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WELCOME

by J. MURRAY GIBSON...

... Associate Laboratory Director for Scientific User Facilities at Argonne National Laboratory and Director of the

Advanced Photon Source.
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n my five years as Director of the Advanced Photon

Source (APS), | have been fortunate to see major

growth in the scientific impact from our facility. This year

| am particularly enthusiastic about prospects for the
long-term future. Every scientific instrument must remain at
the cutting edge to flourish. Our plans for the next generation
of the APS—an APS upgrade—got seriously in gear this year
with strong encouragement from our users and sponsors.
Although we are looking at several options, the most promis-
ing seeming to emerge is the energy-recovery linac (ERL),
and we plan to carry out R&D on this and related options in
the next few years. An ERL@APS would offer revolutionary
performance, especially for x-ray imaging and ultrafast sci-
ence, while not seriously disrupting the existing user base. |
am very proud of our accelerator physics and engineering
staff, who not only keep the current APS at the forefront, but
were able to greatly impress our international Machine

Katherine Harkay (left, ASD), Murray Gibson, and Michael Borland
(ASD) in the APS computing room. On the laptop screen are images
showing results of simulations for several APS upgrade opftions. The
simulations were performed in this room on a Linux cluster dedi-
cated to accelerator research, using the code ELEGANT (devel-
oped at Argonne by Borland ef al.).

Advisory Committee with the quality of their work on the pos-
sible upgrade options (see page 10).

As we prepare for long-term major upgrades, our plans to
develop and optimize all the sectors at the APS in the near
future are advancing. Several new beamlines saw first light this
year, including a dedicated powder diffraction beamline (11-
BM), two instruments for inelastic x-ray scattering at sector 30,
and the Center for Nanoscale Materials (CNM) Nanoprobe
beamline at sector 26. Our partnership in the Linac Coherent
Light Source —the first x-ray free-electron laser, now being built
at the Stanford Linear Accelerator Center—contributes to revo-
lutionary growth in ultrafast science (see page 163), and we are
developing a pulse chirping scheme to get ~ps pulses at sector
7 of the APS within a year or so.

In this report, you will find selected highlights of scientific
research at the APS from calendar year 2006. The highlighted

Continued on next page



work covers diverse disciplines, from fundamental to applied
science. In the article on page 129 you can see the direct
impact of APS research on technology. Several new products
have emerged from work at the APS, to complement the
tremendous output of work in basic science, which often has
payoff in technology but over decades rather than years.
Highlights in this report also reflect the relevance of APS work
to U.S. Department of Energy (DOE) missions: for example, a
route to more efficient fuel cells (page 22) that addresses the
energy challenge, and natural approaches to cleaning up the
environment (page 104).

ware for analyzing data from experiments. There is a need for
both faster real-time analysis to assist in more efficient use of
beam time, and for access to data and software after the exper-
iment. We have created a scientific software section in the
Beamline Controls and Data Acquisition Group in the APS
Engineering Support Division, and are seeking to grow this in
the near future. We are also working with the Intense Pulsed
Neutron Source at Argonne to build such capabilities for both x-
ray and neutron science. Many of our employees work behind
the scenes in supporting user operations, from mechanical and
electrical infrastructure, to computer networks and cyber secu-

“Every scientific instrument must remain at the cutting edge to flourish. Our plans for the
next generation of the APS—an APS upgrade—qot seriously in gear this year with
strong encouragement from our users and sponsors.”

The APS X-ray Operations and Research (XOR) organiza-
tion increased its responsibility for beamline operations in 2006,
taking sectors 33 and 34 (the former University-National
Laboratory-Industry Collaborative Access Team [CAT]) under its
wing. This brings the number of XOR beamlines to 27, the
majority of the non-protein-crystallography stations at the APS.
We have been working to optimize these beamlines in accor-
dance with our developing strategic plan. In 2006 we dedicated
beamline 1-ID entirely to high-energy scattering (see page
149), and developed a dedicated imaging capability at beamline
32-ID. We also work closely with our external partners and col-
laborative access teams to improve the capabilities for users.
For example, we have recently installed two new specialized
undulators—a 2.3-cm-period device and a 2.7-cm-period
device—at BioCARS (sector 14). In partnership with the
National Institutes of Health (NIH) intramural program of Phil
Anfinrud, and the NIH National Center for Research Resources
facility at BioCARS run by Keith Moffat (The University of
Chicago), new state-of-the-art fast-laser equipment and optics
have been installed, and we believe that this sector will have a
photon flux in a single pulse second-to-none of any beamline
around the world. It is thus ideally suited for ultrafast single-
pulse diffraction experiments. We are instituting “HP-SynC,” a
centralized suite of facilities and expertise for high-pressure
experiments around the ring, initiated by the High Pressure CAT
(sector 16) and supported by DOE funding. Plans for enhanced
capabilities for catalysis research are also in progress.

User support is a major focus for APS employees. We rec-
ognize that a barrier to usage of the APS, and other synchro-
trons, is the lack of well-supported, user-friendly scientific soft-

rity. | thank all of these people for their hard work, which makes
science not only possible, but better, for APS users.

The safety of our employees and our users is paramount,
and this year we instituted an extensive testing and certification
system for all electrical equipment brought by users (see page
173). We have a team of nine APS personnel trained in the
Nationally Recognized Testing Laboratories (NRTL) require-
ments, who can inspect equipment that has not been NRTL-cer-
tified, in order to ensure that it is safe. If there are simple prob-
lems, we often fix them immediately at no charge to the user, or
provide the service at cost to those users who need more exten-
sive repairs.

Despite the fact that our sponsors, the U.S. DOE Office of
Basic Energy Sciences and the U.S. Congress, have strongly
supported the importance of adequate funding for productive
large facilities such as the APS, the year 2006 was also a diffi-
cult one for us. Financial problems arose due to a number of
political problems on a larger scale, and happily, it appears that
the coming years will be better for us. | particularly would like to
thank our users and employees for their patience during these
challenging times, and for our users’ advocacy of the impor-
tance of the APS to their research. Challenges notwithstanding,
the future is bright, and as a team—our sponsors at DOE, our
employees at APS and colleagues at Argonne, our users, and
our advisory and review committees—we can bring about new
and greater things. Thank you!

oy~



THE APS

ScIENTIFIC ADVISORY COMMITTEE

by PIERRE E. WiILTZIUS...

... Chair, APS Scientific Advisory Committee; Director of the Beckman Institute and Professor of Materials Science, Engineering,

and Physics at the University of lllinois at Urbana-Champaign.

he Scientific Advisory Committee (SAC) of the APS held its
annual meeting on January 23-25, 2007. The meeting
included two days of informational updates and discus-
sions of APS strategic and tactical planning, as well as for-
mulation of specific recommendations to the APS for the 10
sector/beamline reviews conducted during 2006, the 8 current part-
ner user programs, 2 collaborative access team proposals for new
undulators, and issues raised during the 2006 SAC meeting. In addi-
tion, there was a day-long cross-cut review of structural biology; pre-
sentations from the review are available at: http://aps.anl.gov/News/
Meetings/APS_Cross_ Cut_Reviews/2007/index.html.

Murray Gibson, Associate Laboratory Director for Scientific
User Facilities at Argonne and Director of the APS, conveyed the
good news that the building momentum at the Department of
Energy’s Office of Basic Energy Sciences (DOE-BES) has led the
APS to explore a number of options for a future upgrade, the most

Continued on next page

The APS Scientific Advisory Committee photographed dur-
ing their meeting in January 2007. Seated, left to right:
Denis McWhan (Brookhaven National Laboratory, retired)
e Pierre Wiltzius, Chair, (Univ. of lllinois af Urbana-
Champaign) ¢ J. Murray Gibson (Argonne) ¢ J. Michael
Rowe (National Institute for Standards and Technology
[NIST] Center for Neutron Research; refired), Standing, left
fo right: Patrick Gallagher (NIST Centfer for Neutron
Research) ¢« Wei Yang (National Institutes of Health)  Miles
Klein (Univ. of lllinois at Urbana-Champaign) ¢ Piero
Pianetfta (Stanford Linear Accelerator Center) e Richard
Leapman (National Institutes of Health) ¢ John Helliwell
(Univ. of Manchester) ¢ Donald Weidner (Stafte Univ. of
New York at Stony Brook) ¢ Gene Ice (Oak Ridge National
Laboratory) e Slade Cargill (Lehigh Univ.) * Paul Berfsch
(Univ. of Georgia) * Howard Einspahr (Bristol-Myers Squibb;
retired) ¢ Bruce Bunker (Univ. of Notre Dame).



promising of which, at this time, seems to be a fourth-generation
source such as an energy-recovery linac. Options were guided
by advice from a November 2006 high-level Machine Advisory
Committee (page 10). It is likely that there will be funding from
DOE-BES for the build-out of the remaining four original APS
sectors. Gibson continued with scientific highlights, followed by
information on new developments in APS R&D. He then
described the APS reorganization, funding picture, spending
profiles, and user status.

Discussion during and following

as well. Six new beamlines could result: Intermediate Energy X-
ray Spectroscopy and Scattering, Intermediate Energy X-ray
Magnetism, BioNanoprobe, Diffraction in High Magnetic Field,
In situ Surface and Interface Science, and Advanced X-ray
Imaging.

The SAC addressed the issues related to industrial, propri-
etary usage of the APS, specifically the results and status of an
audit by the DOE Inspector General’s Office requiring “full cost
recovery.” The APS has proposed several paths to compliance

Gibson’s presentation focused on several 800

main issues, primarily those associated 700 B APS
with the APS organizational structure. B ESRF
The current configuration of both APS- "2 600~ M HASYLAB
managed and collaborative access team 8 = NSL_S
(CAT)-managed beamlines leaves CATSs, % 500 = SPring-8
primarily those in the life-science commu- () = SRS

nity, without a strong voice in APS man- "'6 400+

agement decisions. Scientific Advisory 3

Committee members offered suggestions o 3007

for ways to incorporate biologists into the S

APS decision-making process. Also é 2007

raised were the issues of in-house sci- 1004

ence and the need for adequate beamline

support to enable beamline scientists to o

establish their own research programs.
Some progress has been made during
the past year, but many APS beamlines
still urgently need staff.

The SAC discussed the 10 sector
reviews conducted during 2006 and for-
mulated specific recommendations to the APS Director. Many of
the beamlines are highly successful and productive, while a few
have some organizational or funding challenges. It should also
be noted that the transition from CATs to X-ray Operations and
Research (XOR) sectors continues in a positive fashion. These
sector reviews by external Sector Review Panels are well-
established by now and are viewed as a useful evaluation tool,
leading to greater coordination and better efficiencies around
the ring. On behalf of the SAC, | would like to thank all the panel
members who participate in these reviews.

Given that 8 of the 10 sectors scheduled for review in 2007
are operated by XOR, the SAC concurred with the APS pro-
posal to review the science done at the XOR sectors in a cross-
cut exercise, followed by a single management review shortly
before the next SAC meeting.

The SAC learned that the X-ray Science Division is cur-
rently responsible for 27 beamlines on the APS floor. This pro-
vides significant opportunities for upgrades to create more
effective and dedicated facilities. Decisions will be made after
consideration of a number of factors: partner users on the
beamline, transition time of sectors newly added to XOR, pro-
ductivity, overall availability of techniques, and scientific talent.

The exciting plans for the build-out of the remaining four
sectors and the redevelopment of existing lines were discussed,
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Fig. 1. Deposits in Protein Data Bank by high-deposit light sources as of 10.06. (Source:
BioSync, http://biosync.rcsb.org/BiosyncStat.html.)

with a three-year phase-in. A final decision is in the hands of the
DOE Chief Financial Officer.

The status of the APS user program, with its three principal
access modes (CAT member, partner user, general user) was
discussed, as well. For fiscal year 2006, the APS had 3,274 on-
site unique users and approximately 2,000 requests for beam
time through the General User Program.

Lastly, the SAC reviewed a number of undulator upgrades,
and several XOR and CAT plans and proposals. The members
concurred with the proposed changes on beamlines 11-ID, 1-ID,
and 4-ID, as well as the proposals from GSECARS and High
Pressure CAT for new undulators.

Overall, the SAC found the APS will continue to operate at
high capacity and productivity. The transition from CATs to
XORs seems to progress with minimal disruption, leading to
greater efficiencies and coherence around the ring. In the name
of the SAC, | would like to congratulate the APS community for
the great scientific progress that has been made. This year’s
cross-cut review highlighted, in particular, the enormous impact
that the APS has had on the biological community as demon-
strated by the large numbers of entries into the Protein Data
Base (Fig. 1) resulting from experiments at highly productive
APS beamlines. O



THE APS UseErRs ORGANIZATION

by GENE ICE...

... Chair, APSUO Steering Committee; Oak Ridge National Laboratory Corporate Fellow/Group Leader
for the X-ray Research and Applications Group, Metals and Ceramics Division.

iscal year 2006 marked the 10th anniversary of user science at the

APS. The APS user’s meeting—jointly held with Argonne’s Center for

Nanoscale Materials, Intense Pulsed Neutron Source, and Center for

Electron Microscopy—provided a forum for the celebration of the
accomplishments of the last decade and for envisioning ways to expand the
APS leadership position in critical scientific areas.

Enthusiasm for new research opportunities was captured by an overview
talk on an energy-recovery linac proposed upgrade option to improve the APS
performance by orders of magnitude. Another highlight of the meeting was the
presentation of the Franklin Award to Wendy Mao (Los Alamos National
Laboratory) for her elegant studies of novel high-pressure phenomena using
synchrotron radiation. Plenary talks covered emerging scientific grand chal-
lenges in biology and energy research, and recognized pioneering research
carried out at the APS. For example, presentations on “Biological Methane
Oxidation” by Amy Rosenzweig (Northwestern University), “Using X-ray
Speckle to Test Dynamical Scaling” by Mark Sutton (McGill University),
“Synchrotron-Based Measurements of Magnetically Doped Transition Metal
Oxides” by Scott Chambers (Pacific Northwest National Laboratory) and “From
X-rays to Biogeochemistry to Beethoven” by Ken Kemner (Argonne) all were
made possible by unique APS capabilities.

In addition to the plenary talks, there were a record number of workshops
and two additional, large auxiliary workshops. A special emphasis was placed
on providing resources to support invited speakers for the plenary sessions
and for the workshops. This allowed organizers to invite experts from around
the world and made the APS meeting both a celebration of science at the APS
and a global forum for new ideas. Part of the user enthusiasm was driven by
the prospect for a significant upgrade to the APS. (For more on the 2006 user
meeting, see page 152.)

Of course, the primary role of the APS Users Organization (APSUOQ) is to
represent the interests of the APS users community and to provide user per-
spective to APS management. In addition to quarterly APSUO meetings that

The 2006 APS Users Organization Steering Committee,
photographed at Argonne on November 26, 2006.
Seated, left to right: Larry Lurio (Northern lllinois Univ.)
e Tim Graber (The Univ. of Chicago, APSUO Vice-
Chair) » Barbara Golden (Purdue Univ.) » Gene Ice
(Oak Ridge National Laboratory, APSUO Chair) e
Anne Mulichak (The Univ. of Chicago) ¢ Carol
Thompson (Northern lllinois Univ., Ex Officio) ¢ Millicent
Firestone (Argonne). Standing, left fo right: Murray
Gibson (Argonne) * Ward Smith (Argonne) ¢ Thomas
Gog (Argonne) ¢ Simon Billinge (Michigan State Univ.)
* Keith Brister (Northwestern Univ.) ¢ Paul Evans (Univ.
of Wisconsin-Madison) ¢ David Reis (Univ. of
Michigan). Noft pictured: Simon Mochrie (Yale Univ.)

form the main contact with APS management, the
APSUO executive committee represents the users at
beamline and other scientific reviews, attends the
APS Operations Directorate Meetings, provides user
input to the Partner User Council, attends the
Scientific Advisory Committee meetings, and serves
as an advocate for users who have specific concerns
or grievances. Issues raised this year include the
role of Partner User Proposals and the overlap with
transition beam time as Department of Energy-
funded beamlines move to X-ray Operations and
Research management. Other issues included
emergency user access during holidays; and a
strong user priority for beamline upgrades, including
software, x-ray optics, and detectors.

Advocacy is an ongoing focus for the APSUO
and other user groups as they express to the pub-
lic the value of initiatives that will help maximize the
productivity of the APS and other federally-sup-
ported user facilities. Keith Brister (Northwestern
University), of the Life Science Collaborative
Access Team at APS sector 21, has been particu-
larly helpful to our advocacy efforts by organizing
the user community to efficiently contact their local
representatives. We will continue to work with our
sister user organizations from synchrotron, neu-
tron, and high-energy facilities to educate our rep-
resentatives about the importance of major user
facilities for global competitiveness and for energy,
medical, defense, education, and other national pri-
orities. O



THE APS PARTNER USER COUNCIL

by BRUCE A. BUNKER...

... Chair, 2005-2006, APS Partner User Council; Professor of Physics, University of Notre Dame; Director of MR-CAT at the APS.

The 2006 APS Partner User Council Executive Committee pho-
tographed at Argonne on November 27, 2006. Front row, left to
right: Murray Gibson (Argonne) ¢ Randy Alkire (sector 19, Argonne)
* Bruce Bunker (sector 10, Univ. of Nofre Dame, Chair)e Lisa Keefe
(sector 17, The Univ. of Chicago). Second row, left fo right: ¢ Kevin
D'Amico (sector 31, SGX Pharmaceuticals, Inc.) ¢ Malcolm Capel
(sector 24, Cornell Univ.) ¢ Robert Gordon (sector 20, Simon Frasier
Univ.) ¢ Robert F. Fischefti (sector 23, Argonne) ¢ G. Brian
Stephenson (sector 26, Argonne). Third row (standing), left to right:
Vukica Srajer (sector 14, The Univ. of Chicago) ¢ Keith Brister (sector
21, Northwestern Univ.) ¢ Denis T. Keane (sector 5, Northwestern
Univ.)  Thomas C. Irving (sector 18, lllinois Institute of Technology).
Noft pictured: Douglas Robinson (sector 6, lowa State Univ.) ¢ Kent
Blasie (sector 9, Univ. of Pennsylvania) ¢ Mark Rivers (sector 13, The
Univ. of Chicago) ¢ Jim Viccaro (sector 15, The Univ. of Chicago) e
David Mao (sector 16, Carnegie Institution of Washington) « B.-C.
Wang (sector 22, Univ. of Georgia) ¢ John Hill (sector 30,
Brookhaven National Laboratory).

he Partner User Council (PUC) represents users who
have contributed to the APS by developing beamlines or
other new capabilities. The PUC includes representa-
tives from groups submitting partner user proposals, col-
laborative development teams (CDTs), and collaborative access
teams (CATs). To facilitate communication, the Chairs of X-ray
Operations and Research (XOR) advisory committees are also
PUC members, as is the Chair of the APS Users Organization
(APSUO) Executive Committee, and a representative of the APS.
The PUC complements the APSUO in that those who build and
operate beamlines and large instrumentation at the APS may have
somewhat different interests and concerns than general users.

The PUC has an annual full meeting (scheduled to coincide
with the annual APSUO meeting) and quarterly meetings of its
Executive Committee. Additionally, a representative of the PUC
attends the yearly meeting of the Scientific Advisory Committee
and all sector reviews. the PUC representatives are also involved
in the rating of Partner User Proposals and collaborative develop-
ment team proposals, attending weekly APS operations meetings,
and participating in setting the agenda for the monthly APS meet-
ings that bring together facility personnel and beamline staff.

The quarterly PUC meetings combine both an Executive
Session (usually with no APS staff attending) and a larger meeting
with APS representatives. Meetings generally begin with an APS
update from Murray Gibson—who describes budgetary and oper-
ational issues—and then move into discussions of particular items
of concern.

The dominant issue this year has been the APS upgrade plan.
Initially, this involved an increase in beam current to 300 mA and
a major change in the storage ring lattice. Most PUC members
were quite concerned by this plan, because the improvement in
capabilities did not seem worth the 12-to-18-months shutdown

necessary to implement the new lattice. The group is much more
supportive of the energy-recovery linac (ERL) approach currently
being explored. The PUC members are eager to be involved in the
formulation of proposals to the Department of Energy (DOE) for
R&D on ERLs and other serious options for the APS upgrade. The
group is also very interested in working with the APS to coordinate
future CAT beamline development and APS plans.

Another major issue for PUC members has been the coordi-
nation of XOR beamline development, plans of existing CATs, and
both existing and proposed CDT and Partner User Proposals. With
the APS moving toward single-technique beamlines, it is important
to consider CAT capabilities and plans in a comprehensive strat-
egy for future development of the entire facility.

An issue affecting some PUC members (and also some gen-
eral users) is related to the DOE Inspector General’s (IG’s) audit
of the APS. In this audit, the |G claimed that industrial users were
underpaying for proprietary beam time and proposed significant
increases. The APS and local DOE management did not fully
agree with the IG, but proposed new algorithms to partially redress
a perceived inequity, but corporate users who have made large
contributions to beamline construction and operations are still very
concerned about the large increase. As of this writing, these issues
are still in discussion with the IG, the DOE, the APS, and industrial
users.

Other topics addressed by the PUC this year have included
changes to the general user program (e.g., modifications of pro-
gram proposals), proposed tests or changes to the APS storage
ring lattice, new operational modes, and topics for the APSUO
annual meeting.

Meetings of the PUC and APS management have proven to
be very successful in fostering communication in both directions,
and we presume this will continue. O



The Advanced Photon Source (APS) facility at Argonne National Laboratory.
The APS occupies an 80-acre site on the Argonne campus, about 25 miles from downtown Chicago, lllinois.
For directions to Argonne, see www.anl.gov/Visiting/anlil.html.

Access To BEamM TiIME AT THE APS

Beam time at the APS can be obtained either as a general user (a researcher not associated with a particular beamline) or as a
partner user (e.g., a member of a collaborative access team [CAT], a partner user proposer, or a member of a collaborative devel-
opment team [CDT]). If you are a CAT or CDT member, contact your CAT or CDT for instructions on applying for CAT/CDT beam
time. At minimum, 25% of the time at all operating beamlines is available to general users, but many offer considerably more gen-
eral user time, up to 80%.

How general users can apply for beam time at the APS:

1) First-time users should read the information for new users found on our Web site at http://www.aps.anl.gov/user/ new_users.html
before applying for beam time. Also, certain administrative requirements must be completed. In particular, a user agreement
between the APS and each research-sponsoring institution must be in place.

2) To choose the appropriate technique(s) and beamline(s), see the beamlines directory in the “Data” section of this volume or at
http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.beamline_dir.

3) Submit a proposal via the Web-based system. Proposals are evaluated before each user run. For more information and the cur-
rent proposal schedule, see the proposal system overview at http://www.aps.anl.gov/user/beam time/prop_submission.html.
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THE ENERGY-RECOVERY LINAC:
A PrRomiISING OPTION FOR AN APS UPGRADE

he past year has been busy, but stimulating, for APS
accelerator physicists. Although work on potential
APS upgrades had progressed since 2003, when the
Department of Energy’s (DOE’s) Office of Science
released their report on Facilities for the Future of Science — A
Twenty-Year Outlook, (http://www.sc.doe.gov/Scientific_User_
Facilities/History/20-Year-Outlook-screen.pdf), an APS upgrade
had not been center stage. Encouraged by the DOE to recon-
sider upgrade plans, a number of options were identified in
2006, including lattice upgrades for the storage ring and an
energy-recovery linac (ERL) injector into the APS storage ring.

at the same time reducing the dark time (construction time
with no x-ray production)—a serious concern voiced by the
user community. From that point on, efforts focused on the
possibility of integrating an ERL injector with the existing APS
storage ring. This integration would allow existing beamlines,
with the appropriate upgrades, to be utilized with the radiation
generated by the ERL beam while achieving the mantra of rev-
olutionary enhancements with minimal disruption to the exist-
ing scientific programs.

A Herculean effort by APS accelerator-physics personnel—
including Michael Borland, John Carwardine, Yong-Chul Chae,

The APS Machine Advisory Committee, photographed at Argonne on November 15, 2006, during their meeting to consider presentations on
upgrade options made by APS accelerator staff. Left to right: Sam Krinsky (Natonal Synchrotron Light Source), Klaus Balewski (Deutsches
Elektronen Synchrotfron), Annick Ropert (European Synchrofron Radiation Facility), Vic Suller, Chair (Center for Advanced Microstructures and
Devices), Georg Hoffstaetter (Cornell Univ.), Andrew Hutton (Jefferson Lab), Elaine Seddon (Daresbury Laboratory), and Max Cornacchia
(Stanford Linear Accelerator Center [SLAC], retired). Not pictured: John Galayda (SLAC).

Workshops were held in that year to evaluate the new science
that could be made possible by an APS upgrade. It became
clear that an ERL is one of the most serious options to consider
for an APS upgrade, as it offers more revolutionary performance
than storage ring upgrades with the least disruption to existing
users. While R&D on the ERL is expanding, we will continue to
evaluate other possible options. In this article, the ERL option is
described in some detail.

The ERL option would allow the APS to leapfrog the nom-
inal gains believed possible via a storage ring upgrade, while
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Glenn Decker, Roger Dejus, Louis Emery, Katherine Harkay,
Yuelin Li, Elizabeth Moog, Ali Nassiri, Vadim Sajaev, Nick
Sereno, Yin-E Sun, Aimin Xiao, and Chih-Yuan Yao (all ASD);
John Noonan (AST); and George Goeppner (AES)—allowed
management to convene, on November 15-16, 2006, a Mach-
ine Advisory Committee (MAC) to critique selections of possible
upgrades. The charge to the committee was to evaluate the var-
ious accelerator upgrade options that had been proposed and
to determine if:
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® the proposals will deliver claimed technical performance,

® the claimed performance was technically revolutionary,

® there were technical R&D challenges to successful deliv-
ery of the upgrade,

® estimates of expected disruption to users associated with
implementing this option were correct and how to miti-
gate risks associated with the implementation, and

® other proposals should be considered.

In the executive summary of their report, the MAC stated:

“The proposed Outfield ERL is considered to be an
extremely exciting light source which builds on the investment
in beam lines and infrastructure already at the APS. It would
provide a factor of about 150 increase in brightness compared
to the existing APS in addition to increasing the coherent frac-
tion of the x-ray beam and significantly reducing the bunch
length. The claimed performance is not demonstrated at the
present time and would rely on significant improvements to both
the current and emittance delivered by high brightness electron
guns. The committee is not able to guarantee that these
improvements will be delivered, but is optimistic in the light of
ongoing R&D at several institutes.”

The full report of the MAC is on the APS Website at:
www.aps.anl.gov/News/Conferences/2006/APS_Upgrade/
apmac/Committee_Report.pdf.

Buoyed by the MAC’s enthusiasm for the APS to pursue an
ERL as part of the APS upgrade, work continues along these
lines. Below is a brief summary of plans that have been devel-
oped to date and where the planning will go from here.

ACCELERATOR ENHANCEMENTS

While the purpose of the upgrade is to enable dramatically
improved experiments, a premium is placed on preserving exist-
ing experimental capabilities with minimal disruption. This could
well be achieved by augmenting the present injection systems
with an energy-recovery linac that would then utilize the existing
storage ring in a single-pass mode.

While the upgrade will deliver revolutionary capabilities, it
will take time for the user community to take full advantage of
these new specifications. To minimize disruption, a primary
objective is preserving at all times the present APS capabilities.

The following will be maintained to the extent possible for
either approach:

1) The existing APS storage ring tunnel will be utilized.

2) Beam energy will be at least 6 GeV, but with a
goal of 7 GeV.

3) Existing beamlines will be preserved.

4) Existing beam stability will be maintained.

5) Delivered flux will be maintained (in high-flux mode).

6) The storage ring will be able to run in its present
“storage ring mode” for as long as is necessary after
the ERL has been commissioned.

AN ENERGY-RECOVERY LINAC

In a storage ring, the particle beam’s transverse and lon-
gitudinal dimensions are determined by the competing forces
of radiation damping and the quantum nature of radiation
emission. An equilibrium emittance is reached a few millisec-
onds (i.e., after a few thousand turns) after the particle bunch
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Fig. 1. Schematic of the energy-recovery linac concept.

is injected into the storage ring. For a given particle beam
energy, linacs can produce a beam of much lower emittance
than can storage rings, and can be used to generate x-rays
with very low transverse emittance and short bunch length.
However, because the particle beam will not retain this low
emittance and short pulse length if stored, it must be thrown
away after being used (as opposed to a storage ring, which
recycles the electrons). Although, in principle, low-emittance,
short-pulse linacs could be used to generate beams with ener-
gies of 7 GeV and currents of 100 mA if the electrons were
used once and thrown away, the required wall-plug power to
do this would be 700 MW (7 GeV x 0.1 A). By extracting the
energy (i.e., energy recovery) from the “used” electron beam
before it is thrown way (dumped), the power problem can be
mitigated while retaining the desired traits (low transverse
emittance and short pulse duration) of the linac-accelerated
electrons. The energy extraction is accomplished by passing
the 7-GeV beam through a superconducting linac, the same
linac that originally accelerated the beam to 7 GeV, but now
180° out of phase from the acceleration mode [1]. The energy
deposited back into the cavity by the returning beam can now
be used to accelerate the next bunch(es) of electrons, and so
forth. Figure 1 shows the conceptual layout of an ERL.
Energy-recovery linac layouts associated with the APS
fall into two categories: placement of the linac inside the
storage ring enclosure, and placement of the linac outside
(Fig. 2, next page). The primary difference is that the ERL
layouts outside the storage ring allow for a straight (i.e., not
folded or recirculating) linac, and provide space for long
undulators, additional beamlines in the turnaround arc, and
the potential for a free-electron laser upgrade. The ERL lay-
outs all produce comparable beam for injection into the exist-
ing storage ring. Because of the potential for additional
beamlines in the turn-around arc (the arc from the linac that
turns the beam back towards the APS storage ring) and the
increased flexibility for future developments (for example,
using the linac for subpicosecond x-ray pulse production),
the outfield option appears to be the most attractive.
Continued on page 12



Table 1. Expected performance for three ERL operations modes.

Mode High Flux High Coherence Ultrashort Pulse
Average current (mA) 100 25 1
Rep. rate (MHz) 1300 1300 1
Bunch charge (pC) 77 19 1000
Emittance (pm) 22 6 365
RMS bunch length (ps) 2 2 0.1
RMS momentum spread (%) 0.02 0.02 0.4

WSOm
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60°

70m /

1207 Recirculation arc

Fig. 2. Two proposed basic layouts for an APS ERL. The infield Return transport lin@ =——p
geometry is shown above; the outfield geometry is atf right.

“A Promising Option” continued from page 11

An ERL can have a variety of operational modes. Table | shows the expected performance antici-
pated for three different modes of ERL operation: high flux, high coherence, and ultrashort pulse. The val-
ues (from G. Hoffstaetter, FLS2006) were developed for an ERL at Cornell University, and should directly
apply to the APS ERL. Calculations have also been made of the expected performance of a “green-field”
ERL, i.e., an ERL not constrained by the geometry and available space of being associated with the
present APS storage ring. From Fig. 3 one can see that the brightness calculated for an ERL using the
APS storage ring is well within a factor of 2 of what an optimized green-field ERL would be expected
to generate. The fact that much of the infrastructure of the APS can be used to support the ERL out-
weighs the small increase in brightness one might realize from a green-field project.

Because the outfield option provides a much greater opportunity for future growth, the focus
has been on this option. However, incorporating either option into the APS facility is a chal-
lenging task, requiring extensive changes to the accelerator complex, and considerable
research and development.

SCIENCE WITH AN ERL

Energy-recovery linacs promise very high brightness (i.e., extremely low emittance,
equal in both planes) and options for short (<1 psec) pulses. These characteristics make
ERLs extremely attractive to the scientific community.

Given the expected properties of the ERL x-ray beam, it is believed that the APS
upgrade will have its greatest impact in the fields of x-ray imaging, coherent x-ray scatter-
ing, and time-resolved studies. For instance, in x-ray photon correlation spectroscopy
(XPCS) experiments, the available flux is directly proportional to the brilliance of the
source. Because the accessible time scales in XPCS increase with the square of the
source brilliance, one can expect to go from the present time scales of about 1 msec to less

o Free-electron
laser hall

-+ Linac

than 1 usec with the APS ERL. This will facilitate, for example, the study of non-equilibrium Continued on next page
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Fig. 3. Spectral brightness of the present APS compared to results
for an ouffield ("OF') and greenfield ("GF") ERL with different
undulator lengths. The APS1 and APS35 locations are sectors 1
and 35 in the APS ring, whereas the N1 and N48 locations are
sectors 1 and 48 in the turnaround arc or in the green-field ERL.

dynamics during structural evolution of domain boundaries,
grain boundaries, and defects in hard materials, as well as the
dynamics of concentrated proteins in aqueous solution and
dynamics of membranes and constituents within membranes
in soft/biological materials.

In the field of x-ray imaging, the APS ERL option will
allow for the most efficient usage of nanometer-focusing x-ray
optics and advanced state-of-the-art scanning x-ray
microscopy to <5 nm spatial resolution. Nanometer-sized
beams, coupled with improved detectors, will provide
unprecedented elemental sensitivity to sub-zepto (<10-?")
grams for trace metals (e.g., Zn, Fe, Mn) in biological cells,
with the potential to locate single-metal atoms at <56-nm reso-
lution. Such capabilities will enable molecular imaging of
metal-containing proteins, functional contrast agents, and
novel therapeutic drugs at organelle level, and aid in the
development of new approaches to diagnose and treat dis-
eases. For materials science, nanometer-size beams will offer
a non-destructive, penetrating probe for impurity/ defects,
grain boundaries, and nanodomain engineering of functional
electronic and engineered materials such as solar cells and
metal alloys. The ERL’s high coherence (see Fig. 4) will per-
mit advances in coherent diffraction imaging, which is much
like crystallography but applied to noncrystalline materials.
Emerging applications include the structure and strain in
nanoparticles, atomic structure of amorphous materials, two-
dimensional crystallography (e.g., membrane proteins), few-
unit-cell crystals, and subcellular organelle structures in cells,
to name a few.

Finally, shorter pulses from an ERL or a linac-based short-
pulse source (such as a free-electron laser [FEL]) mean better
temporal resolution for all time-resolved experiments for pump-
probe studies in hard-condensed-matter physics, atomic
physics, chemistry, and biology.
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Fig. 4. Coherent fraction (i.e., fraction of the beam that is fully
cohrerent) as a function of x-ray energy for the present APS
(black line) and an APS ERL (colored lines).

TowaAaRD AN ERL UPGRADE

Although it is believed that there are no technical “show-
stoppers” to the construction of an ERL at the APS, there are
accelerator issues that will require further R&D to ensure suc-
cess. The key areas of R&D include:

® [Injector design: gun and low-energy beam transport
Cathode lifetime

Superconducting linac cavity design and fabrication

Radio frequency choice
Multipass vs. single-pass linac
Instability issues/beam break-up
X-ray beam stability.

In addition, there is the need to explore possible problems
associated with beam loss and how to reduce the “halo” that
will accompany the main beam due to space charge effects,
scattered drive-laser light, field emission from the gun and
linac, intrabeam scattering, etc.

In parallel with accelerator work, R&D in support of beam-
line components (optics, detectors, etc.) will be required. To
take full advantage of a highly coherent beam, improvements in
optics (that can only be made with improvements to the pres-
ent metrology capabilities) will be required, along with a robust
program of detector development for high-speed area detec-
tors, most likely integrating pixel array detectors. At present,
APS personnel are developing a plan for the necessary R&D
activities in support of an ERL and related linac-based light
source options such as an FEL, with the goal of submitting that
plan to DOE in 2007. This R&D should place us well to propose
firmer plans for the APS upgrade around the beginning of the
next decade.

Contact: Rod Gerig (rod@aps.anl.gov)
Dennis Mills (dmm@aps.anl.gov)
REFERENCE

[1] M. Tigner, Nuovo Cimento 37, 1228, (1965).



APS RESEARCH HIGHLIGHTS

APS sectors:

Sectors 1-4: XOR
X-ray Operations and Research (XOR)

Sector 5: DND-CAT

DuPont-Northwestern-Dow Collaborative Access Team (CAT)

Sector 6: MU-CAT
Midwest Universities CAT

Sector 7: XOR
Sector 8: XOR (8-1D); NE-CAT (8-BM)

Sector 9: XOR/CMC
XOR/Complex Materials Consortium

Sector 10: MR-CAT
Materials Research CAT

Sectors 11 and 12: XOR/BESSRC
XOR/Basic Energy Sciences Synchrotron Radiation Center

Sectors 13 through 15: CARS

Center for Advanced Radiation Sources
GeoSoilEnviroCARS—sector 13
BioCARS—sector 14
ChemMatCARS—sector 15

Sector 16: HP-CAT
High Pressure CAT

Sector 17: IMCA-CAT
Industrial Macromolecular Crystallography Association CAT

Sector 18: Bio-CAT
Biophysics CAT

Sector 19: SBC-CAT
Structural Biology Center CAT

Sector 20: XOR/PNC
XOR/Pacific Northwest Consortium

Sector 21: LS-CAT
Life Sciences CAT

Sector 22: SER-CAT
South East Regional CAT

Sector 23: GM/CA-CAT
General Medicine and Cancer Institutes CAT

Sector 24: NE-CAT (plus 8-BM)
Northeastern CAT

Sector 26: XOR/CNM
Center for Nanoscale Materials

Sector 30: XOR/IXS
XOR/Inelastic X-ray Scattering

Sector 31: SGX-CAT
SGX CAT

Sector 32: XOR

Sectors 33 and 34: XOR/UNI
XOR/University-National Laboratory-Industry
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X-ray Operations and Research sectors com-
prise those beamlines operated by the APS.

Collaborative access team sectors comprise
beamlines operated by independent groups made
up of scientists from universities, industry, and/or
research laboratories.

To access the APS as general users (GUs),
researchers submit proposals that can be active for
up to two years. These proposals are reviewed and
rated by one of nine proposal review panels com-
prising scientific peers, generally not affiliated with
the APS. Beam time is then allocated by either of
two APS Beam Time Allocation Committees.

Those users who propose to carry out research
programs beyond the scope of the GU program may
apply to become partner users on any beamline
operated by the APS. Prospective Partner User
Proposals are peer reviewed by a subset of the APS
Scientific Advisory Committee. Final decisions on
the appointment of partner users are made by APS
management.



ADVANCED PHOTON SOURCE SECTOR ALLOCATIONS AND DISCIPLINES,
AND X-RAY SOURCE CONFIGURATION
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Source: http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.beamline_dir
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MEASURING ELASTIC STRAINS
IN DEFORMED SINGLE-CRYSTAL COPPER

Fig. 1. Expeﬂmenfol method. An energy-scanned submlcrgbn xk

ray beam (A) peﬂe’rrofes the dislocation cell structure (tfcms— S
mission electron m|ccros<:opy image, (B) of a deformedlcop— e
per single crystal and is dlffroeted onto a charge- coupled o
device x-ray area detector (C). Tronsbtmg a wire (D) por:allel to o
the sample surface provides depth- proﬂlmgof the difffacted
beams and allows spatially resolved elastic strains- (Qnd there-

fore stresses) to be measured from individual dislocation cells.




nowing how submicrometer elastic strains distribute themselves within deformed metal single crystals is key
to an understanding of numerous important physical phenomena, including the evolution of complex dislo-
cation structures governing mechanical properties within individual grains, the transport of dislocations
through such structures, changes in mechanical properties that occur during reverse loading, and analyses
of diffraction line profiles for microstructural studies of these phenomena. Researchers from the National Institute of
Standards and Technology, Oak Ridge National Laboratory, the Carnegie Institution of Washington, the University of
Southern California, and Argonne demonstrated the importance of this type of information by taking the first direct,
spatially resolved measurements of elastic strains within individual dislocation cells in deformed copper single crys-
tals. Broad distributions of elastic strains were found, which have important implications for theories of dislocation
structure evolution, dislocation transport, and the extraction of dislocation parameters from x-ray line profiles.

When single crystals of ductile metals are deformed, atomic
dislocations propagate throughout the structure, giving rise to high
and low dislocation-density regions that are spoken of as disloca-
tion cell walls and interiors, respectively. The formation and evolu-
tion of these dislocation cell structures is one of the most important
aspects of the deformation process in ductile metals. While it is
generally appreciated that patterning arises from the collective
interactions of dislocations, it is not yet possible to predict the evo-
lution of dislocation distributions and the resulting local stresses.
The existence, magnitude, and spatial distribution of these stresses
with respect to the dislocation microstructure have been long
debated, and a definitive resolution of this issue is needed to vali-
date and guide the ongoing development of recent dislocation-pat-
terning and dislocation-transport theories.

The researchers used scanning-monochromatic differential-aper-
ture x-ray microscopy (DAXM) to probe the local elastic lattice strains
(and thus the stresses) within individual dislocation cells in copper sin-
gle crystals deformed uniaxially in tension and compression. The spa-
tially resolved scanning monochromatic DAXM measurements were
conducted at XOR/UNI beamline 34-ID at the APS using an x-ray
microbeam focused to = 0.5 yum. The diffracted beams were detected
using a charge-coupled device area x-ray detector, and depth resolu-
tion was provided by a diffracted-beam profiler (Fig. 1). The compres-
sion and tensile samples were deformed to relatively large final true
flow stresses of = 200 MPa at true strains of = 30%.

These spatially resolved elastic strain measurements provide
the first direct, quantitative test of Mughrabi’s well-known two-compo-
nent composite model that is commonly used to extract average cell-
interior and cell-wall stresses from broadened x-ray line profiles,
affording crucial quantitative validation of the composite model pre-
dictions.

A key finding of the study, however, is the dramatic variation of
these strains from cell to cell within the sample, which contribute sig-
nificantly to the shape and width of the diffraction line profiles.
Quantitative analyses of extracted cell-wall and cell-interior subpeaks
frequently use theoretical descriptions of dislocation broadened line
profiles to extract dislocation structure parameters from plastically
deformed samples. Such analyses often tacitly assume that all of the
subpeak broadening comes from the dislocations, and therefore that
cell-to-cell strain variations are negligible. This assumption must now
be reevaluated in view of these measurements.

The existence of a broad distribution of dislocation cell elastic
strains also has important implications for theoretical models of dis-
location patterning and dislocation transport. At the dislocation level,
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critically important phenomena such as dislocation bowing, dislocation
pinning and unpinning, unzipping of locks, and cross slip are highly
sensitive to the local stress field experienced by the dislocations.
Thus, theoretical models of dislocation patterning and transport must
frequently make assumptions about the distributions of such stresses
within a specimen. The researchers found that the stresses range
from essentially 0 up to 50% of the macroscopic flow stress, an effect
that is not included in existing dislocation transport models based on
dislocation bowing and percolation theory. These theories will also
have to be revisited in light of the current findings.

On the other hand, the dislocation patterning model developed by
Hahner et al. [1] bases the entire evolution process on the presence
of stress variations such as those reported by the researchers. The
model associates dislocation cell formation with a noise-induced
structural transition in a system far from equilibrium, where the noise
term reflects fluctuations in the stress experienced by mobile disloca-
tions traversing a sample. Extensions of this model relate the stress
fluctuations to variations in the local dislocation density and general-
ize the two-component composite model to account for a continuous
spectrum of local dislocation densities and cell stresses. The disloca-
tion cell elastic strain measurements provide striking experimental
support for the underlying assumptions of this model. — Vic Comello
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A Gld and Silicon G t-Together
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Fig. 1. Superficial order seen at the surface of liquid gold-silicon
alloy could be exploited in nanotechnology. (Image courtesy o'
Oleg Shpyrko; adapted by David Bradley)

y definition, there is no crystalline order in a liquid. But researchers from Harvard University, Brookhaven
National Laboratory, The University of Chicago, and Bar-llan University in Israel, using the ChemMatCARS

beamline 15-ID at the APS, discovered something rather unusual when they melted an alloy of gold and sil-
icon: the surface of this material proved to be ordered and formed a crystal-like monolayer and a structure
seven or eight layers deep (Fig. 1). Such surface features might be exploited in fabricating nanoscale devices from
this novel alloy and could play a role in new theories of matter that explain some of the bizarre properties of this and

other composites.

Alloys often have very different properties than their con-
stituent metals. Bronze, for instance, an alloy of copper and tin,
is much tougher than either metal alone. Alloys of other metals
made with semiconductor elements (such as silicon), however,
have become a focus of attention for materials scientists hop-
ing to create new designer materials for nanotechnological
applications, such as gold-silicon systems for the self-assembly
of silicon nanowires. Because of the low melting point of this
material, it might also be useful for tightly bonding nanoscopic
components that will not melt at the operating temperature of
the device.

One of the reasons these new alloys are so intriguing is
because of their structure and physical properties. Gold is used
to make microscopic connections between components in inte-
grated circuits, while silicon is well known as the stock in trade
of the computer chip industry.

Gold melts at about 1,063° C, and silicon at 1,412° C. Mix
82 parts of gold with 18 parts of silicon to make a new type of
alloy (Aug,Siyg), and the melting point of the composite plum-
mets so that Aug,Si;g melts at just 359° C. This in itself is not

18

particularly unusual. Other alloys have a eutectic melting point
well below the melting points of their constituent materials.
However, just how this material melts is enabling new insights
into the nature of matter.

This study shows that the behavior of Aug,Si;g is different
from other alloys in a critical way. The group focused on the
surface of the molten alloy and found that unlike most liquids,
there is some long-range order among its constituent atoms. It
is as if the surface is frozen, but the bulk of the liquid remains
molten, forming a monolayer-thick crust on the surface. While
a liquid-like layer on a solid surface just below the melting point
is common, this inverse situation is much more unusual.

The researchers used a raft of x-ray techniques on the
beamline, including specular reflectivity, grazing incidence
diffraction, and diffuse scattering. Each technique exploited
the intense beams available at the APS and allowed the
team to extract key information about the positions of the
gold and silicon atoms close to the surface of the molten
alloy. The layering they observed in the alloy's surface

Continued on page 20



TRUCTURAL OTUDIES

SYNTHESIS AND CHARACTERIZATION
OF THE NITRIDES OF PLATINUM AND IRIDIUM

t has long been assumed that noble metals such as gold and platinum were too unreactive to bond to nitrogen
atoms and form nitrides. However, in 2004, the first platinum nitrides were synthesized, offering hope that if such
strong, hard metals could be made in bulk they could form longer lasting electronic, magnetic, or optical devices.
Researchers from Lawrence Livermore National Laboratory (LLNL), the Carnegie Institution of Washington, and
the Atomic Weapons Establishment, Aldermaston, using the HP-CAT 16-ID-B beamline at the APS, determined the
structure of platinum nitrides devised from first principles. This work provides a structural theory that jibes with exper-
imental evidence, unlike earlier theories that predicted a zinc-blende structure or a fluorite structure. This work also

describes the first synthesis of iridium nitride.

Theoretically determined structures for metal nitrides showed
many failings. The zinc-blende structure, looking like a diamond
structure, was shown not to be able to exist under ambient condi-
tions—it was not elastically stable, and the bulk modulus was a
factor of two less than the bulk modulus of platinum. The fluorite
structure was stable, but these researchers show that it did not
have the correct Raman spectra or bulk modulus.

Recently, the researchers have synthesized the nitrides at
LLNL by squeezing the metal and the nitrogen in a diamond anvil
up to 500,000 atmospheres and heating it to a synthesis tempera-
ture of at least 1600K for the iridium and 2000K for the platinum.

Raman spectra of the synthesized platinum compound
showed two intense and two weaker modes, which did not corre-
spond to modes that would be expected if the platinum nitride had
a fluorite structure. Instead, the Raman spectra corresponded
more closely to a pyrite structure. The iridium nitride, in contrast,
had at least 11 modes, suggesting it has more atoms in the unit cell
and/or a less symmetric structure than the platinum nitride.

Angle dispersive x-ray diffraction was performed on the
nitrides at the HP-CAT beamline. The data acquired were vital to
correctly determine the respective structures. X-ray photoelectron
spectroscopy was performed at LLNL and yielded a stoichiometry
for both nitrides of 2 + 0.5, i.e., a ratio of two nitrogen atoms to
every metal atom in the compound. Previous structures hypothe-
sized just one nitrogen atom per metal atom.

Based on both the Raman spectra and the stoichiometry infor-
mation, the authors assumed a pyrite structure for platinum nitride
and explored its behavior. This structure is cubic, with metal atoms
arranged in a face-centered cubic lattice in which there is a metal
atom at each corner of the cube with another metal atom at the
center of the face of each cube. Four pairs of nitrogen atoms fill in
each face.

Calculating the Raman spectra of this theoretical structure
showed four of the five modes with the calculated frequencies all
within 10% or better of the experimental values. The pyrite struc-
ture also is in equilibrium for a lattice constant of 4.79 A, which is
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Fig. 1. Diagram of the proposed pyrite structure of PtN,. Gray and
blue spheres represent platinum and nitfrogen, respectively.

in better agreement with the experimental value of 4.8 A than
the fluorite structure's 4.866 A. In addition, the bulk modulus for
the new structure was calculated to be 347 GPa, significantly
higher than the values calculated for the fluorite structure, and
also significantly higher than the bulk modulus of platinum by
itself; 276 GPa. This constitutes further evidence that the theo-
retically predicted pyrite structure coincides well with experi-
ment. Preliminary results from iridium nitride suggest that its
bulk modulus, too, is very large. With such a close correlation
between the theoretical and experimental Raman spectra and
bulk modulus, the researchers concluded that the pyrite struc-
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ture is a far more accurate picture of the newly created com-

pound platinum nitride. As for the iridium nitride, while it has the

same stoichiometry, it appears to exhibit much lower symmetry.
— Karen Fox

See: Jonathan C. Crowhurst'™, Alexander F. Goncharov'?
Babak Sadigh', Cheryl L. Evans’, Peter G. Morrall'-3, James L.
Ferreira’, and A. J. Nelson', “Synthesis and Characterization of
the Nitrides of Platinum and Iridium,” Science 311, 1275 (3
March 2006). DOI: 10.1126/science.1121813
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“Gold and Silicon” continued from page 18
extends three times deeper than any previously observed
surface freezing.

The researchers noted that at a temperature just above
the eutectic point, the alloy forms a single ordered layer just
one atom thick at its surface, beneath which the gold and sili-
con form ordered layer upon layer of atoms, down to a depth of
seven or eight layers. The origin of this unusual behavior—not
seen before in any metallic alloy—may lie in the fact that in the
solid state, the gold-silicon alloy does not display any order.
The alloy is a uniquely glassy structure in which the atoms can-
not pack neatly together as they do in other metallic alloys to
form a crystalline state. However, on melting, the atoms gain
the necessary freedom to arrange themselves with some sem-
blance of order, but only on the surface where bonding
between atoms is limited to the sides and below.

— David Bradley
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A high-level Australian delegation, led by the State of
Victoria’s Treasurer and Innovation Minster John Brumby, visited
the APS in April 2006 to enhance the delegation's understanding
of the benefits of synchrotron science. The Australian Synch-
rotron Project, one of Australia’s biggest investments in R&D
architecture, will start operations in 2007. New Zealand, which is
also investing in the Australian Synchrotron, was represented in
the tour by New Zealand’s ambassador to the United States and
a federal minister. ® The APS and the Australian Synchrotron
signed a Memorandum of Understanding on scientific collabora-
tion in 2005 to enable researchers at both facilities to exchange
ideas and explore new experimental technology. Brumby noted
that he looks forward “to ongoing exchange between our two syn-
chrotrons and to explore linkages with the Center for Nanoscale
Materials.” ® In the photo—taken at the Center for Advanced
Radiation Sources (CARS) sectors (GSECARS, ChemMatCARS,
and BioCARS) at the APS—are, from left, Minister John Har-
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greaves, ACT Government; Minister John Brumby, Treasurer and Minister for Innovation, Industry and Regional Development, Government of
Victoria; Ambassador Roy Ferguson, New Zealand Ambassador to the United States, New Zealand Government; Minister Trevor Mallard, Minister
for Economic Development and Minister for Industry and Regional Development, New Zealand Government; P. James Viccaro, CARS Executive
Director and ChemMatCARS Principal Investigator; and Robert Rosner, Director, Argonne National Laboratory.
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EXPLAINING THIN-FILM FERROELECTRICITY
IN STRONTIUM TITANATE

ilicon, with well-established fabrication capabilities and excellent electromechanical properties, is a favorite of

many industries. Not least of these are electronics manufacturers, who use silicon for large, high-quality, and

relatively low-cost wafers for semiconductor devices such as solar cells and avalanche diodes; the list is a

long one with connections to many industries. But on the occasions when another material is preferable to sil-
icon, developers want to reap the benefits and experience of using silicon as the substrate. Researchers from the
National institute of Standards and Technology, Motorola Labs, Argonne, Ames Laboratory, and the Naval Research
Laboratory have uncovered surprising new information about how a potentially important material for electronics,
strontium titanate (SrTiO;), acts when it is grown as a thin film on silicon.

Strontium titanate is one of a group of promising metal
oxide materials that could be used for computer memory or as
a more complex material whose structure and electronic prop-
erties are engineered. Bulk SrTiO; is not ferroelectric (i.e., it is
not electrically polarizable), but thin films of SrTiO; are ferro-
electric at room temperature—hence their potential for elec-
tronic-memory devices. How and why the ferroelectric proper-
ties change are more complex questions. Previous research
used transmission-electron microscopy to image films and
interfaces, but questions still existed as to how perfectly the thin
film had been grown on the substrate. SrTiO; films were metic-
ulously grown at Motorola Labs; then both their in-plane and
out-of-plane lattice constants were measured at the APS.

The Si substrate has a face-centered cubic crystal lattice,
while the thin film has a cubic perovskite structure. The
researchers grew the film using a kinetically controlled sequen-
tial deposition process so that at the interface there was an
atom-by-atom registry between the substrate and thin film, with
no detectable amorphous SiO,, which would prevent coherent
registry between the film and substrate.

X-ray diffraction data were collected at the XOR/UNI 33-
BM beamline at the APS. The x-rays were 9.0-keV photons and
the data were collected using a four-circle diffractometer and a
Si(111) crystal analyzer.

The researchers found that at the interface in those films,
the in-plane lattice constant of the SrTiO; is the same as that of
the Si substrate, although it begins to relax back to its normal
lattice constant after a few monolayers—about 20 A (Fig. 1).
The film had a higher in-plane compressive strain than had
been previously attained with an enormous out-of-plane lattice
constant exceeding the prediction of the bulk elastic constants
of SrTiO; by nearly 100%.

The researchers explained these results via density func-
tional theory calculations. Additionally, they concluded that oxy-
gen vacancies at the interface and hydroxide (OH) adsorbates
on the surface would be able to screen the electrostatic depo-
larization field and allow the ferroelectric distortion in these
ultra-thin films. — Yvonne Carts-Powell
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Fig. 1. h=k scans along the Si110 direction for the 5 ML and 10 ML
films. The curves have been recorded at[~2.7 Sir.l.u. fo isolate the
SrTiO4 diffraction from the Si substrate and have been scaled fo
equal peak height.
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IS CARBON THE KEY TO IMPROVING
THE EFFICIENCY OF FUEL CELLS?

o not throw away your batteries yet, but researchers are getting closer to pinpointing catalytic systems that

may improve the efficiency of direct methanol fuel cells. Using x-ray absorption fine structure spectroscopy

(XAFS) at the MR-CAT (10-ID) and PNC-CAT (20-BM) beamlines, a team from the University of Notre

Dame and Indiana University Northwest recently found that films produced by incorporating platinum (Pt)
nanoparticles onto single-walled carbon nanotubes (CNTs) produced catalytic activity an order of magnitude greater
than Pt particles fused onto spherical fullerenes (C60). Further exploration using XAFS revealed that it’s the structure
of the carbon support that accounts for this dramatic difference in the efficiency of the system.

The carbon support system itself, whether a sphere or a nan-
otube, has insignificant catalytic properties, but electrochemical
deposition of platinum nanoparticles—a common technique to
bind noble metals to carbon—changes the overall catalytic
activity of the system. Previous XAFS probes of platinum on
a carbon support confirmed the reducing potential and for-
mation of platinum nanoparticles. The current study
used XAFS and electrochemistry measurements to
compare the structure and catalytic activity of plat-
inum particles on two different carbon supports:
the spherical Cg, and the CNT.

Continued on next page

Pt nanocrystal
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Fig. 2. Above: Pt nanocrystals deposited on Cé0 films undergo structural
changes during the catalytic process. Right: Fourier-transformed EXAFS spectra
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Fig. 1. Opposite page: Pt nanocrystals anchored on carbon
nanotfube films show a high degree of stability during the cat-
alytic oxidation of methanol. Above: Fourier-transformed XAFS
spectra of P-CNT as-prepared (black squares and fit) and after
three cycles of methanol oxidation (red) compared to Pt metal
standard (green).

Ceo and CNT films were first deposited onto the surface of
optically transparent electrodes followed by electrodeposition of
Pt nanocrystals. The films were then subjected to multiple cat-
alytic cycles of methanol oxidation in an electrochemical cell.
Although both systems showed increased oxidation current
during the first four cycles of methanol oxidation, values of the
peak currents indicated that Pt-CNT films had much higher cat-
alytic activity than the Pt-Cgq films.

To determine the structural changes that might explain the
large differences in catalytic activity, the team then observed
the films before methanol oxidation, after three cycles of oxida-
tion, and after 20 cycles followed by a 48-h period of aging in a
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mixture of methanol and sulfuric acid. The Fourier-transformed
XAFS spectra (Fig. 1) showed no change in the structure of the
Pt atoms in the CNT film, even after the 20 cycles and period of
aging, indicating the superior stability of this construct. The plat-
inum ions in the Pt-Cg, catalyst, however, showed dramatic
structural changes after exposure to the first three cycles of oxi-
dation and reduced catalytic activity (Fig. 2). The peak in the
Fourier-transformed XAFS spectra at 1.9 A disappears, and the
peak at 2.8 A becomes more prominent, which suggests that a
significant fraction of Pt atoms—still in the form of Pt chloride
after electrodeposition—is reduced to metallic form after expo-
sure to methanol oxidation.

Materials formed by fusing noble metals (such as platinum)
onto carbon supports are promising candidates in the produc-
tion of direct methanol fuel cells, which may soon power
increasingly popular small hand-held devices. Given the
expense of noble metals, however, we need to determine the
most efficient and affordable systems. Techniques such as
XAFS can help determine, before further testing, which materi-
als are the best candidates for use in direct methanol fuel cells.

— Elise LeQuire
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THE FLIP-FLOPS OF MAGNETITE

agnetite is one of the handiest substances humanity has ever discovered—it has been used for thou-
sands of years because of its magnetic properties. Yet, some things about it are still mysterious.
Formerly classified as a ferromagnetic material, in which all of the magnetic atoms are aligned with each
other in perfect lockstep, it is actually ferrimagnetic: each iron magnetic ion is aligned in the opposite
direction to the next, yet with the magnetic moment in one ion stronger than in the other, so that an overall net mag-
netic moment is maintained. Magnetite undergoes a reorientation of its magnetization at the relatively low-tempera-
ture metal-to-insulator transition it displays, known as the Verwey transition. But examining processes in detail at the
specific magnetic sites could yield valuable clues as to what’s happening. That is what a research team from Argonne,
the University of Washington, and CSIC-Universidad de Zaragoza has done at the XOR 4-ID-D beamline at the APS.

In magnetite, the magnetic Fe ions are distributed both on
octahedral and tetrahedral sites, with the magnetic moments at the
octahedral sites antialigned with those at the tetrahedral sites. To
determine whether the postulated charge ordering within octahedral
sites is the mechanism behind reorientation of magnetization at the
metal-to-insulator transition, site-specific observations are needed.
The research team used a variation of the DANES (diffraction
anomalous near-edge structure) technique called MDANES (mag-
netic DANES) that can identify the nonequivalent magnetic sites by
using different Bragg reflections. By applying and reversing a mag-
netic field, the experimenters could observe the changes at the
sites and how they behave during magnetization reversal.

Two magnetite single crystals were studied at their (022) and
(222) Bragg reflections that separately probe the tetrahedral and
octahedral sites, respectively. Measurements of the MDANES
spectrum through the Fe K-edge resonance were made, with inci-
dent intensity detected by an ion chamber and diffracted intensity
by an avalanche photodiode. By changing the helicity of the circu-
larly polarized x-rays, the MDANES signal can provide an asymme-
try ratio (AR) that gives information about the magnetic moments of
the sample along both the incident and scattered wave vectors. The
team measured the Fe K-edge resonance MDANES and how it
changed with variations in the magnetic field. This provided the
equivalent of hysteresis loops for the different sites (Fig. 1).

Above the Fe K-edge, DANES measurements are hard to
interpret as a result of self absorption, but this effect is mitigated in
the differential measurement of the AR signal. Measurements at the
(222) and (022) Bragg reflections show quite different MDANES
spectra, but because MDANES depends on both chemical and
magnetic contributions, this difference may not be solely attributa-
ble to magnetic characteristics. To verify the different magnetic
properties of the nonequivalent sites, the experimenters also con-
sidered the field reversal loops obtained at the different Bragg
angles. These are undeniably different, with the tetrahedral (022)
sites displaying significant magnetic-field-dependent hysteresis and
the octahedral (222) sites showing far less hysteresis. The team
also found a great difference in the remanence-to-saturation ratios,
with values of = 0.07 for the octahedral sites and = 0.31 Oe for the
tetrahedral sites.
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Fig. 1. Site-specific magnetic moment reversal loops for
octahedral and tetrahedral iron sites in a magnetite sin-
gle crystal.

Along with the hysteresis differences between the tetrahe-
dral and octahedral sites, the remanence-to-saturation ratios
indicate that the magnetization reversal mechanism in these
crystals involves a combination of coherent rotation of the mag-
netic moments and domain nucleation and growth. The
research team believes that further experiments along these
lines, perhaps at low temperature rather than room tempera-
ture, might reveal further secrets about magnetite’s magnetic
reversal properties. — Mark Wolverton

See: A. Cady’, D. Haskel", J.C. Lang", Z. Islam’, G. Srajer’, A.
Ankudinov?, G. Subias?, and J. Garcia®, “Site-specific magneti-
zation reversal studies of magnetite,” Phys. Rev. B 73, 144416
(2006). DOI: 10.1103/PhysRevB.73.144416
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SPINTRONICS

ilute magnetic semiconductors (DMS) have attracted intense interest as potentially useful materials for

manufacturing spin-electronic (or spintronic) devices such as mass-storage hard drives for computers. To

fabricate these materials, ions with unpaired d electrons are doped into semiconductors in an effort to

induce spin polarization in the free carrier band. The availability of DMS materials that retain spin polar-
ization at and above room temperature would make possible entirely new functionalities in microelectronics. Having
gained considerable insight into the prototypical low-temperature DMS—Mn-doped GaAs (Mn:GaAs)—scientists now
seek to understand how magnetism develops in doped oxide semiconductors. Certain magnetically doped transition
metal oxides exhibit ferromagnetism at and above room temperature, but the physical cause(s) remains highly con-
troversial. Recently, a team of researchers from the University of Washington, Pacific Northwest National Laboratory,
and Argonne used the XOR/PNC 20-ID beamline at the APS to carry out spectroscopic measurements that help reveal
the connections between structure, composition, and ferromagnetic ordering in Co-doped ZnO (Co:Zn0O).

F

Previous experiments indi- } ; }
cated the existence of ferro- '
magnetism in Co-doped ZnO
with high Curie points (the tem-
perature below which magnetic
ordering can occur), which is a
prerequisite  for  practical
device applications. In
Mn:GaAs, the ferromagnetism
has been shown to be con-
trolled by charge carriers, intro-
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duced by the Mn, that in turn
mediate exchange interaction
between the Mn spins. The sit-
uation in the doped oxides is
much less clear, however. By
independently varying the
magnetic and  electronic
dopant concentrations in ZnO
epitaxial films, the research team sought to understand how
high-Curie-point ferromagnetism depends on these quantities.
The electronic dopant was interstitial Zn (Zn;) that was diffused
into the film after growth. Zn; generates a shallow bound elec-
tron state in the gap, leading to partial n-type conductivity. A key
tool in the analysis was x-ray absorption spectroscopy, per-
formed at beamline 20-ID.

An epitaxial film of 9% Co-doped ZnO was grown on a sap-
phire substrate by chemical vapor deposition to a thickness of
300 nm. The sample was insulating and paramagnetic as
grown. After exposure to Zn vapor, the film became n-type and
ferromagnetic at room temperature. Heating in air resulted in a
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reversion to the insulating, paramagnetic state as Zn; diffused
out to the surface, oxidized, and formed new layers of ZnO.
Significantly, the process was fully reversible over many cycles.
The magnetization, conductivity, infrared absorbance (a meas-
ure of the Zn; concentration), and Co?* ligand field band
absorbance (a measure of the paramagnetic Co?* concentra-
tion) were measured as a function of treatment. Strong kinetic
correlations were found between the Zn; concentration and
both conductivity and saturation magnetization. The Co K-shell
near-edge structure (XANES) showed statistically insignificant

changes after Zn diffusion, indicating no detectable change in
Continued on page 26
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Co?* speciation. Co K-shell extended x-ray absorption fine
structure (EXAFS) showed identical scattering lengths before
and after Zn diffusion, and the scattering lengths were indicative
of Co at Zn sites (Coz,) in the ZnO lattice. Zn K-edge XANES
showed an increase in intensity at 9665 eV after Zn diffusion,
which may be characteristic of Zn,.

Together, these data reveal a strong correlation between
the presence of Zn; and ferromagnetism in Co:ZnO, and sug-
gest that shallow bound donor electrons from Zn; are important
in parallel alignment of the Co?* spins. However, there are other
possible explanations that are currently being explored as well.
This work serves to highlight the utility of high-brightness syn-
chrotron facilities in performing element-specific structural stud-
ies of materials in which subtle compositional changes may be
very important. Through such experiments, the intriguing prop-
erties of candidate DMS materials such as Co:ZnO might be
fully understood and harnessed for applications.

— David Voss and Scott Chambers
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PINNING DOWN THE DEPINNING CDW

harge density waves (CDWs) are an intriguing phenomenon that occurs in certain quasi-one-dimensional

metals. The electron density and the positions of the atoms in the crystal are periodically modulated at half

the Fermi wavelength. When an electric field is applied, these waves can slide through the crystal, produc-

ing collective charge transport via a mechanism originally proposed to explain superconductivity. But impu-
rities can inhibit or “pin” the motion of the CDW, and the strength of this pinning varies with crystal thickness. Variations
in thickness that occur in some crystals and manifest themselves as physical steps on their surface can cause the bulk
CDW to tear or shear. Understanding how and when the CDW shears can provide insight into the elasticity and dynam-
ics of these unusual electronic crystals. Researchers from the University of Wisconsin, Cornell University, and Argonne
probed CDW shear behavior in NbSej through the use of x-ray microbeam diffraction at XOR beamline 2-ID-D at the
APS. This work points to new methods for gaining an understanding of the dynamics of electronic crystals.

The experimenters measured the CDW shear strain profile
in two sample crystals of NbSes, one 15-um wide and 1.2-ym
thick, and one 12-um wide and 1.4-um thick. Each crystal fea-
tured a single large step running parallel to its b* axis, along
which CDW motion occurs. Because CDW shear is expected to
occur at scales of about 1 um, x-ray microdiffraction, with its
submicron resolution, is especially well-suited for the study of
this phenomenon.

Depinning the CDW requires the application of an elec-
tric field larger than a threshold field, E;. Although pinning
arises from bulk impurities, the pinning strength and depin-
ning field grow with decreasing crystal thickness when crys-
tals are thinner than a few microns. In a crystal with a step
in thickness across its width, such as those used by the
experimenters, the CDW in the thicker side can shear from
the thinner, more strongly pinned side. This should produce
a rotation of the CDW wave vector, with the vector tilted in
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the a*-b* plane by an angle ¢. This angle varies across the
width (and step) of the crystal, and if the crystal is rocked,
the angle and angular broadening can be measured, quanti-
fying CDW shear.

The research team coupled this handy phenomenon to
submicron x-ray beams to examine how the CDW shears as
the applied electric field is increased from zero to the depinning
field E; and beyond. Nothing happens until the CDW depins at
E+, but then the diffraction profiles near the crystal step show
large changes. As the electric field increases above E;, the
center of the curves varies across the width of the crystal by up
to 40 mdeg, with the largest variation observed just above the
E; threshold.

When the rotation of the CDW wave vector (represented
as the ¢ angle peak position shift) is plotted as a function of
position across the crystal width (along the ¢* axis), the maxi-

Continued on next page
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Fig. 1. Diagram upper left: X-ray microbeam setup for an NbSej crystal with a stepped cross section, showing the
relevant crystallographic directions. Momentum transfer is along the CDW transport direction (b*). Images upper
right: A decrease of the microdiffraction intensity, after depinning of the CDW and due to a loss of fransverse
coherence. The graphs show the measure of the rotation of the CDW wavevector for a variety of electric fields,
and a variation of the microdiffraction infensity for the same set of electric field values. E; is the field at which

CDW depins.

mum ¢ angle rotation occurs near the crystal step. No wave
vector rotations are seen near the crystal edges, thus ruling out
CDW pinning by crystal surfaces. By fitting this data and com-
paring them with previous electric transport measurements of
CDW shear, the research team was able to estimate the CDW’s
shear modulus as G = 1.8 x 107 N/m?, approximately 50 times
smaller than the CDW'’s longitudinal modulus.

By performing direct measurements of CDW shear strain
profiles, the research team has provided a unique demonstra-
tion of the capabilities and resolution of x-ray microbeam diffrac-
tion at the APS microdiffraction facility. Their work suggests
applications of microbeam diffraction in other collective phe-
nomena such as superconductivity and ferromagnetism.

— Mark Wolverton
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INTERFACE EFFECTS IN MAGNETIC
OXIDE SUPERLATTICES

tudies of the interface between two materials have a rich history of revealing new physics that is not present

when either constituent material is studied by itself. The most ubiquitous application of this research is the

transistor, which spearheaded the advent of the electronic revolution. On the other hand, magnetism is the

basis for many present, near-term, and future technologies, including hard drives, next-generation memory
systems such as magnetic RAM, giant magnetoresistance RAM, and spin-dependent tunneling memory. The drive for
these new technologies, coupled to past success in interfacial physics, led scientists to look toward atomic-scale-pre-
cision methods for the manufacture of high-quality layers of different semiconducting magnetic oxide materials that
can be stacked to form superlattices. Suitable candidates for stacking are cuprate and manganite oxides, whose
valence electrons are subject to strong magnetic interactions, and whose interfacial magnetization coupling would nat-
urally have a significant effect on the transport of currents. In recent years, high-quality cuprate-manganite superlat-
tices have been prepared and their bulk magnetic characteristics recorded, but the microscopic mechanisms underly-
ing these observations have remained largely unexplored. Now, researchers have used both x-ray magnetic circular
dichroism (XMCD) and neutron reflectometry to obtain the first detailed microscopic picture of the magnetic landscape
along the superlattice plane, revealing intriguing new insights into the subtle interplay between ferromagnetism and
superconductivity at the interface.

The XMCD experiments were carried out at the XOR ] (a)
4-ID-C beamline at the APS, and beamline ID08 of the x10
European Synchrotron Radiation Facility. The resulting spectra
are illustrated in Fig. 1(a). These spectra correspond to a
superlattice of alternating, 100-A-thick, c-axis oriented layers of
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taken at the resonant 2p — 3d transition L, ; edges. They show — Cu
a clear difference in absorption between right and left circularly 30 K
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polarized x-rays, and thus provide definitive evidence of a
small, induced magnetic moment on Cu in the YBCO layer near
the interface with the LCMO. This was surprising because,
while manganite layers are known to undergo a ferromagnetic
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transition at a temperature of around 180K, cuprates never Photon Energy (eV)
exhibit ferromagnetism.
To investigate the origin of the ferromagnetic polarization o
of Cu, additional XMCD measurements were made over a wide 25_3 (b)
range of temperatures at both Cu and Mn edges, and as illus- ] — S8QuUID
trated in Fig. 1(b), the striking similarities in the temperature 20_: =~ Mn XRMS
dependence of both the Cu and Mn signals indicate the mag- g ] —&- MnTEY
netic moment of the Cu is a result of the strong coupling ® 154 e Cu
Continued on page 31 5
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Fig. 1. X-ray magnetic circular dichroism spectra. (a) Core-level E 5 Tscl
absorption XMCD signals for Cu (red) and Mn (blue). Note that the Cu
signal has been magnified by a factor of 10 for the sake of compari- 0+

son. (b) Temperature dependence of Cu and Mn XMCD signals com- o 50 ' 160 o '1.30' - 260 - 2|50
pared to bulk magnetization (green), normalized to the value of the Temperature (K)
dichroism on Mn.
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X-RAY ANALYSIS FOR BETTER
OPTICAL STORAGE MATERIALS

aterials called “chalcogenide glasses” have been at the forefront of a revolution in optical data storage.
Of special interest is the compound Ge,Sb,Te; (GST), which exhibits the very useful ability to switch
reversibly between amorphous and crystalline phases on exposure to light or electrical pulses. Because
the properties of these phases are different and can represent data bits, GST is being studied for data-

storage-device applications. To engineer optimum switching performance, however, materials scientists seek a
detailed understanding of the mechanism responsible for the amorphous-crystalline transition. Recently, a team of
researchers from North Carolina State University and the Colorado School of Mines used the MR-CAT 10-ID beam-
line at the APS in conjunction with powerful theoretical tools to study the bonding mechanisms in the amorphous phase
of GST. Their results underscore the ability of high-brilliance x-ray beams, such as those from the APS, to provide
atomic-scale measurements for clarifying phase transition mechanisms of technological interest.

Samples of GST were fabricated by radio frequency sput-
tering 2.7-um films onto aluminum foils. The foils were sec-
tioned into 10 mm x 4 mm pieces and stacked to create layered
specimens with a total thickness of 22 ym. Extended x-ray
absorption fine structure (EXAFS) spectra were obtained at
MR-CAT beamline 10-ID. Spectra near the K edges of Ge, Sb,
and Te were collected in transmission moder. Fitting of the
Fourier transformed spectra was carried out with standard
analysis codes to yield atomic bond distances and coordination
numbers consistent with tabulated values.

These measurements were analyzed in the context of
bond constraint theory, which provides a framework for charac-
terizing amorphous materials in much the same way that peri-
odicity serves to characterize crystalline materials. In this theo-
retical picture, a material is good for forming glass if the aver-
age number of constraints (that is, stretching or bending
motions) per atom is equal to the dimensionality of the amor-
phous network. Atoms are constrained to remain where they
are unless energy is provided to stretch or bend the bonds that
hold them in place, and bond constraint analysis quantifies this
concept. Materials that are either too constrained (stressed and
rigid) or not constrained enough (floppy) will not be good can-
didates for easily switched structural transitions. Structural
probes such as EXAFS can be used to construct a detailed pic-
ture of the bonding arrangements for each of the atoms in GST.
When the average constraint numbers for each of the con-
stituent atoms are added together, the result is a total of 3.07,
which is in good agreement with the dimensionality of the net-
work D = 3.

Bond constraint analysis based on the EXAFS results
shows that GST is an intermediate region of the ternary phase
diagram where entropy effects in the amorphous phase and
enthalpy effects in the crystalline phase balance out to allow
reversible transitions. With this information, it should be possi-
ble to fine tune the GST composition for optimum switching.
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Fig. 1. The two phases of GST that are used for data storage. The
lower, amorphous phase consists of Ge,Tes units and Sb,Tes units
interconnected by an amorphous tissue of two- and three-fold
coordinated Te. The upper diagram shows the well-characterized
crystalline phase.

The findings show the value of detailed atomic-scale measure-
ments in elucidating phase transition mechanisms of technolog-
ical interest, especially when the measurements can be per-
formed at high-brightness third-generation synchrotrons such
as the APS. — David Voss

Continued on page 31




NONEQUILIBRIUM PROCESSES
IN PULSED LASER DEPOSITION

ulsed laser deposition (PLD) is a powerful and widely used method for growing thin films and multilayered

materials. It offers simplicity of use and—because the chemical structure of the deposited thin film matches

the chemical structure of the target material—the ability to preserve the stoichiometric relationship between

deposited film and target material. Applications of PLD include production of superconducting and insulating
circuit components, magneto-optic storage devices, multilayer x-ray optics devices, and protective and insulating coat-
ings on vulnerable components. But even though PLD enjoys widespread use, the underlying processes are not well
understood, making PLD a ripe subject for research. For example, collaborators from Oak Ridge National Laboratory
and the University of lllinois performed surface x-ray diffraction (SXRD) measurements at the XOR/UNI 33-ID beam-
line at the APS in order to analyze the two-layer growth behavior in PLD of strontium titanate (SrTiO;). Their results
show that extremely fast nonequilibrium interlayer transport processes dominate the deposition process over much
slower, thermally driven interlayer transport processes. The experiment performed by these researchers provides new
insight into the growth processes associated with PLD.

Generally, the PLD technique deposits a thin film onto
a substrate with the use of a high-power pulsed laser beam
that is focused inside a vacuum chamber. The laser beam
strikes a solid target whose material is quickly vaporized,
forming an energetic plume. The ejected species are then
deposited as a thin film onto a heated substrate that has
been positioned to face the target. The deposition occurs
from a mixture of neutral and ionized atoms, and molecu-
lar fragments with energies in the range from a few tenths
to a few hundred electronvolts.

This study demonstrates that PLD film growth is dom-
inated by fast, nonequilibrium processes that occur during
the arrival of the laser plume on the growing surface.
Further, the collaborators show that much slower, ther-
mally driven processes that are dependent on the dwell
time (pause) between consecutive laser shots play a neg-
ligible role in interlayer transport. In fact, the collaborators
obtained quantitative data showing that nonequilibrium
processes are at least three orders of magnitude faster
than thermal processes, which can be relegated to an
even lesser role with the use of shorter dwell times.

Prior to the experiment, the SrTiO; samples were
etched in a buffered hydrofluoric acid solution (with a pH
around 5) for about 1 min and then annealed at a temper-
ature that can range from 950° to 1,050° C. Atomic force
microscopy (AFM) was used to select samples with well-
developed terraces for the growth experiments. These
samples were then annealed at 850° C in a 2 mTorr oxy-
gen atmosphere. The growth experiments were performed
after the temperature had dropped to 650° C. At this tem-
perature the intensity of the x-ray crystal truncation rods
levels off to around 8 x 10° counts per second (cps).

The SXRD measurements were performed at the 33-
ID beamline. A key advantage of SXRD is that it provides
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Fig. 1. The AFM images represent an aftempt to visualize what the x-rays
are “seeing.” The labels designate the dwell time and the substrate fem-
perature. The images clearly show that low substrate temperatures and
short dwell times represent conditions conducive to layer-by-layer
growth. The color height scale and the height histogram on the right side
illustrate the distribution of material on the growing surface in term of half
unit cell (0.2 nm) increments.

for the direct recovery of surface coverage from measured intensities of
the reciprocal lattice rods. The collaborators used a monochromatic 10-
keV x-ray beam for real-time measurements in a PLD chamber config-
ured for SXRD. Measurements of the diffracted intensity, which were set
at the specular (mirror-like) anti-Bragg reflection, were performed with an
avalanche photodiode detector. Continued on next page
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“Interface Effects” continued from page 28
between the spins in the Cu and the ferromagnetic moment of
Mn across the superlattice interface.

In order to reconstruct the full magnetization profile, the
XMCD data were compared to specular neutron reflectivity
results previously obtained from the same samples: these
measurements showed that there was a 10-A region of LCMO
with a suppressed magnetic moment that was anti-ferromagnet-
ically coupled to an appoximately 1-cell-thick spin-polarized
region of YBCO. By assuming that every Cu atom carries a
localized magnetic moment on the order of a Bohr’s magnetron,
the investigators were further able to estimate that the magni-
tude of this antiferromagnetic interaction is about 0.2-0.4 times
the size of the nearest neighbor Cu spin coupling within a cop-
per oxide layer.

This detailed microscopic description of the magnetic and
electronic structure at the interface is believed to be the first of
its kind, and provides valuable information for the understand-

ing of the magnetic characteristics at the interface between fer-

romagnetic and superconducting oxides. — Luis Nasser
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“Nonequilibrium” continued from page 30

In order to compare the rate of nonequilibrium and thermal
processes, the collaborators studied the SXRD transients using
a time resolution of microseconds. Analysis of AFM images of
films of different thickness (Fig. 1) grown under a variety of con-
ditions showed that surface roughness is restricted to only two
layers. Once this was identified, the collaborators found that,
within the framework of the two-layer coverage model, the
majority of the deposition occurs during the arrival of the plume
and only a relatively minor fraction is transferred into the lower
layer by slow thermal equilibrium processes. With a time frame
for interlayer transfer on the order of microseconds or less, the
collaborators could directly confirm that nonequilibrium
processes dominate PLD growth.

Because PLD growth takes place primarily by extremely
fast nonequilibrium processes, shorter dwell times can be used
to suppress the slower thermal transport components. When
shorter dwell times were used, the collaborators found that
laser-driven completion of the layers dominated the growth
process, resulting in smoother surfaces.

Guided by the detailed and quantitative results produced in
these experiments, the collaborators are confident that theoret-
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ical studies can be used to generalize PLD growth kinetics in
the form of new scaling relationships, along with the potential to
customize film properties and surface morphology.

— William Arthur Atkins
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PROBING THE PROMISE
OF ARTIFICIAL MANGANESE FILMS

pinel ferrite materials, which hold great promise for electronics applications, have inspired considerable
enthusiasm among engineers and designers in recent years. The handy ferri- and ferromagnetic properties
of these materials stem from their unique atomic structure, particularly in the case of one of the most popu-
lar: manganese ferrite (MFO). Although MFO (MnFe,0,) shares the same structure as the spinel mineral, the
distribution of manganese and iron ions in its unit cell can vary depending on how the MFO is formed, and these vari-
ations affect the particular magnetic characteristics of the sample. Although the advent of techniques such as laser
ablation deposition offer ways to create ferrites customized for specific uses, the potential of such “artificial” ferrites
is limited without some means to characterize and thus accurately control the fine atomic structure of the material.
Without knowing what ions are going where—not to mention other vital information such as bond distances and cation
valences—there’s no way to “tune” artificial ferrite growth to obtain the desired qualities. Now a research team from
Argonne, Northeastern University, the Institute of Metal Physics, and Nankai University has developed a means of
probing site-specific structures in MFO films. Using DAFS (diffraction anomalous fine structure) spectroscopy at the
XOR 4-ID-D beamline at the APS, the team was able to resolve local structure in inequivalent sites of the Mn unit cell.

While there are many ways to peek inside the local unit cell
structure of ferrites, not all are very effective when dealing with
spinel ferrites, in which absorbing atoms are found in different
and inequivalent sites. Because of this quirk of spinel structure,
even a versatile tool such as EXAFS (extended x-ray absorp-
tion fine structure) spectroscopy is of only limited use, because
of the overlapping of EXAFS signals from the inequivalent
sites. With DAFS spectroscopy, diffracted intensity can be
measured from a carefully chosen set of Bragg peaks, avoiding
the overlapping signals and allowing a clear picture of structure
at the local site level. Although DAFS has been used previously
to examine charge ordering in some spinel ferrites, these
researchers are the first to use the technique to study fine
atomic structure in MFO films. Because the proper methods of
reliably reducing DAFS data are a controversial question, the
experimenters verified their data by measuring at several differ-
ent Bragg peaks for consistency and checking averaged DAFS
data with EXAFS measurements.

The team created MFO films under nonequilibrium condi-
tions to allow variations in site-occupancy ratios, with an alter-
nating target laser ablation deposition technique, followed by
DAFS measurements at the APS. A fast avalanche photodiode
was used to measure diffracted peak intensity from the (111),
(222), and (422) reflections in the 6,300-ev to 6,900-eV energy
range, i.e., around the Mn K-absorption edge. The EXAFS
spectra measured in fluorescence were used for absorption
corrections and confirmation of the DAFS results.

In the mixed spinel structure of the MFO unit cell, Mn and
Fe are arranged among 8 tetrahedral sites and 16 octahedral

Continued on page 34
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Fig. 1. Diffraction anomalous fine structure at the (222) reflection
probing octahedral B sites. Increasing the oxygen pressure in the
deposition chamber during sample growth enhances the presence
of Mn ions at B sites. This results in increased DAFS infensity at the Mn
K-edge resonance and a simultaneous decrease in intensity at the
Fe K-edge resonance.
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A CLOSER LOOK AT THE CeTe,
CHARGE DENSITY WAVE

harge density waves can be complicated. In their organized (or commensurate) form these waves are

locked onto an underlying crystal lattice. But they can also be incommensurate, the wavelength of the

charge density having no relationship to the underlying lattice. These incommensurate charge density

waves (IC-CDWs) can provide a handy tool for understanding important properties—such as electron-lat-
tice coupling—of one- and two-dimensional metals, but they’re not necessarily the easiest phenomenon to pin down
or quantify. They can show up either as uniform incommensurate modulations throughout a sample, or they can be
divided into domains containing locally commensurate waves with distortions (the discommensurations) in the waves
at the boundaries. Various experimental techniques (including photoemission spectroscopy and nuclear magnetic res-
onance) can help to distinguish between uniform and discommensurate IC-CDWs, but quantitative data are difficult to
obtain with these modalities. A team of researchers from Michigan State University tried a different tactic: using an
atomic pair distribution function (PDF) technique to determine atomic displacements in CeTe; through x-ray diffraction
studies at the MU-CAT 6-ID-D beamline at the APS. Their work has afforded new information about the heretofore
inaccessible commensurate domains of an IC-CDW, while proving that the CDW in CeTe; is discommensurated rather
than uniformly incommensurate.

The key to the team’s new approach is the (a)
difference between the atomic displacement data
obtained through crystallographic techniques and
that determined from the PDF technique. In dis-
commensurated CeTe;, the structure of local
domains deviates from the overall average
observed crystallographically, and PDF can give
quantitative data on the local atomic displace- O L O L @) O O
ments. The IC-CDW state of rare-earth Te materi-
als is remarkably stable and simple, making these
substances particularly well-suited for this sort of (b)
study.
The PDF of a system is simply defined as the
probability of finding one atom or particle at a par-
ticular distance, r, from another atom or particle.
In undistorted CeTe; at room temperature, the

PDF curve peaks at about 3.1 A, but shows a
P ©cC @€ O e O O e

.5

shoulder feature on the low-r side of the curve, 25 3 3
L i \ r(R)
which is also present on curves derived from dis-
torted crystallographic and local structure models
Fig. 1. (a) uniform vs. (b) discommensurated incommensurate charge density

and results from Te-Te bond lengths in the square
Te net of the crystal structure. By refining these
Te-net distortions in the PDF calculations for 2.5
< r < 6.37 A (with r,,, = 6.37 A), the experi-
menters were better able to fit the calculated and

waves. The colored circles indicate schematically the position of bonds in the
underlying latftice, and the sinusoidal waves the conduction-electron charge
denisity distribution. The color of the circles indicates the length of the bond, with
dark colors being shorter bonds and light colors, longer bonds. In the case of the
uniform wave the phase of the CDW with respect to the lattice, which modu-

experimental PDF data. lates the bond-length, varies continuously giving rise to a broad distribution of

This refined picture of the local atomic struc- bond-lengths. In the discommensurated case, the wave is locally in-phase with

ture reveals that Te-Te bond lengths are distrib- the lattice, with “phase-slips™ or discommensurations. In a PDF measurement, the

uted into both short and long distances, unlike the former results in a broad Gaussian distributed peak and in the latter case a
Continued on page 34 bimodal peak, as shown by the actual experiment.
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“Manganese Films” continued from page 32
sites, which the experimenters refer to as A and B sites, respec-
tively. The team used an iterative Kramers-Krénig algorithm to
solve the local structure for the inequivalent A and B sites. They
found that most of the Mn cations, approximately 80%, prefer
the tetrahedral A sites, with the remaining 20% occupying B
sites, demonstrating a strong preference on the part of the Mn
cations for the tetrahedral sites. Also, the Mn-O first-shell bond
distance is considerably greater than the corresponding Fe-O
bond distance in the A sites, while almost no change in B-site
bond distances is found. However, the effective coordination
number in the first oxygen shell Mn octahedral B sites is greatly
reduced. Because the ionic radius of Mn is larger than that of
Fe, the expansion of the Mn-O bonds at A sites isn’t unex-
pected, but curiously, a similar expansion of bond distances in
the B sites is not seen. The researchers conclude that this is the
result of two processes: expansion due to the larger Mn ionic
radii and contraction because of the reduced coordination, cre-
ating a greater degree of covalency in the Mn-O bonds at B
sites.

The research team’s work demonstrates the usefulness of
DAFS for resolving the local atomic structure of artificial man-

ganese ferrite films grown under nonequilibrium conditions.
While further experiments are necessary to determine whether
the observed characteristics are due only to these growth con-
ditions or are also present in bulk crystals, the team has shown
that DAFS is a valuable addition to the arsenal of available
techniques for examining fine atomic structure.

— Mark Wolverton
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“Charge Density Wave” continued from page 33

symmetric, Gaussian bond-length distribution of the crystallo-
graphic model. Typically, this behavior would be seen as
oligomerization within a commensurate structure, when Te
forms bonds and nonbonded interactions with neighboring
atoms. But because in this experiment the average CDW mod-
ulation is known to be definitely incommensurate, this observa-
tion provides compelling evidence that the structure of the
incommensurate state of CeTe; is a combination of locally com-
mensurate domains that are separated by discommensura-
tions.

The researchers also studied the exposed Te net of a
CeTe; crystal with scanning tunneling microscopy (STM),
obtaining Fourier transforms of CDW images that display extra
peaks around the fundamental peak. These results supported
the discommensurated nature of the CDW.

Discommensurations have been observed before from
other local probe experiments such as NMR and photoemis-
sion; however, this is the first time that the nature of the Peierls
distortion—the local atomic displacements occurring as a result
of the CDW—could be determined quantitatively. The team’s
work has opened a window into the previously inaccessible
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commensurate domains of an IC-CDW, while also proving that
the CDW in CeTe; is, in fact, discommensurated rather than
uniformly incommensurate. This more precise and quantitative
technique promises to provide greater insight into the intrica-
cies of incommensurate charge density wave systems and the
secrets they hold about the underlying mechanisms in these
interesting materials. — Mark Wolverton
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FIRST LIGHT FOR LS-CAT

At 10:24 a.m. on June 27, 2006, two x-ray beams from dual canted
undulators drilled twin channels into a block of acrylic. The Life
Sciences Collaborative Access Team (LS-CAT) marked its first step
toward emerging as the newest structural biology sector at the APS.

The LS-CAT is a member-based collaborative access team that
includes the University of Michigan, Michigan State University, the Van
Andel Research Institute, Wayne State University, Northwestern
University, the University of Wisconsin at Madison, Vanderbilt University
Medical Center, and the University of lllinois at Urbana-Champaign.

The LS-CAT will operate four experiment stations for x-ray crystal-
lography using two insertion devices (IDs). The first of the four will pro-
vide a highly tunable, focused beam using one of the IDs, while the
remaining three stations will split the beam from the second ID to pro-
vide fixed-energy (or slightly tunable) capabilities.

Contact: Keith Brister (k-brister@northwestern.edu)

FIRST LIGHT FOR HERIX

The High Resolution Inelastic X-ray Spectrometer (HERIX, photo
at right) at APS sector 30 recorded its first spectrum in October 2006
during the commissioning phase. The sample was honey, which, due
to its high viscosity, produces a nearly delta-shaped peak (inset) that
can be used to study the instrument resolution at different scattering
angles. The broad wings on the sides are phonon excitations from the
20% residual water in the honey sample. HERIX, designed by an
Argonne group, is now a user instrument with beam time allocated for
general users. It works with up to nine analyzers in parallel with an
energy resolution around 1.6 meV. The flux at the sample position will
be 10° photons/sec in a spot of 30 x 10 ym.
Contact: Ercan Alp (eea@aps.anl.gov)

FIRST LIGHT FOR MERIX

The MERIX (Medium Resolution Inelastic X-ray Scattering)
Spectrometer (photo at lower right) was commissioned in November-
December 2006 at the sector 30 beamline of the APS. The spectrome-
ter was developed by a collaborative design team comprising scientists
and engineers from Argonne, Brookhaven National Laboratory, and
Western Michigan University. The MERIX spectrometer will be used for
the study of collective valence electron excitations in correlated electron
systems, primarily of transition-metal oxides.

The x-ray photon energy range of MERIX is 5-12 keV and the tar-
geted energy resolution is ~100 meV, covering the K-absorption of
vanadium to zinc. A unique feature of the new MERIX spectrometer is
its ability to scatter both vertically and horizontally, thus enabling study
of polarization-dependent charge excitations.

The MERIX instrument is equipped with mirrors, providing microfo-
cused beam on the sample—5 pm in the vertical direction and 40 ym in
the horizontal direction—enabling studies of small samples and sam-
ples under high pressure. The MERIX monochromator delivers to the
sample x-ray photons in the 70-meV- or 120-meV-energy bandwidths.
The inset shows the first spectrum taken at the Cu K-edge of CuGeO,.

MERIX is now a user instrument with beam time allocated for gen-
eral users. Contact: Yuri Shvyd'ko (shvydko@aps.anl.gov)
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Keith Brister (Northwestern Univ.), man-
ager of LS-CAT, displays the acrylic block
(left) that was used to record first light into
the LS-CAT 21-ID-D enclosure.

meV
Oct. 10, 2006 06:46:08

Above: The HERIX spectrom-
eter ouftfitted with analyzers.
Below: Ayman Said (Western Michigan Univ.), Yuri Shvyd’ko,
Harald Sinn, and Ercan Alp (all of the Inelastic X-ray and
Nuclear Scattering Group in XSD) with the MERIX spectrome-
ter. Not shown are group members Scott Coburn and John Hill
of Brookhaven National Laboraftory, and Clem Burns of
Western Michigan University.
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Concrete Clues to Halting
Sulfate Attack on Cement Materials

he ability of Portland cement concrete—a mixture of cement, water, sand, and coarse aggregate—to resist
degradation when in contact with sulfate-containing environments is determined, for the most part, by the
composition of the cementitious materials and the water-to-cement (w/c) ratio. Although it is easy to manip-
ulate these parameters during the mixing of cement-based products, it has been difficult to ascertain the best
combination to resist long-term damage from sulfate attack. Nevertheless, identifying the appropriate mixture to
ensure long-term sulfate durability has important economic, environmental, and safety considerations for a wide range
of industrial applications. Collaborators from the Georgia Institute of Technology, Northwestern University, and
Argonne National Laboratory used the XOR 1-ID beamline at the APS to assess the physical and chemical degrada-
tions of various combinations of cement mixtures. They affirmed that cement composition has a major impact on the
ability to resist sulfate damage and isolated several compositions that appear to be resistant to sulfate. However, addi-
tional research is needed to better understand the internal mechanisms involved with sulfate attack on cement.
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Fig. 1. EDXRD measurements, obtained at APS beamline 1-ID, show composition depth profiles for Type | cement paste samples with
w/c ratio of 0.485. (left) Data are for an unexposed control sample. (right) Data are for a sodium-sulfate exposed sample after 52 weeks.
The legend serves both measurements and indicates the presence of ettringite, calcium hydroxide (CH), and hydrous monosulfoalumi-
nate (in both 12-water and 14-water forms). As the scaling of the lines in the two plots has been chosen to best illustrate the spatial rela-
tionships between the various phases, it is not possible to quantitatively compare the amounts of the different phases within a plot or
between plots.
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Because other techniques cannot give adequate informa-
tion about the progression of sulfate attack, the collaborators
used two emerging x-ray characterization methods—x-ray
microtomography (microCT) and and depth-resolved energy
dispersive x-ray diffraction (EDXRD)—to measure microstruc-
tural characteristics of cement paste and paste/aggregate sam-
ples. In addition, expansion and change in compressive
strength were measured to complement the x-ray data.

To carry out their investigations, ASTM (American Society
for Testing and Materials) pastes of ordinary Type | and sulfate-
resistant Type V cements were prepared at w/c ratios of 0.435
and 0.485. They were cast as 1.2-cm-diameter cylinders for
microCT and EDXRD, 1.27-cm cubes for compressive strength
measurements, and mortar bars for expansion (according to
ASTM C 1012). To assess the influence of aggregate on the
damage propagation, single crystal quartz aggregate was intro-
duced at a ratio of 0.20 by mass into the cylindrical samples.
After demolding at one day, the cylinders, cubes, and bars were
cured for two days in limewater at room temperature before
being placed in sodium sulfate solutions at 10,000-ppm sulfate
ion concentration. The solutions were changed weekly to main-
tain consistent concentration. Control (unexposed) samples
remained in limewater. MicroCT measurements used a Scanco
UCT 40 bench-top system with a 70-kVp x-ray tube, while
EDXRD measurements came from beamline 1-ID.

Overall, the collaborators found that cement composition
had a major impact on the ability of cement mixtures to resist
sulfate damage. As expected, Type V cement was found to be
better at resisting sulfate distress than Type |. Type V samples
showed less cracking, less expansion, and better retention of
compressive strength. Physical damage to Type V samples also
showed up later and was slower to progress than with Type I.
For Type | and V samples, an anticorrelation between poten-
tially expansive ettringite (hydrous calcium aluminosulfate) and
gypsum was observed by using EDXRD in the ~1 mm nearest
the sample surface, suggesting the decomposition of ettringite
into gypsum. Cracking was also observed in this near-surface
region by microCT, although the cracks were typically detected
after gypsum formation was noted. The observations were not
entirely consistent with current understanding of the roles of
ettringite and gypsum formation and the associated damage
during sulfate attack. Thus, the researchers propose that further
research is necessary to better understand better these dam-
age patterns.
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When examining the influence of w/c ratio, samples with
the lower w/c ratio produced less expansion, as expected.
Average expansion was similar for both w/c ratios at the begin-
ning of the measurement period, but the average length change
increased less rapidly for the lower w/c samples. Although
expansion data generally agreed with expected behavior with
changing w/c ratio, the physical damage measured in cylindrical
cement paste samples by microCT did not agree with expected
behavior. Although more severe damage—specifically, earlier
cracking and more rapid damage—was expected from the
higher w/c ratio, it actually occurred with the lower 0.435 ratio.
The authors ascribe this unexpected result to changes in exten-
sibility and pore structure—with the lack of aggregate—at the
lower wic ratio.

As expected, the introduction of sulfate to Type | samples
containing quartz aggregate particles (w/c of 0.485) were ini-
tially and progressively more damaging than a compositionally
similar sample without aggregate.

The integrated sulfate research program of the collabora-
tors confirmed many currently held beliefs about the influence of
certain internal parameters at the beginning and during the pro-
gression of sodium sulfate attacks on Portland cement-based
materials. However, other results disproved the influence of cer-
tain parameters. Because of these discrepancies, the
researchers feel that further fundamental research is needed to
link the chemical, physical, and mechanical changes occurring
in cement-based materials during reactions with sodium sulfate.

— William Arthur Atkins

See: N.N. Naik', A.C. Jupe', S.R. Stock?, A.P. Wilkinson', P.L.
Lee®, and K.E. Kurtis', “Sulfate Attack Monitored by microCT
and EDXRD: Influence of Cement Type, Water-to-Cement
Ratio, and Aggregate,” Cement Concrete Res. 36, 144 (2006).
DOI: 10.1016/j.cemconres.2005.06.004

Author affiliations: 'Georgia Institute of Technology,
°Northwestern University, 3Argonne National Laboratory
Correspondence: *kkurtis@ce.gatech.edu

This research was supported by National Science Foundation (NSF)
CMS-0084824. The microtomography equipment was acquired under
NSF OIA-9977551. Use of the Advanced Photon Source was supported
by the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences, under Contract No. W-31-109-ENG-38.



WHEN SUPERALLOYS
ARE JOINED TOGETHER

superalloy (high-performance alloy) has the characteristics of superior mechanical strength and creep resist-
ance (the ability to resist permanent deformation under long-term stress) at high temperatures, good surface
stability, and corrosion and oxidation resistance. These alloys are used in manufacturing for a wide range of
industrial applications, including those in the aerospace and marine industries. When welding with nickel-
based (Ni-based) single-crystal superalloys, complicated interactions occur, such as displacements caused by ther-
mal stresses in different areas of the weld. Gaining a better understanding (and control) of these so-called “disloca-
tion interactions” is important information for manufacturers. To that end, researchers from Oak Ridge National
Laboratory used an XOR/UNI beamline at the APS to study the structural changes that occur in the welds of Ni-based,
single-crystal alloys. Their study shows that it is possible to retain the quasi-single-crystalline structure of Ni-based,
single-crystal superalloys under certain welding conditions.

The collaborators used polychromatic x-ray ()
microdiffraction (PXM), along with orientation
imaging microscopy, scanning electron
microscopy, and optical microscopy in order to
characterize structure formation in the superal-
loys. Data collection was performed using !
microbeam Laue diffraction on the XOR/ UNI )
34-ID beamline at the APS. The welds of two
Ni-based, single-crystal superalloys, RENE N5 f
and CMSX-4, were studied in order to research
the resulting physical processes occurring
within these weld joints. Because of the welds,
a complicated thermomechanical environment
is produced inside the weld joint during the
heating and cooling processes.

The base metal structure and the initial
weld process determine the properties of the
weld. The base metal in both alloys has a
quasi-single-crystal dendrite structure. The movement of the
weld pool through the sample during welding creates a thermo-
mechanical region that forms the quasi-single-crystalline weld
structure.

Upon cooling at the fusion line, nucleation of the dendrites
(in the melted weld pool) takes place, thereby separating the
base metal within the heat-affected zone. The form of the fusion
line, along with the direction of the nucleating dendrites, is
determined by the direction of temperature gradient and the BM
structure.

While dendrites are forming, the angle between the den-
drite direction and the temperature gradient (at the solidification
front) continuously increases. When the angular separation
between them reaches 45°, the dendrite growth direction
abruptly changes and becomes perpendicular to the tempera-
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Fig. 1. Laue patterns demonstrate inhomogeneous plastic deformation in different loca-
fions of the thermomechanical zone of the weld. Regions with a one (a) and two (b)
rotation axes are observed within each probed location.

ture gradient. The result is three different regions of dendrite
growth direction within the weld.

Optical imaging microscopy analysis showed that in the
thin, near-surface region, the overall orientation change is
much smaller in the CMSX4 weld than in the RENE N5 weld.
Synchrotron radiation PXM analysis revealed that in both
superalloys, strong plastic deformation occurs in the fusion
zone and heat-affected zone at relatively large distances
(~1-2 mm) from the weld. As opposed to the near-surface ori-
entation distribution, the plastic deformation was much greater
in CMSX4 than in RENE N5 because the weld in RENE N5
retained a higher level of residual stress.

Geometrically necessary dislocations densities were
nearly two times greater in the CMSX4 weld joint than in the

Continued on page 41



EXPLORING SHAPE MEMORY ALLOYS

hape memory alloys (SMAs) are metals with a unique, almost magical capability: they “remember” their “orig-

inal” shape. After a SMA is deformed, it regains its original geometry by itself when heated. This makes SMAs

tremendously useful for military, medical, safety, and robotics applications, to name a few. Their amazing

properties are due to a temperature-dependent transformation between two phases of the alloys. But devel-
opment of SMAs has been hit-or-miss, and even the best SMAs suffer from three unfortunate features: they succumb
to fatigue too quickly; their transition occurs only within a tight temperature range; and they are subject to hysteresis,
which results in different transition temperatures when cooling or heating the material. A method for rapidly investigat-
ing properties of materials with “memory” (i.e., reversible structural phase transitions) has been developed by an inter-
national collaboration of researchers from six universities and research centers. With help from the XOR 2-BM beam-
line at the APS, the researchers discovered a promising area from which better shape memory alloys for medical,
electronic, optical, and other applications may spring.

A recently developed theory explains how shape memory

is related to the crystalline symmetry and geometric compatibil- mm’—j‘____ & (a)
ity between two phases of the alloy: a Martensite and an /-edb':

Austenite. The theory offers an explanation for the hysteresis

and suggests ways to reduce it. Also, because the energy 700

responsible for the hysteresis is stored in the material—creat-
ing defects that are prone to cracking—reducing the hysteresis
could reduce the material's tendency to fracture.

Generally, an Austenite has a face-centered cubic (FCC)
structure, while a Martensite has a similar but slightly distorted 400~
crystalline structure. When an Austenite is cooled or stressed,
it undergoes a diffusionless shearing deformation to transform
to a Martensite; i.e., the bonds between atoms in the crystal lat-
tice may change their lengths and direction but are not broken. y s

The researchers in this study performed a combinatorial
experiment to verify the theory and search for SMAs with

&
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422

extremely small hysteresis widths. They discovered that a sin- T
gle parameter in the theory (specifically, the middle eigenvalue (b)
of the transformation stretch tensor) has direct correlation with 800

the hysteresis width.

The theory can be used as a practical guide to develop
superior SMAs because its only inputs are lattice parameters,
which can be adjusted by changing the composition of alloys.
The combinatorial approach allowed the researchers to rapidly
map and track the lattice-parameter change across large com-
positional phase diagrams.

They developed a thin-film, composition-spread technique
in order to screen the lattice parameters and the thermal hys- —
teresis of a variety of alloys made from copper, nickel, and tita- e Iﬁ
nium. In a vacuum chamber equipped with three sputtering ‘i'.-j?:! 25 gg 35 \

guns, they deposited thin films onto a wafer with a triangular

700
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configuration to create a gridded natural gradient of each metal. Fig. 1. X-ray-diffraction images and integrated patterns of
By adjusting the power applied to each gun and the distance the spot with composition Nizs 4Tigp oCU; 7. The images were
between the guns and the wafer, they were able to adjust the taken at 135° C (a) and 0° C (b).

amount of each metal in the resulting alloy.
Continued on page 40
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“Shape Memory” continued from page 39

Then, they used synchrotron x-ray microdiffraction at
beamline 2-BM on the thin films to rapidly obtain diffraction data
that allowed them to perform a complete lattice parameter
analysis on all the different compositions in the samples. The
work would have required a year to complete if a standard x-ray
source were used.

Specifically, the researchers discovered a promising area
from which better shape memory alloys may spring. The work
also has broader implications in creating functional materials for
medical, electronic, optical, and other applications.

— Yvonne Carts-Powell

See: Jun Cui'?*, Yong S. Chu?, Olugbenga O. Famodu',
Yasubumi Furuya*, Jae. Hattrick-Simpers’, Richard D. James?®,

Alfred Ludwig®7, Sigurd Thienhaus®’, Manfred Wuttig", Zhiyong
Zhang®, and Ichiro Takeuchi'8, “Combinatorial search of ther-
moelastic shape-memory alloys with extremely small hysteresis
width,” Nat. Mater. 5, 286 (1 April 2006).
DOI: 10.1038/nmat1593

Author affiliations: 'University of Maryland, 2GE Global
Research Center, 3Argonne National Laboratory, *Hirosaki
University, SUniversity of Minnesota, éCaesar Research Center,
"Ruhr-Universitat Bochum, 8University of Maryland
Correspondence: cuijun@umd.edu

This work was supported by ONR-N000140110761,
N000140410085, NSF DMR-0231291,

Basic Energy Sciences, under Contract No. W-31-109-ENG-38.

STRESS, STRAIN, AND CREEP IN TGOs

hermally grown oxides (TGOs) are essential to corrosion protection for structural materials operating at high
temperatures, such as in turbine blades. Acommon TGO is aluminum oxide, Al,O3, which forms naturally on
aluminum-containing alloys. However, strains can develop in TGOs, which can cause oxide cracking and,
thus, reduce their ability to resist corrosion. The possibility that large tensile strains could develop during the
growth process has not been appreciated in the past. Because of their importance for high-temperature materials
applications and for general insights into oxidation behavior, many scientists have tried to measure the growth of
stresses in TGOs formed on Fe-Cr-Al(Y) (iron-chromium-aluminum [yttrium]) alloys. Little success was reported until
collaborators from Argonne National Laboratory and Lawrence Berkeley National Laboratory used synchrotron radia-
tion from the XOR/BESSRC beamline 12-ID at the APS to confirm an earlier study that large tensile stresses develop
spontaneously in a-Al,O3 when thermally grown on a Fe-Cr-Al(Y) alloy. The collaborators also found that creep (slow
flow of the oxide under high temperature or pressure) in the oxide relaxes (reduces) stress. These discoveries provide

a significant advance in the field of oxidation research.

The composition of the first-formed oxide,
(FeCrAl),0O,, closely corresponds to the FeCrAl(Y) base
material. Subsequently, aluminum oxide develops prefer-
entially because it is more stable than chromium and iron
oxides. Eventually, Al,O; becomes a continuous layer,
which forces a decrease in the oxygen pressure at the
metal-oxide interface. When the oxidation of Fe and Cr
has ended completely, the oxide forms Al,O,. The diluted
(Fe,Cr,Al),O;—at a sufficiently high temperature—con-
verts to a relatively pure a-Al,O5. During the early growth
process, tensile stress develops as (Fe,Cr,Al),O; con-
verts to a-Al,O;. Continued on next page

Fig. 1. Tensile strain resulfing from composition change:
Evolution of (Fe,Cr,Al),O3 (hematite) to a-AlL,O5 (corun-
dum); d-spacing contracts with oxidation time, causing
large tensile stress in constrained oxide.
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“Superalloys” continued from page 38

RENE N5 weld. In both alloys, the most intense plastic defor-
mation zones bordered the fusion line and the line of dendrite
orientation change within the fusion zone (Fig. 1).

In summary, a dislocation structure is formed during steady
melt zone movement in the thin Ni-based superalloy. The
researchers observed oscillations in the formed dislocation
structure, both at microscopic and macroscopic levels. While
the dislocations were forming, a partial or complete dissolution
of particles in the matrix also occurred, which was temperature
dependent. Macroscopically, the distribution of the dislocation
density is due to a symmetric temperature gradient that was
perpendicular to the direction of melt zone movement. Maximal
dislocation density correlates with the interface between the
heat affected and fusion zones.

Microscopically, oscillations of dislocation density were
also observed within the same macroscopic region. The aver-
age length of oscillations is related to local melting and solidify-
ing conditions, and to dendrite size. The collaborators con-
cluded that it is possible to improve weld quality by applying a

PPLICATIONS

special thermal treatment to the base material. They also
agreed that there is a decrease in the probability of isolated
grains forming in the fusion zones. — Wiilliam Arthur Atkins

See: Oleg M. Barabash*, Rozaliya |. Barabash, Stan A. David,
and Gene E. Ice, “Residual Stresses, Thermomechanical
Behavior and Interfaces in the Weld Joint of Ni-based
Superalloys,” Adv. Eng. Mat. 8(3) (2006).

DOI: 10.1002/adem.200500239

Author affiliation: Oak Ridge National Laboratory
Correspondence: *barabashom@ornl.gov
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000R22725 with UT-Battelle, LLC. The XOR/UNi beamline 34-ID is sup-
ported by the University of lllinois at Urbana-Champaign, Materials
Research Laboratory (U.S. DOE, the State of lllinois-IBHE-HECA, and
the NSF), and by the Oak Ridge National Laboratory (U.S. DOE under
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supported by the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences, under Contract No. W-31-109-ENG-38.

‘Stress, Strain, and Creep” continued from page 40

In fact, during oxidation at 1,100° C, the tensile stress
increases until the oxide composition stabilizes at a-Al,Os.
Creep then overtakes tensile stress generation, and the stress
eventually decreases toward zero.

The collaborators based their study on a recent controver-
sial x-ray diffraction (XRD) study by Peter F. Tortorelli et al. from
Oak Ridge National Laboratory (ORNL). Tortorelli et al. found
that very large tensile stresses—close to 1 GPa—developed in
the alumina TGO formed on a Fe-Cr-Al(Y) alloy. Using materi-
als provided by ORNL, the collaborators confirmed the
Tortorelli results and identified the mechanism controlling this
behavior.

The collaborators placed FeCrAl(Y) (a base material for
commercial alloys) on a thin alumina shelf in an open-ended
horizontal tube furnace. A 21.6-keV x-ray beam from beamline
XOR/BESSRC 12-BM at the APS illuminated the sample while
it oxidized as it approached 1,100° C, and the material was left
for an additional 10 h at 1,100° C. An image plate detector
recorded the Debye-Scherrer diffraction ring patterns from the
growing oxide; from these patterns, strain measurements were
obtained.

The collaborators charted (Fig. 1) the evolution of
(FeCrAl),O4 (hematite) to a-Al,O5 (corundum) via x-ray diffrac-
tion spectra, with d-spacing from the diffraction ring as a func-
tion of time. The average d-space contracts as the composition
dilutes. The effect of dilution is shown to be large enough to
cause a large tensile stress in the constrained oxide. However,
when they compared their findings to theoretical levels, the col-
laborators concluded that creep should also be taken into con-
sideration. The collaborators found that creep rates were rea-
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sonably close to those observed in Y-doped bulk ceramic,
which is similar to the alumina TGO. Thus, tensile stress from
a changing oxide composition and creep relaxation are the two
main mechanisms controlling the level of strain.

The collaborators were the first to recognize this composi-
tion-change mechanism that causes large tensile stresses in
TGO alumina and, then, to model the strain behavior, including
the relationship between tensile stress and creep. This new
information will play an important role in learning more about
the formation of protective oxides on commercial structural
alloys. A better understanding of the behaviors of growth
strains in TGOs will allow for the development of improved pro-
tective oxides. In addition, the use of synchrotron radiation by
these researchers increased the accuracy of the study of oxide
growth processes that lead to strain generation. Further stud-
ies are recommended in order to distinguish among the mech-
anisms that result in strain generation or relaxation.

— William Arthur Atkins

See: Boyd W. Veal', Arvydas P. Paulikas', and Peggy Y. Hou?,
“Tensile stress and creep in thermally grown oxide,” Nat. Mater.
5, 349 (May 2006). DOI: 10.1038/nmat1626
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IMAGING THE INTERIOR OF A
HIGH-SPEED INDUSTRIAL SPRAY
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APPLICATIONS

e use paint sprays to cover all manner of surfaces, but our ability to optimize the sprayers themselves
has been quite limited. “Seeing” beneath the surface of the jet from a high-speed industrial paint
sprayer can yield important new information. Researchers and engineers from Argonne National
Laboratory and from lllinois Tool Works (ITW) Inc., of Glenview, lllinois, using extreme-brilliance x-ray

beams from the XOR 7-ID beamline at the Advanced Photon Source (APS), have captured the first images of the
highly transient multiphase spray flow just millimeters from a high-speed industrial spray nozzle, taking us one step

down the road toward improved high-speed industrial sprays.

High-speed sprays have many industrial and consumer
applications, such as surface finishing (paint and particle coat-
ing) and gas turbine combustion applications. These sprays
comprise a jet of liquid surrounded by a high-speed coaxial air
jacket that atomizes the liquid jet. For coating (or paint) appli-
cations, the liquid transfer efficiency of the spray materials has
a direct effect on how economically they can be used, as well
as a definite impact on the environment. In order to increase
the efficiency of industrial sprays and make them more environ-
mentally friendly, we must improve them at the source: the
design of the spray nozzle.

Despite their multitude of uses, until now the fundamental
physics that governs the spray flow patterns and the droplet
deposition on the spray target have not been fully understood.
This is due, in large part, to a lack of information about the mor-
phology of spray plumes close to the nozzle, such as liquid
breakup mechanism and spray mass distribution. Traditional
visualization tools, like visible-light-based imaging, have not
been effective, because light is scattered off the cloud of small
liquid droplets the way the beam from car headlights diffuses in
fog. Furthermore, most of the liquid materials in industrial appli-
cations (such as paint) are, by their nature, optically opaque.
And to date, theoretical and computational studies of the
sprays have proven to be extremely difficult, if not impossible,
to carry out.

The initial and boundary conditions for the simulation
model development of air-assisted sprays cannot be simply
obtained from conventional optical measurements in part
because these measurements do not normally yield quantita-
tive information about the sprays. One has to know where the
sprays are and how they are atomized before one can do a
realistic transfer analysis to determine the effectiveness of
spray nozzle designs.

As an essential step towards developing the primary
breakup model in air-assisted sprays—and overcoming the dif-
ficulties in visible-light-based measurements—the Argonne-
ITW research team imaged the complex and transient multi-
phase spray flow just millimeters from a spray nozzle by using
a fast x-ray phase-contrast imaging technique made possible
by the intense x-ray beams from the APS. Owing to their weak
interaction with matter, x-rays can penetrate and image liquid
jets surrounded by a large number of small liquid droplets.
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Intense x-ray beams from the APS made it possible to perform
the measurement in real time.

An off-the-shelf commercial air-spray gun was used to
generate continuous water sprays in air. The injection nozzle of
this spray gun consists of a central circular orifice for the liquid
and a ring-like air outlet. The high-pressure atomization air was
propelled through the air opening with a speed that can be
supersonic. The high relative velocity between the liquid jet and
the air stream can generate a highly unsteady turbulent multi-
phase flow and induce the breakup of the liquid jet. In the x-ray
images obtained at the APS the drastic effect of the high-
speed, atomizing air and near-nozzle liquid mass density distri-
bution was visualized for the first time (Fig. 1).

The x-ray experimentation at Argonne has already pro-
duced some intriguing discoveries. The research team found
that, unlike the case of a low-speed jet (such as the water from
a garden hose) where the breakup is mostly due to the surface
tension at the air/liquid interface, the breakup of high-speed-
spray jets can occur in the jet core, which causes sudden
decreases in liquid volume fraction, even within 1 mm from the
nozzle exit.

This first-ever visualization of near-nozzle high-speed
coaxial flows can be used to develop and validate liquid
breakup models and is indispensable for understanding down-
stream spray formation. The collaborative effort between
Argonne and ITW at the APS promises to have a major impact
on nozzle design, spray parameters, modeling, and simulation,
holding out the promise of improved industrial spray systems.

— Jin Wang & Richard Fenner

See: Y.J. Wang', Kyoung-Su Im', K. Fezzaa', W.K. Lee', Jin
Wang', P. Micheli2, and C. Laub?, “Quantitative x-ray phase-
contrast imaging of air-assisted water sprays with high Weber
numbers,” Appl. Phys. Lett. 89, 151913 (2006).
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LOOKING INTO I/ eTALLIC (GLASS

etallic glass is an amorphous metal: it does not crystallize when cooled from liquid to solid. Since crys-

tallization does not occur, the atomic-scale structure is highly disordered, much like a liquid. This struc-

ture gives metallic glasses the unique properties of high strength and elasticity that make them ideal for

a wide range of applications, including military hardware and sporting equipment such as golf-club
heads. Because they are true glasses, metallic glasses soften when heated, rather than melt abruptly, making it easy
to form them into complex shapes. Scattering techniques have long been used to study the structure of amorphous
materials and to measure elastic strain in crystalline alloys. However, the ability to measure accurately elastic strain
in glasses was thought to be limited by the material's structural randomness, along with difficulties in collecting data
and analyzing it. Recent studies have shown that it is indeed possible to measure elastic strain in bulk metallic glass.
As aresult, researchers from Johns Hopkins University and Argonne used the XOR 1-ID beamline at the APS to meas-
ure elastic strain on a bulk amorphous metallic alloy. This study shows that elastic strain in metallic glass can be meas-
ured accurately with high-energy x-ray scattering.

During uniaxial compression loading, the collabora-
tors measured stresses of up to about 60% of the yield
stress (the critical point at which a material does not
return to its original shape when stress is removed). To
determine elastic strain, they used two methods: direct
measurements from normalized scattering data (in
reciprocal space) and indirect measurements from the
resulting pair correlation function.

To carry out their investigations, the researchers
made homogeneous alloy ingots of Zrs,; TisCu,oNigAlyg
by melting repeatedly the pure elements with purified
argon in an electric-arc furnace. The ingots were cast
into uniform cylindrical rods. They were then cut and
polished to make specimens for compression testing.
The collaborators performed x-ray scattering in situ dur-
ing loading in uniaxial compression using monochro-
matic high-energy x-rays at beamline 1-ID. A digital
image plate recorded the ring patterns (Fig. 1), which
were averaged from several x-ray exposures.

In scattering data, the elastic scattering intensity
I(g), a function of the magnitude of the scattering vector
q, is part of the total structure factor:

I(q)
S0 =Nf (g7

where N is the number of atoms and (f(q)) is the aver- Fig. 1. Change in x-ray scattering between loading and unloading for a
aged atomic scattering factor for x-rays. For indirect specimen tested in pure shear. The distortion of the scattering rings reflects
measurements, the pair correlation function g(r) = the principal sfrains (which are oriented approximately + 45° from vertical).
p(N/p—where p(r) is the pair distribution function (r is
the distance from an average atom to the origin) and p, is the while the opposite action is observed in the transverse direc-
average atomic density—is obtained by Fourier transformation tion: S(q) shows a peak shift to smaller g with increasing com-
of S(q). pressive stress. Likewise, in the loading direction, the peak in
When parallel to the loading direction, S(q) shows a peak g(r) shifts to smaller r with increasing compressive stress, and
shift to larger q with increasing compressive stress (Fig. 2), Continued on next page
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the transverse data show the opposite trend. When comparing the
two measurements, the researchers found similar strain results for
lengths (r) greater than 4 A.

The elastic modulus (which indicates stiffness of atomic bonds)
shows that the strain determined from the first peak in g(r) is only
slightly smaller in value than at higher r. The peak widths decrease
in the compression direction, and they increase in the transverse
direction but by a smaller amount. This result indicates that there is
a reduction in peak width with increasing load. The elastic modulus
was found to have values that were close to macroscopic measure-
ments of similar metallic glasses.

The strain measured for atoms in the nearest-neighbor atomic
shell, however, was found to be smaller than for the more distant
shells. Therefore, the elastic modulus is larger. The effect was con-
fined to the nearest-neighbor shell. The researchers suggest that
the difference in strain is due to the effects of anelastic atomic
rearrangements of atoms in topologically unstable regions of the
glass. The maijority of atoms experience ordinary bond-stretching
events (explaining the strain in the first nearest-neighbor shell); the
anelastic rearrangements occur for only a few atoms, but they allow
the entire structure to relax (explaining the larger strain at larger dis-
tances).

The group also found a more uniform distribution of stresses in
the metallic glass during loading, indicating that the entropy of the
glass is reduced under loading. This finding suggests that the stiff-
ness of metallic glasses has a contribution from entropic effects,
analogous to the effect of entropy on the stiffness of elastomers.

The ability to measure elasticity will be important for further
studies, such as accurate comparisons with computational models
of deformation of metallic-glass-matrix composites.

— William Arthur Atkins

See: T.C. Hufnagel™, R.T. Ott"2, and J. Almer3, “Structural aspects
of elastic deformation of a metallic glass,” Phys. Rev. B 73, 064204
(2006). DOI: 10.1103/PhysRevB.73.064204

“Introduce a Girl to Engineering Day”

As part of Argonne’s fifth annual "Introduce a Girl to Engineering Day" (IGED2006),
a number of APS employees participated in the Lab-wide tours and demonstrations on
February 26 that gave 40 sixth-, seventh-, and eighth-grade girls from U.S. public, pri-
vate, and home schools a first-hand look at the possibilities of careers in engineering and
science. ® The young women then toured Argonne, with stops at the Soil Analysis
Laboratory, the Powertrain Facility, the Recycling Center, the Computer Access Grid, the
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Fig. 2. Change in the structure factor §(g) in the loading direction
for a metallic glass under uniaxial compression. With increasing
stress, the main peak in S(g) (inset) shifts fo a larger scattering
vector, qg.
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Argonne Tandem Linear Accelerator System, and the APS. In addition, each girl spent the
day with a personal Argonne mentor. ® While at the APS, the students heard about
“Beethoven’s Bones” from Francesco De Carlo ( XSD) and “The World’s Brightest X-rays”
from Eric Landahl (XSD). Christa Benson, Anne Boron, Dana Capatina, Christy
Dannenberg, and Oliver Schmidt (all AES) served as mentors, interacting directly with the
students and answering a multitude of questions. Debby Quock (AES) and Mark Erdmann
(AES) participated in the lunchtime career Q&A panel session, which featured Argonne
Director Robert Rosner. ® Students’ impressions of the day included: “The tours gave me
a lot of information and | enjoyed them..., [Beethoven] was very cool....” “They were good
and gave us tons of info [about Beethoven]....” “The x-ray was really interesting but | wish
we could have ridden on the tricycles!....” And “l think the X ray is so cool!” The photo shows
De Carlo and some of the IGED2006 students gathered around a hands-on educational
exhibit in the APS atrium to learn about diffraction.




WHEN TwoO LIQUIDS MEET

hat happens when two liquids meet? Sometimes they mix, other times they remain quite dis-

tinct from one another. The question of what occurs at the interface between two liquids has

vexed researchers for decades, because understanding the nature of this interaction could pro-

vide important new information in biology, as well as improve analytical chemistry. Researchers
from the University of lllinois at Chicago; The University of Chicago; the University of California, Santa Cruz;
and Northern lllinois University have used the ChemMatCARS beamline 15-ID at the APS to carry out x-ray
reflectivity measurements from a liquid-liquid interface to obtain a clear view of exactly what occurs when two
liquids meet. Their findings suggest that for two electrolyte solutions, the behavior of liquids does not follow
the most well-known theory, on which earlier studies are based.
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< Fig. 1. Simulating the interface between water and nitrobenzene can reveal
the free energy of a single ion, depending on its distance from the interface.
By combining this value with the Poisson-Boltzmann equation, the researchers
could correctly predict the measured x-ray reflectivity due to the distribution of
ions near the inferface.

lon transport across cell membranes is a key process in all
living things and involves liquid-liquid interactions. Likewise,
preparation and separation of dissolved compounds from med-
ical or environmental samples for diagnostics and testing can
always be improved as a result of new insights into how liquids
behave in even the most dilute sample.

The Gouy-Chapman theory, developed in the early twenti-
eth century by Georges Gouy and David Leonard Chapman,
helps explain how charged particles (ions) behave near a flat
surface that is also charged. The theory provides useful
insights into how ions in solution interact with other charge car-
riers (such as colloidal particles) and so is important to electro-
chemists developing novel batteries, fuel cells, and electro-
chemical sensors. The extension of the theory to ions in solu-
tion interacting with the charged flat surface of an interface
between two liquids, however, has not been proved beyond
doubt.

Schlossman and his colleagues found that contrary to the
conventional wisdom, the Gouy-Chapman theory does not nec-
essarily apply to the liquid-liquid interface. Their x-ray reflectiv-
ity studies on the interface between an aqueous and an organic
electrolyte solution deviate significantly from the predicted
behavior of ions in such a system. Indeed, the findings corrob-
orate the suspicions of scientists carrying out theoretical stud-
ies and discrepancies in electrochemical measurements made
in the 1990s.

The Gouy-Chapman theory makes numerous assump-
tions. It suggests that (1) ions are effectively point charges, (2)
there are only electrostatic interactions occurring between col-
liding particles, (3) the electrical permittivity of the double-layer
interface seen between two interacting systems is uniform, and
(4) the solvent remains the same at the atomic scale. Almost a
century of research, while supporting Gouy-Chapman to a
degree, has gradually led to a breakdown of these assumptions
as sophisticated new experimental techniques, such as high-
resolution x-ray reflectivity, have become available.

Fundamentally, the new study reveals what some scien-
tists have suspected all along: the assumptions made in the
Gouy-Chapman theory are only valid in the ideal case and that
real solutions and interfaces do not behave that way. The
researchers found that ion or solvent sizes do affect the behav-
ior of two electrolyte solutions at their interface and there are
various interactions between particles other than simple
Coulombic electrostatic attractions and repulsions. The result is
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ordering of ions and solvents at the interface that is simply
ignored in the Gouy-Chapman view.

The researchers also compare their findings with the pre-
dictions of several more modern theories of ions at interfaces.
Because the predictions of these other theories disagree with
their data, the researchers performed molecular dynamics sim-
ulations that charted the free energy of a single ion as it is
passed through the interface. This ion-free energy was then
used to modify the Poisson-Boltzmann equation, which under-
lies the Gouy-Chapman theory, to make predictions that
agreed with their experiments.

The researchers suggest that their studies will be applica-
ble to studies of ion distributions near charged solid surfaces
(such as electrodes) and at the interface between a liquid and
a vapor. The research is also applicable to molecular biology,
where ions interact with the charged surface of biomolecules,
such as protein ion channels and receptors. In all of these sit-
uations it is anticipated that correlations due to the finite sizes
of ions and molecules will influence their arrangement and the
resultant local electric fields.

An immediate impact of this work is the indication that sev-
eral decades of electrochemical studies, which utilized the lig-
uid-liquid interface as a model system for reaction kinetics and
biomimetic phenomena, can be related directly to the underly-
ing ionic ordering. Further studies of the sort undertaken by
these researchers will be required to make this connection.

— David Bradley

See: Guangming Luo', Sarka Malkova', Jaesung Yoon', David
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Vanysek*, and Mark L. Schlossman™, “lon Distributions near a
Liquid-Liquid Interface,” Science 311, 216 (2006).
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BACK TO THE FUTURE: REWRITING THE
HISTORY OF BRASS METALLURGY

he astrolabe was the most sophisticated astronomical instrument prior to the invention of the telescope. Used
to compute the movement of the stars and determine the time of day or night, astrolabes were fabricated
from thin plates of brass. Using non-destructive synchrotron techniques at XOR beamline 1-ID at the APS,
an interdisciplinary team of materials science researchers from Lehigh University and Argonne, and a histo-
rian at the Adler Planetarium & Astronomy Museum in Chicago, IL, explored brass components from a group of 17th-
century astrolabes as part of a larger study of 40 Adler astrolabes. Their findings, considered in the context of the
known history of metallurgy, allowed the team to push the date of a sophisticated brass-making technique back a cou-
ple of centuries, to give an astonishingly detailed glimpse of the craftsmanship of the time, and to gain insight into a
significant technological breakthrough in brass metallurgy.

To determine the composition of the brass alloy and
method of fabrication, the team used three synchrotron radia-
tion techniques to study components from eight astrolabes
manufactured in and near Lahore, an ancient city in today’s
Pakistan. For this study, the non-destructive nature of the
experiments was of utmost importance. The Adler Planetarium
collection contains rare, indeed invaluable, specimens from all
regions where astrolabes were produced and from all ages
when they were produced.

Since Roman times, brass alloys were created using the
calamine—or cementation—process, in which metallic copper
was heated in a crucible along with charcoal and zinc
oxide/ore. The Lahore craftsmen were able to advance the
technology to a higher level thanks in part to a nearby source
of metallic zinc, which was much rarer than zinc ore.

The amount of zinc that can be absorbed by copper from
zinc ore is only about 32% or less by weight. Low-zinc, or
alpha-phase, brass is suitable for fabricating thin plates only
with great labor. A repeated series of hammering and annealing
steps is required to reduce a 10-mm cast plate to the desired
thickness of about 1 mm, a common dimension of the thin
plates used in making astrolabes.

The brass alloy found in the Lahore astrolabe components
contains both alpha and beta phases. In the beta phase, the
zinc content ranges from 33% to 46% by weight. A higher zinc
content changes the crystalline microstructure and composition
of the alloy. The rearrangement of atomic structure renders the
dual-phase alloy more malleable at a lower temperature and
allows hot forming, streamlining the process to one hammering
step.

Transmission x-ray diffraction analysis confirmed a higher
zinc content in the Lahore astrolabe components than is found
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in brass produced in Europe and other parts of the world in the
17th century and earlier.

X-ray radiography probed the thickness of the alloy. Slight
variations in thickness support the hypothesis that the Lahore
plates were pounded into thin sheets by hand rather than
pressed in a (modern) rolling mill. X-ray fluorescence revealed
the detailed, near-surface composition of the alloy.

By shifting the composition of brass to a dual-phase alloy,
the Lahore craftsmen were able to improve the traditional tech-
nology and shorten the steps involved in fabricating thin brass
plates as early as 1601, nearly two centuries before European
metallurgists who, until this study on the Lahore astrolabes,
had been credited with inventing the technique.

— Elise LeQuire
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A NEw ComMmrPOUND COMES INTO VIEW

tis known that ice formed under pressures higher than atmospheric pressure can assume one of at least a dozen

different known phases, characterized by crystal structures, densities, and O-H bonding that differ from those of

ordinary, hexagonal crystalline ice (l,,), but the precise details of the chemical bonding that characterize each of

these exotic phases are still not fully understood. To expand our knowledge of the rich phase diagram of ice at
high pressure, a team of scientists from Los Alamos National Laboratory, the Carnegie Institute of Washington, The
University of Chicago, and the National Synchrotron Radiation Research Center investigated water at high pressure
in a diamond anvil cell. By using an inelastic x-ray scattering technique—x-ray Raman spectroscopy—the compressed
H,O samples were bombarded with moderately hard (~10-keV) x-rays to probe their oxygen K-edge structure.
Serendipitously, in the course of their investigation they discovered a previously unseen, stable compound of O, and
H, molecules. This result may open the door to exciting new directions in radiation chemistry research and lead to a
better understanding of water under extreme temperature and pressure conditions.

Fig. 1. Photomicrographs of two diamond anvil cell samples taken at the GSECARS 13-ID-C beamline at the APS. (A) Sample after XRS meas-
urement at 8.8 GPa. The light brown streak through the middle of the sample shows the portfion irradiated by the x-ray beam. A small ruby
ball (bottom edge of the gasket) was used for pressure calibration. (B) After the release of pressure to below 1 GPa, bubbles of O, and H,
formed. Sample is approximately 200 microns in diameter.

The researchers knew that for oxygen bonded with hydro-
gen in H,O, the K-edge spectra peaked around 540 eV. For
pressures between 1 and 2 GPa (10,000—20,000 atmospheric
pressure), they were monitoring the subtle changes of the mul-
tiplicity, peak positions, and intensity of the 540-eV peak group
that reveal the specific O-H bonding that characterizes different
ice structures. However, at pressures above 2.5 GPa, they
found that the x-rays induced cleaving of the H,O molecule that
radically altered the spectra. This was evidenced by the
appearance of a 530-eV peak, characteristic of O-O bonding in
O, molecules, which reached a maximum intensity after 6 h of
exposure to the incident x-ray beam. This peak indicates the
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loss of O-H bonding, which is the basis of all ice and water
structures, and the formation of a completely new material that
still has the H,O composition. At a pressure of 15.3 GPa, this
peak was equal in height to the 540-eV multiplet; this effect was
verified by the results of independent experiments performed at
the APS and at SPring-8.

Well-documented, x-ray-induced phase transitions are
rare, and the researchers were taken by surprise. The ice sam-
ple changed from the familiar colorless solid to light brown; at
first, the group were puzzled by what was going on. Further
optical Raman spectroscopy (ORS) measurements clearly fin-

Continued on page 50
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“New Compound” continued from page 49

gerprinted the characteristic H, and O, peaks, which, coupled to
a reduced H,O signal, offered clear proof that the H,O mole-
cules had dissociated and a new material made of H, and O,
molecules had been formed.

To gain a better understanding of the structure of this new
material, the group performed a series of ORS and x-ray diffrac-
tion (XRD) experiments to study the effects of beam intensity
and exposure times. The precise fingerprinting offered by their
experimental technique ruled out the possibility that this mate-
rial was an exotic mix of hexagonally close-packed (hcp)-H, and
€0, and showed that the material was an alloy with approximate
chemical formula (O,)(H,),. The XRD studies of the H,-O, alloy,
carried out at beamline 16-ID-B of the High Pressure
Collaborative Access Team at the APS, revealed that the mate-
rial is a well-crystallized solid and, apparently, a very stable one
at ambient temperature and high pressures. The researchers’
original interest in studying ice, beyond gaining a better under-
standing of the complete phase diagram, was to investigate the
possibility of using ice to store hydrogen in fuel cells. But this
discovery opens the door to many new and exciting directions
in radiation chemistry. — Luis Nasser
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Michael Reedy (Duke University) and Tanya
Bekyarova (lllinois Institute of Technology [lIT]) in action
on the Bio-CAT beamline 18-ID at the APS. They are
studying mechanisms of stretch activation in insect
flight muscle. ® Stretch activation is very important in
human heart muscle when contraction of one part of
the heart stretfches adjacent muscle tissue causing it fo
respond a moment later by generating more force,
aiding cardiac "ejection," i.e., the amount of blood
pumped per beat. Muscle structure and function can
be studied using high-briliance x-ray beams from the
APS and the experimental technique, time-resolved
small-angle fiber diffraction. ® Unfortunately, cardiac
muscle is relatively poorly ordered and the diffraction
patterns relatively uninformative. Fortunately, because

Reaching for Answers to Questions about the Heart

of its physiological properties, the flight muscle of insects can be a good model system for cardiac
muscle, and because of its high degree of structural order, produce rich and informative (not to say

beautiful) diffraction patterns (right). Muscle confracts by the cyclical action of motor proteins called myosin that bind to particular
sifes on the actin protfein. This interaction is normally prevented by fropomyosin, a large, rodlike profein that blocks the myosin bind-
ing site on actin turning the system "off." Reedy and Bekyarova are carrying out experiments aimed at determining the motion of
fropomyosin and how it turns the muscle "on" and "off" during the process of stretch activation. (Photo and contact: Tom Irving, IIT)
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WATCHING GELS
GET THE STRESS OuT

he macroscopic flow properties of a wide assortment of disordered soft materials—such as foams, concen-

trated emulsions, and colloidal suspensions—can change dramatically from fluid-like to solid-like with subtle

changes in microscopic characteristics. This behavior bears strong resemblance to the liquid-glass transition

that occurs in molecular fluids. The theoretical concept of jamming was developed to unify a range of fluid-
solid transitions in disordered soft materials and to connect them to the glass transition. As part of the jamming phase
diagram, solids can be made fluid by sufficiently large shear stress, a feature that is shared by many disordered soft
materials. A central and challenging feature of liquids cooled into glass is the extremely slow subsequent evolution of
their properties, a process known as “aging.” An important question is whether other routes to creating disordered
solids—e.g., changes in shear stress—lead to materials that evolve in the same way. Understanding the recovery-
from-shear of disordered soft solids would provide important insights into the fundamental physics of these materials,
give new insights into the reasons glass ages, and could also help improve technologies that exploit substances that
are gel-like at rest and fluid after agitation, such as paints, foods, and personal-care products, to name a few. To inves-
tigate the microscopic mechanisms of recovery from shear in disordered soft solid materials and compare it with aging
in glasses, researchers combined multispeckle x-ray photon correlation spectroscopy (XPCS)—carried out at the XOR
8-ID beamline at the APS—and diffusing wave spectroscopy (DWS) studies on concentrated colloidal gels subjected
to strong shear. Their results call into question the connection between aging in glasses and the slow equilibration that
various disordered soft solids display and should motivate a rethinking of models that seek to unify these phenomena.

The gels used in this experiment comprised solutions of
nanometer-scale silica particles (~30% volume fraction) Sh ear
jammed by an entropically driven attractive force due to added
polymer in the solution. These depletion gels can be transiently “

fluidized by the application of strong shear, as shown schemat- ‘-'\_/

ically in Fig. 1. The experiments carried out by the
researchers—from Johns Hopkins University, the University of

Ottawa, the University of lllinois at Urbana-Champaign, and
Florida State University and Florida A&M University—moni-
tored the particle-scale motions in the gels following the cessa-
tion of a fluidizing shear in order to search for an evolution in
the dynamics that might be associated with aging. The use of

both the XPCS and DWS techniques allowed for the study of 9 r{
dynamics over a wide range of length and time scales.

The XPCS experiments at the 8-ID beamline employed a

silicon monochromator and precision slits to select a micron- 5
scale cross section of the incident beam in order to produce a
partially coherent source of x-rays incident on the sample. X-
rays scattered from the concentrated gels were collected in a
charge-coupled device (CCD) area detector configured for a
range of wave vectors from 0.04 nm™ to 0.39 nm'—a range
tuned for the distance between nearest-neighbor spheres in

S

the concentrated gel. Sequences of CCD images were ana- Fig. 1. Sketch of a sheared depletion gel of concentrated
lyzed to determine the intensity autocorrelation function for cor- 45-nm-radius silica nanoparticles (0.25< ¢ <0.36) in a decalin
Continued on page 53 solution of Ry = 3.5-nm polystyrene coils.
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THE L3 PHASE OF A
JAMMED POLYMER BLEND

he L3 phase is a complicated isotropic fluid solution containing a multiply-connected, random, bi-layer mem-

brane that extends throughout the three-dimensional space. Such a spatial arrangement divides space into

two subvolumes, giving it a structure that appears similar to a sponge. Recently, the attention directed toward

Ly phases has dramatically increased, primarily because of their prevalence in systems containing
amphiphilic molecules. In the past, researchers have found it difficult to experimentally determine the relaxation of
equilibrium fluctuations at wave vectors around the peak of the static scattering, which corresponds to the character-
istic length scales of the L3 phase. Now, researchers from Yale University, the Massachusetts Institute of Technology,
and Argonne used multispeckle x-ray photon correlation spectroscopy (XPCS) to study a triblock copolymer-
homopolymer blend, revealing the dynamics of spontaneous thermal fluctuations in the L3 (sponge) phase of the blend
as a function of wave vector and temperature. A surprise result of these measurements, however, is the observation
of a crossover from stretched- to compressed-exponential relaxation as temperatures decrease from 180° C to
120° C. They believe such behavior has not previously been observed. More importantly, such behavior indicates that
the L3 phase may thermally transition from high-temperature fluid states to low-temperature jammed states.

A polymer blend consisting of a symmetric poly(styrene-
ethylene/butylene-styrene) tri-block copolymer (PSEBS) and a
polystyrene homopolymer (PS) was used in this experiment.
The blend was prepared from one part of PSEBS and four parts
of PS, by volume. It was then annealed over several days
under vacuum conditions at a constant temperature of 160° C.
XPCS measurements of the intermediate scattering function
from the samples were then taken at XOR beamline 8-ID at the
APS.

The small-angle x-ray-scattering profiles show peaks at
zero wave vector and non-zero wave vector that together are
distinctive of the L; phase. The measured intermediate scatter-
ing functions (ISFs), which quantify the relaxation of fluctua-
tions and are measured by XPCS, show a positive curvature at
180° C (Fig. 1), which indicates stretched-exponential behavior.
However, at 120° C, the plot shows a negative curvature, which
points to a compressed-exponential pattern.

The collaborators explain this change in behavior by sug-
gesting that it is the result of “jamming,” and suggest that in this
case the origin of jamming (sometimes called dynamical
arrest—when soft matter such as gels, foams, and emulsions
go from a fluid to a solid-like state after many of the particles
stop moving in unison) involves the arrest of topological relax-
ation.

Although the static structure of the samples is similar at the
different temperatures studied, the collaborators hypothesize
that a temperature change causes an alteration in the equilib-
rium topology, and that, for instance, such an alteration could
result from a modest change in the equilibrium mean separa-
tion between membranes and the equilibrium thickness of the
membrane. Continued on next page
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“Gels” continued from page 51

relation delay times of 2.6 to 1,000 s at various stages following
the cessation of shear, as illustrated in Fig. 2. Combined with
the DWS experiments, these results provide a quantitatively
coherent picture of the dynamics that, indeed, displayed a
seemingly perpetual evolution strongly reminiscent of aging in
glasses. However, analysis of the correlation functions demon-
strates that these dynamics of recovery from shear are not
directly related to traditional aging phenomena in glasses.
Rather, they belong to a new type of slow, non-diffusive motion
that is apparently universal to a range of disordered soft solids
and that can be modeled as strain in response to heteroge-
neous local stress.

The conclusion arrived at by these researchers calls into
question the connection between aging in glasses and the slow
equilibration that various disordered soft solids display. Their
conclusion should also motivate a rethinking of models that
seek to unify these phenomena, and connect them with general
paradigms for the behavior of soft and hard glassy materials.

— William Arthur Atkins

See: B. Chung', S. Ramakrishnan?, R. Bandyopadhyay', D.
Liang', C.F. Zukoski®, J.L. Harden'#*, and R.L. Leheny'*,
“Microscopic Dynamics of Recovery in Sheared Depletion
Gels,” Phys. Rev. Lett. 96, 228301 (2006).
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Author affiliations: 'Johns Hopkins University, 2Florida State
University and Florida A&M University, 3University of lllinois at
Urbana-Champaign, “University of Ottawa

‘Jammed Polymer” continued from page 52
In addition, the collaborators hypothesize that at tempera-
tures of 140° C and above, the membrane topology is able to
equilibrate during the experiment. However, at around 120° C,
the membrane topology does not equilibrate because topologi-
cal equilibration is activated—and, thus, is increasingly slow at
lower temperatures—and collective diffusion is slowed due to
larger viscosity within the PS. Consequently, the L5 structure is
subjected to increased internal stresses associated with its
topological frustration. Specifically, the deformations that occur,
due to these internal stresses, are the origin of the ISF relax-
ation recorded at 120° C. The collaborators also state that, at
the three temperatures of 140, 160, and 180° C, the current
data represent the initial ascertainment of the equilibrium
dynamics of a polymer L; (sponge) phase. Finally, a crossover
from stretched to compressed exponential relaxations is not
unique to the sponge phase in polymer systems. Recently,
Balsara and co-workers have observed similar behavior in a
closely-related polymer microemulsion [1].
— William Arthur Atkins

53

T IIIIIIII T IIIIIII| T T T T TTIT
q=009A"
1.20+
= 115} ,
o time since
é shear
11 minutes
1.10} _27 m@nutes
1729”milnutes
1.05¢

10 100
t [seconds]

Fig. 2. XPCS intensity autocorrelation functions as a function of
time since shearing for a silica-polystyrene depletion gel (silica
volume fraction ¢ = 0.28 and polystyrene concentration c, = 32
g/l) in decalin.
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STRESS VS. STRUCTURE RELAXATION:
WHICH COMES FIRST?

ne can learn a lot about a person by

observing how they react to stress and

how they relax. The same principle holds

true in materials science, where, for
instance, studying the stress relaxation behavior of
polymers can yield valuable information on molecular
structure and organization, clues to the ways a material
will perform in application. Relatively large-scale phe-
nomena, such as structural and stress relaxation, pro-
vide a picture of what’s happening at much smaller
molecular-level scales. But the relaxation of stress in
polymer structures does not necessarily happen all at
once, nor is it always a simple process. In more com-
plex structures, such as a disordered block-copolymer
melt, factors such as differences in concentration and
the transient formation of structures including
micelles—small aggregates of polymeric molecules—
can make it difficult to determine just when everything
has finally settled into a peaceful equilibrium.
Researchers from the University of California, Berkeley;
Argonne; Yale University; Polytechnic University; Kyoto
University; and Lawrence Berkeley National Laboratory
investigated some of these complications, using the
XOR 8-ID beamline at the APS to study the relationship
between structural relaxation and stress relaxation in a
block-copolymer melt and obtaining the first quantita-
tive measurements of both processes. As it happens,
the two are not necessarily the same.

The team subjected a polystyrene-block-polyisoprene
copolymer, SI(7-27), to small-angle x-ray scattering (SAXS)
and x-ray photon correlation spectroscopy (XPCS) static and
dynamic measurements on the XOR 8-ID beamline at the APS.
Previous work had demonstrated that at 70 + 2° C, the block-
copolymer melt transitioned from order to disorder with mole-
cules in hexagonally-packed cylinders yielding to disordered
micelles. These micelles show very strong x-ray scattering
under SAXS.

The XPCS technique allows structural relaxation to be
quantified not at the 500-nm scale limit of light photon correla-
tion spectroscopy, but at the molecular scale of ~20 nm, provid-
ing better differentiation between terminal stress relaxation and
molecular structural relaxation phenomena. The team also
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Fig. 1. Structural and ferminal stress relaxation fimes, Ty, and Ty,
of the block copolymer melt measured by XPCS and rheology,
respectively. Note that macroscopic stress relaxation occurs
much more rapidly than microscopic structural relaxation.

used an ARES Rheometer for rheological measurements in a
frequency range from 0.1 to 100 rad s™'. The Ty, or structural
relaxation time, proved to be 1-2 orders of magnitude larger
than T, the rheological terminal relaxation time, with T, show-
ing a greater dependence on decreasing temperature than
Tesue- Frederick-Larson theory confirms this correlation
between Ty, and T.

The structure of a perturbed micelle-containing phase
can relax in one of two ways: either the micelles themselves
dissolve and reappear in arrangements that are closer to
equilibrium, or intact micelles can migrate around and
approach equilibrium. The research team’s XPCS data
demonstrate that in the SI(7-27) block-copolymer melt, it is
the latter process—the diffusion of intact micelles—that dom-
inates the structural relaxation. Meanwhile, rheological obser-
vations show that the stress relaxation occurs on much faster
time scales because it is dominated by the dynamics of disor-
dered fluctuations in concentration.

In achieving the first quantitative measurements of stress
and structural relaxation in a block-copolymer melt, the
researchers have demonstrated that there is a significant differ-
ence between the two, meaning that the common term “longest
relaxation time” applied to these types of polymer structures is

Continued on next page



“Stress vs. Structure” continued from page 54

perhaps more than a little oversimplified. More than this, the
team’s experiment provides an effective example of how the
study of equilibrium dynamics on the molecular scale can point
the way to greater understanding of other processes that affect
polymer structure. Sometimes there is more going on than one
simple measurement technique (such as rheology) might indi-
cate, so that a finer analytic technique (e.g., XPCS) might be
needed. The team’s use of XPCS adds another tool to the
materials scientist’'s arsenal. — Mark Wolverton
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WHAT’S FLIPPING THE CHARGES?

t its most fundamental level, most of the action taking place at cell membranes depends on ions: positive,

negative, in various combinations and concentrations, controlling what goes in and out of a cell, the recog-

nition of one cell by another, and other vital processes of molecular biology. Many of these phenomena are

still poorly understood, among them charge inversion, which comes about when ions somehow attract so
many of their oppositely-charged counterparts that the result is not neutralization but an effective reversal of the local
charge density. A team of researchers from Carnegie Mellon University, lowa State University, the NIST Center for
Neutron Research, and Leipzig University peered into the process of charge inversion at charged interfaces in an elec-
trolytic solution, using the Ames Laboratory Liquid Surface Diffractometer at the MU-CAT 6-ID-B beamline of the APS.
What they found could lead to a better understanding of the basic physics of cell membranes and interfaces, which
are essential to the integrity and functionality of the cells themselves.

The experimenters spread films of an acidic lipid (DMPA)
on LaCl; solutions of varying concentrations on a Langmuir
trough—an instrument that allows control of the area density of
the lipid and thus the charge density at the interface—and per-
formed isotherm and x-ray scattering studies. Utilizing the
capability of the APS synchrotron to produce intense x-ray
beams of precisely-selected photon energy, resonant x-ray
spectra were obtained at 5.486 keV (the La L, absorption
edge) on the Ames Laboratory horizontal surface diffractometer
and compared with spectra at other, off-resonance x-ray ener-
gies. The spectra contain information on the electron distribu-
tion near the surface, and hence the molecular organization of
the 2-nm-thick organic surface film. The comparison of reso-
nant and off-resonance spectra enabled the team to identify
specifically the distribution of highly charged La%* ions near the
charge interface.

Isotherm studies show that multivalent ions condense the
liquid/hexatic lipid monolayer into hexatic domains at exceed-
ingly low salt concentrations, but the detailed role of the highly
charged cations in that process remained unclear. The unique
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capabilities of the APS synchrotron radiation allowed these
researchers to solve that puzzle. Between bulk LaCl; concen-
trations of 100 to 500 nM, off-resonance and on-resonance
reflectivities were similar, but above 500-nM LaCl,, the off-
resonance reflectivities, in particular, were much higher,
whereas the increase in resonant scattering remained mod-
est. This is conclusive evidence that La®* cations condense at
the acidic interface; the surprise was the low concentration at
which this condensation was observed. Off-resonance reflec-
tivity measurements over a wider range of salt concentrations
between 100 nM and 10 yM at higher pressures corroborated
these f