cfr differ from typi-
cal radical SAM enzymes in their
requirement for two SAM molecules,
one for activation and another to
donate a methyl group [2, 3].

RlmN and Cfr are proposed to use
SAM to perform these two reactions via
a “ping-pong” mechanism [3]. In this
mechanism, the methyl group to be
added to rRNA moves from SAM to a
conserved cysteine residue, Cys355, of
the enzyme by a standard methylation
reaction. Then a second SAM molecule
is used to activate that methyl group for
addition to the rRNA. To release the
product, Cys355 forms a bond with
another cysteine, Cys118, located in the
active site of the enzyme. 

To visualize how the enzyme
accommodates such a distinctive
mechanism, the researchers from
Northwestern University and The

21-ID-D • LS-CAT • Life sciences • Macromolecular crystallography, microfluorescence (hard x-
ray), nanofluorescence imaging, nanotomography • 6.5-20 keV • On-site, remote, mail-in •
Accepting general users •

23-ID-D • gM/CA-CAT • Life sciences • Macromolecular crystallography, microbeam, large unit
cell crystallography, subatomic (<0.85 Å) resolution, multi-wavelength anomalous dispersion, sin-
gle-wavelength anomalous dispersion • 5-20 keV • On-site, remote • Accepting general users •

< Fig. 1. The overall structure of Escherichia
coli rlmN in complex with SAm. The loop con-
taining mechanistically important methylcys-
teine residue (mCys355) is shown in blue. The
location of mCys355 in the active site (inset)
indicates that methylation of the residue and
activation by SAm occur from the same SAm
binding site.
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sought to find out more about the
molecular mechanism through which
glypicans mediate hedgehog signaling
as well as other non-hedgehog related
functions. Of note, they found that the
Dlp structure was not similar to any
known structures, which is unusual,
because most newly determined struc-
tures are often at least distantly related
to previously determined structures,
which can provide insights into their
function. 

The other surprising aspect of the
Dlp structure was that it is formed in
only a single unit (called a domain)
despite being about 400 amino acids in
size. The protein also had no apparent
active sites or regions similar to those
found in other proteins. Although the
absence of similarity to known proteins
provided no functional clues, these fea-
tures suggested that the role of Dlp is
most likely to bind other proteins, and
the most likely binding partner would
be hedgehog proteins themselves.
however, the researchers also showed
that Dlp does not bind to hedgehog, at
least by itself. This finding then raised
the question of whether partner pro-
teins combine with Dlp to mediate their
actions. Ultimately, understanding glyp-
ican function may lead to understand-
ing its role in birth defects as well as to
the development of strategies to cor-
rect those defects. Also, defining
exactly how the hedgehog signaling

pathway is activated may ultimately
give rise to new strategies to inhibit the
inappropriate activity of this pathway in
cancer. — Emma Hitt
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The Dally-like Protein (Dlp) in the
fruit fly Drosophila is a member of a
family of cell surface proteins called
glypicans. These cell-surface proteins
play a role in regulating cell develop-
ment. One end of the glypican protein
is called the N-terminal globular region.
The glypican protein also contains sev-
eral attachment points for sugars called
heparan sulfate. Recently, Dlp was
shown to be important for cells to be
able to respond to the developmental
signaling protein hedgehog, which
stimulates cells to grow into specific tis-
sues during development. Loss of func-
tion of the hedgehog protein results in
a range of birth defects ranging from
mild to lethal depending on the type of
mutation. In addition, inappropriate acti-
vation of hedgehog signaling is associ-
ated with several cancers. 

The researchers in this study, from
the johns hopkins University School of
Medicine and the Stanford University
School of Medicine, were therefore
interested in establishing the mecha-
nism whereby Dlp regulates hedgehog
signals. By determining the crystal
structure of the N-terminal globular
region of Dlp (Fig. 1), the researchers

G lypicans are cell surface proteins that play a role in regulating
development, and loss of their function is associated with wide-
spread developmental abnormalities. Finding out more about
these proteins may help pave the way to new therapies. With the

use of x-ray crystallography, researchers working at the LRL-CAT 31-ID
beamline at the APS identified the crystal structure of a region of a glypican
that may be involved in the regulation of development. Specifically, they pur-
sued information about the molecular mechanism by which glypicans regu-
late a signaling pathway known as the “hedgehog” signaling pathway, which
is involved in development as well as other functional aspects. The team’s
findings provide new insights into glypican function, and its potential role in
birth defects, which may in turn lead to strategies to correct those defects. 

31-ID • LRL-CAT • Life sciences • Macromo-
lecular crystallography, single-wavelength
anomalous dispersion, single-crystal diffrac-
tion • 4.7-28 keV • Mail-in • Accepting general
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< Fig. 1. A ribbon diagram of the Dally-like
N-terminal domain is shown. The ribbon is col-
ored in a rainbow gradient from the N-termi-
nus (blue) to the C-terminus (red). Figure made
with Pymol (Schrödinger, LLC).

mININg ThE INTrICACIES OF DEvELOPmENTAL DEFECTS
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Fig. 1. Electrostatic potential of the ID molecular surface
showing the dsDNA cartoon and sDNA path (yellow
spheres) from the y DNA–FANCI maps.

struCturAl biology



Argonne nAtionAl lAborAtory 115

double-stranded DNA to fit (Fig. 1). 
With this information and further

biochemical analysis, the researchers
theorized that each protein and the
complex of the two proteins together
bind to DNA structures containing both
double- and single-stranded DNA.
Crystallography at the NE-CAT 24-ID-C
beamline at the APS provided low-res-
olution data on the FANCI-DNA com-
plex that confirmed the previous find-
ings. Taken together, the data suggest
that the FANCI-FANCD2 complex rec-
ognizes DNA structures that result from
the collision of replication forks with the
inter-strand crosslink, which helps
explains why this complex is needed
for DNA repair. A surprising finding was
that the interface between FANCI and
FANCD2 contained sites of “mono-
ubiquitination,” which indicates that the
attachment of ubiquitin molecules may
play a regulatory function in this
process. 

Since the FANCI and FANCD2
proteins function as “tumor suppres-
sors,” (i.e., cancers occur if these pro-
teins are not functioning properly), the
structural information helps explain
how mutations inactivate these proteins
and why some mutations are more
inactivating, and thus cancer-causing,
than others. Ultimately, by improving
our understanding of the mechanism of

DNA repair that occurs through these
proteins, more insights may be gained
into the biological processes that lead
to cancer and how to prevent and/or
treat it. For instance, a complete under-
standing of this pathway could eluci-
date points of intervention, such as
areas of the pathway that could be tar-
geted for cancer suppression by drugs.
In addition, many cancers have already
been found to contain proteins that are
dysfunctional in this pathway and may
therefore be more susceptible to cer-
tain chemotherapies that damage the
crosslinks of DNA. This knowledge
may improve the ability to give these
chemotherapies to patients who may
benefit most from them. — Emma Hitt
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The Fanconi pathway proteins —
13 of them have been identified to date
— are involved in the repair of a spe-
cific type of damage to a part of the
DNA called the interstrand crosslink,
which acts like a rung in the ladder of
the double-stranded DNA molecule.
however, little is known about the func-
tion of each of the proteins involved in
the Fanconi pathway. To make matters
worse, most of the proteins do not
have any recognizable similarities to
other proteins that would provide clues
about their function. 

The researchers in this study, from
Memorial Sloan-kettering Cancer
Center, Cornell University, Brigham and
Women’s hospital, and The Rockefeller
University therefore wanted to identify
the structure of two important Fanconi
pathway proteins, FANCI and FANCD2,
to see if they could glean insights into
their function. X-ray crystallography
revealed that these proteins contain
structures called alpha helical sole-
noids. In addition, each protein has a
large, positively charged groove, with
one part having a semicircular cross-
section of ~20 Å in width, which hap-
pens to be the same width as double-
stranded DNA, suggesting an interac-
tion between each protein and the
DNA. The other end of the groove in
each protein was too narrow for the

F anconi anemia is a rare genetic disorder that leads to an
increased susceptibility to cancer. Studies of this disease have
revealed that proteins coded for Fanconi and Fanconi-like genes
are crucial for repairing certain types of DNA damage.

Conversely, when these proteins are mutated and do not function properly,
DNA damage goes unrepaired and cancer can develop. Little is known about
some of the proteins involved in this pathway. Utilizing x-ray crystallography
at the APS and the National Synchrotron Light Source (NSLS), researchers
have identified the crystal structure of two proteins, FANCI and FANCD2,
involved in Fanconi’s anemia and the way that they interact with each other
and with DNA, revealing new information about the function of these pro-
teins and suggesting some intriguing future directions for research. A greater
understanding of these proteins and how cells repair DNA damage may lead
not only to insights about how cancer develops, but also how to best treat it. 

CLUES TO CANCEr TrEATmENTS IN A
rArE gENETIC DISOrDEr
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Numerous structures of bacterio-
phytochromes have been evaluated in
their dark-adapted Pr and Pfr states;
however, the conformational nature of
early events in the light reaction had
not previously been characterized. This
study aimed to address this challenge.
Utilizing bright x-rays at the BioCARS
and LS-CAT beamlines, the research-
ers were able to detect structural
changes in the photoreceptor protein
during the early stages of its transition
from the “dark” state to the “light” state
(Fig. 1). Since these transitions occur
at an ultrafast rate, the technique of
temperature-scanning cryocrystallogra-
phy was used to slow down the reac-
tion to follow the evolution of the struc-
tures using static crystallographic tech-
niques. “Cryocrystallography” involves
the use of low temperatures to freeze
the target protein in specific conforma-
tions. “Temperature-scanning,” on the
other hand, mimics time as the reaction
proceeds. Their combination allows the
normally ultrafast reaction to proceed
slowly, one step at a time, in a more
controlled manner. By effectively freez-
ing time in this way, the researchers
could perform an x-ray diffraction scan
at each temperature, enabling them to
observe initial conformational changes

in this photoreceptor that are otherwise
too transient to be captured. 

The study revealed three main
intermediate structures, named L1, L2,
and L3. Transitions between these
structures began in one area of the
photoreceptor’s chromophore, subse-
quently spreading out to involve the
surrounding regions of the protein.
According to the researchers, light
absorption by the Pfr state of the bac-
teriophytochrome transformed the light
signal into a structural signal via twist-
ing and untwisting of one-carbon
methine bridges in its structure. 

Although there is still a lot to learn
about this bacteriophytochrome, and
photoreceptors in general, this
research has revealed a small piece of
the puzzle in the big picture. In addi-
tion, this study may inspire other scien-
tists to apply static crystallographic
techniques in dynamic studies of other
interesting biological systems.

— nicola Parry
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Upon light activation, bacteriophy-
tochromes reversibly convert between
the red-light-absorbing (Pr), and the
far-red-light-absorbing (Pfr) forms. The
researchers in this study, from The
University of Chicago, working at
BioCARS beamline 14-ID-B and LS-
CAT beamline 21-ID-g at the APS
observed that absorption of light by the
bacteriophytochrome can drive a series
of conformational changes that begin in
the light-sensitive chromophore embed-
ded in the photoreceptor, ultimately
spreading out to the protein regions.
Twisting and untwisting of the methine
bridges in the chromophore were found
to be important initial structural events
in this light-induced reaction. 

Phytochrome photoreceptors cova-
lently incorporate a chromophore (the
light-absorbing part that results in its
coloration) such as biliverdin; this pro-
duces a holoprotein that reversibly pho-
toconverts between two stable iso-
forms, Pr and Pfr. These represent a
photoreversible switching mechanism
within the organism, allowing the pho-
toreceptors to respond to environmen-
tal light changes. In this way they
transduce red and far-red light signals
into discrete biological signals that go
on to modulate cellular processes. 

L ight is an important signal that controls many essential biological
processes, including growth, development, and day-night circa-
dian rhythm. Consequently, almost all organisms use photore-
ceptors to adapt to their ambient light environment and perceive

light signals, such as in vision. Phytochromes comprise a family of photore-
ceptor proteins first found in green plants, and more recently discovered in
most biological kingdoms, including fungi, and bacteria, in which they are
called bacteriophytochromes. These act as red-light sensors in bacterial
organisms, transforming red-light signals into biological signals that mediate
important cellular responses to light. Researchers utilizing the APS have
determined the crystal structures of three intermediates in the photoreaction
of a bacteriophytochrome from the organism Pseudomonas aeruginosa.
Understanding this process at the molecular level may not only reveal the
mechanism by which a photoreceptor converts a light signal into a biological
signal, but it may also provide structural guides for engineering suitable light-
sensitive systems for important biomedical and biotechnological applica-
tions, such as optogenetics in neurosciences and deep-tissue imaging.

FrEEzINg TImE: NEW mOLECULAr CLUES AbOUT
ImPOrTANT CELL PrOCESSES
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Fig. 1. Strong difference densities between the light and dark states are associated with light-sensitive
chromophores (represented by the cyan structure in the zoomed-in inset) that are scattered in the entire
unit cell.  Positive green densities represent the formation of the light-induced structures, and negative
red densities are a result of decay of the parent dark state.
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DNA binds to the PL protein. The CTT
is positioned so that it juts directly into
the catalytic groove of CRy where it
causes the shift of an important pheny-
lalaine-phenylalanine-tryptophan (FFW)
motif to a location that mimics the way
a damaged piece of DNA is arranged in
the PL (Fig. 1). In both proteins, this
interaction causes changes in the con-
formation of the protein that affects the
light-sensitive cofactor.  For PL, that
means the light activates the DNA
repair mechanism. For CRy, further
experiments performed by the team on
CRy mutants with changes to the

amino acids in the CTT area showed
that this is the area responsible for the
light sensitivity of TIM targeting.

These clear differences between
CRy and PL were accompanied by
some provocative clues about how
CRy proteins could make use of subtle
changes in the chemical interactions
between amino acid side chains and
the photo-activable cofactor used by
PL proteins to perform DNA repair.
These differences in the way electrons
are transferred between cofactor and
protein in CRy suggest that shifting the
FFW motif into the active site may also
facilitate photosensing or magne-
tosensing, providing insight into how
these functions work as well. Now that
the team has figured out how this sub-
tle shift in structure has provided a new
array of functions for the CRy/PL fam-
ily, they plan to determine structures of
CRy in light-activated states and in
complex with its downstream targets. 

— Sandy Field

See: Brian D. zoltowski1, Anand T.
Vaidya1, Deniz Top2, joanne Widom1,
Michael W. young2, and Brian R.
Crane1, “Structure of full-length
Drosophila cryptochrome,” Nature 480,
396 (15 December 2011).
DOI:10.1038/nature10618
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2The Rockefeller University
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In flies, processes that are regu-
lated by daily rhythms of day and night,
such as hatching, are dependent upon
the actions of proteins that can respond
to light. The CRy photoreceptor in flies
regulates circadian rhythms by binding
to another protein, known as timeless,
or TIM, in the presence of light. This
causes both proteins to be destroyed
and results in gene activation. Its pro-
tein “relative,” the PL photoreceptor,
performs a very different function by
repairing damage to DNA caused by
ultraviolet radiation and requires light to
perform its function. The 3-D structure
of PL shows that damaged DNA is
aligned into a groove in the protein that
recognizes the break and catalyzes a
light-activated chemical reaction to fix
it. A major question has been: how do
these two proteins perform their very
different functions using the same gen-
eral protein fold and light activation
mechanism? The solution of the 2.3-Å
resolution structure of CRy provides
some clues as to how this works. 

The 3-D structure of CRy shows
that it shares the same overall features
as the fruit fly PL protein with some
important exceptions. Most notably, the
carboxy terminal tail (CTT) region of
CRy, that is not present in PL and is
important for targeting the TIM protein,
appears to mimic the way damaged

E volution is an amazing tinkerer. Again and again biologists dis-
cover evidence that nature has taken an existing gene or protein
and tweaked it to come up with a diverse new function.
Changes that provide value are kept and may be improved upon

through future meanderings of random mutation. Mother Nature’s use of this
flexible biological toolkit is evident in the cryptochrome/photolyase (CRy/PL)
family of proteins that regulate functions as diverse as day-night circadian
rhythms, magnetosensing, and DNA repair in response to ultraviolet or blue
light in all the kingdoms of life. While these proteins share a similar overall
structure and are all activated by light, they recognize diverse targets and
fulfill diverse functions. Now, work by researchers using the 24-ID-E NE-CAT
microbeamline at the APS has revealed the molecular basis for the func-
tional differences between CRy and PL photoreceptor family members.
Their solution of the three-dimensional (3-D) structure of a CRy protein from
the fruit fly Drosophila provides important insight into the regulation of these
fundamental light-driven processes that will affect how we understand our
own circadian rhythms as well.

24-ID-E • NE-CAT • Life sciences • Macro-
molecular crystallography, microbeam,
microdiffraction, single-wavelength anom-
alous dispersion, single-crystal diffraction •
12.68 keV • On-site  • Accepting general
users •

ThE rhyThmS OF FLIES

Fig. 1. Structural representations of the fruit
fly cryptochrome and photolyase proteins
(blue and purple ribbons) show that the C-ter-
minal tail and damaged DNA (red in both
panels) orient within a similar groove in the
protein to interact with active site amino acids
in light-activated reactions (yellow and beige).
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Fig. 1. X-ray microtomography images show the networks formed by molten rock in a cube of mantle
material, 140 m on a side, at four different melt fractions. grey areas are melted material
between solid olivine grains, represented by the white regions. red indicates channels of melt slicing
through the faces of the cube. (A movie of tomographic visualizations of the three-dimensional melt
distribution in the olivine-basalt aggregates can be viewed at
http://www.sciencemag.org/content/suppl/2011/03/29/332.6025.88.DC1/1202221s1.mov.)

vISUALIzINg ThE FLOW OF mOLTEN rOCK
ThrOUgh SEAbED mANTLE
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Permeability depends on fine details of
how the melted fraction within a rock
connects together. Previous studies
attempted to infer the three-dimen-
sional network of melted material from
two-dimensional images of slices
through a rock, but they were ambigu-
ous, especially at low melt fractions.

The researchers turned to x-ray
studies of basalt heated to 1350 °C
and compressed at a pressure of 1.5
gPa to image directly the three-dimen-
sional network formed at different melt
fractions. Because the density contrast
between the solid and melted fractions
was small, they used an edge-
enhancement technique to obtain
Fresnel fringes from the liquid-solid
boundaries in their millimeter-diameter
sample. Rotating the sample through
180° in 0.12° increments allowed the
team to build up three-dimensional
microtomographic images with submi-
cron resolution (Fig. 1).

At four melt fractions, from 2% to
20%, the researchers see an intercon-
nected network of melt channels run-
ning along the edges where three or
more olivine grains meet, in broad
agreement with thermodynamic predic-
tions. 

At higher melt fractions, however,
the images show films of melted mate-
rial coating the boundaries between
adjacent grains, but these films are far
less evident at lower melt fractions. A
nicely connected network of channels
controls the flow, but the structure is
not as simple as models predicted.
That more complex structure changes
the exponent in the power law relating
permeability to grain size.

To understand why mantle rocks
have a melt fraction of 2% rather than
the lower figure predicted, the team

suggests thinking of their structure as
less like a sponge and more like a
snowball. 

When one squeezes a sponge, it
is very compliant, whereas a snowball
is easy to squeeze at first but then
becomes much harder as its solid parti-
cles are compacted together. In the
same way, the matrix of highly com-
pressed mantle grains resists compres-
sion so that the melt network between
the grains doesn't feel so much pres-
sure and therefore doesn’t flow as fast
as expected. geologists have some-
times wondered about this kind of
behavior, but the new results show that
it cannot be ignored. 

Although these data were col-
lected from quenched samples, in the
future, the research team hopes to
image the rocks while they are heated
and kept under pressure. 

— David Lindley

See: Wenlu zhu1*, glenn A. gaetani2,
Florian Fusseis3, Laurent g.j.
Montési1, and Francesco De Carlo4,
"Microtomography of Partially Molten
Rocks: Three-Dimensional Melt
Distribution in Mantle Peridotite,"
Science 332, 88 (2011).
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Institution, 3University of Western
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Where the Earth's tectonic plates
drift apart at ocean floor spreading cen-
ters, mantle rock partially melts and
seeps upward, solidifying to form new
crust. geologists have had difficulty
reconciling estimates of the permeabil-
ity of the partially molten mantle with
analyses of the rate at which molten
rock ascends. In microtomography
experiments carried out at beamline 2-
BM-A,B the research team has, for the
first time, directly imaged the intricate
network formed by the molten fraction
within a mainly solid rock. 

The Earth’s upper mantle consists
mostly of olivine as well as other miner-
als with lower melting points. Using
measurements of seismic wave
speeds, geophysicists estimate that 1%
to 2% of the mantle beneath seafloor
locations at the East Pacific Ocean
ridge is in a molten state. This melt
fraction implies that the permeability of
these rocks is relatively low: The less
permeable the mantle, the harder it is
for buoyancy to drive the melted frac-
tion upward, and the greater the
amount of melt the mantle retains. 

On the other hand, geochemical
analyses of ocean-ridge basalts show
that the relative abundances of ura-
nium, thorium, and radium isotopes
belonging to a single decay chain have
not reached the long-term equilibrium
values dictated by their half-lives. This
contradicts the geophysical data
because it implies that magma rose
rapidly from great depths, which
requires high permeability.

Adding to the confusion are analy-
ses that predict thermodynamically
favored arrangements of solid and
melted fractions for given temperature
and pressure, and for known rock com-
positions. These suggest melt fractions
should be around 0.5% or lower.

The weak link is using the thermo-
dynamic model to guess rock structure.

N ew information about how most of the Earth’s crust formed has
been uncovered by investigators from the University of
Maryland, Woods hole Oceanographic Institution, the
University of Western Australia, and Argonne who utilized the

XSD 2-BM-A,B beamline at the APS to obtain unprecedented, three-dimen-
sional x-ray images of melted rock. Their results offer a more sophisticated
picture of rock porosity and a resolution of the discrepancy between perme-
ability and melt velocity.

2-BM-A,B • XSD • Life sciences, physics • general diffraction, microdiffraction, phase con-
trast imaging, tomography • 5-33 keV, 5-33 keV • On-site • Accepting general users •
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G eophysicists who want to understand how the properties of
rocks and melts at high pressures are changed by absorption of
gases often conduct laboratory tests using inert gases, which do
not chemically interact with the minerals. however, a new study

at the hP-CAT beamline 16-ID-B at the APS finds that silicon glass pressur-
ized under helium behaves in an anomalous way, compressing very little
even at pressures as high as 200,000 atm. The finding suggests that if
helium behaves similarly in silicate melts, geophysicists may have to modify
their views on a variety of processes in the Earth’s interior, volcanoes, in
planetary interiors, and in the evolution of the Earth’s crust.

Stanislav Sinogeikin (left) and guoyin Shen in the hP-CAT 16-ID-b research station.

hELIUm mAKES gLASS PrESSUrE-rESISTANT
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its molecular structure, and therefore
makes it relatively incompressible.
Consistent with this picture is the
researchers’ finding that the tiny
change in the x-ray diffraction pattern
seen in glass compressed in the pres-
ence of helium is reversed when the
pressure is released.

To test this idea, they compressed
silicon dioxide glass in the presence of
hydrogen and germanium dioxide glass
in the presence of helium. In both
cases, high pressures caused marked
changes in the x-ray diffraction pat-
terns, indicating that the molecular
structures of both glasses did not with-
stand compression. Molecular hydro-
gen is too big to fit into most of the
voids in the silicon dioxide glass, the
researchers say, and the voids in ger-
manium dioxide glass are somewhat
smaller, and so cannot take in helium
molecules. 

Although these results indicate
that the effect of helium on pure silicon
dioxide glass is a peculiarity due to an
unusual match between the size of
helium atoms and the molecular struc-
ture of glass, the team suggests that it
will be important to test for similar

behavior in silicate
melts of geophysical
importance. Since
helium is the second-
most abundant ele-
ment in the universe,
after hydrogen, its
influence on other
materials is significant
for the evolution of the
solar system. If it can
alter the compressibil-
ity of such materials in
natural circumstances,
scientists might have
to rethink their under-
standing of magma
processes in volca-
noes, in planetary inte-
riors, and in the evolu-
tion of the Earth’s
crust. — David Lindley 
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Pure silicon
dioxide glass has a
molecular structure
consisting of shared
tetrahedra, in which
each silicon atom
sits amid four oxygen
atoms. At normal
pressures, the tetra-
hedral adopt a some-
what capacious
arrangement, with
rings of four to eight
tetrahedral enclosing
voids. Under pres-
sure, the density of
glass increases sig-
nificantly, and x-ray
diffraction studies
suggest that the
tetrahedral rings col-
lapse and shrink. For
applied pressures
above about 12 gPa,
or 120,000 atm, the
structure changes
irreversibly; it does
not spring back when the pressure is
removed.

Working at the 16-ID-B beamline,
researchers from the Carnegie
Institution of Washington, The
University of Chicago, and Uppsala
University used x-ray diffraction to
measure structural changes in glass
samples compressed in a diamond
anvil cell (Fig. 1). With no helium pres-
ent, the first sharp diffraction peak
shifted by a considerable amount when
the pressure was raised to almost 20
gPa, in line with previous experimental
results. But when helium was added to
the pressurized cell, the diffraction
peak shifted hardly at all. Raman spec-
troscopy conducted at Uppsala
University likewise revealed dramatic
changes in the arrangement of the
tetrahedra in glass compressed in the
absence of helium, but far smaller
changes when helium was included.

Using structures from other silica
materials as a guide, the researchers
judge that a six-member tetrahedral
ring in glass encloses a cavity about
0.3-nm across, just big enough to
accommodate a helium atom. They
suggest that helium seeps into glass at
high pressures, fills the larger voids in
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Fig. 1. X-ray diffraction data collected at 16-ID-b for SiO2 glass at high pressure in a dia-
mond anvil cell.
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U ranium contamination in aquatic and terrestrial environments has resulted from
power generation, nuclear weapons production, and the weathering of uranium
(U)-bearing minerals. Under oxic conditions, uranium is stable as uranyl UVI, which
is the more soluble and mobile form in groundwater. however, when bacteria are

active in subsurface environments they can reduce UVI to the less-soluble UIV form; stimulating
indigenous microbes to reduce UVI in subsurface plumes has been investigated as a remedia-
tion strategy for over 15 years. Researchers have thought that the reduced UIV always formed
uraninite (UO2), the most stable and insoluble uranium mineral. however, recent discoveries
suggest that bioreduced UIV in natural sediments may remain as single atoms for extended peri-
ods, either complexed to bacterial or mineral surfaces or incorporated in less-stable UIV miner-
als. Researchers carrying out experiments at the MR-CAT 10-ID-B beamline at the APS have
gained a new understanding of how uranium reduction occurs so that it may be used to control
the spread of uranium contamination, and how a form of reduced uranium could be used as an
indicator of how bacteria breathe, providing insight into bacterial physiology. >>>

hOW SUbSUrFACE bACTErIA brEAThE AFFECTS
UrANIUm mObILITy AND DISPErSAL
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Fig. 1. Left: Fourier transform of U LIII-edge EXAFS data collected from UvI bioreduction samples at
the mr-CAT beamline 10-ID. Analysis of these data provides insight on the molecular speciaton of
reduced UIv (middle). This information is essential to predicting uranium plume propagation and
devising effective remediation strategies.

environmentAl, geologiCAl, & PlAnetAry sCienCe



Argonne nAtionAl lAborAtory 125

The XANES measurements
demonstrated that both types of bacte-
ria reduce dissolved uranium UVI to UIV.
When phosphate was not present, the
researchers observed different UIV

reduction products for the two bacteria
types from analysis of the UIV EXAFS
measurements. gram-negative bacte-
ria create uraninite; in contrast, gram-
positive bacteria create a mononuclear,
complexed form of UIV, which may be
less stable, and more easily dissolved
and dispersed. These findings indicate
that gram-positive and gram-negative
strains use distinct mechanisms to
reduce UVI. Conversely, by determining
the coordination environment of
reduced UIV atoms, the chemical condi-
tions of their formation and the mecha-
nism of electron transfer to UVI can be
inferred. With the addition of phos-
phate, EXAFS shows UVI reduction to
nonuraninite, phosphate-complexed UIV

species independent of microbial activ-
ity (Fig. 1). This result highlights a pre-
viously unappreciated control of phos-
phate on reduced UIV speciation.

Besides aiding in the understand-
ing of how uranium reduction occurs so
that it may be used to control the
spread of uranium contamination, the
form of reduced uranium could be used
as an indicator of how bacteria
breathe, providing insight into bacterial
physiology. Using the APS, uranium
speciation could be employed as a
“tag” to uncover electron transfer path-
ways in highly coupled biotic-abiotic
redox systems such as the subsurface.

— Dana Desonie
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In the absence of oxygen, bacteria
oxidize carbon to gain energy, using
oxidized metals, including uranium, as
electron acceptors. With their different
cell envelopes, cellular respiration
occurs differently in gram-positive and
gram-negative bacteria. Each type
uses a different mechanism to transfer
electrons out of the envelope to exter-
nal electron receptors. gram-negative
bacteria have outer membrane reduc-
tases, allowing direct electron transfer
to dissolved or solid electron receptors.
In contrast, gram-positive bacteria do
not have exposed electron transport
proteins on their outer surface, sug-
gesting that electron transfer may
occur through soluble intermediates
called electron shuttles. Both types of
bacteria are found in natural environ-
ments and at contaminated field sites. 

The researchers from Argonne,
the georgia Institute of Technology, the
University of Notre Dame, the
University of Tennessee, and Oak
Ridge National Laboratory studied the
reduction of carbonate-complexed UVI

by active gram-positive and gram-neg-
ative bacteria, and compared the
results to reduction by a soluble reduc-
tant in the same medium. Using the
10-ID-B beamline at the APS for ura-
nium LIII-edge x-ray absorption spec-
troscopy analyses (via x-ray absorption
near-edge spectroscopy, XANES, and
extended x-ray absorption fine struc-
ture, EXAFS), the authors determined
the precise atomic coordination of UIV

produced biotically and abiotically in
phosphate-free and phosphate-
amended media.

10-ID-B • Materials science, environmental
science, chemistry • X-ray absorption fine
structure, time-resolved x-ray absorption fine
structure, micro x-ray absorption fine struc-
ture, microfluorescence (hard x-ray) • 4.3-27
keV, 4.3-32 keV, 15-90 keV • On-site •
Accepting general users •
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Fig. 1. Image (a) on the top left shows an electron microscopy image of a silica-saturated zircon
experiment.  Image (b) on the top right shows a silica-undersaturated zircon experiment. The color
image on the bottom is a series of XANES spectra from zircon and other standard compounds.

USINg ANCIENT zIrCON AS A ThErmOmETEr
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ICP-MS), electron probe microanalysis
(EPMA), and x-ray absorption near
edge structure (XANES) spectra that
were collected at beamline 13-ID-C.
The first two techniques help determine
the concentrations of any given ele-
ment, while the XANES spectra provide
a direct structural map of the grains to
determine the position of the titanium.

The combined observations
showed that during formation, the tita-
nium atoms substitute on the silicon
site in zircon. So those interested in
thermobarometry now know to use this
kind of a reaction to create guidelines
on what temperatures cause what
effects. The presence of this reaction
also means that in addition to initial
temperatures, the very presence and
amount of silica within the system help
determine zircon composition.
Additional results from the XANES
spectra show a strong influence of
crystal orientation on peak intensity
and energy, indicating that the crystal
field itself may play an important role. 

The team believes that even more
environmental indicators may be
gleaned from the material. They are
looking at how pressure affects tita-
nium placement and also looking at
additional elements such as cerium
and europium that can be incorporated
into zircon crystals. These last two ele-
ments are probably directly related to
how much oxygen was present during
the time of zircon growth. 

— Karen Fox
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Rodina6, A.V. Soldatov6, D. Rubatto1,
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zircon crystals are made of inter-
locking zirconia and silica crystallo-
graphic sites. When titanium is present,
this too can be incorporated, but it has
not been known whether the titanium
substitutes for silicon or zirconium
within the material. The distinction is
crucial since different substitution
mechanisms will result in different tem-
perature-dependent reactions. So
decoding the zircon's initial thermal
conditions relies on understanding what
kind of reaction drives its composition. 

To study how zircon incorporates
titanium, the researchers from Austral-
ian National University, Rensselaer
Polytechnic Institute, the University of
Bristol, Imperial College London, Curtin
University, Southern Federal University,
and The University of Chicago first had
to produce bulk quantities of the crys-
tals in various chemical compositions.
This represents an experimental chal-
lenge, typically requiring temperatures
in excess of 2000° C. Using two spe-
cialized techniques and incorporating a
low-melting-point compound, the group
synthesized grains of sufficient size
requiring temperatures only of 1300° C.
They created three different sets of
crystals, each made of the elements
zirconium, silicon, oxygen, and titanium,
but assembled in different chemical
structures. 

Next, the group imaged and ana-
lyzed the internal structure of the syn-
thesized zircon using several tech-
niques: laser ablation inductively cou-
pled plasma mass spectrometry (LA-

T he oldest known materials on Earth are sedimentary zircon grains from
Western Australia that are 4.37 billion years old. Because zircon
resists degradation from both radiation and chemicals, and has a phys-
ical structure that remains stable over billions of years, such grains

look much like they did when they were formed. Their chemical characteristics are
highly dependent on their original environment, so these ancient minerals hold
clues to the temperature and pressure they experienced at their genesis. For
example, knowledge of zircon composition suggests that they formed in low-tem-
perature magmas, which in turn suggests that such granite creation processes
existed very early in Earth's history. In order to improve the use of titanium con-
centrations in zircon as an ancient thermometer and pressure gauge — a process
known as thermobarometry — a group of researchers synthesized zircon grains in
a variety of environments and studied them utilizing the gSECARS 13-ID-C,D
beamline at the APS to determine the crystallographic site of Ti in them. Their find-
ings showed that Ti substitutes preferentially into the silicon tetrahedral site allow-
ing the dominant incorporation reaction to be identified. 

13-ID-C,D • gSECARS • geoscience, envi-
ronmental science • Inelastic x-ray scatter-
ing, small x-ray absorbtion fine structure,
microdiffraction, x-ray absorption fine struc-
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multi-anvil press •  4-45 keV • On-site •
Accepting general users •
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S cientists speculate on the composition of the deep Earth by using a variety of types
of information. These include seismological data, and phase diagrams and ther-
mal equations-of-state that are generated from laboratory experiments. Since
much of Earth’s outer core may be iron with some oxygen, understanding the

behavior of iron oxide under the high-pressure, high-temperature conditions found at the
core is essential to understanding conditions there. Using x-ray diffraction at the gSECARS
13-ID-C,D beamline at the APS to study FeO materials exposed to simultaneous high pres-
sures and temperatures, researchers learned that 7.7 ± 1.1 wt.% oxygen is apparently
needed to be mixed with iron in the outer core in order to match the seismologically-deter-
mined density calculations of that region. >>>

IrON OXIDE IN EArTh’S OUTEr COrE

Fig. 1. This diamond anvil cell, used to generate high pressures, can fit into the palm of a human
hand. Two diamonds oppose each other in the center of the cell and a tiny sample is placed in
between them. 
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researchers prepared a sample that
included iron and ~10 wt% oxygen that
was laser heated and pressed in a dia-
mond anvil cell (Fig. 1) to achieve tem-
peratures and pressures consistent
with the core-mantle boundary while
they performed angle-dispersive x-ray
diffraction experiments at the gSE-
CARS beamline (Fig. 2). 

Iron is the most common multiva-
lent element within Earth and the oxy-
gen fugacity of Earth’s interior is
dominated by the valence state of
iron. The mineral wüstite, with com-
position Fe1-xO, is important in the
lower mantle and could also make up
part of the outer core. Under these
extreme pressure conditions, wüstite
might be stable in a B1 (NaCl-type) or
B8 (NiAs-type) crystal structure but,
although both phases were seen in
these experiments, only the B1 struc-
ture of FeO was shown to be stable
under the P-T conditions relevant to the
lower mantle and outer core. 

To understand the Fe-FeO oxygen
fugacity buffer at temperatures and
pressures relevant to the core-mantle
boundary, the research team applied
the B1-FeO equation-of-state to calcu-
lations of core density under extreme
pressure-temperature conditions. They
determined that 7.7 ± 1.1 wt.% oxygen

would remove the density deficit.
Accounting for the presence of nickel in
the outer core in a Ni/Fe atomic ratio of
0.0.58, 7.9 ± 1.1 wt.% oxygen is
needed to match PREM at the CMB for
a core of Fe-Ni-O. They concluded that
B1 FeO is the stable phase of FeO in
the lower mantle and core.

— Dana Desonie

See: Rebecca A. Fischer1*, Andrew j.
Campbell1, gregory A. Shofner1, Oliver
T. Lord2, Przemyslaw Dera3, and Vitali
B. Prakapenka3, “Equation of state and
phase diagram of FeO,” Earth Planet.
Sci. Lett. 304, 496 (2011).
DOI:10.1016/j.epsl.2011.02.025
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Researchers use information col-
lected from seismological studies to
calculate the density of Earth’s core, a
value referred to as the Preliminary
Reference Earth Model (PREM). They
have also calculated the density of
pure iron at outer core pressures by
projecting along an adiabat, a line on a
thermodynamic chart relating the pres-
sure and temperature of a substance
undergoing an adiabatic change. These
two numbers do not match: the PREM
is about 10.4% lower at the core-man-
tle boundary (CMB) than the value for
the density of the region if it were made
of pure iron. While 1% to 2% of this
core density deficit is due to the
change in the volume of iron as it
melts, the rest is due to the presence
of one or more elements that are
lighter than iron. Although other lighter
elements may be present, oxygen may
be a large reason for the density deficit
of the outer core. 

To investigate the density deficit,
researchers from the University of
Maryland, the University of Bristol, and
The University of Chicago created a
thermal equation-of-state and phase
diagram of FeO at pressures and tem-
peratures relevant to the core-mantle
boundary. The equation of state is used
to determine the value of the density
deficit of the outer core, to determine
the amount of oxygen needed to make
up the density deficit of the outer core,
and to improve the understanding of
the iron-iron oxide oxygen fugacity
buffer at core conditions. These

Fig. 2. Diffraction image before integration, collected
at 144 gPa and 3025K.

13-ID-C,D • gSECARS • geoscience, envi-
ronmental science • Inelastic x-ray scatter-
ing, small x-ray absorbtion fine structure,
microdiffraction, x-ray absorption fine struc-
ture, microfluorescence (hard x-ray), high-
pressure diamond anvil cell, high-pressure
multi-anvil press •  4-45 keV • On-site • Ac-
cepting general users •
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Sara haravifard (XSD-mm and University of Chicago) with the instrument on beamline 6-ID-b at the
APS used for the high-resolution, high-pressure structural measurements of the copper compound
SCbO at cryogenic temperatures.

Around the APs



NANOSCIENCE

Argonne nAtionAl lAborAtory 131



132 APS SCIENCE 2011

T hiol-coated gold nanocrystals and polycrystalline films could potentially
be used in a wide range of nanomechanical sensors, including for bio-
mechanical applications. So an improved understanding of the factors
influencing their properties at the nanoscale should lead to improve-

ments in sensor performance. For instance, how chemically induced stress affects
the shape of nanocrystals is important for the proper design and manufacture of
the sensors that use them. Researchers employing the APS have deciphered the
nanoscale distortions of a gold nanocrystal due to adsorption of a thiol-based self-
assembled monolayer (SAMs). The researchers discovered that this chemically
induced stress can be quite large, significantly altering the shape of the gold
nanocrystal. Such stress was shown to be distinctly different over the curved
regions of the nanocrystal as compared to its flat areas. >>>

Fig. 1. Top view of the gold crystal studied at beamline 34-ID-C before dosing with thiols.
The crystal has intrinsic strains (projected onto the measurement direction) shown as phases
on a color scale running from -0.7 radians (blue) to +0.7 radians (red). The phases are col-
ored onto a 15% isosurface of the density. Arrows indicate the crystal's {111} directions,
which are perpendicular to its facets.

3-D X-rAy mAP OF STrAIN ON A
ThIOL-COATED gOLD NANOCrySTAL
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gas environment. Coherent x-rays of
8.92  keV from the XSD 34-ID-C beam-
line at the APS were focused on the
sample. Three-dimensional images of
the gold nanocrystals were taken at
three distinct times: before they were
coated with propane thiol, immediately
after being coated, and 1 h after coat-
ing.

The 3-D images produced in the
experiment were of a gold nanocrystal
300 nm in diameter. The images
revealed that the structure of the
nanocrystal changed dramatically after
the adsorption of the propane thiol-
based SAM molecules (Fig. 1). Upon
application of the propane thiol, strain
was concentrated in the gold crystal’s
curved areas (its corners) and away
from its flat ones. Specifically, the gold
crystal's flat regions contracted radially
inward, while the curved ones
expanded outward. A distinct pattern of
differential surface strain was observed
to occur across the surface along with
a clear pattern of strain over 20 nm into
the gold crystal’s interior from its outer
surface and toward its core. however,
no strains penetrated to the core of the
nanocrystal. The researchers con-
cluded that the flat and curved regions
of the polycrystalline gold films reacted
very differently to the SAM-forming thiol
molecules.

This chemically induced mechani-
cal response is important in the design
of sensors for medical applications.
Nanosized sensors respond to
changes in the chemical environment
surrounding them and can read out the
induced strains. The research provided
by this study provides important
insights into the chemically induced
strain on gold nanocrystals due to thiol-
based SAMs. These new insights will
help scientists control the distortions
within miniature biosensor devices,

helping such sensors attain higher lev-
els of sensitivity and reliability. 

The experimental results can also
be applied to biosensors that employ
polycrystalline films coated with SAMs.
The performance of such films is
related to their grain size; that is, the
density (and hence the size) of the
films' nanocrystals. This performance
variation can now be better understood
since the chemically induced strain
within such films varies with the shapes
and orientations of the nanocrystals'
facets, which in turn vary with respect
to grain size.  — William A. Atkins
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The scientists generated three-
dimensional (3-D) images of a gold
nanocrystal's surface by using the syn-
chrotron-based coherent x-ray diffrac-
tion (CXD) technique that was pio-
neered at the APS by the London
Centre for Nanotechnology. This
method requires a powerful, coherent
x-ray source, which was supplied by
the APS facility. 

The research group,including
members from the London Centre for
Nanotechnology and Argonne, ana-
lyzed the structural strain that occurred
when single layers of propane thiol
molecules, or 1-Propanethiol, C3h7Sh
(n-P mercaptan), were adsorbed into
individual nanometer-sized grains of
gold. (Thiol generally encompasses a
range of various organosulfur com-
pounds; that is, those organic com-
pounds that contain sulfur.) CXD was
used to analyze the shape of the
metallic nanoparticles because the
method is extremely sensitive to inter-
nal strains within nanocrystals. 

The experiment to determine the
magnitude and variety of surface
strains began when the team first
cleaned silicon wafers and then
coated them with an evaporated layer
of gold (20 nm in depth) positioned
above an evaporated titanium adhe-
sion layer (1 nm deep). The thin-film
samples were then heated to approxi-
mately 1,922° F (1,050° C) for 12 h in a
nitrogen gas environment. Scanning
electron microscopy showed the forma-
tion of arrays of nanocrystals possess-
ing a mean diameter of 200 nm, each
separated about 1 to 2 µm from one
another. Both spherical and flat surface
regions were present on the nanocrys-
tals.

A remotely operated syringe added
a 5-mM solution of propane thiol dis-
solved in pure ethanol to the nitrogen-

34-ID-C • XSD • Materials science, physics •
Coherent x-ray scattering • 5-15 keV, 7-25
keV • On-site • Accepting general users •
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The magnetic alloy investigated in
this research has the chemical form
Fe1-xCoxSi. The cobalt atoms are sub-
stituted for iron atoms, and the extent
of this replacement is represented by
the x-value. The researchers, from the
University of Wisconsin-Madison and
Argonne, used a custom-built vapor
deposition apparatus to produce sev-
eral batches of Fe1-xCoxSi nanowires.
The nanowires were initially probed to

S pintronics constitutes a promising new avenue for improved elec-
tronic devices that exploit the spin of the electron. An essential part
of developing practical spintronic devices such as racetrack mem-
ory, spin injectors, and magnetic tunnel transistors entails devel-

oping a suitable source for generating spin-polarized electrons (i.e., finding
materials that emit electrons favoring the up or down spin states). In this
research, carried out at XSD beamline 4-ID-C of the APS, a promising iron-
silicon material doped with cobalt was synthesized with nanowire morphol-
ogy, and the percentage of spin-polarized electrons it emitted was meas-
ured. The spin polarization was deduced using a technique called point con-
tact Andreev reflection (PCAR) spectroscopy, which in part exploits the
quantum behavior of superconductors. The researchers in this study
achieved the first spin polarization measurements performed on nanowires.
Other important characteristics of the iron-silicon-cobalt nanowires were
measured as well. For instance, x-ray magnetic circular dichroism (XMCD)
revealed that the cobalt atoms present in the nanowires constitute the pri-
mary source of the material's magnetization.

Fig. 1. Schematic spin dependent density-of-states diagram demonstrating Andreev reflection at
the interface of a nanowire (with non-zero spin polarization) and a superconductor. When an inci-
dent conduction electron hits the superconductor interface it forms a Cooper pair by picking up an
electron of opposite spin and reflecting a hole in the opposite direction, conserving charge and
momentum.

mEASUrINg SPIN POLArIzATION
IN A SEmI-mETALL IC NANOWIrE

determine two important attributes: the
distribution of the cobalt within each of
the nanowires tested; and the origin of
the alloy's intrinsic electron spin polar-
ization in terms of its constituent ele-
ments — i.e., whether the spin polar-
ization arises in the cobalt atoms, the
iron atoms, or both.

The atomic probe tomography
(APT) technique was utilized to map
out the distribution of cobalt atoms in

several nanowire samples. APT is a
highly sensitive technique, yielding a
three-dimensional representation of
elemental distributions with angstrom
(10-10 m) resolution. Individual
nanowires were placed atop silicon
posts using a micromanipulator for this
analysis. The APT measurements indi-
cated that the cobalt atoms were
evenly distributed throughout the
nanowires.

To determine the source of the
electron spin polarization, nanowire
samples were subjected to XMCD.
This technique utilizes alternating left
and right circularly polarized x-rays to
probe the magnetic and spin properties
of atoms. The sample to be studied is
placed in a strong magnetic field—in
this instance, a field strength of 2 T.
Magnetic properties of atoms are
mostly associated with certain elec-
tronic orbitals (for instance, the 3d
orbitals in iron and cobalt). Both left
and right circularly polarized synchro-
tron x-rays were supplied from the
APS. Utilizing a monochromator, differ-
ent x-ray photon energies were used to
excite the electrons in various orbitals.
The XMCD results showed that practi-
cally all the electron spin polarization
within the Fe1-xCoxSi nanowires arose
from cobalt, not iron or silicon.

In order to measure the spin polar-
ization within the Fe1-xCoxSi nanowires,
a modified version of PCAR was
employed. In PCAR spectroscopy, the
material being tested is connected to a
superconductor. Whenever an electron
passes from the test material (in this
case, an Fe1-xCoxSi nanowire) into the
superconductor (cooled below the
superconducting critical temperature
Tc), then the incident electron will part-
ner with another electron of opposite
spin to form a Cooper pair; to conserve
momentum, an electron hole is
reflected back into the test material
(Fig. 1). This quantum behavior (i.e.,
the formation of a Cooper pair and
associated recoiling hole) doubles the
material's effective conductivity. This
doubling of conductance holds true
unless there is a bias in electron spin.
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If, for instance, the test material has
more “spin up” than “spin down” elec-
trons, then Cooper pair formation will
be hindered by the lack of available
spin-down electrons. The suppression
of Cooper pair formation results in a
proportional decrease in electrical con-
ductivity measured by the experiment.

The “point contact” aspect of
Andreev reflection spectroscopy,
though wholly acceptable for thin
films, is problematic for nanowire
applications. The researchers there-
fore adapted their experimental setup
using standard electronics fabrication
techniques. Specifically, supercon-
ducting niobium contacts and tita-
nium-gold contacts were deposited
across individual nanowires (the
schematic in Fig. 2  illustrates the
basic setup). To prevent potential
shorting between the nanoscale Nb
and Ti-Au leads, the latter was cov-
ered with a 40-nm-thick, insulating
aluminum oxide layer. The average
spin polarization value, Ps, derived
from six nanowire setups was 28%,

with a top measured value of 35%
spin polarization.

The successful measurement of
spin polarization within a nanowire con-
stitutes an important step forward in
spintronic development. key to these
measurements was adapting point con-
tact Andreev reflection spectroscopy to
nanowire dimensions. Besides the iron-
silicon-cobalt material examined here,
scientists would like to investigate the
electron spin characteristics of many
other promising materials at the
nanowire scale. The conventional elec-
tron-beam fabrication techniques used
in this research for the spin polarization
measurements, along with the APT and
XMCD methods employed for deter-
mining the nanowires' elemental com-
position and spin distribution, should be
readily applicable to determining the
electron spin polarization of many other
nanowire compositions.  — Philip Koth
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Fig. 2. Schematic view of Fe1-xCoxSi nanowire device for Andreev reflection measurement
with a niobium (Nb) superconducting contact. Note titanium-gold (Ti/Au) contact covered
with an insulating aluminum oxide layer to prevent shorting between the two contacts.
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tices were constructed using oligonu-
cleotide linker strands. These linkers
bind to a DNA-NP and present a sin-
gle-stranded “sticky end” at a control-
lable distance from the nanoparticle’s
surface, which allows for control over
the distance between adjacent parti-
cles. The DNA sequence used as a
“sticky end” then dictates which DNA-
NPs can form bonds with one another.
Because the DNA-NPs are polyvalent,
they can bond to multiple other NPs,
forming a large number of DNA con-
nections; the driving hypothesis in the
researchers’ work is that the most sta-
ble crystal structure will always be the
one that maximizes the number of
these DNA connections.

The rules based on this hypothe-
sis delineate the controlled synthesis
of nine distinct crystallographic sym-
metries, wherein the researchers show
that they can independently control the
superlattice periodicity, lattice parame-
ters (from 25 nm to 150 nm), and parti-
cle size (from 5 to 60 nm). The specific
rules that dictate crystal stability are: 
1. In a system where DNA-NPs

have equal hydrodynamic radii,
each NP will maximize the num-

ber of neighboring nanoparticles
with complelmentary sticky ends; 

2. In lattices of similar stability,
slowing the hybridization rate of
individual DNA linkers allows one
to stabilize kinetic products; 

3. The overall hydrodynamic radius
of a DNA-NP dictates its packing
and assembly behavior, rather
than the sizes of its individual
components (nanoparticle or DNA
strand); 

4. The size and DNA linker ratio
between two particles dictate the
most-favored thermodynamic
structure; 

5. Two systems with the same size
ratio and DNA linker ratio will
exhibit the same thermodynamic
product; and 

6. All possible DNA-specific hy-
bridizations will be maximized in
the most stable crystal structure.

Because determining the specific
number of DNA duplexes formed
within a particular lattice is problem-
atic, the team found it difficult to
experimentally confirm their key
hypothesis that the maximization of
DNA hybridization events is the most

Working at the DND-CAT 5-ID-
B,C,D beamline at the APS, the experi-
menters from Northwestern University
and Argonne used small-angle x-ray
scattering (SAXS) to observe and char-
acterize the formation of superlattices
constructed using building blocks of
gold nanoparticles coated with a dense
layer of highly oriented DNA strands
sticking out perpendicular to the
nanoparticle surface (DNA-NPs or
spherical nucleic acids [SNAs], Fig. 1). 

The superlattices were also
embedded in a resin and examined
under transmission electron
microscopy (TEM). The team used
Linus Pauling’s Rules governing the
lattice structures of atomic crystals [1]
as an inspiration to develop their own
guidelines on determining superlattice
structure and stability. however, while
Pauling’s Rules are essentially only
predictive and descriptive, the
researchers have gone further, con-
structing a workable model that can
describe, predict, and control superlat-
tice structure by influencing the
hybridization events among the individ-
ual nanoparticles.

Nine different DNA-NP superlat-

S ometimes, control is everything. That is certainly the case in the
design and engineering of superlattices, which are nanoscale lay-
ers of different materials assembled for various practical applica-
tions. But precise control of events at the nanoscale is fiendishly

difficult, because it is hard to predict exactly how different atoms or nanopar-
ticles will come together and interact as they form a new crystal lattice. The
ability to predict and thus control superlattice formation would be a major
step in engineering nanomaterials for increasingly specific and precisely tai-
lored purposes on the macroscale. Based partly on a series of experiments
performed at the APS, a team of researchers has devised a set of design
rules that can be used to control the synthesis of superlattices by using DNA
as a programmable assembly agent.

LAyINg DOWN ThE rULES FOr
SUPErLATTICE SyNThESIS
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important factor in determining the sta-
bility of nanoparticle superlattices. So
the researchers developed a model to
calculate relative crystal stabilities that
correctly predicts the structures result-
ing from an extensive range of DNA-
NP size and linker ratios. Most of the
data derived from this model are con-
sistent with that obtained from the
synthesized superlattices, indicating
that the model (named CCM, or com-
plementary contact model, by the
experimenters) could be useful in fur-
ther computational studies. 

With the CCM and the six design
rules that have been codified, this work
not only provides major and important
new insights into the design and
assembly of nanoparticle superlattices,
but also a practical set of tools that will
now be available for the creation of
new nanostructures possessing unique
properties and functions for myriad
applications. Refinement and extension

of these experiments promises to open
up new possibilities and potentials in
many areas of nanotechnology.  

— Mark Wolverton
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Fig. 1. gold nanoparticles with DNA linkers assemble
into lattices that maximize hybridization interactions
between neighboring particles. The lattices shown have
the same structures as (from left) Cr3Si, Alb2 , CsCl,
NaCl, and Cs6C60 crystals.
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Fig. 1. (a)  A Laue microdiffraction pattern and (b) polarized light optical image of a
vanadium dioxide nanoplatelet  in the mixed, multiphase, state. Laue patterns like that
shown in panel (a) can be taken with a spatial resolution of about 0.4 m, which
allows identification of phases in complex domain structures as shown in panel (b) for
a suspended single-crystalline nanoplatelet of vanadium dioxide. 

(b)

(a)

CrEATINg CUrrENT-CONTrOLLED NANOSTrUCTUrES
UTILIzINg vANADIUm OXIDE
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Recent advances in materials
synthesis have allowed significant
size reductions and improved control
in actuating devices since the first
observations of the deformation of
VO2 crystals nearly 30 years ago. In
this study, the authors have demon-
strated a new method to achieve a
marked improvement over previous
designs of electrothermal actuators:
the ability to produce significant
mechanical deformation at tempera-
tures near room temperature.  

— Elise LeQuire
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was performed using synchrotron
Laue microdiffraction at XSD beam-
line 34-ID-E, which produced Laue
patterns of one nanoplatelet showing
that at a constant voltage of 10 V
applied to a nanoplatelet, as the tem-
perature of the substrate drops the
nanoplatelets transition from a purely
metallic phase at 60º C to a mixed
state of coexisting semiconducting
and metallic phases at 44º C, and
finally, fully to the insulating phase at
25º C. Lattice expansion in the semi-
conducting phase causes significant
bending of the nanoplatelet in the
mixed state (Fig. 1), and similar pat-
terns were observed in all
nanoplatelets subjected to large cur-
rents.  Similar reversible phase transi-
tions occurred when the voltage was
lowered from 10 to 4 V; switching the
current back and forth caused
repeated bending and straightening of
the nanoplatelets. 

At the phase transition, electrical
conductivity increased by several
orders of magnitude,  with a signifi-
cant change in lattice structure,
accompanied by expansion along the
axis of the nanoplatelets, about 1%,
and a contraction of about 0.5% per-
pendicular to the axis.  These struc-
tural and electronic characteristics of
the phase transition of VO2 can be
used to control the mechanical motion
of the nanoplatelets. Using an electri-
cal current, rather than direct thermal
actuation, may allow finer and faster
control of mechanical motion for a
wide range of temperatures at or
below 68º C.

Actuators using voltage to pro-
duce motion — piezoelectric devices
— are limited by the small size of the
mechanical deformations produced,
while bimorph actuators combining
thermal and electrical activation are
heated to high temperatures, above
600º C, to produce large mechanical
displacements, limiting the material
environments where they might be
used. In order to demonstrate that the
principles behind an electrothermal,
current-controlled actuator could func-
tion near room temperature using the
metal-insulator transition (MIT) of
vanadium dioxide (VO2), the team
grew single-crystalline nanoplatelets
of VO2 10- to 30-m wide and 0.5- to
2.0-m thick. The relatively large size
of the platelets allowed probing of
domain properties with polarized light
optical microscopy.

The researchers from Oak Ridge
National Laboratory and Southern
Illinois University suspended VO2
nanoplatelets between two electrical
contacts over a silicon substrate,
anchored at both ends to liquid metal
droplets with a low melting point. VO2
transitions from the metallic to the
semiconducting phase at about 68º C,
near room temperature. The MIT tran-
sition was induced by manipulating
the voltage applied to the nano-
platelets—resulting in physical defor-
mation, or mechanical bending, of the
platelets due to joule heating—or by
varying the temperature of the sub-
strate. 

Further examination of the struc-
ture and crystal domain orientation

A ctuators are devices capable of transforming energy into a mechani-
cal force, or movement, by thermal, electrical, magnetic, or some
other form of energy. They can range from the very large to the very
small. Researchers with an eye to the future foresee creating func-

tional, electromechanical actuators at the micro- and nanoscale. Such micro-
electromechanical systems may one day be deployed as tiny robots or sensors
that could circulate in the blood stream or other environments. At least two hurdles
have thus far limited the practicality of such tiny devices. With a critical assist from
an APS beamline, researchers have demonstrated the principles behind an elec-
trothermal, current-controlled actuator that can overcome these hurdles and func-
tion near room temperature. This work represents a marked improvement over
previous designs of electrothermal actuators.

34-ID-E • XSD • Materials science, physics •
Microdiffraction, Laue crystallography, micro-
beam • 7-30 keV • On site • Accepting gen-
eral users •
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mal image of a given tissue or lesion.
The researchers synthesized sil-

ica-coated iron oxide and cobalt ferrite
nanoparticles using standard high-tem-
perature thermal decomposition and
base-catalyzed techniques. Superpara-
magnetic ferrite nanoparticles act as
powerful MRI contrast agents because
they function as tiny yet powerful mag-
nets when bathed in a magnetic field. It
was the cobalt ferrite nanoparticles that
emerged as most promising because
under neutral aqueous conditions, the
team found that they could leach out
between 50% and 75% of the cobalt
from the core of the nanoparticle. The
effect of this change is to boost the
magnetization and relaxivity of the
nanoparticles making them more than
seven times more effective as contrast
agents. Crucially, however, the leaching
process can be controlled to “tune” the
agent to a particular level of magneti-
zation prior to use in a patient.

The team carried out x-ray absorp-
tion fine structure (XAFS) studies on
the 5-BM-D beamline to reveal pre-
cisely how the atomic structure of the
ferrite core is altered by the leaching
process from a partially inverted spinel
cation arrangement to an inverse spinel
arrangement. In addition, they
employed transmission electron
microscopy (TEM) and dynamic light
scattering to prove that the overall mor-
phology — fundamental properties,
magnetization aside — are unchanged.
The team emphasizes just how impor-
tant the insights available through
XAFS and parallel techniques are in
understanding the way in which nano-
materials are of potential medical
importance.

The team asserts that biocompati-
bility and stability in the body, as well
as the optimization of the nanoparti-

cles' magnetic properties are critical to
the success of such contrast agents. In
parallel with the structural work they
have therefore closely monitored parti-
cle size, crystallinity, composition, crys-
tallographic structure, surface features,
and the surface coating of the nanopar-
ticles and are confident that these
materials can be further developed as
viable MRI contrast agents.

— David Bradley

See: Elise A. Schultz-Sikma,
hrushikesh M. joshi, Qing Ma, keith
W. MacRenaris, Amanda L.
Eckermann, Vinayak P. Dravid, and
Thomas j. Meade*, “Probing the
Chemical Stability of Mixed Ferrites:
Implications for Magnetic Resonance
Contrast Agent Design,” Chem. Mater.
23, 2657 (2011).
DOI:org/10.1021/cm200509g
Author affiliation: 
Northwestern University
Correspondence: 
*tmeade@northwestern.edu

The work performed at Northwestern
University was supported by the Center for
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and the National Institute of Biomedical
Imaging and Bioengineering under Award
1RO1EB005866-01. DND-CAT is supported
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Photon Source at Argonne National
Laboratory was supported by the U. S.
Department of Energy Office of Science
under Contract No. DE-AC02-06Ch11357.

Magnetic resonance imaging has
quickly emerged as one of the most
efficacious diagnostic and research
techniques in medicine. It uses power-
ful magnets to temporarily line up the
atomic nuclei of hydrogen atoms in
water molecules within the tissues of
the body and then pulses the tissue
with radio waves, energizing the nuclei.
The speed with which the nuclei relax
depends critically on the surroundings
in which the water molecules find them-
selves, which produces a series of sig-
nals characteristic of the composition of
particular tissues. A computer interprets
these signals to build up the familiar
MRI image. 

Unfortunately, the signals pro-
duced by MRIs are anything but strong.
So the radiographer may have to dose
the patient with a chemical contrast
agent, which emphasizes the differ-
ences in the signals from different tis-
sues and provides an enhanced image.
high-relaxivity contrast agents are the
most efficient and therefore produce
better contrast in the image. Chemists
have spent many years looking for
novel and non-toxic contrast agents for
MRIs that would make the process
safer while simultaneously improving
the diagnostics.

One group of materials that have
recently emerged as potential contrast
agents are composite nanomaterials.
The researchers in this study, from
Northwestern University, point out that
advances in synthetic methods for
preparing such materials using iron
oxide in the form of magnetic spinel
ferrites are now lending themselves to
the development of tunable contrast
agents for MRIs. Such materials could
extend the repertoire of MRI radiogra-
phers by allowing them to choose a
specific contrast agent to get the opti-

T iny magnetic particles of iron oxide packed with cobalt ions could be used as tunable contrast
agents to boost the scan images obtained during magnetic resonance imaging (MRI), accord-
ing to research carried out at the DND-CAT 5-BM-D beamline at the APS. The ability to leach
a controlled amount of cobalt from the prepared nanoparticles before use, and so change their

magnetic properties, offers the possibility of tunable contrast for imaging specific tissues and organs. This
work also underscores how important understanding the properties of nanomaterials is in the develop-
ment of reliable contrast agents for diagnostic and therapeutic applications.

SUPErPArAmAgNETIC rESONANCE ImAgINg
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Fig. 1. Above: Plot of the changes in metal composition and relaxivity of
silica-coated cobalt ferrite nanoparticles (CoIO-SiO2) observed following
leaching of cobalt from the core of the particle in aqueous conditions.
The nanoparticles become more effective mrI contrast agents (higher
relaxivity) following leaching. right: (a) TEm of unleached and (b)
leached CoIO-SiO2. Leaching of the cobalt from the nanoparticle results
in observable changes in the core structure.

(a)

(b)

CoIO-SiO2                Leached CoIO-SiO2
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N anoparticles of uniform shapes — monodisperse particles — have been observed in bulk
solutions to organize themselves spontaneously into larger assemblies known as supraparti-
cles. This process continues unchecked until the particles solidify or precipitate out of solu-
tion. Researchers are now taking a conceptually novel approach to the process of self

assembly by which polydisperse inorganic nanoparticles (those with a broad range of size, shape, and
mass) form monodisperse supraparticles (those of uniform size or distribution) that are self-limiting. These
supraparticles rival in complexity certain naturally occurring nanostructures such as viruses. A team of
researchers has discovered that the self-limiting growth process of the inorganic nanoparticles, in contrast
to their natural counterparts, relies on equilibrium between repulsive electrostatic and attractive van der
Waals forces. This work points to ways of engineering of complex macroscale materials inspired by nature

. >>>

Fig. 1. bottom: Scanning electron microscope image for monodisperse CdSe supraparticles.
Color: Theoretical simulation image of supraparticles.

A bALANCINg ACT ImITATES NATUrE’S COmPLEXITy
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between supraparticles and nanoparti-
cles. Moreover, the team found that a
similar balance of forces occurs in a
variety of other self-assembling materi-
als such as the semiconductors cad-
mium sulfide, zinc selenide, and lead
sulfide. 

Computer simulations allowed the
team to model a wide variety of
nanoparticles with different shapes,
sizes, and net charges. The model
results indicated a process that paral-
lels that of the experimental results, as
the simulated nanoparticles grew first
into loose aggregates and finally
formed spherical uniform supraparti-
cles. The simulations also confirmed
that the supraparticles are in a thermo-
dynamic equilibrium state of
attraction/repulsion rather than being
governed by kinetic forces.

Both structures, the cylindrical and
the spherical supraparticles, resemble
in many respects self-limiting organic
superstructures that occur in nature,
such as viral capsids that encapsulate
the DNA and RNA of the cowpea
mosaic virus, with its spherical archi-
tecture, and other viruses, like rabies,
with rod-like structures. Unlike viruses,
which have a lock-and-key mechanism
that allows the virus to enter its host in
order to replicate, these inorganic
supraparticles maintain their equilib-
rium solely through the balance of elec-
trostatic repulsion and van der Waals
attraction. Together, these findings sug-
gest new pathways for the engineering
of complex macroscale materials
inspired by nature.  — Elise LeQuire

See: yunsheng Xia1, Trung Dac
Nguyen2, Ming yang2, Byeongdu Lee3,
Aaron Santos2, Paul Podsiadlo2,
zhiyong Tang1, Sharon C. glotzer2,
and Nicholas A. kotov2*, “Self-assem-
bly of self-limiting monodisperse supra-
particles from polydisperse nanoparti-

cles,’ Nat. Nano. 6, 580 (September
2011).
DOI:10.1038/NNANO.2011.121
Author affiliations: 1National Center for
Nanoscience and Technology,
2University of Michigan, 3Argonne
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Correspondence: *kotov@umich.edu
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S.C.g. and N.A.k.). S.C.g. and T.D.N. also
acknowledge support from the james S.
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The groundwork for the suite of
experiments was laid in The kotov Lab
at the University of Michigan by first
observing the self-assembling behavior
of inorganic nanoparticles of cadmium
selenide (CdSe), a semiconductor
known for its potentially useful optical
properties in applications such as med-
ical imaging. Synchrotron small-angle
x-ray scattering (SAXS) measurements
performed at the XSD 12-ID-B beam-
line captured the diameters of the
supraparticles as they grew over time
in an aqueous solution at 80º C from
an initial size at 20 min of 20 nm, to
about 30, 40, and 50 nms at 2, 18, and
40 h. These findings correlated well
with data from transmission electron
microscopy, scanning electron micros-
copy, and dynamic light scattering.

SAXS measurements also
revealed details about the structure of
the material. Although the supraparti-
cles were highly monodisperse within
the solution, inside the supraparticles,
the nanoparticles themselves were
highly polydisperse, a finding essen-
tially different from observations in pre-
vious experiments. In addition, as the
diameters of the nanoparticles
increased within the supraparticles, the
assembly formed a core-shell structure
with nanoparticles loosely packed near
the core and more densely packed
near the outer shell. When the
researchers added gold nanoparticles
to CdSe nanoparticles in the initial
solution, the material formed a self-lim-
iting assembly with a gold nanorod
core and a shell of CdSe nanoparticles.

The research team, from the
University of Michigan, the National
Center for Nanoscience and Technol-
ogy in China, and Argonne  attributes
the cessation of growth of the supra-
particles to the balance of van der
Waals attraction between the nanopar-
ticles, and electrostatic repulsion

12-ID-B • Chemistry, materials science, life
sciences, geoscience, polymer science •
Small-angle x-ray scattering, grazing inci-
dence small-angle scattering, wide-angle x-
ray scattering • 7.9-14 keV • On-site • Accept-
ing general users •
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geoSoilEnviroCARS beamline 13-ID-
C,D at the APS, demonstrated that
NCs have strong preferential orienta-
tion of individual NCs in SCs up to ~55
gPa that is preserved during pressure
cycling. 

The mechanical properties of the
individual NCs, their SCs, and the lig-
and matrix were analyzed using the
equation of states derived from the
compression data produced by SAXS
and XRD. Ambient pressure bulk mod-
ulus of the SCs was calculated to be
~5 gPa during compression and ~14.5
gPa during the release cycle, respec-
tively. NCs were found to undergo first-
order phase transition above 8 gPa,
and the transformation proceeds
through a single nucleation event
(within a pressure range of 8.1-9.2
gPa) during the first transition, and
heterogeneous nucleation during the
second transformation from the inter-
mediate phase (that is not yet identi-
fied) to CsCl structure. A bulk modulus
for the ligand matrix of ~2.2-2.95 gPa
is an order of magnitude greater than
that observed from nanoindentation
study. 

The high structural stability of the
SCs and the ability to tune the interpar-
ticle spacing seem to offer the promise
of further manipulation of the collective
properties of self-organized artificial

solids including the structures that con-
sisted of NCs transformed at high pres-
sures into a different phase. Combining
high-pressure XRD and SAXS provides
unique opportunities to obtain direct
information about the mechanical prop-
erties of individual building blocks and
their hierarchical architectures.

See: Paul Podsiadlo1*, Byeongdu Lee1,
Vitali B. Prakapenka2, galyna V.
krylova1, Richard D. Schaller1,3,
Arnaud Demortière1, and Elena V.
Shevchenko1**, “high-Pressure
Structural Stability and Elasticity of
Supercrystals Self-Assembled from
Nanocrystals,” Nano Lett. 11, 579
(2011). DOI:10.1021/nl103587u
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Due to precise positioning of the
NCs within a 3-D superlattice, such
systems are frequently referred to as
“supercrystals” (SCs) in analogy to
crystals built of atoms. But unlike the
atomic crystals, SCs offer the flexibility
of tuning the interparticle distance due
to presence of the “soft” shell of
organic ligands that can be used to
control collective properties in such
structures. Structural stability and com-
pressibility are fundamental character-
istics of any 3-D system.

The researchers from the Argonne,
The University of Chicago, and
Northwestern University combined the
SAXS and XRD techniques to achieve
precise evaluation of the interparticle
spacing during the pressure cycling,
since the volume change of the individ-
ual NCs was taken into account. Neon
was used as a pressure transmitting
media to avoid the possibility of the
leaching of organic ligands from the
surface of the NCs and losing the
structural integrity of the SCs due to
sintering. Diamond anvil cell (DAC)
SAXS experiments in the pressure
range from ambient to 12.5 gPa, per-
formed at XSD beamline 12-ID-C,D at
the APS, revealed nearly perfect struc-
tural stability of the SCs, with fcc
organization of the NCs. The XRD
experiments, which were carried out at

P recise ordering in two-dimensional (2-D) and three-dimensional
(3-D) superlattices formed by the self-assembly of individual
nanocrystals (NCs) allows for control of the magnetic, optical,
and electronic coupling between the individual NCs. This control

can lead to useful collective properties such as vibrational coherence,
reversible metal-to-insulator transitions, enhanced conductivity, spin-depen-
dent electron transport, enhanced ferro- and ferrimagnetism, tunable mag-
netotransport, and efficient charge transport. These properties have many
potential applications in solar cells, field-effect transistors, light-emitting
devices, photodetectors, and photoconductors. A team of researchers utiliz-
ing two beamlines at the APS has reported on the first combined quasi-
hydrostatic, high-pressure, small-angle x-ray scattering (SAXS) and micro x-
ray diffraction (XRD) studies on individual faceted, 3-D supercrystals self-
assembled from colloidal 7.0-nm PbS nanocrystals.

12-ID-C,D • XSD • Chemistry, physics, mate-
rials science • Small-angle x-ray scattering,
grazing incidence small-angle scattering,
wide-angle x-ray scattering, surface diffrac-
tion • 4.5-36 keV • On-site • Accepting gen-
eral users •

13-ID-C,D • gSECARS • geoscience, envi-
ronmental science • Inelastic x-ray scattering
• small-angle x-ray absorbtion fine structure,
microdiffraction, x-ray absorption fine struc-
ture, microfluorescence (hard x-ray), high-
pressure diamond anvil cell, high-pressure
multi-anvil press • 4-45 keV • On-site •
Accepting general users •
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Fig. 1. (a) Schematic illustration of the high-pressure experiment in a diamond anvil cell. high-resolu-
tion scanning electron microscopy images of faceted 3-D supercrystals (b) self-assembled from col-
loidal 7.0-nm spherical PbS nanocrystals (c) and corresponded small-angle x-ray scattering (d) and
micro x-ray diffraction patterns (e).

Argonne nAtionAl lAborAtory 145

nAnosCienCe nAnosCienCe

single supercrystal
composed of 7-nm Pbs
nanoparticles

7-nm Pbs
nanoparticles

(b)



TAKINg A PAgE FrOm NATUrE
TO bUILD bETTEr NANOmATErIALS

146 APS SCIENCE 2011

The researchers from Northwest-
ern University and The University of
Chicago floated Langmuir monolayers
of octadecanethiol (C18S) on solutions
of chloroauric acid (hAuCl4) at room
temperature and pressure, then
employed a monochromatic 10-keV x-
ray beam at ChemMatCARS both as a
reduction agent to induce gold crystal-
lization and as a probe to examine the
interface through grazing-incidence x-
ray diffraction (gID, Fig. 1). (The
experiments were repeated at sector
X14A of National Synchrotron Light
Source to confirm that the results were
not artifacts of the setup or the beam.)

Self-assembly of organic mole-
cules is well-known and well-studied
on gold surfaces. The team wanted to
use this knowledge to grow gold
nanoparticles utilizing an organic tem-
plate. By covering the undersurface of
the floating Langmuir monolayer with
gold, the experimenters essentially
reversed the SAM (self-assembled
monolayer) creation process and used
it as an analogue for biomineralization
(Fig. 2). Alkylthiol SAMs have a struc-
ture perfectly matching the (111) face
of gold. Inspired by this, the team
made Langmuir monolayers on
aurochloric acid solutions, and then
grew gold crystals under them by using
x-rays to reduce the gold. 

In doing so, they could see the
molecular interactions at the interface,
how the organic molecule structures
change during the process, and also
the surface structures of the gold
nanoparticles at the same time.
Instead of trial-and-error methods of
growing gold nanoparticles, they
observed the process going on at the
nanoscale.

S ometimes nature cannot be improved upon. One example is in the
synthesis of nanomaterials, which in the laboratory or factory gen-
erally requires toxic chemicals and extreme conditions of tempera-
ture and pressure. But over millions of years, nature has developed

ways of putting together inorganic nanocrystals at mild temperatures and
pressures. Usually this process, known as biomineralization, involves cal-
cium carbonate or phosphate for purposes such as building bone or shells,
but another interesting variation is seen in the crystallization of gold from
solution by certain types of bacteria. A group of researchers has devised a
unique experiment to mimic this natural process of biomineralization in order
to create oriented gold nanocrystals and examine their formation at the
ChemMatCARS 15-ID-B,C,D beamline at the APS, opening a path for the
development of improved (and evironmentally friendly) manufacturing
processes for nanomaterials. 

Fig. 1. grazing incidence diffraction data
revealing the interface structure of alkylthiol
Langmuir monolayer (top) and the gold
nanocrystals (bottom) simultaneously.
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tals about 50-nm wide
(Fig. 3). The thiol mono-
layer behaves as a soft
template, changing itself
to accommodate forma-
tion of the nanocrystals.

This adaptability of
the monolayer promotes
the growth of the oriented
gold nanoparticles. The
researchers note that
their ability to “trick” gold
into growing in a crystallo-
graphically oriented way
is the major news in the
study. just as with SAMs,
the structure of the
organic monolayer
matches the structure of
the gold surface, and this
lattice match makes gold
crystals want to grow with
all the (111) planes
pointed the same way.

Showing a method by
which organic molecules
can be used to control the
shape, size, and crystallo-

graphic orientation of inorganic
nanocrystals in a mild environment has
opened a path for the development of
improved manufacturing processes for
nanomaterials. Although current tech-
niques using high temperatures and
hard vacuum provide large yields, they
are also more expensive and less envi-
ronmentally friendly. Understanding the

The work offers important insights
into the actual molecular interactions.
The gID peaks revealed that gold crys-
tals formed at the thiol surface, with a
(111) orientation commensurate with
the organic template. Samples of the
gold crystals were imaged with trans-
mission electron microscopy (TEM),
showing plate-like hexagonal nanocrys-

basics of the interaction may help to
increase the yield of these more
“green” methods. This is a process that
happens in normal conditions. It is true
that x-rays are used to reduce the gold,
but such reduction can also be done
chemically, which is how bacteria do it.

The next step, the researchers
say, is to quantify the role of the chem-
istry and the structure of the monolayer
in gold nanoparticle orientation and
shape. There are other functional
groups in living organisms such as
amine and carboxyl groups. They want
to see what works and what doesn’t.
The ultimate goal is, of course, to be
able to design templates for desired
nanoparticle shapes and orientations.
By being smart about putting the right
molecules on the template, they expect
to be able to make better materials for
photonics or other purposes. 

— Mark Wolverton
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Dutta*1, “Reverse Self-Assembly: (111)-
Oriented gold Crystallization at
Alkylthiol Monolayer Templates,” Phys.
Rev. Lett. 107, 115503 (2011). 
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Fig. 2. Schematic diagram comparing the well-known self-assembly
of alkylthiol monolayers on gold to the “reverse self-assembly”
process described here. Alkylthiol molecules are organized by
Au(111) surfaces in the direct process; therefore, alkylthiol monolay-
ers were used in the biomimetic reverse process to grow oriented
gold nanoparticles.

Fig. 3. Transmission electron micrograph of a (111)-oriented gold crystal examined after the
experiment.
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Around the APs

APS users Angus Wilkinson and graduate student Leighanne gallington (both georgia Tech in the School of Chemistry and
biochemistry) working at APS Sector 5 as they prepare to examine the response of negative thermal expansion materials
to pressure, at elevated temperatures, using high-energy powder diffraction. 
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Fig. 1. Physical picture of the structure of bimodal colloidal suspensions
dictated by the strength of the osmotic pressure exerted by the small
spheres on the large spheres. (a) small, and (b) large relative content of
the large spheres in the suspension. The effective hydrodynamic radius of
an aggregate rh is marked with a solid line in (a). The arrow in (b) indi-
cates a possible rearrangement within the large-sphere-rich domain.
From m. Sikorski et al., Phys. rev. Lett. 106, 188301 (2011). ©2011 by
The American Physical Society.

OSmOSIS IN COLLOIDAL SUSPENSIONS
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study nanoscale dynamics, the
Argonne researchers studied a series
of hard-sphere bimodal suspensions
with a size ratio of 5 (Fig.1). Analysis
of the time evolution of the interference
pattern, called “speckles,” formed by
the coherent superposition of the x-ray
photons scattered from the probed
sample, yielded insight onto the
dynamics at nanometer length scales
matching the interparticle separation
distances. By systematically changing
the relative content of the large and
the small spheres, the researchers
were able to tune the strength of the
attractive interaction between the large
particles to reveal the sensitivity of the
dynamics in bimodal suspensions to
subtle variations in this parameter. 

A physical picture based on a
complete de-mixing of the constituent
spheres into monomodal domains was
proposed to explain the presence of
multiple dynamic time scales.
According to this picture, the mobility
of the particles within such domains is
governed by the strength of the
osmotic pressure exerted by the small
spheres on the large sphere domains. 

The proposed model successfully
links the observed distribution of
dynamical time scales to the structural
spatial heterogeneity. 

Changes in the relative content of
both species were found to affect the
dynamics in the large and small

sphere domains in different ways.
Interestingly, the diffusion of the small
spheres was found to be independent
of the composition. On the contrary, as
the content of the large spheres
increases, the dynamical time scales
of the large spheres spans more than
a decade in time, reflecting the transi-
tion from a cooperative motion of the
entire aggregate to the diffusion of a
single particle within the large
domains.

See: M. Sikorski, A.R. Sandy, and S.
Narayanan*, “Depletion-Induced
Structure and Dynamics in Bimodal
Colloidal Suspensions”, Phys. Rev.
Lett. 106, 183301 (2011). 
DOI:10.1103/PhysRevLett.106.188301
Author affiliations: Argonne National
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It has been theoretically predicted
and experimentally verified that a large
mismatch in the particle dimensions in
bimodal suspensions may result in an
attractive force between the large con-
stituents, referred to as the “depletion
interaction.” The strength of this inter-
action is determined mainly by the
ratio of the particle sizes, their relative
concentration, and the volume fraction
of the colloidal particles. As a result,
the structure of bimodal mixtures is a
complex function of its composition. 

A significant amount of theoretical
and experimental work has been
devoted to understanding the link
between composition and structure in
bimodal systems. Along with the struc-
ture, the dynamics of the suspended
particles is expected to be very sensi-
tive to the composition. To date, there
is very little understanding of the equi-
librium dynamics of bimodal mixtures. 

Studies devoted to dynamic relax-
ation in colloidal gels have shown that
adding even a very small amount of
small particles to a large sphere matrix
strongly affects its temporal and spatial
dynamical heterogeneity. To what
extent the equilibrium dynamics in
ergodic suspensions are affected by
the substitution of the host particle
matrix with particles of very different
dimensions is still an open question.

Using x-ray photon correlation
spectroscopy, a well-established tool to

I t is difficult to overestimate the importance of colloidal suspensions.
Besides being an integral part of our everyday life (food, cosmetics,
drugs), they also serve as an excellent model system for basic sci-
ence. Extensive studies of monomodal (single, well-defined size dis-

tribution) colloidal suspensions have helped us to understand a wide range
of phenomena, such as glass transitions, relaxation in amorphous media,
and hydrodynamic interactions at the nanoscale to name a few. Researchers
have shifted their attention toward bimodal suspensions, which are more
complex mixtures of particles with two distinct size distributions. From
skimmed milk to volcanic ashes, nature provides us with numerous exam-
ples of bimodal systems. gaining insight into the mechanism governing the
structure and the dynamics of bimodal mixtures would be valuable for fun-
damental understanding as well as for industrial applications. Utilizing XSD
beamline 8-ID-I at the APS, a research team from Argonne has obtained a
clearer picture of the relationship between the composition and the equilib-
rium dynamics in highly asymmetric bimodal colloidal suspensions. 

8-ID-I • XSD • Materials science, physics,
polymer science • Intensity fluctuation spec-
troscopy, small-angle x-ray scattering, x-ray
photon correlation spectroscopy • 6-12.5
keV, 7.35-7.35 keV, 7.35 keV • On-site •
Accepting general users •
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Working at the XSD high-resolu-
tion powder diffraction beamline 11-
BM-D at the APS, the researchers
found that by manipulating the parame-
ters of a particular chemical bond
within the ThCr2Si2 structure, specifi-
cally by breaking a ge-ge dimer
embedded within SrCo2(ge1-xPx)2, they
could induce the absolute-zero phase
transition known as a ferromagnetic
quantum critical point (QCP).

Unlike the everyday phase transi-
tions with which we’re all familiar, such
as ice melting into liquid or water boil-
ing into steam, a quantum critical point
is a phase transition driven not by tem-
perature but by the quantum fluctua-
tions that dominate at absolute zero.
Depending on the combination of ele-
ments and their structure in a com-
pound, inducing a QCP can produce
interesting and useful phenomena such
as ferromagnetism and superconductiv-
ity. Usually the transition is driven by
electron doping or manipulating a phys-
ical parameter such as pressure, but
the team found a different way. 

Their research was inspired by the
work of Nobel Prize-winning chemist
Roald hoffmann, who made some
interesting observations in the 1980s
about ThCr2Si2-type structures. he
noted that, in some unexpected way,
there’s a small embedded molecule
inside some subset of these com-
pounds. It was not understood why cer-
tain crystal structures were the way

P hysicists and chemists use different techniques to study essentially the same thing—the
nature and behavior of matter. Usually the particular path is of little consequence,
because they all lead ultimately to the same truths at the end of the experimental jour-
ney. Sometimes, however, choosing one path over another can offer unique and inter-

esting insights along the way, such as when a traveler takes the scenic route instead of a more direct
path. A good example is in the study of superconductivity, which is generally the realm of solid-state
physicists. But some Princeton University chemists and Argonne physicists teamed up to uncover a
new insight about a common intermetallic superconducting-type crystal structure.

A ChEmICAL DETOUr TO QUANTUm CrITICALITy
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Lynn ribaud (left) and matthew Suchomel
(both XSD-SrS) inside the 11-bm-b beamline
experiment station at Sector 11 of the APS.
The custom multi-crystal detector assembly
(top right) delivers the highest resolution pow-
der diffraction data available in the Americas.
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they were. To explain some struc-
tural problems in this family of inter-
metallic compounds, hoffmann
came up with the idea that instead
of thinking about it like a typical
metallic compound, one must to
consider the chemical bonding to
understand what the electronic state
of the system actually is.

The researchers realized that
the ThCr2Si2 structure, with its
embedded molecule, was one
example for which the chemical
bonding in this molecule might have
an impact on the physical properties
of superconductors. The team pre-
pared several series of compounds
to determine the impact of the
embedded molecule on structural
properties. They discovered that
something dramatic happened in the
SrCo2(ge1-xPx)2 structure when the
ge-ge dimer in the embedded
phosphorus-germanium molecule is
broken by changing composition
across the series (Fig. 1). 

The chemical parameter that
they were manipulating somehow
induced ferromagnetism and turned
it on at near zero kelvin. When a
quantum critical point is approached
from above in temperature, there
are certain characteristics of sus-
ceptibility and specific heat that indi-
cate this phase transition is being
approached at very low tempera-
ture. It is in that temperature
dependence right around this quan-
tum critical composition that one sees
the ferromagnetism coming, even
though it is not there yet. 

Another surprising aspect is that
such phenomena are typically seen in
rare-earth compounds, rather than the

transition element compounds used in
these experiments. 

The team’s next step will be to
grow single crystals of compounds
around the QCP in order to study in
greater detail the thermodynamics of

11-BM-B • XSD • Chemistry, materials sci-
ence, physics • Powder diffraction • 15-35
keV • On-site, mail-in • Accepting general
users •

Fig. 1. The structural and magnetic phase diagram
for SrCo2(ge1−xPx)2. black symbols: TC determined
by the Arrott plot; the error bars are the tempera-
ture interval of the measured isotherms. red sym-
bols: TC determined by assuming m(TC)=20±10%
m (2 K). From jia et al., Nat. Phys. 7, 207 (2011).
© 2011 macmillan Publishers Limited. All rights
reserved.

the approach to the QCP as tempera-
ture decreases. Although their work did
not result in the discovery of a path to
superconductivity, it offers a new per-
spective on the structural possibilities
in this family of superconducting com-
pounds. The team asked a fundamen-
tal chemical question and found a sur-
prising, fundamental physical property.
The idea that this kind of molecule can
exist in this structure type impacts the
way we think about the iron-arsenide
superconductors, which are the ones
that could have some kind of applica-
tion in the future. — Mark Wolverton

See: Shuang jia1, Pawina jiramong-
kolchai1, M.R. Suchomel2, B.h. Toby2,
j.g. Checkelsky1, N.P. Ong1, and R.j.
Cava1*, “Ferromagnetic quantum criti-
cal point induced by dimer-breaking in
SrCo2(ge1−xPx)2,” Nat. Phys. 7, 207
(March 2011). 
DOI:10.1038/nphys1868
Author affiliations: 1Princeton
University, 2Argonne National
Laboratory
Correspondence:

*rcava@princeton.edu
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DE-Fg02-98ER45706. Use of the Advanced
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Laboratory was supported by the U.S. DOE
Office of Science under Contract No. DE-
AC02-06Ch11357.
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transition temperature. They found that
the martensitic transformation appears
to occur in two fairly distinct stages.
After an initial growth period of the hcp
phase, a more heterogeneous stage of
strain redistribution occurs throughout
the sample, as stacking faults built up
during the earlier stage are eliminated
through sudden scattered avalanches.
The XPCS Bragg peaks show that
these occur over a wide range of sizes,
from about 100 nm to 10 m, and
decrease in rate over time following the
beginnings of the phase transition.

Perhaps the most intriguing finding
is that the observed behavior of the
microstructural avalanches is similar
mathematically to the dynamics of
earthquakes and their aftershocks.
Both the gutenberg-Richter law des-
cribing earthquake power-law magni-
tude distribution, and the Omori law
describing a 1/t aftershock rate
decrease match the results seen in the
this work. just as aftershocks release
the stresses in the Earth’s crust caused
by the fault shifts of a large earth-
quake, microstructural avalanches
relieve the strains of the martensitic
transformation from fcc to hcp phases.
Though the differences in scale are
immense between an atomic-scale
rearrangement and an earthquake, the
physical mechanisms involved appear
to be remarkably alike. Whether the
similarities are merely coincidental or
are actually empirically related is a
matter for further investigation.

This research not only demon-
strates the value of XPCS as a power-
ful technique for probing structural
dynamics with great precision, but also
provides a valuable model for the
study of other thermally-driven marten-
sitic phase transitions, some of which
may involve similar mechanisms of
strain relief. They may not be as spec-
tacular nor as dangerous as the earth-
quakes and avalanches of the macro-
scopic world, but their function is just
as important.  — Mark Wolverton

See: Christopher Sanborn1, karl F.
Ludwig1, Michael C. Rogers2, and
Mark Sutton2*, “Direct Measurement of
Microstructural Avalanches during the
Martensitic Transition of Cobalt Using
Coherent X-Ray Scattering,” Phys.
Rev, Lett. 107, 015702 (1 july 2011).
DOI:10.1103/PhysRevLett.107.015702
Author affiliations: 1Boston University,
2Mcgill University
Correspondence:

*mark@physics.mcgill.ca

The Boston University component of this
research was supported by National
Science Foundation grant DMR-0508630
(experiment) and U.S. Department of
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No. DE-Fg02-03ER46037 (development of
algorithms for analysis of x-ray data from
nonequilibrium systems). Use of the
Advanced Photon Source at Argonne
National Laboratory was supported by the
U.S. DOE Office of Science under Contract
No. DE-AC02-06Ch11357.

Although microstructural ava-
lanches have been observed indirectly
through thermal, acoustic, and electri-
cal means, their structural details have
proven challenging to visualize.
Conventional x-ray or neutron scatter-
ing techniques provide a picture made
up of measurements averaged over
broad regions of a sample material and
thus tend to miss the narrowly localized
changes seen in microstructural ava-
lanches. A group of collaborators from
Boston University and Mcgill University
recently overcame that problem by
using the highly-coherent x-ray tech-
niques afforded by the x-ray beams
from the APS.

Using x-ray photon correlation
spectroscopy (XPCS) at the 8-ID-E
beamline, the researchers visualized
for the first time the microstructural
avalanches that occur during the
martensitic phase transition in cobalt
(Fig. 1). At high temperature, cobalt
maintains a face-centered cubic (fcc)
phase, which changes into a hexagonal
close-packed (hcp) phase at lower tem-
peratures, beginning at about 720k.
Both of these phases are similar, with
close-packed planes, and differ only in
their atomic stacking order and inter-
planar spacing, making the microstruc-
tural avalanches a natural and efficient
means of strain relief.

Beginning with a sample com-
pletely in the fcc phase at 870k, the
experimenters observed the x-ray scat-
tering after cooling quickly through the

I nvestigating how atoms move and rearrange themselves is fundamental to our under-
standing of the behavior of materials, and is particularly important for engineering new
materials or materials with enhanced functionality. Phase transitions involve the
rearrangement of the atomic structure of a material as it is subjected to changing con-

ditions such as alterations in pressure, temperature, etc. Sometimes the transition is quite obvi-
ous—for instance when ice melts into water—but often it occurs on a much smaller and less
readily apparent scale. These are diffusionless phase transitions, with the best-known exam-
ple being the martensitic phase transition in which the crystalline structure of a unit cell is
changed by a shearing force. These changes can produce strains in the crystal lattice that can
interfere with the progress of the transition, but the strains can be released through sudden
rearrangements. Often these rearrangements are localized and small, but sometimes they
occur in cascades called “avalanches”—which bear a strong resemblance to the large-scale
variety that involve rocks or snow. Researchers utilizing the XSD 8-ID-E beamline at the APS
have obtained new information about microstructural avalanches that is revealing important
spatial characteristics about these phenomena. 

SmALL AvALANChES mAKE A bIg DIFFErENCE
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8-ID-E • XSD • Materials science, polymer
science, physics • grazing incidence small-
angle scattering • x-ray photon correlation
spectroscopy • intensity fluctuation spec-
troscopy • grazing incidence diffraction •
7.35-7.35 keV, 12-12 keV * On-site •
Accepting general users *

Fig. 1. Top: A “waterfall” plot showing
the evolution of a cross section of a
speckle pattern near the (00.2) hCP
peak of cobalt during its martensitic
phase transformation. Pattern discontinu-
ities, such as the one at approximately 8
min, indicate the occurrence of ava-
lanches. bottom; A single frame of the
complete speckle pattern. The cross sec-
tion used for the waterfall plot is indi-
cated by the red line, which has a length
of 5  10-3 inverse angstroms.
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G lass is the classic example of an amorphous solid, a material that
lacks the tidy long-range order in its atomic structure found in
other materials such as metals that feature a well-defined and
periodic crystalline lattice. It is possible to combine the qualities of

both in a metallic glass (Mg) such as Ce75Al25. But while such materials can
exhibit useful properties, and have even been shown to sometimes display
medium-range order in clusters at the nanometer range, they still lack the
characteristic long-range order of a crystal. Or do they? Researchers working
at the hP-CAT 16-ID-B beamline at the APS found that a thin ribbon of Ce75Al25

metallic glass could display a distinct long-range crystalline phase under the
right conditions, providing hints that the long-sought “perfect glass state” might
yet be a possibility. >>>

FINDINg ThE hIDDEN OrDEr IN mETALLIC gLASS

Fig. 1. Pressure-induced single-crystal devitrification in Ce75Al25 metallic glass observed by in situ
high-pressure XrD in a DAC. The two-dimensional (2-D) XrD image below 24.4 gPa shows a typi-
cal glass pattern, and the 2-D XrD image at 25.0 gPa shows a typical single-crystal zone-axis
pattern. A focused (15  15 m2) monochromatic x-ray (wavelength 0.36806 Å) through the DAC
axis without rotation was used. red spots are masks of diamond single-crystal XrD spots. The car-
toon shows a schematic illustration of the change of atomic structures during the devitrification. 
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come into effect (the conditions under
which an element could dissolve in a
metal, forming a solid solution) and the
fcc structure to manifest itself in the
long range. 

To further model the dynamics of
the system, the experimenters per-
formed simulations using classical
molecular dynamics calculations to see
how the amorphous structure of the
Ce-Al metallic glass would behave
under different temperature, pressure,
and electronic changes, starting with an
fcc lattice and allowing the structure to
evolve. They found that the metallic
glass retained a hidden memory of the
original fcc pattern, which then
emerged as higher pressures were
simulated and the 4f electron delocal-
ization occurred. Another metallic glass
generated without the fcc constraint
changed to a polycrystal, showing no
long-range order.

Aside from the surprising discovery
of unexpected order arising from a sup-
posedly amorphous structure changing
to a vitreous crystalline condition, the
experiments demonstrate more specifi-
cally that the Ce75Al25 metallic glass
system could be a leading candidate to
achieve the perfect glass state. But
other metallic glasses that display simi-
lar qualities, particularly the large dis-
parity in their atomic sizes and hume-
Rothery frustration that can be over-
come under pressure, could also dis-
play such a state. While the unique
hybrid properties of metallic glasses
such as Ce75Al25 could be useful for
valuable applications in microelectron-
ics and elsewhere, a perfect glass (if
attainable, and in whatever composition
of atoms) would offer even greater

promise both for practical uses and as
a fascinating scientific phenomenon,
providing new insights into the myriad
ways by which atoms can come
together to form matter.

— Mark Wolverton
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The experimenters, from zhejiang
University, the Carnegie Institution of
Washington, george Mason University,
jilin University, Stanford University, and
the SLAC National Accelerator
Laboratory obtained x-ray diffraction
(XRD) images of a Ce75Al25 Mg ribbon
produced by a single-roller melt-spin-
ning method. The ribbon was cut into
samples of approximately 50-m  40-
m  15-m, which were then loaded
into a diamond anvil cell (DAC) and
subjected to various pressures. high-
resolution transmission electron
microscopy (hRTEM) and electron dif-
fraction (ED) imaging were also per-
formed at Argonne’s Electron
Microscopy Center.

At pressures up to 24.4 gPa, the
samples displayed the expected broad
amorphous XRD patterns. But as pres-
sure was slightly increased to 25 gPa,
an abrupt transformation suddenly
occurred in the XRD pattern, character-
istic of a face-centered cubic (fcc) sin-
gle crystal, with its [111] direction ori-
ented lengthwise along the ribbon and
the [110] direction oriented along the
ribbon thickness. 

Repeated tests with samples cut
from different parts of the Mg ribbon
showed the same results, with a defi-
nite topological relationship between
the fcc crystal and the Mg structure.
The single-crystal pattern remained
even at ambient pressure.

The researchers believe that this
long-range order actually occurs in the
metallic glass as it is formed. Because
both Ce and Al normally crystallize in
an fcc structure, it is possible that this
tendency may still exist even when Ce
and Al atoms are randomly mixed in
the roller-spinning and melt-quenching
process. Under pressure, the Ce atoms
undergo 4f electron delocalization,
allowing the hume-Rothery rule to

16-ID-B • hP-CAT • Materials science, geoscience, chemistry, physics • Microdiffraction, single-
crystal diffraction, high-pressure diamond anvil cell • 24-35 keV • On-site • Accepting general
users •
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S ubjected to high pressures, most materials become more difficult to liquefy, so their
melting points rise. But researchers working at hP-CAT beamline 16-1D-B at the
APS and at the European Synchrotron Radiation Facility (ESRF) have discovered
that, over a limited pressure range, lithium behaves in the opposite way: The more it

is squeezed, the lower the temperature at which it melts. It can remain liquid down to 190k,
the lowest melting temperature ever seen for a metal. Their investigation raises the possibility
of “constructing” a system, other than pure hydrogen, possessing a metallic liquid ground
state, and that by tuning the electronic properties of such a system by pressure, or by further
doping, arrive at a previously unobserved novel state of matter.

Fig. 1. Top row: Lithium subjected to increasing pressure goes through a series of changes to its lat-
tice structure that also alter its visual appearance, seen here in the central area of these diffrac-
tion images, bordered by a rhenium gasket. In (a), at 45 gPa at 180K, lithium has a 16-atom unit
cell and appears shiny. In (b), at 65 gPa and 180K, the unit cell has 88 atoms, and the sample
has darkened. In (c) and (d), the pressures are higher still, the unit cells become smaller, and the
samples darken further. This progression corresponds to lithium becoming less metallic. bottom:
Diffraction data from the oC88 phase at 65gPa and 180K collected over a 13° scan range. The
left inset shows the visual appearance of the sample in the cI16 phase at 45 gPa and 180 K. The
right inset shows the same sample in the oC88 phase at 65 gPa and 180K. From C.L. guillaume et
al., Nat. Phys. 7, 211 (2011). ©2011 macmillan Publishers Limited. All rights reserved.

UNCErTAINTy KEEPS LIThIUm FrOm FrEEzINg

(a) (b) (c) (d)
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A solid melts when the kinetic
energy of atoms is enough to over-
whelm the forces holding the lattice
together. kinetic energy decreases with
falling temperature, but the uncertainty
principle mandates that no measure-
ment can show it be exactly zero. The
zero-point energy is the smallest
amount of kinetic energy that remains
even as the temperature falls as low as
possible. zero-point energy is normally
not an important factor in lattice
dynamics. But the team argues that in
highly compressed lithium, which has
very light atoms and small lattice bind-
ing forces, it can be the deciding factor
in keeping the metal liquid at unexpect-
edly low temperatures.

The researchers also used their x-
ray diffraction data to deduce that the
lithium lattice undergoes a series of
changes as the pressure rises. A 2-
atom cubic unit cell first changes into a
cubic form with 4 atoms per unit cell;
then, at about the minimum melting
point, into a new geometry with 16
atoms per unit cell, and at still higher
pressures into a novel lattice with an
estimated 88 atoms per unit cell.
Normally, high pressure squeezes lat-
tices into simpler, smaller, and more
symmetric unit cells. Lithium’s contrary
behavior, which parallels similar
changes observed in sodium, may also
reflect the role of zero-point energy in
allowing atoms to resist the usual effect
of compression. 

Among other elements, hydrogen
is predicted to have a liquid-metal state
at zero temperature and under very
high pressures, but the conditions to
achieve that transformation are far
beyond laboratory capabilities. But it

may be possible to synthesize a mole-
cule with a small average mass-per-
atom and weak electrostatic interac-
tions that would have a metallic liquid
ground state. — David Lindley
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In 2005, members of this research
team found that the melting point of
sodium falls from about 1000k at a
pressure of just over 30 gPa, equiva-
lent to 30,000 atmospheres, down to
300k at 120 gPa, before rising again
[1]. In the present study, the team set
out to see if the closely related metal
lithium would show comparable behav-
ior. Recent experiments up to 15 gpa
hint at a downward trend in lithium’s
melting point, but no experiments had
explored higher pressures.

At the APS and the ESRF, the
team conducted 35 x-ray diffraction
experiments on lithium, at pressures
ranging from 5 gPa to 130 gPa and
temperatures between 77k and 300k.
Compressing lithium in diamond anvil
cells presents challenges. Atoms of
lithium, the third lightest element and
the lightest metal, sneak into tiny
cracks in the diamond, causing the
effective pressure on the sample to fall.
And at temperatures above 200k,
lithium can chemically react with dia-
mond. To get around these difficulties,
the scientists kept the lithium samples
small (from 6 to 15 m across), and at
higher temperatures gathered data for
no more than 2 or 3 h. 

The presence of liquid lithium was
inferred from the absence of an x-ray
diffraction pattern corresponding to a
solid crystal lattice. In this way, the
team found that the melting point fell to
a minimum of 190k at 40 gPa, rising
slowly at pressures up to 60 gPa, and
increasing more steeply thereafter. The
researchers propose an explanation of
this surprisingly low melting point that
involves the quantum mechanical phe-
nomenon known as zero point energy. 

16-ID-B • hP-CAT • Materials science, geoscience, chemistry, physics • Microdiffraction, single-
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S uperlattices — structures made up of atomic-scale layers of different materials — allow new
materials with entirely new phenomena to be created from parent components with quite dif-
ferent properties. Ferroelectric/dielectric superlattices are fabricated from materials based
on transition metal oxides with similar structures but distinct bulk properties. Novel electronic

phenomena, including nanoscale self-organized domain structures, arise from the interactions
between these layers. As in bulk ferroelectrics, these superlattice materials have a remnant polariza-
tion that can be manipulated using applied electric fields. This response is closely linked to domains,
regions of uniform polarization. But unlike bulk ferroelectrics, the size of polarization domains in the
superlattices is defined by the new degree of control arising from the choice of the sequence of atomic
layers during their growth. Under the right conditions, these domains organize into stripes, which have
particularly interesting responses to applied fields. Now, researchers have used the APS to under-
stand the nanosecond-scale dynamics of these striped domains, which may lead to wide application
in communications, sensing and actuating technologies, and nanoelectronics. >>>

SUPEr-FAST SUPErLATTICES

Fig. 1. Diffracted intensity in planar sections through reciprocal space at (a) Qx = 0
and (b) Qz = 3.106 Å1. reflections from the stripe nanodomains are apparent at
nonzero values of Qy in (a) and as a ring in the Qx-Qy plane in (b). Inset: A schematic
of the scattering geometry. The color scale is labeled with intensities relative to the
superlattice structural reflection. Figures this and facing page: ji young jo et al., Phys.
rev. Lett. 107 (2011). ©2011 American Physical Society.
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sample is uniformly polarized. The
measurements of the domain reflection
intensities shows that their dynamics
are strongly dependent upon the mag-
nitude of the applied electric field. 

This work demonstrates the possi-
bility of controlling and switching super-
lattice nanodomains on very short time
scales of 5 to 100 nsec, which raises
the intriguing prospect of employing
such phenomena in electronic devices
with extremely high operating frequen-
cies in the gigahertz range. Further
experimental work may lower the
switching time scale to 1 nsec or even
less. Such capabilities could have wide
application in communications, sensing
and actuating technologies, and nano-
electronics. — Mark Wolverton
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The key step in understanding
these materials is the transition
between the striped nanodomains,
where the domains have a structure
defined by the sequence of layers, to a
uniform polarization state favored by
the external applied field. The team of
researchers from the University of
Wisconsin-Madison, Stony Brook
University, and Argonne probed this
transition using time-resolved x-ray
microdiffraction techniques at the XSD
7-1D-B,C,D beamline at the APS. X-
rays are particularly valuable in this
work because the domains produce a
diffuse scattering signature linked
directly to their structure (Fig. 1).

The dynamics apparent in these
experiments led the team to propose a
new model for the evolution of the
striped nanodomains. The time
required for the completion of the tran-
sition decreases at high fields, promis-
ing that the polarization transition can
provide ultrafast control of electronic
properties.

By noting the decrease in the
intensity of domain satellite reflections
in the x-ray microdiffraction patterns
(Fig. 2), the researchers could observe
the changes in the superlattice domain
structure as the electric field was
altered. In addition to the rapid disap-
pearance, the experimenters found that
the piezoelectric response of the
striped domains of the superlattice
appears to be strongly suppressed due
to electromechanical clamping, with no
apparent piezoelectric shift of stripe
domain reflections. 

Based on these results, the team
proposed a heterogeneous model for
the transitions, in which the dynamics
are based not on the motion of domain
walls but on the transformation of
striped domains to widely spaced areas
of uniform polarization throughout the
superlattice. Unlike the striped
domains, the piezoelectric characteris-
tics of the switched areas are free of
the clamping effect and thus show
piezoelectric expansion. Eventually the
switched areas increase until the entire

7-ID-B,C,D • XSD • Materials science, atomic
physics, chemistry • Time-resolved x-ray
scattering, time-resolved x-ray absorption
fine structure, phase contrast imaging • 6-21
keV • On-site • Accepting general users •

Fig. 2. Diffraction patterns at several times fol-
lowing the onset of an electric field of 0:84
mv/cm. The patterns show the domain reflec-
tion at the center of each image and a tail
from a superlattice structural reflection at the
right edge of the images. 
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T he unique capabilities that hard x-rays offer as a materials probe—including considerable pen-
etrating power, very high sensitivity to trace elements, and the capability to elucidate structure
and strain—make them appealing for many imaging applications requiring nanometer resolu-
tion. A major challenge has been the development of optics that can focus hard x-rays (typi-

cally considered those with energies 10 keV and higher) to the scale of a few nanometers. While several
complementary techniques, such as mirrors and Fresnel zone plates, are used to focus hard x-rays, they
are limited in their potential to significantly exceed a resolution of 10 nm with good efficiency. In this
research, carried out with hard x-rays at the CNM/XSD beamline 26-ID-C at the APS, a novel approach
suitable for sub-10-nm imaging—the multilayer Laue lens (MLL)—has demonstrated the ability to focus
hard x-rays in two dimensions at high efficiency. Continued advances in MLL resolution points to new pos-
sibilities for x-ray imaging of, for instance, individual nanoparticles in catalytic systems, efficiency-limiting
defects in solar cells, trace metal quantities of tens of atoms in biological cells, and the nanoscale struc-
tural properties of materials and thin films. >>>

26-ID-C • CNM/XSD • Physics, materials science •
Microfluorescence (hard x-ray), microdiffraction, tomogra-
phy • 8-12 keV • On-site • Accepting general users •

Fig. 1. A vertically focusing mLL (vmLL) and a horizontally
focusing mLL (hmLL) are positioned sequentially into a
coherent hard x-ray beam from the APS. The vmLL and
hmLL are fabricated to yield different focal lengths, such
that the vertical and horizontal foci come to lie in the same
focal plane. A sample is aligned into the focal plane and
rastered through the hard x-ray nanofocus. An energy dis-
persive detector records the fluorescence radiation emitted
by the sample and displays the fluorescence image on a
computer screen.

> Fig. 2. mechanical design of the mLL instrument at the APS.
Currently, 8° of freedom are required to position two cylindrically
focusing mLL optics in such a way that they yield a single focal spot.
X-rays enter from the left. A nanofocus is formed in the center of
the instrument.

X-rAy mICrOSCOPy AT NANOmETEr rESOLUTION:
2-D FOCUSINg WITh mULTILAyEr LAUE LENSES
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Continued improvements in MLL
resolution will open new possibilities
for x-ray imaging. Nanometer-scale x-
ray microscopy could be applied to
tasks such as probing catalytic sys-
tems on the scale of individual nano-
particles; understanding efficiency-lim-
iting defects in solar cells; uncovering
the trace metal quantities of tens of
atoms in, for instance, biological cells
by applying x-ray fluorescence to their
tiny structures; and to probing the
nanoscale structural properties of
materials and thin films. 

— Philip Koth
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lines. The largest lines are 200-nm in
width, while the smallest are 50-nm
wide with 50-nm spacing between the
lines.

The figure clearly shows that the
x-ray images resolved features consid-
erably less than 50 nm. The micro-
scope’s resolution was quantified utiliz-
ing a single 50-nm line, with both 12-
and 19.5-keV x-rays. A resolution of 25
nm (horizontal)  27 nm (vertical) was
obtained utilizing 12-keV photons, and
of 25 nm  40 nm using 19.5-keV pho-
tons. Figure 3d shows additional SEM
micrographs and their associated x-ray
images.

This research demonstrates signif-
icant progress in pushing toward
usable hard x-ray beams with sizes
below 10 nm. With additional improve-
ments in deposition of MLL structures
and advances in nanopositioning and
metrology, a goal of 5-nm resolution
with high efficiency for hard x-ray
microscopy seems reasonable. These
results employing the MLL technique
compare favorably with other x-ray
microscopy techniques being devel-
oped. For instance, the 17% efficiency
of the MLL technique achieved with
19.5-keV photons is 5 times to 10
times higher than Fresnel zone plates
used at 10 keV can currently achieve
with comparable resolution.

Utilizing existing MLL designs, an
efficiency well in excess of 10% is the-
oretically achievable for photon ener-
gies of below 10 keV to 25 keV and
above. MLLs with 5-nm resolution and
below could in principle achieve focus-
ing efficiencies of 50% and greater.

MLLs are produced using sputter
deposition methods to create more
than a thousand thin layers that focus
x-rays by diffraction as they pass
through the layer system. Individual
MLLs diffract x-rays into a cylindrical
wavefront. By placing two MLLs in
series, x-rays are focused in two direc-
tions to a point focus. The basic setup
is illustrated in Fig. 1. Incoming x-rays
first diffract through the vertically-focus-
ing MLL (vMLL), followed by diffraction
through the horizontally-focusing MLL
(hMLL). Each MLL must be individually
aligned to the Bragg condition (i.e., the
condition for constructive interference).
The longer focal length of the vertical
lens allows the two MLLs to achieve a
common focal plane. Figure 2 depicts
the positioning apparatus used to pre-
cisely align the two MLL lenses with
respect to the x-ray beam.

Two-dimensional focusing with the
MLL at a spatial resolution from 25 nm
to 40 nm was achieved at photon
energies of 12 keV and 19.5 keV.
While 12 keV is still within the energy
range where zone plates can focus to
approximately 50 nm with reasonable
efficiency, operation at 20 keV demon-
strates the powerful high-energy capa-
bilities of MLLs. The MLLs utilized
were optimized for operation at 20
keV, where they demonstrated a focus-
ing efficiency of 17% in two dimen-
sions (2D). When operated at 12 keV,
absorption reduced the focusing effi-
ciency to 2%. however, by proper thin-
ning of the MLL structures, high focus-
ing efficiency should be achievable for
x-ray photon energies down to 8 keV.
From a practical perspective, position-
ing stability at the nanoscale is vital to
perform experiments with hard x-ray
nanobeams. The MLL microscope
used in these experiments demon-
strated outstanding stability more than
initial alignment, without the use of
advanced encoders or feedback.

Test patterns were utilized to char-
acterize the resolution of the MLL
microscope. Figure 3a shows a micro-
graph from a scanning electron micro-
scope (SEM) revealing a series of hor-
izontal and vertical gold stripes
deposited on a substrate as test
images. Below Fig. 2a are the MLL-
focused x-ray images of those same
horizontal (3b) and vertical (3c) gold
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Fig. 3. Images of test patterns obtained with a scanning electron microscope (SEm, a), and maps
obtained with the mLL nanofocus (b, c). Excellent spatial resolution of 25 nm  27 nm has been ob-
tained in the x-ray images. Part (d) shows two additional sets of test patterns, with the upper letters
in each set imaged by SEm; beneath each SEm image is the corresponding mLL x-ray image.
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layer period that is Si
should be effective.

This simple means
to reduce stress is
presently an active area
of research at the APS,
and the preliminary
results point to an effec-
tive path towards larger-
diameter optics. 

— Al Macrander
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grown-in stress resulting from a
newly deposited layer can be meas-
ured by monitoring the change in the
radius-of-curvature of the entire
wafer, as schematically shown in the
top part of Fig. 1. The formula that
relates the stress to this curvature
was first published by g.g. Stoney in
1909, and measurements of curva-
ture offer a very simple and powerful
means to monitor changes after only
1 nm of a thin film is deposited on a
substrate via sputter deposition, as
shown in the bottom part of the fig-
ure. The fact that stress in very thin
layers can be studied is reported in
Applied Physics Letters. The data
reveal that more of the grown-in
stress arises from the Si layers than
from the WSi2 layers, so that a
reduction in the fraction of the multi-

As reported in 2011 on
the Argonne home page
(http://www.anl.gov/arti-
cles/argonne-pioneered-x-
ray-lens-aid-nanomaterials-
research), MLLs double
the resolution over existing
lenses, and future
advances could increase
resolution by 10 times.
Furthermore, large-diame-
ter MLLs have the potential
to achieve a very high effi-
ciency, enabling detailed
studies of individual
nanoparticles. 

Future MLLs with an
overall growth thicknesses
in excess of 50 m will be
needed to focus the full
brilliance of APS x-ray
beams to spot sizes of 5
nm and below. Any built-up stress, if
not reduced, can limit the maximum
useful thickness of the MLL. Excessive
stress can cause delamination of the
lenses during processing of deposited
multilayers into ready-to-use lenses.
however, there is a way to reduce the
grown-in stress. 

Since their invention at Argonne,
MLLs and the technology needed to
make them have progressed to the
point where a focus spot of 25 nm 
27 nm was reported in Optics
Express [1]. The deposited thick-
nesses for the two crossed lenses
were 12.4 m and 13.4 m, which
limited the focused flux to approxi-
mately 1% of what could ideally be
obtained. Future lenses will require
thicker deposits, and methods to
reduce stress are needed. 

Fig. 1. Schematic illustration of the laser-based measurement of the radius of cur-
vature caused by the stress inherent in the sputter deposition of a multilayer. The
measured data were obtained by averaging over several periods.

M ultilayer Laue lenses (MLLs) developed at the APS focus high-energy x-
rays so tightly they can detect objects as small as 16 nm in size, and are
in principle capable of focusing well below 10 nm. Studies carried out by
researchers at the APS (and now the National Synchrotron Light Source

II at Brookhaven National Laboratory) reveal a simple means to reduce stress in MLLs,
thereby removing a possible obstacle to maximizing the potential of these lenses.

rEDUCINg STrESS IN mULTILAyEr LAUE LENSES
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could make possible the first
time-resolved nano-movies of
changes to materials brought on
by extreme temperatures or high
magnetic fields, processes that
are vital in developing advanced
materials for new technologies.
Coupled to innovative focusing
optics, polyCDI could greatly
reduce the time needed to gather
information about the composi-
tion of diseased cells.

For best imaging,  research-
ers typically need to convert
samples to crystals, but this is
not always possible in all sam-
ples. This new way of utilizing
full-color synchrotron light to
improve the precision and speed
of imaging has great potential,
perhaps revolutionizing x-ray
imaging much as the advent of
broadband communications tech-
nology has changed our lives.

The researchers will next
apply it to CDI with higher
energy x-rays to peer deeper into
dense materials, ultimately to
see features on the scale of sin-
gle atoms. — Richard Fenner
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The researchers, from the ARC
Centre of Excellence for Coherent X-
ray Science (The University of
Melbourne and La Trobe University),
SLAC National Accelerator Laboratory,
and Argonne used the XSD 2-ID-B
beamline at the APS to develop this
new technique, dubbed “polyCDI.”

PolyCDI extends the capabilities of
coherent diffractive imaging (CDI), a
lens-less imaging technique that has
been a mainstay for experiments
observing matter on the scale of x-ray
wavelengths.

But CDI has its limits. Even though
the light from synchrotron x-rays pro-
duced at facilities like the APS is the
brightest available for research, it is not
bright enough to capture precise
images at the nanoscale even if expo-
sures are very long, and it cannot be
used to capture “movies” of chemical
processes, biological changes, and the
transformation of materials under
stress.

PolyCDI promises to change the
game for diffractive imaging. Rather
than employing a single wavelength of
light from a high-brightness x-ray
source such as the APS, polyCDI uti-
lizes broadband light, also available
from the APS, that contains many
wavelengths at the same time. The
results of the group’s research, just
published in Nature Photonics, show
that polyCDI can produce images
almost two orders of magnitude faster
than conventional CDI.

Deployed in concert with a new
generation of fast x-ray detectors, CDI

O ne hundred and fifty years after the first color photograph
appeared, scientists have devised a way of employing the
full spectrum of colors from synchrotron and free-electron
laser x radiation to image nanometer-sized subjects with

unprecedented clarity and speed, and in three dimensions. This new
research technique, developed with a major assist from the APS, is
expected to improve imaging on the nanoscale in the quest for
advances in pharmaceuticals and new materials for next-generation
technologies.

2-ID-B • XSD • Materials science, environmental science, physics • Coherent x-ray scattering (soft
x-ray), microfluorescence (soft x-ray) • 635-4100 eV • On-site • Accepting general users •

COhErENT DIFFrACTIvE ImAgINg
IN LIvINg COLOr

Images of a gold test pattern reconstructed from coherent
diffraction patterns taken with polychromatic (broadband)
~1.4-kev x-rays, (a) assuming the x-ray beam consists of
a single wavelength, and (b) using the new polychromatic
diffraction algorithm.
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T o understand what happens on the nanoscale, we have to be able to see at the
nanoscale. While many experimental techniques exist for seeing the very small,
such as x-ray and electron microscopy, each has its own limitations and constraints,
whether from technological capabilities or simply the laws of nature. The develop-

ment of new nanoscale imaging methods for the nanotechnology toolbox is therefore a matter
of continuing and pressing importance. Researchers from the University of California, San
Diego, and Argonne carrying out investigations at the APS have conceived and demonstrated
a new approach to lensless imaging of magnetic structure at the nanoscale, x-ray coherent dif-
fractive imaging (CDI). This work points toward greater insights about magnetic oxides at the
nanoscale and the ways assembly of nanostructures can be controlled. >>>

Fig. 1. Evolution/nucleation and growth of nanoscale magnetic domains as a function of applied magnetic field.

SEEINg ON ThE NANOSCALE WIThOUT LENSES
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films for laser-induced domain switch-
ing at femtosecond rates may lead to
extremely fast magnetic recording
devices. The CDI technique provides
invaluable insight into the physics of
such systems. The team’s work was
made possible by the extremely bright
and tunable nature of the APS x-ray
source, which allows the use of ptycho-
graphic techniques that provide high
resolution; ptychography determines
the relative phase of adjacent coherent
Bragg reflections through their interfer-
ence pattern.

The experi-
menters exam-
ined a gd/Fe film
beginning with
the sample in a
magnetically sat-
urated state in
which the entire
film is in a single
magnetic domain,
then reduced the
applied field to
observe the
emergence of the
ferromagnetic
domain patterns
(Fig. 1). These
began to appear
at about 44 mT.
As the applied
magnetic field
was decreased,
classic stripe pat-
terns arose, of a
type found in
many other sys-
tems such as

diblock copolymers, liquid crystals, and
Langmuir monolayers. The domain
behavior is highly sensitive to the fluc-
tuations of the applied magnetic field,
which is not the case with other multi-
layer films such as cobalt/palladium.

Unlike other techniques, the spa-
tial resolution of the CDI technique is
not dependent upon extreme
nanoscale precision of optical equip-
ment, but simply on a high-frequency
signal-to-noise ratio in the coherent dif-
fraction measurements, and on the sta-
bility and precision of the x-ray beam.

Thus, because their “lens” was mathe-
matical rather than physical, the team
was able to obtain reconstructions of
the evolution of magnetic configura-
tions of the film with extremely high
resolution. The technique is also not
limited to only magnetic materials, but
can be applied to any dichroic structure
and can image samples of any size. It
will become even more valuable as
new-generation x-ray sources become
available, featuring beams with greater
brilliance and transverse coherence. 

With this powerful yet technically
uncomplicated technique, the team has
opened a new window into understand-
ing the structure and behavior of com-
plex magnetic oxides at the smallest
scales. That understanding promises to
extend the scope and powerful possi-
bilities of nanotechnology by providing
another way to see and thus control
the assembly of nanostructures. As
with so many endeavors both at the
very large and the very small scales,
the first critical step is seeing clearly.

— Mark Wolverton
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Working at the XSD 2-ID-B beam-
line at the APS, the experimenters
employed the principle of dichroism, in
which a crystal structure absorbs light
with one polarization while transmitting
light of a different polarization. Their
new CDI technique obtains a coherent
x-ray scattering pattern from a sample,
maps the Ewald sphere (the sphere of
reflection), then inverts the pattern
mathematically. In this way, images can
be generated without the need for any
reference wave or precision optics. 

The team used this lensless CDI

technique to map ferrimagnetic
domains in a multilayer gd/Fe film and
to partly follow domain structural evolu-
tion through its hysteresis loop. 

Multilayer films such as gadolin-
ium/iron (gd/Fe) and similar structures
have become increasingly important
because of their behavior as an artifi-
cial ferrimagnet with perpendicular
magnetic anisotropy, which makes
them extremely useful for the study of
the magnetic stripe-forming systems
used in swipe cards and now smart
cards. The prospect of using these

2-ID-B • XSD • Materials science, environ-
mental science, physics • Coherent x-ray scat-
tering (soft x-ray), microfluorescence (soft x-
ray) • 635-4100 eV • On-site • Accepting gen-
eral users •
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S tudies aided by two APS beamllnes have demonstrated that synthetic,
nearly defect-free diamond crystals can reflect more than 99% of hard x-
ray photons backward in Bragg diffraction, with a remarkably small vari-
ation in the magnitude of reflectivity across the sample. These results

represent a quantum leap to the largest reflectivity measured, at the limit of what
is theoretically possible. It was attained under the most challenging conditions of
normal incidence and with extremely high-energy x-ray photons. >>>

7-ID-B,C,D • XSD • Atomic physics, chemistry, materials science • Phase contrast imaging,
time-resolved x-ray absorption fine structure, time-resolved x-ray scattering • 6-21 keV • On-
site • Accepting general users •

30-ID-B,C • XSD • Materials science, physics • Inelastic x-ray scattering • 5-14 keV, 5-30 keV,
23.7-29.7 keV• On-site • Accepting general users •
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Donald Walko, left, and Stanislav Stoupin (both XSD-IXN) check the sample mount on the six-cir-
cle goniometer in the 7-ID-b,C,D research station before taking measurements.
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Diamond crystals
of sufficient size and
crystalline perfection
for use as high-reflec-
tivity x-ray mirrors can
be synthesized using
state-of-the-art crystal
growth techniques. In
this experiment, syn-
thetic diamond single
crystals of very high
crystal quality were
grown at the TISNCM
via the temperature
gradient method under
high-pressure and
high-temperature con-
ditions. The reflectivity
measurements were
performed at the XSD
beamlines 30-ID-B,C
and 7-ID-B,C,D at the
APS, utilizing 23.7-
keV and 13.9-keV
photons, respectively.

Systematic obser-
vations of the more
than 99% reflectivity
show that high-reflec-
tivity mirror limitations
in the regime of hard
x-rays have been elim-
inated (Fig. 1). This is
an important step
toward realization of x-
ray cavities for
XFELOs. Also, the
results in this study
support a broad range
of potential applica-
tions of diamond crystals for high-
reflectance, coherence-preserving, and
resilient x-ray optics, such as x-ray
monochromators, beam splitters, delay
lines, high-finesse Fabry-Perot res-
onators, etc.
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Ultra-high-reflectance mirrors are
essential components of the most
sophisticated optical instruments, which
are designed to cover the entire fre-
quency spectrum and find use in a
wide range of applications, from tele-
scopes for astronomy to high-energy x-
ray facilities such as the APS. In the x-
ray regime, super-polished mirrors with
close to 100% reflectivity are routinely
used at grazing angles of incidence.
however, at large angles of incidence,
and especially at normal incidence,
such high reflectivity had not been
achieved.

The research in this study was
conducted by a team comprising inves-
tigators from Argonne and the Techno-
logical Institute for Superhard and
Novel Carbon Materials (TISNCM) in
Russia. This investigation was moti-
vated by the need for high-reflectivity x-
ray mirrors at close-to-normal incidence
for use in x-ray free electron laser
oscillators (XFELOs). 

XFELOs are x-ray light sources of
the future that will provide scientists
with fully coherent x-rays with record
high spectral purity and average bright-
ness, qualities that are highly desirable
for experiments. Unlike high-gain x-ray
lasers, XFELOs are designed to be
low-gain machines, requiring a low-loss
optical cavity with high-reflectivity x-ray
mirrors close to backscattering, similar
to conventional table-top lasers. 

The feasibility of XFELOs was
questioned by many experts because
of the high-reflectivity x-ray mirror limi-
tations. These limitations are now
removed by the demonstration of very
high (more than 99%) reflectivity of
hard x-rays in Bragg backscattering
from diamond crystals. Theoretical
analysis presented in the nature
Photonics paper establishes that dia-
mond has the highest (higher than any
other crystal) Bragg reflectivity due to
the uniquely small ratio of the extinction
length in Bragg diffraction to the
absorption length. Even in backscatter-
ing, where the reflectivity is lowest, it
was thought to be more than 99%, and
this has now been demonstrated.

Fig. 1. Absolute reflectivity of 13.9-kev x-rays from the (008)
atomic planes of a diamond crystal in bragg backscattering
(a)-(c), and x-ray Lang transmission topogram of the diamond
crystal (d). The diamond crystal, nearly defect-free in a volume
of 5  5  1 mm3 , reflects more than 99% of hard x-ray pho-
tons backwards in bragg diffraction, with a remarkably small
variation in magnitude across the sample.
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Because of the penetration of
hard x-rays, buried molecular-
scale interfacial features can be
directly probed by XRIM without
damaging the sample.
Furthermore, the weak interaction
of x-rays with matter makes it fea-
sible to quantitatively analyze the
measured images when x-rays
from high-brightness synchrotron
sources such as the APS are
used. XRIM applies full-field imag-
ing using a specularly reflected
monochromatic x-ray beam from a
surface or interface and directly
visualizes the interfacial topogra-
phy of a solid surface by exploiting
phase contrast. Vertical changes
in surface topography give rise to
differences in x-ray path length for
the reflected x-rays, leading to
destructive interference, so varia-
tions in surface topography are
seen by the x-ray beam as pure
phase objects undergoing sudden
phase changes. Measurements of
contrast variations in the images
as a function of momentum trans-
fer allow features to be identified
as steps or terraces or as film
inhomogeneities. This novel use of
interfacial phase contrast permits
objects to be observed that are
substantially (~300 ) smaller than
the spatial resolution of the x-ray
optics being used. Because the
contrast of the objects in the
images can be controlled by
manipulating the scattering condi-
tions, XRIM can be valuable for
monitoring interfacial features dur-
ing film growth. 

In all of the experiments, a
monochromatic x-ray beam at 10
keV was focused on samples
using a Fresnel zone plate (FzP)
followed by an order sorting aper-
ture (OSA), which was used to
stop the higher-order focused
beams. The specularly reflected x-
rays were then focused onto a
charge-coupled device (CCD)
detector by another FzP followed
by a second OSA, this time in the
form of a 4-blade slit, which was
used to cut out the directly

C hemical reactions that occur at interfaces are central to many natural
and industrial processes. Examples are chemical reactions at mineral
surfaces that control the release of nutrients and the formation of bone
and skeletal minerals, and those of heterogeneous catalysis, in which

reactants diffuse to the catalyst surface and adsorb onto it via the formation of
chemical bonds. yet the ability to image interfaces in complex environments
remains severely limited. Scanned probe microscopies (e.g., atomic force
microscopy) are widely used but require a probe tip, which can introduce artifacts,
be a source of unwanted reactivity, and fail to reach buried solid-solid interfaces.
The recent development of x-ray reflection interface microscopy (XRIM) opens a
new window to studying interfacial processes in situ and in real time, including
those processes that take place under aggressive chemical conditions, which cur-
rently can only be studied by ex situ approaches. Researchers at Argonne recently
demonstrated some of the technique’s thin-film capabilities by using it at XSD
beamline 33-ID-D,E to characterize three complex oxide thin-film systems,
SrRuO3 on SrTiO3, EuTiO3 on DyScO3, and Bi2O3 on SrTiO3.

ImAgINg INTErFACIAL PrOCESSES IN rEAL TImE

L. to r.: zhan zhang, Paul zschack (both XSD-SSm), and Paul Fenter (ANL-CSE) in the 33-ID-D enclosure.
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reflected x-rays. The sample was
mounted on a six-circle kappa geome-
try diffractometer, while the objective
FzP, the slit, and the CCD were all
mounted on the -arm of the kappa dif-
fractometer so that reciprocal space
could be accessed. 

SrRuO3 on SrtiO3. A high-quality
100-layer epitax-
ial film of SrRuO3
(SRO) was grown
on SrTiO3 (STO)
using pulsed
laser deposition.
A traditional
reflectivity curve
was obtained for
the sample, and
XRIM images
were collected at
various momen-
tum transfers
near the STO
(002) reflection.
Image collection
time varied from
approximately 3
to 30 min. The
step and terrace
structure of the
interface was
clearly evident
from the XRIM
images collected along the thickness
fringes. In addition to the step contrast
features in these images, small growth
defects could also be observed in
these films.

EutiO3 on DyScO3. high-quality
coherent epitaxial films of EuTiO3
(ETO) on DyScO3 (DSO) substrates
were synthesized using molecular
beam epitaxy. The 22-nm-thick ETO
films were protected with overlayers of
CaO and amorphous silicon. Reflect-
ivity near the DSO (110) Bragg peak
showed well-defined thickness fringes
and a shifted ETO Bragg peak, as
expected because of the epitaxy. The
XRIM characterization at various

momentum transfer values, however,
revealed regions that are not homoge-
neous, which highlights the capability
of XRIM to spatially resolve laterally
heterogeneous structures (Fig. 1).

Bi2O3 on SrtiO3. Although -phase
Bi2O3 is an important oxide ionic con-
ductor, its bulk phase is stable only in a

narrow temperature range. By epitaxial
growth on the slightly lattice-mis-
matched oxide substrate, a -Bi2O3
nanostructure or thin film can be stabi-
lized at room temperature. A series of
images were taken along the STO sur-
face normal direction, near the -Bi2O3
(002) and -Bi2O3 (002) Bragg peak
positions. Imaged nanodots were iden-
tified as -Bi2O3 and -Bi2O3.

X-ray reflection interface
microscopy has been shown to be
capable of imaging surfaces, buried
interfaces, and thin-film topographies.
When combined with laterally averaged
x-ray scattering measurements, both
the averaged and the localized infor-

mation about surfaces or interfaces can
be quantitatively obtained. In the future,
the efficiency and the lateral resolution
of XRIM can be further improved
through the use of optimized optics.
Therefore, the in situ, real-time obser-
vations of many surface/interface
processes such as thin-film growth,

surface dissolution,
and precipitation
can be realized.
With a proper nor-
malization of the
reflected intensi-
ties, a fully quanti-
tative analysis of
XRIM images
could compare
observations as a
function of position
(i.e., different parts
of the sample) and
momentum trans-
fer. Spatially
resolved informa-
tion such as the
phase of the
deposited material,
the lattice parame-
ters, stress state,
and thickness of
the thin film can
also be retrieved.

— Vic Comello

See: zhan zhang*, Paul zschack, and
Paul Fenter, “Application of X-ray
Refection Interface Microscopy to Thin-
Film Materials,” Nat. Phys. 2, 700
(2011).
DOI:10.1016/j.nima.2010.11.159
Author affiliation: Argonne National
Laboratory
Correspondence: *zhanzhang@anl.gov
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Research Program, Department of Energy
(DOE) Office of Science. Use of the
Advanced Photon Source at Argonne
National Laboratory was supported by the
U.S. DOE Office of Science under Contract
No. DE-AC02-06Ch11357.33-ID-D,E • XSD • Materials science, physics, chemistry • Anomalous and resonant scattering

(hard x-ray), diffuse x-ray scattering, general diffraction, surface diffraction, x-ray reflectivity, x-ray
standing waves • 4-40 keV, 6-21 keV • On-site • Accepting general users •

Fig. 1. EuTiO3 thin film epitaxially grown on DyScO3 were studied with XrIm along the surface trun-
cation rod near the DSO (002) bragg peak. For quantitative analysis, integral intensities inside the
black, blue, red, and pink boxes (image on right) are calculated for each image and plotted
(dashed lines have the corresponding colors) as functions of the DSO reciprocal lattice unit, L. The
solid line relates to the crystal truncation rod measured with the same focused x-ray beam. It is
clearly shown that the signals inside the red and pink boxes have longer oscillating periods, indicat-
ing that the film thicknesses are getting smaller approaching the center of the circular defects.
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tals for specific applica-
tions and predict their
properties [1]. 

Unfortunately, synthe-
sis of a new oxide mate-
rial is typically difficult
even when utilizing oxide
MBE, a powerful deposi-
tion technique that allows
the construction of materi-
als atomic plane by
atomic plane. At issue is
the stability of the desired
structure. Even if unsta-
ble, the crystal may be
synthesized by a kinetic
route if quantitative,
atomic-resolution informa-
tion regarding the film
structure can be supplied

174 APS SCIENCE 2011

Using funds provided by Argonne's
Materials for Energy Strategic initiative,
the world’s first in situ oxide molecular
beam epitaxy (MBE) system (Fig.1)
has been built at XSD Sector 33 of the
APS. It is designed to play an impor-
tant role in helping move forward
Argonne’s development of “innovative
approaches for designing, creating and
harnessing novel, environmentally
responsible molecules and materials
that exhibit revolutionary scientific phe-
nomena or use-inspired functionality
are poised to transform science and
technology.” 

Functional materials based on
complex oxides offer new and exciting
strategies for meeting many of our out-
standing energy challenges. Materials
theorists can now design virtual crys-

AN IN SITU OXIDE mOLECULAr bEAm EPITAXy
SySTEm AT APS SECTOr 33

Fig. 1. Photo: hawoong hong (left) and june hyuk Lee (both XSD-
SSm) at the oxide growth upgrade to the existing molecular beam
epitaxy system in research ststion 33-ID-E of the APS. Above: A dia-
gram of the system.
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during growth. Coupling x-ray tools in
situ with oxide film synthesis offers
real-time quantitative understanding of
the synthesis process. 

The layered complex oxides (so-
called because their unit cell consists
of stacked atomic sheets as shown in
Fig. 2) offer an enormously broad range
of functionalities. For example, some
have demonstrated excellent mixed
ionic-electronic conducting properties,
making them highly attractive candi-
dates for intermediate-temperature
solid oxide fuel cell cathodes [2].
Others have a unique structure that
makes them ideal for a wide range of
catalytic reactions [3], including photo-
chemical water splitting [4]. 

Furthermore, with the recent
advances in ab initio modeling tech-
niques and computational power, we
can now design layered oxides that
display novel functionalities. One such
material is shown in Fig. 2. This lay-
ered complex oxide, PbSr2Ti2O7, is
expected to exhibit colossal and highly
tunable dielectric and piezoelectric
properties [5] and may serve as a
working template for achieving revolu-
tionary advances in energy generation,
storage, and conversion in future state-
of-the-art electroactive devices.

Unfortunately, researchers have
been constrained in their ability to syn-
thesize such layered materials
because of limited control over compo-
sition and structure during deposition,
even with the most powerful tool avail-
able for layer-by-layer oxide growth:
oxide MBE. For materials with highly
tunable properties, like the complex
oxides, loss of stoichiometric control is
tantamount to unintentional doping,
easily turning what was to be an excel-
lent dielectric material into a conductor
[6]. Such synthesis issues have
severely impeded the widespread
application of the complex oxides to
the many energy technologies in which
they have so much potential. In short,
scientific/technological progress in this
field demands the realization of excep-
tional compositional and structural con-
trol during synthesis. 

While the researcher has some
control over deposition parameters,
nature ultimately controls crystal
growth. We therefore need to not only
monitor growth, but also to understand

what atomic-scale processes take
place, along with their associated ener-
gies and time scales. For example: Is
the deposited structure thermodynami-
cally stable? Does dynamic surface
segregation of one of the cation
species occur during deposition? Do
the interfaces naturally interdiffuse at
the growth temperature? Many such
questions can be addressed by har-
nessing state-of-the-art in situ synchro-
tron x-ray techniques to provide a
heretofore unknown level of insight into
the synthesis of complex materials [7].
Integrating the oxide molecular beam
epitaxy system into a high-flux, hard x-
ray beamline will enable us to track
layer-by-layer structure and composi-
tion in real-time.

As an important component of the
funded program, the experimental
effort is connected to an integrated the-
oretical synthesis effort (J. Jellinek and
M. Malshe of the Argonne Chemical
Sciences and Engineering Division;
and S.M. Nakhmanson of the Argonne
Materials Science Division) whose ulti-
mate goal is to provide guidance on
the optimal growth conditions of com-
pounds with the desired structure. This

goal is being achieved via extensive
molecular dynamics and Monte Carlo
simulations of oxide MBE growth, con-
ducted as a function of the chemical
identity of the depositing species and
operational conditions such as epitaxial
stress, temperature, and pressure. 

This combined experimental and
theoretical effort has not only devel-
oped a unique in situ oxide MBE capa-
bility at the APS, but in the long term
will have tremendous impact on a fun-
damental understanding of the synthe-
sis of complex oxide films and het-
erostructures. These systems offer
unique pathways to new materials rele-
vant to meet the energy needs of the
future.   
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Fig. 1. Crystal structure of a Ruddlesden-
Popper-type  PbSr2Ti2O7 superlattice, where
A = Pb and A´ = Sr. An in-plane polar distor-
tion of the superlattice is outlined by bold
arrows. From Ref. [5].
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The major part of the beamline
1-ID upgrade involves construction and
instrumentation of a new white-beam
hutch, 1-ID-E. It provides a new suite
of experimental techniques to enable
non-destructive materials characteriza-
tion under a variety of external stimuli,
the most prominent being thermo-
mechanical loading. This follows the
1-ID phase I upgrade, in which the
beamline was dedicated to high-energy
x-ray operations, and precedes
planned APS Upgrade Project enhan-
cements for the sector, including white-
beam capability in 1-ID-E. 

Construction of the 1-ID-E hutch
was completed in May 2011 and first
monochromatic beam taken in july
2011. User access is anticipated for late
2012. The hutch is located down-
stream of the monochromatic-beam 1-
ID-C hutch, and has considerable vol-
ume (4  5  10 m3) to accommodate
the instrumentation described below.
The downstream position of the hutch
is 76 m from the insertion device (ID)
straight section and allows for high
demagnification of the source (and cor-
responding resolution) through planned
optics. 

The hutch instrumental layout is
designed to combine flexible and
unique sample environments with a
variety of detection modes, and is
shown in the illustration above. The
upstream optical table will condition

and characterize the incident undulator
x-ray beam, which will be either mono-
chromatic (50-130-keV, 1e-3 ≤dE/E
≤1e-4) or white beam, using a series of
slits, beam positioning monitors, and
either monochromatic or white-beam
focusing optics. Focused beams down
to 0.5 m are anticipated, with modest
focal lengths (~1 m) to provide suffi-
cient q-resolution for scattering experi-
ments. Downstream of the table will be
a series of sample-manipulation-sys-
tems (SMS), which can be inter-
changed through an x-translation.
SMS-1 comprises a 3-axis Eulerian
cradle to enable full sample orientation
for scattering experiments.  

Custom user environments will
also be possible at this site. The cen-
terpiece of SMS-2 is an Aerotech air-
bearing stage, which will allow high-
accuracy angular measurements.
SMS-3 is a custom-built MTS servo-
hydraulic device, which will include
provisions (through partnership with
external users) for in-grip rotation and
measuring of radioactive samples. A
support structure will be built around
the SMSes to house a high-resolution
“near-field” detector and conical slit,
the former allowing for absorption/
phase tomography and near-field ori-
entation measurements, the latter pro-
viding ~100-m longitudinal resolution
and thus three-dimensional volume
mapping capability. Further down-

stream will be an x-z translatable array
of large-area detectors (WAXS1) con-
figured to provide large angular cover-
age and with a center through-hole for
simultaneous measurement of small-
angle x-ray scattering (SAXS) at the
end of the hutch. just upstream of the
fixed SAXS table, a detector (WAXS2)
will be sited for very high q-resolution
measurements, with large x-y transla-
tions (several meters) to provide suffi-
cient q-coverage. 

This upgrade will allow, for the first
time, in situ studies combining near-
field mapping (of grain and subgrain
orientations, shapes, and sizes); dif-
fraction (high-resolution phase and
strain evaluation); tomography (micron-
scale microstructure); and SAXS
(nanoscale microstructure). Comple-
mentary probes will be available,
including digital image correlation for
macroscopic strain and sample posi-
tioning. Thermomechanical studies will
reveal degradation mechanisms
through measurement of the shapes,
orientation, and strain states of individ-
ual grains within polycrystalline aggre-
gates and correlated void/crack obser-
vations. In addition, the microfocusing
capabilities will be utilized for high-
pressure studies and non-destructive
mapping of gradient (nano-) materials
including fuel cells and batteries. Such
high-fidelity, non-destructive measure-
ments — in the bulk and at grain and
subgrain length scales — will offer
powerful new views of materials evolu-
tion, and allow development of new
models capable of predicting material
response to complex stimuli. 

As is the case for the current 1-ID-
C hutch, demand from a wide range of
disciplines is anticipated, including mat-
erials science, physics, and a variety of
engineering disciplines (mechanical,
nuclear, chemical, and biomechanical). 
Correspondence:
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Synchrotron x-ray beamlines and
beam time seem to always be at a
premium. Time-based solutions
(schedule more user-beam hours) or
space-based solutions (expand the
facility) are often impractical, if not
impossible, so ingenuity has become
a necessity.

The canted undulator (CU) stor-
age ring straight section configuration
creates two insertion device (ID)
beams per sector where there had
been one by adding a second ID to
the lattice, thus doubling the capacity
of that beamline. A chicane is created
with a trio of dipole magnets, with an
undulator in each leg (Fig. 1). This
creates an angular separation
between the x-ray beams that can be
exploited downstream to create two
independent beamlines from a single
straight section. The CU system con-
sists of two slightly shortened undula-
tors, a special ID vacuum chamber,
the dipoles, a corrector magnet for the
chicane, and a specialized front end
(FE) [1].

At the APS, canted IDs have been
in operation at sectors 4 and 12 (man-
aged by XSD), Sector 21 (LS-CAT),
Sector 23 (gM/CA-CAT), and Sector
24 (NE-CAT). These are now joined by
new canted configurations at Sector 16
(hP-CAT) and Sector 34 (also man-
aged by XSD). Next up for canted IDs
will be gSECARS at Sector 13. 

16-ID-B & 16-ID-D
Funding for the hP-CAT canted FE

(like the other two new front ends) was
provided by monies the APS received
from the American Recovery and
Reinvestment Act (ARRA) of 2009. The
canted FE allows two stations (16-ID-B
and 16-ID-D) to be run simultaneously
and independently (rather than parasiti-
cally). The 16-ID-B beamline is dedi-
cated to high-pressure micro-x-ray dif-
fraction, while the 16-ID-D beamline is
dedicated to x-ray scattering and spec-
troscopy research of materials under
high pressure. Installation of the canted
front end was carried out in September
2011 and hP-CAT plans to accept gen-
eral users on the new independent
beamlines in Fy2012.

34-ID-C & 34-ID-E
The canted FE for Sector 34 was

also supported by ARRA funding. It will
allow two stations (34-ID-C and 34-ID-
E) to be run simultaneously and inde-
pendently (rather than in an either/or
mode, or occasionally in a parasitic
mode). The 34-ID-C beamline is dedi-
cated to coherent x-ray scattering tech-
niques. 34-ID-E is dedicated for Laue
microdiffraction techniques utilized to
examine the structure of materials with
sub-micron spatial resolution in all three
dimensions. Installation of the canted
FE occurred during the May 2011 main-
tenance period and the two new inde-
pendent beamlines are accepting gen-
eral users. 

13-ID-C, 13-ID-D, & 13-ID-E
gSECARS operates the third sec-

tor at the APS to receive ARRA funding
support for its canted undulator

NEW CANTED IDS AT ThE APS

upgrade.  This upgrade will allow two
stations (13-ID-C or D and 13-ID-E) to
be run simultaneously and independ-
ently in Fy2012. The x-ray microprobe
will run in 13-ID-E with a new ID (U36).
The second new ID (U30) will supply
interface diffraction and spectroscopy
in 13-ID-C or high-pressure studies in
13-ID-D. Installation of the vacuum
chamber and the U30 undulator was
carried out during the scheduled main-
tenance period in December 2011; the
FE and U36 undulator will be installed
during the April-May 2012 shutdown.
Associated beamline upgrades are
being supported by the U.S.
Department of Energy, the National
Science Foundation, and NASA.

referenCe
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The canted undulators at APS Sector 23.

Fig. 1. Schematic layout of a CU straight section showing the angular separation of the x-ray beams
produced by the three dipoles. 
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SAXS AND SURFACE SCATTERING AT 12-ID

For the last eight years, the
demand for small-angle x-ray scattering
(SAXS) beam time by users of XSD
Sector 12-ID at the APS exceeded the
available time by a factor of two. The
existing SAXS facility steadily grew to
represent 50% of 12-ID usage. With the
instrument configuration oversub-
scribed, the only way to support the
growth of the SAXS community was to
provide simultaneous operation of two
12-ID experiment stations by adding
canted undulators and new beamline
optics. This provides the APS with a
dedicated SAXS beamline to better
serve the general user community in a
number of areas in materials science,
chemistry, and biology. At least half of
current 12-ID users are doing bioSAXS.

The increasing demand for SAXS
beam time is driven by research into
the structure and dynamics of nano-
scale materials (for which SAXS is an
extremely valuable probe), and in-
creased interest in soft matter and
usage of the 12-ID SAXS facility for
time-dependent structural investiga-
tions. general-user experiments have
included these areas, as well as
extensive use of the 12-ID SAXS
instrumentation for biological research.
The more than 400 users who have
done experiments on the XSD
Chemical and Materials Science
(CMS) group’s SAXS instrument come
from U.S. and foreign universities,
national laboratories and government

In the 12-ID-b enclosure with the new SAXS instrument. Left to right: randy
Winans, janae Debartolo, Soenke Seifert, and Xiobing zuo (all XSD-
CmS). Not pictured: byeongdu Lee.

surface scattering and metal organic
chemical vapor deposition studies in
the D hutch. The experiments in the C
hutch will use a new mosaic large-
area charge-coupled device detector
built by XSD. 

The second undulator feeds 12-ID-
B as a dedicated SAXS station using a
large offset monochromator (870 mm).
This monochromator uses a cryo-
cooled silicon [220] first crystal to pro-
vide an energy range of 7.4–13.9 keV.
A Pilatus 2M large-area detector will be
used in conjunction with a large vacu-
um-scattering chamber where the posi-
tion of the detector can be changed
automatically to access different Q
ranges, and a wide-angle Pilatus 300k
detector will be attached permanently
to the front of the chamber. A two-
dimensional detector with high linearity,
dynamic range, stability, and low or no
dark current is crucial for SAXS. The
Pilatus detector has overwhelming
capability in these respects, with a 20-
bit dynamic range and no dark current.
These detectors make 12-ID-B a very
versatile SAXS beamline.
Correspondence:
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institutions, and industrial research
laboratories. 

Increased interest in time-depen-
dent SAXS experiments led the CMS
group to add a pink-light mirror sys-
tem to 12-ID. Installed in late Fy2005,
it enhanced the flux-on-sample by
over three orders of magnitude, pro-
viding new time-resolved opportunities
for small-angle scattering experiments.
With the development of dedicated
instrumentation for anomalous graz-
ing-incidence small-angle x-ray scat-
tering, the beamline serves as an
important complement to the infra-
structure for the Argonne Center for
Nanoscale Materials and increases the
demand for this beamline, enabling
XSD to pursue options such as high-
throughput SAXS, to be used for com-
binatorial materials studies. 

Two installed undulators (a U30S
and U33S) have been canted. In the
future the U33S will be replaced with a
U27 undulator, which is optimized for
the energy range on the 12-ID-B
beamline. One of the resulting undula-
tor beamlines uses a more stable ver-
sion of the current monochromator
with an energy range of 4.5 to 35 keV
and a mirror system that includes the
existing pink-beam mirror. This beam
will feed 12-ID-C/D and be used for
anomalous, time resolved, grazing
incidence SAXS in the C hutch, and
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The Intermediate Energy X-ray
Collaborative Development Team (IEX-
CDT) is constructing a new insertion
device beamline at APS Sector 29. This
facility will address one of the core
challenges in condensed matter
physics: understanding the fundamen-
tal mechanisms driving collective elec-
tronic behavior in materials. The IEX-
CDT is a close collaboration between
the APS and principal investigators
from the University of Illinois at Chicago
and the University of Illinois at Urbana-
Champaign (UIUC), and represents a
strong commitment from both the
Department of Energy and the U.S.
National Science Foundation to build
the first beamline of its kind in North
America. 

The beamline will utilize intermedi-
ate-energy x-rays (250 ev to 2500 eV)
with high resolution, high flux, and
small spot size to support investiga-
tions of correlated electron physics with
two complementary techniques: angle-

resolved photoemission spectroscopy
and resonant soft x-ray scattering. 

This premier facility (diagram
below) begins with a state-of-the-art
insertion device, the electromagnetic
variable polarizing undulator (EM-
VPU), which is being developed by
ASD. The EM-VPU will allow users to
optimize the beam profile by selection
of polarization (horizontal, vertical, or
circular) and higher-order harmonic
suppression via the ability to run in
quasiperiodic mode. Following the
development and testing of two proto-
types, the final 4.8-m device has been
assembled and at the time of writing is
undergoing magnetic field characteriza-
tion. Installation is slated for the May
2012 shutdown. 

The front end, which connects the
storage ring to the beamline proper,
has been installed and the first optical
enclosure has been constructed.
Phase-1 installation, which includes all
white/pink beam components, will

begin after the EM-VPU has been
installed in the storage ring, followed by
commissioning and full characterization
of the undulator in summer 2012. 

The beamline design and controls,
which are the result of a close collabo-
ration between IEX-CDT and various
groups in AES, are nearing completion.
Phase-2 installation, which includes the
end stations, a variable line spacing
plane grating monochromator, and refo-
cusing optics will follow. 

Commissioning of the entire beam-
line is planned for spring 2013. Upon
completion, the IEX beamline will
become part of the Magnetic Materials
group in XSD.
Correspondence: Jessica McChesney, 

jmcchesn@aps.anl.gov

This work supported in part by the University
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Some of the people who worked on the IEX-CDT and the Em-vPU (which is behind the group) in the APS magnet measure-
ment Facility. Left to right: mark jaski (ASD-mD), joe Xu (AES-CTL), jessica mcChesney (XSD-mm), Peter Abbamonte (UIUC),
Christa benson (AES-mD), Isaac vasserman (ASD-mD), and boris Deriy (ASD-PS).

PrOgrESS ON ThE IEX-CDT 29-ID-A bEAmLINE



Fig. 1. Installation geometry for mode-suppressing snubbers.

bob Lill with one of the vacuum chamber snubbers.

SOLvINg A “rOgUE mICrOWAvE” PrObLEm
ImPACTINg APS bPmS

180 APS SCIENCE 2011

ACCelerAtor diAgnostiCs



Argonne nAtionAl lAborAtory 181

One feature of the APS storage
ring vacuum system is the presence of
transverse-electric (TE) microwave
modes in the large-aperture chambers
comprising the arc sections between
insertion device (ID) straight sections.
These modes were known as far back
as 25 years ago, to a time before the
original conceptual design of the APS
facility [1]. At that time, the primary
consideration was the impact of cham-
ber resonances on the ring's imped-
ance impacting such things as coupled-
bunch instabilities. Because the modes
are transverse, to lowest order they do
not couple to the particle beam and
indeed do not affect beam stability
directly. 

Fast-forward 12 years to 1998 in
the early days of APS operation, when
what can only be termed as bizarre
behavior was observed impacting only
the vertical readbacks of large numbers
of radio-frequency (rf) beam position
monitors ( BPMs). In one case, approx-
imately five minutes after injecting to
102 mA, a pair of beam position moni-
tors in Sector 5 would make a step
change in their vertical readbacks with
amplitude in the range from 100 m to
150 m. Additionally, a majority of the
vertical BPMs exhibited large amounts
of variable intensity dependence as the
beam current decayed between injec-
tions, which was particularly important
in the days before top-up operation.
One other interesting observation was
that the problems generally occurred in
pairs: adjacent BPM channels attached
to the same vacuum chamber section
would misbehave simultaneously. 

After extensive investigation, the
microwave modes first described in
1986 were “re-discovered” in 1998
using a network analyzer attached to
BPM pickup electrodes in Sector 5 [2].
Because the electric field associated
with these modes is oriented vertically,
only vertical position monitor readings
were impacted. In a stroke of (particu-
larly bad) luck, it was found that the 80
curved vacuum chambers almost
always had one of the modes at a fre-
quency matching the 352-Mhz pro-
cessing frequency of the rf BPM sys-
tem. At that time, a number of solutions
were proposed, and a few tested with

limited success. however, it
became clear that the only
means to solve the problem
would involve venting the cham-
bers and making modifications to
the internal chamber geometry. 

Fortunately, the modes did
not affect the small-aperture ID
vacuum chambers, so the
machine could be operated with
stable x-rays by ignoring the
large-chamber BPMs. Further-
more, bending the magnet pho-
ton BPMs provided stable opera-
tion for bending magnet beam-
line experiments. Nevertheless, a
significant fraction of the orbit
correction hardware was crippled
by these modes. 

having lived with this state
of affairs for over a decade,
Robert Lill, an rf engineer in the
ASD Diagnostics group, in 2009
took the initiative to solve the problem
once and for all. his solution was sim-
ple but ingenious: insertion of a series
of spring-like “snubbers” into the
antechamber portion of the chambers
[3]. These springs are commonly used
to suppress electromagnetic interfer-
ence from sensitive electronics and in
effect shorted out the modes by con-
necting the top to the bottom of the
chamber. In many cases, the spacing
between chambers is only some 10s of
centimeters, but because the snubbers
are mounted between short steel strips,
they can be inserted relatively easily
from the chamber ends. Figure 1
shows two snubbers with the associ-
ated steel strips, indicating the method
of installation. 

This solution was tested for the
first time in Sector 29, where modifica-
tions were made to all five of the large-
aperture storage ring vacuum cham-
bers. Shown in Fig. 2 are the results of
measurements on one of the chambers
made with a network analyzer indicat-
ing the elimination of modes with fre-
quencies below about 460 Mhz.
Transmission from an electronic E-
probe to a BPM capacitive pickup elec-
trode is shown on a logarithmic scale.
The E-probe was inserted at the cham-
ber end nearest to the button pickup. 
As of january 2012, three sectors have

been upgraded using this method (3, 4,
and 29), with additional sectors being
modified during each machine shut-
down period. 
Correspondence:
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Researchers at APS sectors 1, 2,
8, 32, and 34 are able to utilize an on-
demand, high-performance computing
(hPC) cluster for carrying out near-
real-time experiment computation. In a
typical hPC system, the goal is to keep
the cluster’s processors as busy as
possible, so jobs typically reside in a
queue, sometimes for hours or days,
waiting for the resources they need in

order to run. In the case of the APS
hPC system, the goal is to provide an
on-demand computing resource that is
available when the scientist needs it,
with little or no waiting. This is accom-
plished by dedicating cluster compute
nodes to specific research teams.
While experiments are running, the
nodes may be idle for part of the time,
but a user-submited job runs immedi-
ately, hence the term “on demand.”
When APS beamline scientists aren’t
running experiments, they are often
reprocessing data for previous users. 

The hPC system, which is man-
aged by the AES Information
Technology group, runs applications
written by the AES Software Services
group (SSg) in collaboration with XSD
beamline scientists. 

The combination of dedicated
hardware plus custom software results
in more efficient use of beam time by

scientists and helps to increase sample
throughput. The hPC system also pro-
vides a high-speed data-transfer capa-
bility using the “gridFTP” application,
which empowers users to transfer large
numbers of files using multiple parallel
data streams, allowing significant
amounts of data to be moved from one
system to another much faster than
with conventional file copy techniques.

gridFTP is part of the globus Toolkit
that was developed by Argonne’s
Mathematics and Computer Science
(MCS) Division. MCS has been very
supportive of APS efforts; their techni-
cal assistance has been invaluable.

The APS hPC system provides a
core infrastructure of Infiniband (a high-
speed, low-latency network) and dis-
tributed file storage using the Lustre file
system. In a small cluster (fewer than
200 nodes), the high-speed network
and shared storage are disproportion-
ately expensive in comparison to the
cost of the compute nodes. At the APS,
users have the option to run on stan-
dard compute nodes provided by AES,
or they can purchase their own compo-
nents. Sector 34, for example, pur-
chased their own compute nodes, while
Sector 8 uses standard nodes. Sector
1 is working with an external collabora-
tor to purchase nodes tailored to the

types of jobs they will be running. The
Accelerator Systems Division required
an on-demand computing resource for
performing accelerator tuning on
machine studies days. They purchased
nodes with specifications that would
satisfy their needs. 

graphics processor unit (gPU)
computing is a strong area of interest
in the data processing community as
well as at the APS, and gPU process-
ing capabilities are being added to the
APS hPC environment. gPU comput-
ing uses the “many-core” design of
video cards (448 cores in APS sys-
tems). Two gPU-based nodes were
added to the APS hPC system, each of
which has two gPUs, allowing users to
run parallel gPU jobs or to perform
visualization on one gPU and data
analysis on the other.

The APS hPC environment sup-
ports the popular MPI (Message
Passing Interface) protocol (developed
by the MCS Division) for parallel jobs.
When an SSg developer wanted to
use the hadoop framework for perform-
ing analysis, it was installed on a dedi-
cated set of nodes. hadoop is a soft-
ware system that performs distributed
processing and storage, using local
storage on the compute node, rather
than using the Lustre shared storage
system. This flexibility is possible
because the nodes are dedicated to a
specific user.

The APS hPC system was
designed and implemented to be a
valuable asset to the APS research
community. It provides the ability to
perform near-real-time calculations dur-
ing an experiment, as well as allowing
physicists to reprocess data sets that
end-users might not be able to handle
at their home institutions. The use of
dedicated computing resources pro-
vides the flexibility of radically different
technologies for solving data analysis
and visualization challenges at the
APS. The combination of MPI, shared
storage, hadoop, and gPU computing
technologies is something that few
other hPC environments support.
Correspondence:
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ON-DEmAND, hIgh-PErFOrmANCE COmPUTINg

informAtion teChnology

roger Sersted (AES-IT) in the APS computer room in front of the Orthos two-headed
hPC on-demand cluster.
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Improving energy efficiency is a
key element in achieving our national
goals for energy independence.
Believe it or not, buildings, from
houses to skyscrapers and even
research labs constitute a major
energy consumer in the United
States, accounting for over 42%
of the total national energy con-
sumption, according to the U.S.
Energy Information Agency. So
increasing the energy efficiency of
buildings is a prime candidate for
efficiency initiatives.

The U.S. Department of
Energy recognizes the need to
address the management of
building energy usage, and the
U.S. government has, through
various legislation and executive
orders, set specific goals for
improvement in building energy
efficiency. Argonne has been at
the forefront of this building tech-
nology research, aggressively
pursuing application of these
stringent standards to its existing
buildings and in the construction
of its new facilities. 

The APS is the largest elec-
trical energy consumer at
Argonne, thanks to the accelera-
tor and light source technical
components, and the number of
large facility buildings. The APS is
collaborating with the Laboratory’s
other research divisions and the
Argonne Facilities Management and
Services (FMS) group to upgrade the
energy efficiency of the APS facilities
and make available its buildings as test
beds for new and emerging technology
currently under investigation at
Argonne. 

This collaboration has resulted in
the first phase of implementing major
heat recovery technology to reduce the
APS overall energy consumption. This
is being accomplished through an ag-
gressive energy reclamation process
and ongoing planning for its application
Argonne-site wide.

The use of techniques and system
designs developed as prototype instal-
lations at APS have been employed as
working installations in the APS lab
office modules (LOMs) around the

perimeter of the experiment hall, the
experiment hall itself, and the Argonne
Center for Nanoscale Materials. Many
have also been incorporated in the
design of the new Advanced Protein
Crystallization Facility being built adja-
cent to the experiment hall, and the
Energy Science Building under con-
struction elsewhere on the Argonne
site. These early efforts have so far
resulted in yearly savings of more than
10 gWh of energy, 6,000 mT of CO2,
and $600,000 in energy costs.

The latest achievement in this
ongoing effort has been the qualifica-

tion of LOM 438 to meet the DOE stan-
dards for high-performance and sus-
tainability buildings (hPSB). In 2011,
LOM 438 became one of the first exist-
ing DOE facilities, nationally, to meet

these requirements. The LOM 438
upgrade included:
• Replacing existing T-12 florescent
lighting with light-emitting diode
(LED) fixtures along with 77 occu-
pancy sensors to automatically
turn lights off when a room is
unoccupied. This provided a 60%
reduction in lighting energy con-
sumption, saving 77,107 kWh per
year. At the same time, the new
lighting system improved work sur-
face light intensity from 40 to 50 ft-
c while yielding superior color ren-
dering, improving visual acuity and
depth perception in the work envi-
ronment. LOM 438 is the first DOE
facility to have full interior LED
lighting.
• Replacing restroom fixtures using
high-efficiency sinks and urinals
with motion activated fixtures.
• Utilization of waste heat gener-
ated from the APS process cooling
water system used to cool storage
ring magnets and power supplies.
This low-grade (80º F) waste heat
is used in the winter to pre-heat
LOM 438 outdoor ventilation air,
saving an estimated 125 million
Btu (43 MWh-equivalent) of
energy per year. 
Plans call for these same

upgrades to be implemented in the
other seven LOMs.

A post-implementation energy
audit determined that the lighting
upgrade and the installation of occu-
pancy sensors, combined with heat
recovery from the APS technical com-
ponnts, have reduced the LOM 438
total energy costs by 23.8%, meeting
the minimum hPSB goal of a 20%
energy cost savings. 
Correspondence: M. Kirshenbaum,

kirshen@aps.anl.gov

SUSTAINAbILITy ThrOUgh COLLAbOrATION:
AN APS/ArgONNE ENErgy SUCCESS STOry

marvin Kirshenbaum (left, AES-SO) and robert brachle (ANL-FmS)
with one of the new LED fixtures being installed in the APS com-
puter room. The LEDs help control heat levels in this room in addi-
tion to reducing energy consumption.



gLUSKIN OF ASD ELECTED TO AAAS FELLOWShIP
Argonne physicist Efim
Gluskin was elected a Fellow
of the American Association
for the Advancement of
Science (AAAS). Each year, the
AAAS elects members whose
“efforts on behalf of the
advancement of science or its
applications are scientifically
or socially distinguished.”
gluskin is currently the
magnetic Devices group
Leader in ASD, and is an
Argonne Distinguished Fellow,
his election to AAAS fellow-
ship underscores his role as
one of a handful of scientists

who were instrumental in “the development of ultra-bright x-
ray sources utilized at third generation synchrotron sources
and x-ray lasers, used by thousands of scientists from around
the world,” as noted by the AAAS in announcing gluskin’s
election. The honor also recognizes his later work in the evolu-
tion of the first x-ray free-electron laser, the Linac Cohrent
Light Source at the SLAC National Accelerator Laboratory.
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jACObSEN OF XSD ELECTED TO APS FELLOWShIP
“Seminal contributions to x-
ray microscopy” earned
Chris Jacobsen election to
Fellowship in the American
Physical Society (APS).
jacobsen is the Associate
Division Director for Imaging
and microscopy in XSD, and
a Professor in Physics &
Astronomy at Northwestern
University. he was nominated
for Fellowship by the APS
Topical group on Instrument
and measurement Science.
jacobsen has been awarded
a Presidential Faculty Fellow
Award by the White
house/National Science
Foundation in 1992-1997; the 1996 International Dennis
gabor Award from hungary; and the Kurt heinrich Award as
an outstanding young scientist, from the microbeam Analysis
Society, in 2001. he is a Fellow of the Optical Society of
America, the American Association for the Advancement of
Science, and now the American Physical Society.

LINDA yOUNg OF

XSD ELECTED vICE

ChAIr OF DAmOP
Argonne Distinguished
Fellow and XSD Director
Linda Young was elected
vice chair of the Division
of Atomic, molecular, and
Optical Physics of the
American Physical Society
(DAmOP).  The position
became official at the
2011 DAmOP meeting
held at Atlanta, georgia,

on june 13-17, 2011. The four-year-term position starts
with vice chair and progresses to chair elect, chair, and then
past chair. Among young’s recent scientific accomplishments,
the atomic, molecular, and optical research carried out by
her research group at Argonne has been featured in the
Presidential budget request as a “Selected Accomplishment”
two years in a row. The most recent work explored the fem-
tosecond electronic response of simple atoms to ultrashort,
high-intensity x-ray pulses from the world’s first x-ray free-
electron laser, the Linac Coherent Light Source at the SLAC
National Accelerator Laboratory [Nature 466, 56 (2010)].
The previous year’s work demonstrated how light, through
the phenomenon of electromagnetically induced trans-
parency, can control x-ray absorption [Nat. Phys. 6, 69
(2010)].

ASSOUFID OF XSD
ELECTED A FELLOW OF

SPIE
Lahsen Assoufid was been
elected a Fellow of SPIE, the
international society for
optics and photonics. he is
Section Leader for mirror
multilayer and metrology in
the XSD Optics and Detectors
group. he was acknowl-
edged for his “achievements
in metrology and x-ray
optics. A leader in the field
of x-ray optics and metrol-
ogy, Assoufid has made significant technical contributions to
several aspects of synchrotron x-ray optics, including the
design, optical metrology, and in-beam characterization of
focusing profiled Kirkpatrick-baez (K-b) mirrors. Especially
notable is his development of at-wavelength metrology using
coherent diffraction and phase retrieval techniques for charac-
terizing astigmatism/misalignment, focal spot size, and surface
aberrations of K-b nanofocusing mirrors.” he founded and
served as Chair for the SPIE conference in Advances in
metrology for X-ray and EUv Optics, and served in the lead-
ership of the Chicago Chapter of SPIE during 2004-7, con-
tributing to optics and educational outreach activities in the
Chicago area. he is a member of the American Physical
Society and a Fellow of the Opical Society of America.

lAb notes
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grOUNDbrEAKINg FOr A $34.5m mX rESEArCh FACILITy
Argonne broke ground on August 30, 2011, for a $34.5 million Advanced Protein Crystallization Facility
(APCF) that will enable scientists from around the world to produce, purify, and characterize a wide range
of proteins more rapidly and play a critical role in the development of important medical therapeutics. The
State of Illinois will provide funding for the design and construction of the APCF, which is slated to open in
2014. The APCF will be located next to the APS. The 50,000 sq-ft state-of-the-art structural genomics
facility will complement the U.S Department of Energy’s Structural biology Center (SbC), also located at the
APS. The SbC is a scientific user facility that hosts hundreds of researchers for x-ray protein crystallogra-
phy (mX) studies. The APCF will provide those visiting researchers with modern laboratory space for sam-
ple preparation prior to using the SbC beamlines to collect data. 

An artist’s conception of the APCF is shown above. right: The tradi-
tional shovel ceremony. Left to right: State representative Jim Durkin
(r-Ill.), 82nd District; Joanna Livengood, U.S. Department of Energy
Argonne Site Office manager; Argonne Director Eric Isaacs; Ill.
Congresswoman Judy Biggert (r-13th); John Kamis, Senior Advisor
to the governor, State of Illinois, Office of governor Pat Quinn; and
Wayne Anderson, Professor at Northwestern University and Director
of the Center for Structural genomics of Infectious Diseases.

lAb notes

KEITh mOFFAT OF APS, bIOCArS, AND U. OF C. rECEIvES 2011 PATTErSON AWArD FrOm ACA
Keith Moffat, Principal Investigator for the bioCArS research facility at the APS, from 2002-2010 the Deputy

Provost for research at the University of Chicago, and recently appointed as
Senior Advisor for Life Sciences at the APS was selected as the recipient of the
2011 Patterson Award from the American Crystallographic Association (ACA).
moffat, who is also the Louis block Professor in biochemistry & molecular biology
and a founding member of the Institute for biophysical Dynamics at the University,
is recognized for his work in pioneering ultrafast time resolved x-ray diffraction
using synchrotron radiation to capture the function of fundamental protein
processes at atomic resolution. The Patterson Award was established in 1980 in
honor of A. Lindo Patterson to recognize and encourage outstanding research in
the structure of matter by diffraction methods, including significant contributions to
the methodology of structure determination and/or innovative application of dif-
fraction methods and/or elucidation of biological, chemical, geological, or physical
phenomena using new structural information.
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2011 APSUO ArThUr h. COmPTON AWArD TO STErN, LyTLE, SAyErS, AND rEhr
The APS and the APS Users Organization (APSUO) awarded the 2011 Arthur h.

Compton Award jointly to Edward Stern, Farrel Lytle, Dale Sayers (posthumously),
and John Rehr for their development of the technique of x-ray absorption fine struc-
ture spectroscopy (XAFS), whereby information can be acquired on local structure and
on unoccupied electronic states in non-crystalline materials. These outstanding scientists
have defined how XAFS is understood, enabling its application to an extremely wide
range of problems across all disciplines of the physical, chemical, and biological sci-
ences. The award was presented at the 2011 APS/Center for Nanoscale
materials/Electron microscopy Center Users meeting.

As a result of work by Stern, Lytle, Sayers, and rehr, researchers at universities,
national laboratories, and industry using the APS can take XAFS and use it to solve
and understand complex problems in materials research. Stern, together with Lytle
and Sayers, developed the modern theory of XAFS in 1970. This theory describes
XAFS as due to the scattering of the photoelectron ejected from an atom when it
absorbs an x-ray. by Fourier-transforming the XAFS oscillations, Stern, Lytle, and
Sayers showed that the phenomenon was sensitive to the local atomic structure around
the absorbing atom and how XAFS can be used to retrieve quantitative information
on interatomic distances and coordination around selected absorbing atoms. This
established XAFS as a premier tool for probing short-range atomic order in solids
and liquids alike.

With the modern form of the XAFS equation in hand, Stern, Lytle, and Sayers,
together with generations of students, proceeded to develop the basic experimental

and analysis procedures for XAFS data collection and interpretation, many of which are still used today. As a result, XAFS has
emerged as a powerful technique on a par with the more established diffraction probes. Their careful experiments, first using labo-
ratory x-rays and later at synchrotrons laid the groundwork for virtually all subsequent measurements. They showed an entire gen-
eration how to collect accurate data and helped to set the direction for all major experimental advances in the technique.

rehr significantly extended the initial XAFS theories, and together with robert Albers of Los Alamos National Laboratory, devel-
oped techniques for quantitative calculations. Perhaps most importantly, rehr and his group developed a suite of programs that
made ab initio calculations of XAFS spectra a practical reality. rehr’s FEFF program (named after feff, the effective curved wave
scattering amplitude in the modern XAFS equation) revolutionized the practice of XAFS. It is now possible to obtain very accurate
calculations of the expected XAFS for a completely unknown structure, and thus to analyze experimental measurements in terms of
the structure and other properties of a material.

The ability to quantitatively interpret XAFS measurements has profoundly impacted a huge range of scientific disciplines, and con-
sequently XAFS and related spectroscopies are among the more commonly used synchrotron tools, with large and diverse user com-
munities at most synchrotron sources, including the APS. In addition, the theoretical understanding of XAFS as a scattering phenome-
non influenced the development of other modern synchrotron-based techniques such as x-ray photoelectron diffraction from sur-
faces, bulk x-ray holography, resonant x-ray scattering and inelastic x-ray scattering, as well as electron-based techniques such as
electron energy loss spectroscopy.

The Arthur h. Compton award was established in 1995 by the APSUO to recognize an important scientific or technical accom-
plishment at the U.S. Department of Energy’s Advanced Photon Source. Correspondence: Susan Strasser, strasser@aps.anl.gov

The 2011 Compton Award winners. Clockwise from
top left: Farrel Lytle, john rehr, Edward Stern, and
Dale Sayers.

ChAPmAN OF XSD WINS OXFOrD CryOSySTEmS

POSTEr PrIzE
Karena Chapman (ANL-XSD) won the 2011 Oxford Cryosystems
Poster Prize for “11-ID-b, a Dedicated Instrument for X-ray Pair
Distribution Function measurements.” Oxford Cryosystems gives this
cash prize to the best poster describing work in low-temperature
crystallography. Chapman’s poster reported her work with Kevin
beyer and Peter Chupas (also XSD) to optimize the instrument at
APS. They improved data quality, reduced data collection times,
and facilitated a whole range of sample environments for in situ
studies under non-ambient conditions. Now studies varying temper-
ature, pressure, and chemical environment are routine, and users
collect hundreds or even thousands of individual pair-distribution
functions per day.
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DMLS 2011: 4th International Workshop on Diamonds for
Modern Light Sources • May 5-6 • The fourth in a series of
workshops devoted to the use of diamonds at synchrotrons and
free-electron lasers (FELs) was held at the APS. The scope
was to assess the status, size, quality, and availability of syn-
thetic type-IIa diamonds; the status of chemical vapor deposi-
tion (CVD) diamonds; applications for beamline optics; applica-
tions for beam position monitors and detectors; applications at
FELs; and novel applications, such as for an x-ray free electron
laser oscillator (XFELO). highlights of the workshop included:
reports of supplier facilities for thinning and polishing; reports
on tests of supplier-provided bonds to CVD cooling manifolds;
a report of more than 99% reflectivity from diamond for hard x-
rays, significant for XFELO feasibility, measured at the APS;  a
report on thermal expansion measurements at low tempera-
tures made at the APS (no negative thermal expansion, thermal
expansion below 1e-9); a report from Brookhaven National
Laboratory on substantial progress in diamond beam flux mon-
itors, and fast detectors; and a presentation on plans for a self-
seeding at the Linac Coherent Light Source with diamond crys-
tals. Contact: atm@aps.anl.gov

hEXD-MM Workshop • October 13-15 • The goal of this work-
shop was to advance research in the general area of microme-
chanics of polycrystalline materials. Presentations were given
by international experts who i) conduct synchrotron x-ray dif-
fraction experiments, ii) model material behaviors on multiple
size scales, and iii) work in industry on relevant materials. The
workshop aimed to enhance contacts between these distinct
communities. The impact of the high-value data (both experi-
mental and virtual) is optimized by assuring that the most rele-
vant and timely studies are performed and that these results
can then serve as templates for experimental/theoretical col-
laborations in the future. It is the hope of the organizers that this
workshop might initiate a community around the theme of dif-
fraction/micromechanics. For this reason, a group of young
investigators were invited to attend the workshop and present
their work in a special poster session. 
Contact: jlienert@aps.anl.gov

National School on Neutron and X-ray Scattering • june 11-
june 25 • The National School on Neutron and X-ray Scattering
educates graduate students on the utilization of major neutron
and x-ray facilities. Lectures presented by researchers from
academia, industry, and national laboratories include basic
tutorials on the principles of scattering theory and the charac-
teristics of the sources, as well as seminars on the application
of scattering methods to a variety of scientific subjects.
Students conduct short experiments at Argonne's APS and Oak
Ridge National Laboratory’s Spallation Neutron Source and
high Flux Isotope Reactor facilities to provide hands-on experi-
ence for using synchrotron and neutron sources. The target
audience is graduate students attending U.S. universities and
majoring in physics, chemistry, materials science, or related
fields. The school is jointly conducted by Argonne's Division of
Educational Programs, APS, and Materials Science Division;
and Oak Ridge National Laboratory's Neutron Scattering
Science Division. Contact: nxschool@dep.anl.gov

ConferenCes, meetings, WorkshoPs, etC.

Argonne Strategic Initiatives Collaboration Workshop:
Opportunities in Electrical Energy Storage • April 4 • “Electrical
Energy Storage” is one of Argonne's Major Initiatives. Re-
search and development related to electrical energy storage
has been occurring in many corners of the Laboratory, particu-
larly in areas defined by the other three Major Initiatives:
“Materials for Energy” (formerly M2D2), “Leadership Comput-
ing,” and “hard X-ray Sciences.” Underpinning this workshop
was a desire to establish stronger connections among various
groups in the Laboratory in order to  shape and execute a
larger Argonne vision for electrical energy storage research.
The goal was to coalesce the four major initiatives around
electrical energy storage in order to sharpen Argonne's com-
petitive edge and better position the Laboratory for capturing
large funding opportunities. The workshop featured talks from
representatives of the four major initiatives. Areas of interest
included current problems with existing Li-ion materials,
advanced materials for the next generation of Li-ion technol-
ogy, and electrochemical energy systems beyond Li-ion.
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In fiscal year 2011* the APS x-ray
source continued to function as a highly
reliable delivery system for synchrotron
x-ray beams for research. Several fac-
tors support the overall growth in both
the APS user community and the num-
ber of experiments carried out by that
community. But there is a direct correla-
tion between the number of x-ray hours
available to users; the success of the
APS experiment program; and the
physicists, engineers, and technicians
responsible for achieving and maintain-
ing optimum x-ray source performance.
Below are definitions of important meas-
ures for the delivery of x-ray beam to
users (shown graphically at left).

Storage Ring Reliability: A measure of
the mean time between beam losses
(faults), or MTBF. MTBF is calculated by
taking the delivered beam and dividing
by the total number of faults. The APS
targets, and routinely exceeds, 70 h
MTBF. A fault is defined as complete
unavailability of beam either via beam
loss or removal of shutter permit not
related to weather. A fault also occurs
when beam has decayed to the point
where stability and orbit can no longer
be considered reliable. At the APS, this
threshold is 50 mA.

X-ray Availability: The number of hours
that the beam is available to the users
divided by the number of hours of
scheduled beam delivery prior to the
beginning of a run. The specific defini-
tion of available beam is that the APS
Main Control Room has granted permis-
sion to the users to open their shutters,
and there is more than 50-mA stored
beam in the storage ring.

* While the highlights in, and title of, this
report cover calendar year 2011 data on
accelerator performance and user statistics
are measured on the basis of fiscal years. 

APS storage ring reliability (mTbF)

APS x-ray availabilty

Number of APS users

Number of experiments at the APS

APS users by institution type

APS users by employment

APS users by discipline

APS users by user type

APS users by funding source

APS users by institutional geographic distribution

APS X-rAy SOUrCE & USEr DATA

Number of APS publications

For complete lists of APS publications see the Publications
Database at http://www.aps.anl.gov/Science/Publications/
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APS OrgANIzATION ChArT

APS staffing levels, Fy02-Fy11 APS funding levels, Fy02-Fy11

APS STAFFINg AND FUNDINg

dAtA
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linAC
Output energy 325 MeV
Maximum energy 450 MeV
Output beam charge 1–3 nC
Normalized emittance 10–20 mm-mrad
Frequency 2.856 ghz
Modulator pulse rep rate 30 hz
gun rep rate 2–12 hz
(1–6 pulses, 33.3 ms apart every 0.5 s)
Beam pulse length 8–15 ns
Bunch length 1–10 ps FWhM

PArtiCle ACCumulAtor ring
Nominal energy 325 MeV
Maximum energy 450 MeV
Circumference 30.66 m
Cycle time 500 ms
Fundamental radio frequency (RF1) 9.77 Mhz
12th harmonic rf frequency (RF12) 117.3 Mhz
RMS bunch length 0.34 ns
(after compression) 

injeCtor synChrotron (booster)
Nominal extraction energy 7.0 geV
Injection energy 325 MeV
Circumference 368.0 m
Lattice structure 10 FODO cells/

quadrant
Ramping rep rate 2 hz
Natural emittance 65 nm-rad-92 nm-rad
Radio frequency 351.930 Mhz

storAge ring system
Nominal energy 7.0 geV
Circumference 1104 m
Number of sectors 40
Length available for insertion device 5.0 m
Nominal circulating current, multibunch 100 mA
Natural emittance 2.5 nm-rad
RMS momentum spread 0.096%
Effective emittance 3.1 nm-rad
Vertical emittance 0.040 nm-rad
Coupling 1.5%
Revolution frequency 271.554 khz
Radio frequency 351.930 Mhz
Number of bunches 24 to 1296
Time between bunches 153 to 2.8 ns
RMS bunch length 25 ps to 40 ps
RMS bunch length of 16 mA in hybrid mode 65 ps

TyPICAL APS mAChINE PArAmETErS APS SOUrCE PArAmETErS

PArAmeters

undulAtor A
Period: 3.30 cm
Length: 2.1 m in sectors 12, 21, 23, 24; 2.4 m in others
kmax: 2.75 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 3.0–13.0 keV (1st harmonic)

3.0–45.0 keV (1st-5th harmonic)
On-axis brilliance at 7 keV: 4.1 x 1019 ph/s/mrad2/mm2/0.1%bw (2.4 m)

3.3 x 1019 ph/s/mrad2/mm2/0.1%bw (2.1 m)
Source size and divergence at 8.0 keV:

Sx: 276 µm Sy: 11 µm
Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m)
Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m)

2.30-Cm undulAtor (seCtors 1, 11, 14)
Period: 2.30 cm
Length: 2.4 m
kmax: 1.20 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 11.8–20.0 keV (1st harmonic)

11.8–70.0 keV (1st-5th harmonic, non-contiguous)
On-axis brilliance at 12 keV: 6.9 x 1019 ph/s/mrad2/mm2/0.1%bw
Source size and divergence at 12.0 keV:

Sx: 276 µm Sy: 11 µm
Sx': 12.3 µrad Sy': 5.9 µrad

2.70-Cm undulAtor (seCtors 3 & 14)
Period: 2.70 cm
Length: 2.4 m
kmax: 1.76 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 6.7–16.0 keV (1st harmonic)

6.7–60.0 keV (1st-5th harmonic, non-contiguous)
On-axis brilliance at 12 keV: 5.7 x 1019 ph/s/mrad2/mm2/0.1%bw
Source size and divergence at 8.0 keV:

Sx: 276 µm Sy: 11 µm
Sx': 12.7 µrad Sy': 6.7 µrad
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3.00-Cm undulAtor (seCtors 12, 21, 23, 30)
Period: 3.00 cm
Length: 2.1 m in sectors 12, 21, and 23; 2.4 m in Sector 30
kmax: 2.20 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 4.6–14.5 keV (1st harmonic)

4.6–50.0 keV (1st-5th harmonic)
On-axis brilliance at 8 keV: 4.8 x 1019 ph/s/mrad2/mm2/0.1%bw (2.4 m)

3.9 x 1019 ph/s/mrad2/mm2/0.1%bw (2.1 m)
Source size and divergence at 8.0 keV:

Sx: 276 µm Sy: 11 µm
Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m)
Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m)

3.50-Cm smCo undulAtor (seCtor 4)
Period: 3.50 cm
Length: 2.4 m
kmax: 3.08 (effective; at minimum gap)
Minimum gap: 9.5 mm
Tuning range: 2.3–12.5 keV (1st harmonic)

2.3–42.0 keV (1st-5th harmonic)
On-axis briliance at 7 keV: 3.7 x 1019 ph/s/mrad2/mm2/0.1%bw
Source size and divergence at 8.0 keV:

Sx: 276 µm Sy: 11 µm
Sx': 12.7 µrad Sy': 6.7 µrad

5.50-Cm undulAtor (seCtor 2)
Period: 5.50 cm
Length: 2.4 m
kmax: 4.97 (effective; at minimum gap)
Minimum gap: 14.0 mm
Tuning range: 0.6–7.0 keV (1st harmonic)

0.6–25.0 keV (1st-5th harmonic)
On-axis brilliance at 4 keV: 1.7 x 1019 ph/s/mrad2/mm2/0.1%bw
Source size and divergence at 4.0 keV:

Sx: 276 µm Sy: 11 µm
Sx': 13.9 µrad Sy': 8.8 µrad

CirCulArly PolArizing undulAtor (seCtor 4)
Period: 12.8 cm
Length: 2.1 m
Circular mode:

kmax: 2.65 (effective; for both horizontal and vertical fields
at maximum currents of 1.2 kA horizontal and
0.34 kA vertical)

Bmax: 0.26 T (peak fields)
Tuning range: 0.5–3.0 keV (1st harmonic)
On-axis brilliance at 1.8 keV: 3.1 x 1018 ph/s/mrad2/mm2/0.1%bw

Linear mode:
kmax: 2.80 (effective; for both horizontal and vertical fields

at maximum currents 1.4 kA horizontal and
0.40 kA vertical)

Bmax: 0.29 T (peak fields)
Tuning range: 0.8–3.0 keV (1st harmonic)

0.8–10.0 keV (1st–5th harmonic)
On-axis brilliance at 2.1 keV: 2.3 x 1018 ph/s/mrad2/mm2/0.1%bw
Switching frequency: 0-5 hz
Switching rise time: 20 ms
Source size and divergence at 1.5 keV:

Sx: 276 µm Sy: 12 µm
Sx': 18.1 µrad Sy': 14.5 µrad

APs bending mAgnet
Critical energy: 19.51 keV
Energy range: 1–100 keV
On-axis brilliance at 16 keV: 5.4 x 1015 ph/s/mrad2/mm2/0.1%bw
On-axis angular flux density:

9.6  1013 ph/s/mrad2/0.1%bw at 16 keV
On-axis horizontal angular flux density:

1.6  1013 ph/s/mradh/0.1%bw at 6 keV
Source size and divergence at the critical energy:

Sx: 92 µm Sy: 31 µm
Sx': 6 mrad Sy': 47 µrad

APS SOUrCE PArAmETErS APS SOUrCE PArAmETErS

PArAmeters
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