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In Memoriam:

Gopal K. Shenoy, a Founder of the APS

We are truly saddened to note the passing of Dr. Gopal K. Shenoy, world- A
renowned materials scientist, Argonne Distinguished Fellow, and a driving > oty
force, with the late Dr. Yanglai Cho, in bringing the Advanced Photon Source
(APS) to Argonne. Throughout his long and illustrious career, Gopal had a pro-
found and lasting impact on synchrotron x-ray science, both in his brilliant re-
search, and in his central role in the creation and evolution of our marvelous
APS. But beyond his scientific contributions, and throughout his professional
life, Gopal touched many, many lives, as a mentor, as a colleague, and as a
friend. Our deepest sympathies go out to Gopal’s wife, Ravibala, and his
daughters Shami (Anand) and Lakshmi, as well as his grandchildren Maya and
Anika. An appreciation of Gopal follows.
Stephen Streiffer, Argonne Associate Laboratory Director
for Photon Sciences and Director, Advanced Photon Source

Dr. Gopal K. Shenoy’s career Argonne National Laboratory started in 1967
and spanned 43 years. During this time, he had a major impact, first as a bench
scientist in the MOssbauer Spectroscopy Laboratory, then as a group leader for
synchrotron radiation research in the Materials Science Division, then as a
founding father of the current X-ray Science Division. He played a leading role
in formulating the need for an advanced synchrotron radiation source for the
nation, and then in raising Argonne’s capacity to compete for this light source, Dr. Gopal K. Shenoy
culminating in bringing the Advanced Photon Source to Argonne.

Gopal began his career at Argonne in the Solid State Science Division in the Mdssbauer Laboratory carrying out fundamental
work on actinide and lanthanide chemistry, and physics and pioneering studies on magnetism and superconductivity in uranium, nep-
tunium, ytterbium, gadolinium, erbium, and europium compounds. Argonne’s reputation as the premier Méssbauer laboratory in the
world was well established, which later helped the Laboratory attract new generations of scientists to develop excellence in nuclear
resonant scattering. Gopal was the first researcher to enter the 200+ club of the Méssbauer Effect Data Center. The impact of his
studies is quite visible in the development of electronic structure of heavy fermions, ternary superconductors, Chevrel phase com-
pounds, and high-performance magnets.

By the mid-1980’s, Gopal’s scientific interest moved to nanocluster physics, and working with researchers from Fritz-Haber Insti-
tute, he pioneered the use of extended x-ray absorption fine structure (EXAFS) spectroscopy in studying the atomic arrangements in
pure-metal nanoclusters embedded in noble-gas matrix. Their work on gold, silver, copper, and iron nanoclusters is still being exten-
sively cited today. With the work on EXAFS coinciding with the development of the Argonne Intense Pulsed Neutron Source, the time
was right for Argonne to bid for a major scientific research facility. Shenoy seized on this historic opportunity and as early as 1982, he
was in the forefront advocating for an insertion-device-based synchrotron light source. He formed a research group in synchrotron
radiation and installed the most advanced computational codes at the time for undulator radiation. His enthusiasm was matched by
that of Dr. Yanglai Cho, and working together, they came up with a low-emittance-lattice storage ring design with extensive undulator
sources. The entire synchrotron radiation community felt the intensity of his early work, such that 350 participants attended the first
User Meeting for an unfunded, unnamed synchrotron source held at Argonne in 1986. This was a turning point for Argonne in its suc-
cessful bid to build and operate the Advanced Photon Source.

During the 1990’s, Gopal’s attention, and that of Dr. David Moncton, the first Director of the APS, was given to completion of the
APS, as well as to creating a healthy scientific user community.

Gopal played a major role in the science case for the Linac Coherent Light Source at Stanford, and remained actively involved in
guiding the early scientific proposals. He served on many scientific advisory committees of major hard x-ray synchrotron radiation fa-
cilities in the world, including the Australian Synchrotron, the European Synchrotron Radiation Facility, the European XFEL, and
SPring-8 (Japan).

In the 2000s, after leaving his position in top management of the APS, Gopal turned his attention to novel experimental develop-
ment issues, which led to the first successful demonstration of a fast mechanical chopper in nuclear-resonant scattering studies. His
work on microelectromechanical systems—based cantilevers to manipulate the time-structure of light sources promises to be very
useful in time-resolved studies at current and future light sources. Gopal always had an eye on the future. As early as 1995, he was
active in developing free-electron-laser-based light sources.

Gopal Shenoy proved time and again that he could connect to young researchers, support their work, light their enthusiasm,
challenge their ideas, and encourage them to publish their work.

Ercan Alp, Senior Physicist, Argonne X-ray Science Division
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THE ADVANCED PHOTON SOURCE FACILITY AT ARGONNE NATIONAL LABORATORY

The Advanced Photon Source (APS) occupies an 80-acre site on the Argonne National Laboratory campus,
about 25 miles from downtown Chicago, lllinois. It shares the site with the Center for Nanoscale Materials and the
Advanced Protein Characterization Facility.

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

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

CONTACT US
For more information about the APS send an email to apsinfo@aps.anl.gov or write to APS Info, Bldg. 401, Rm. A4115, Ar-
gonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439.
To order additional copies of this, or previous, issues of APS Science send email to apsinfo@aps.anl.gov.

To download PDF versions of APS Science Visit the APS on the Web at
back issues go to www.aps.anl.gov
www.aps.anl.gov/Science/APS-Science



WELCOME

Stephen Streiffer (right, Argonne Associate Laboratory Director

for Photon Sciences and Director of the Advanced Photon

We are leveraging Ar-
gonne leadership in com-
puting and applied math to
work with our own compu-
tational scientists on meet-
ing the challenge of expo-
nential growth in the data
from users of the APS-U.
And we continue our suc-
cessful partnership with the
outstanding Argonne practi-
tioners of hard x-ray sci-
ence who are among our
most valued users.

In parallel with techni-
cal R&D, APS-U leadership
(Bob Hettel, Jim Kerby, et
al.) meets regularly with our
Division Directors (John
Connolly of AES, John Byrd
of ASD, and Jonathan Lang
of XSD) and their teams to

Source; and Bob Hettel (left) APS Upgrade Project Director, pass ~ coordinate our resources of
APS storage ring magnets current (background) and future (fore-  the human variety (and

ground) on a trike tour of the APS experiment hall.

August 2018

Here at the APS, we find ourselves
with a unique opportunity. Thanks to our
APS Upgrade (APS-U), we are rein-
venting our APS facility, and reimagin-
ing the science that flows from the APS.
As the APS-U picks up speed under
the leadership of Bob Hettel (you can
read his thoughts on the facing page),
we have a great incentive to create a
new-model APS that is retooled to de-
liver even better scientific capabilities to
our users, who will use the new APS to
make even more important discoveries
about our world.

We are positioning the APS to
morph seamlessly into the APS-U. Our
well-maintained accelerator complex
and conventional facilities will assure
productive operations for critical compo-
nents not replaced by the APS-U. We
have settled on a suite of new and up-
graded beamlines selected through a
rigorous vetting process. APS scien-
tists, engineers, and technicians are ad-
vancing the frontiers of hard x-ray sci-
ence and techniques, insertion devices,
optics, and detectors to actualize and
take advantage of the upgraded APS.

make sure that APS Opera-
tions beamline and acceler-
ator strategies for transition to the APS-
U are synchronized with APS-U plans).

We are working closely with our
users and with the DOE light-source
complex to plan for the “dark time”
when we turn off the machine to install
the new storage ring, front ends, inser-
tion devices, and all the other technol-
ogy that comprise the upgraded APS.
We are maintaining solid communica-
tion with the user community in order
to keep them apprised of the dark-time
start date, its duration, and planned
commissioning activities for the accel-
erator and beamlines after the dark
time. This is a regular topic at our
yearly user meetings as well as our
quarterly all-hands and Partner User
Council/APS Users Organization meet-
ings. Our sister DOE x-ray light
sources will be a valuable resource as
we find ways to lessen the dark-time
impact on our users.

The APS-U also presents us with a
set of interesting questions:

How do we maximize the science
from our facility in the APS-U era? How
do we best take advantage of the exist-
ing APS infrastructure and equipment

and judiciously apply our resources to
the most critical and challenging
needs? How do we improve the way we
utilize the universities, laboratories, and
industries who support our users so that
we can continue to succeed together?
How do we maintain our sponsor’s trust
in our ability to carry out our mission?

And most important of all, how do
we do all of this safely?

We do not have complete answers
to all these questions, but we are well
on the way and | know we can and will
answer them.

Many of those answers can be
found in the “Advanced Photon Source
Five-Year Facility Plan,” which we up-
date every year at the request of BES,
and which is the roadmap to our future.
You can find it at https://bit.ly/2w4AwrY.
| encourage you to read it.

As always, the safety of our per-
sonnel and our users is of paramount
importance. Our mantra holds that
everyone goes home at the end of the
day in the same condition as when they
came to work. The PSC Diversity & In-
clusion (D&l) Working Group (formed
by XSD Associate Division Director Pa-
tricia Fernandez and XSD Assistant
Physicist Rebecca Bradford) meets
monthly. Argonne is updating the char-
ter for its D&l initiative, and we are eval-
uating next steps in light of results from
the 2017 Climate Survey (the second
such evaluation of D&l at the Lab).

As you can see from the highlights
in this book, our users continue to pro-
duce impactful science (23,184 peer-
reviewed journal articles as of the date
of this writing). We are always mindful
of our core mission: “To serve a multi-
faceted scientific community by provid-
ing high-energy x-ray science tools
and techniques that allow users to ad-
dress the most important basic and ap-
plied research challenges facing our
nation, while maintaining a safe, di-
verse, and environmentally responsible
workplace.”

Stephen Streiffer

Associate Laboratory Director for
Photon Sciences and

Director, Advanced Photon Source
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There are, relatively speaking, a
handful of people who have the good
fortune to work on large accelerator
projects.
Those of us
who do, know
that there are
few things
more reward-
ing than devel-
oping a plan,
joining with a
team, and
building the
next big thing.
So, I'm excited
to have been asked to serve as Project
Director for the Advanced Photon
Source Upgrade Project, which we col-
loquially call the APS-U.

One could not have drawn up a
better situation to join. Stuart Hender-
son, the former APS-U Project Director
(and now the Director of the DOE’s
Thomas Jefferson National Accelerator
Facility) did a remarkable job of round-
ing up an extremely talented team and
laying a solid foundation for the Pro-
ject’s success. Jim Kerby, the APS-U’s
very experienced Project Manager, kept
the enterprise on course and moving
ahead after Stuart’s departure and
handed over a smoothly humming oper-
ation. Our DOE partners in the Basic
Energy Sciences Scientific User Facili-
ties Division provide guidance and en-
couragement and steadfastly represent
the Project’s interests. Paul Kearns, Ar-
gonne’s Director, and all of Argonne’s
management are fully aware of how im-
portant the APS-U is to Argonne, and to
our nation, and are committed to giving
us the very best support. Of course,
APS Director Stephen Streiffer, the APS
management group, and the APS Oper-
ations personnel have always been fully
invested in the Project’s success.

When the APS-U is completed, to-
gether we will have made the APS a
world-leading hard x-ray facility. The up-
graded APS will be a member of a se-
lect group of countries (Sweden,
France, Brazil, and China) that have
built or are in the process of building 4th

Bob Hettel

generation storage
ring x-ray light
sources based on
multi-bend achro-
mat arrangements
of magnets in the
rings Many others
are in line with pro-
posals to build 4th
generation rings.
But our machine
will stand out in its
ability to deliver
highly coherent
(tightly focused)
hard x-ray beams (in the 20-100-keV
range) that will enable our outstanding
user community to carry out:
» Small-beam scattering and spec-
troscopy for nanometer-scale imag-
ing with chemical and structural con-
trast and few-atom sensitivity; and
room-temperature, serial, single-
pulse pink beam for macromolecular
x-ray crystallography
» Resolution coupled to speed for
mapping all of the critical atoms in a
cubic millimeter; detecting and follow-
ing rare events; and multiscale imag-
ing of enormous fields of view with
high resolution
» Coherent scattering and imaging
with the highest possible spatial reso-
lution for three-dimensional visualiza-
tion, imaging of materials defects,
and study of disordered heteroge-
neous materials; and x-ray photon
correlation spectroscopy to probe
continuous processes from nanosec-
onds onward, opening up 5 orders of
magnitude in time inaccessible to to-
day’s x-ray synchrotron researchers

The APS Upgrade will enable the
United States to maintain a world lead-
ership position in storage ring-based
hard x-ray sources.

To do this we are continuing to de-
sign the best possible APS-U in order to
meet the technical parameters we have
promised to DOE and to our users.

The state-of the-art design for the
accelerator is reaching maturity with
highly advanced simulation codes,
beam physics understanding, high-per-
formance component design, and a

Photon Source Upgrade Project

Some examples of APS-U accelerator and beamline technology.

novel on-axis injection scheme that en-
ables reaching an electron beam emit-
tance close to or at the diffraction limit

for keV photons.

We continue to refine planning for
the eight new “feature” beamlines, and
for the enhanced existing beamlines in-
cluded in the APS-U Project scope that
will be made “APS-U ready.”

The experts in the APS Accelerator
Systems Division Magnetic Devices
Group have already achieved great
success with new superconducting in-
sertion devices for some beamlines.

Designs for new or upgraded front
ends that connect insertion devices to
beamlines are well along as are critical
components such as beam position
monitors and improvements to the APS
electron-beam injection system.

And this is just a partial list of the
work still ahead of us as we progress
through a series of detailed reviews by
the DOE to an aggressive schedule of
long-lead component procurements.

The APS-U offers opportunities for
human development, as well. The Proj-
ect affords opportunities for young engi-
neers and physicists to grow profes-
sionally as they take on responsibilities.
We are bringing new people to the APS
who offer fresh ideas and afford man-
agement with an opportunity to carry
out efficient succession planning.

All'in all, it's a great time at the
APS. I'm delighted to be part of it.

Robert Hettel
Project Director,
Advanced Photon Source Upgrade
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ADVANCED PHOTON SOURCE CHRONOLOGY

March 14, 1984: “Planning Study for Advanced National Synchrotron-Radia-
tion Facilities,” sponsored by the U.S. Department of Energy (DOE) Office of
Basic Energy Sciences (Peter Eisenberger and Michael L. Knotek, co-
chairs), gives first priority to construction of a synchrotron-radiation facility
optimized for insertion devices

July 24, 1984: “Major Facilities for Materials Research and Related Disci-
plines,” sponsored by the Major Materials Facilities Committee of the Com-
mission on Physical Sciences, Mathematics, and Resources of the National
Research Council (Dean E. Eastman and Frederick Seitz, co-chairs), gives
highest priority to construction of a facility with undulator radiation in the hard
x-ray region of spectrum

February 1986: “6-GeV Synchrotron X-Ray Source Conceptual Design Re-
port” published by Argonne National Laboratory

April 1987: “7-GeV Advanced Photon Source Conceptual Design Report”
published by Argonne National Laboratory

May 1988: DOE approves new-project start
October 1, 1989: First construction funds released by DOE

June 4, 1990: Groundbreaking ceremony and start of Advanced Photon
Source (APS) facility construction

October 7, 1993: Begin linac commissioning (50-MeV electron beam)
April 17, 1994: First electron beam stored in particle accumulator ring
July 31, 1994: Linac positron-current performance specifications met
January 22, 1995: First 7-GeV electron beam in booster synchrotron

February 20, 1995: First injection of 7-GeV electron beam from booster syn-
chrotron to storage ring

March 18, 1995: First turn of 7-GeV electron beam in storage ring
March 25, 1995: First stored electron beam (4.5 GeV)

March 26, 1995: First storage ring bending magnet radiation detected in
Sector 1 (beamline 1-BM-A)

April 15, 1995: First stored 7-GeV electron beam

August 9, 1995: First x-ray beam from APS undulator in Sector 1 (beamline
1-1D)

October 11, 1995: Attain DOE storage-ring commissioning milestone of 20-
mA operation, minimum 10 hours of beam lifetime

January 12, 1996: First 100-mA stored electron beam

January 26, 1996: First undulator operated with 100-mA stored electron
beam

May 1, 1996: APS dedication ceremony in APS experiment hall
July 30, 1996: First stored 7-GeV positron beam
July 31, 1996: First stored positron beam at 100-mA current

August 8, 1996: Secretary of Energy signs Key Decision #4 declaring
project completion milestone
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REVEALING ION MIGRATION FOR
IMPROVED PEROVSKITE SOLAR CELLS AND LEDsS

ptoelectronic devices play an essential role in the modern world

by converting an electric current to light (as exemplified by the

ubiquitous LED lights), or conversely, by capturing light to produce
electricity (as in solar cells). A class of materials offering significant potential for
highly cost-effective optoelectronics are the so-called hybrid perovskites. In
practice, the use of hybrid perovskites faces several challenges, including rapid
changes in output in response to a voltage. Previous experiments were unable
to directly observe the chemical origin of these changes. Using nanoprobe x-
ray fluorescence (nano-XRF) at the APS, researchers have for the first time
directly measured nanoscale changes in the chemical composition of crystals
of methylammonium lead (Pb) bromide, a leading hybrid perovskite candidate
for optoelectronic devices. The experiments revealed how the presence of an
applied voltage depleted the bromine (Br) within regions of the material, de-
grading its optoelectronic performance. The researchers contend that limiting
bromine migration within methylammonium lead bromide, and in similar hybrid
perovskites, should stabilize these compounds, thereby enhancing their out-
standing optoelectronic properties and promoting their use for inexpensive, yet
highly-efficient, solar cells, photonic lasers, photodetectors, and light-emitting
diodes (LEDs).
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Fig. 1. Schematic of the experimental setup. A thin-film crystal of methylammonium lead bromide is
mounted atop two electrodes and an insulating glass base. Nano-XRF measurements probed the
crystal's bromine and lead elements. Upper-right inset shows that under zero voltage, nano-XRF de-
tected around three times more bromine than lead in the crystal (as expected). The x-ray data also
revealed how this ratio changed as the bromine migrated under voltage. Following the x-ray meas-
urements, a violet laser excited the crystal, inducing light emission (photoluminescence) at a longer
wavelength (~ 540 nm). The laser measurements showed that optoelectronic quality increased with

higher bromine concentrations.

To increase the practicality of so-
lar-generated electricity, the cost of fab-
ricating photovoltaic cells must be re-
duced while simultaneously boosting
their power-conversion efficiency.
These cost and efficiency goals have
drawn researchers to study hybrid per-
ovskites for solar cells. The methylam-
monium lead halide compounds exhibit
exceptional optoelectronic characteris-
tics, yet are inexpensive to manufac-
ture. Moreover, solar conversion effi-
ciencies of over 22% have been
demonstrated in the lab using hybrid
perovskite thin films.

Traditional perovskites are inor-
ganic, oxygen-bearing minerals with
distinctive octahedral within a cubic
crystalline structure. Methylammonium
lead bromide (chemical formula
CH3NH4PDbBr;) possesses the same
perovskite structure with its distinctive
octahedral arrangement, but differs
from oxide perovskites in a couple of
ways. First, the oxygen anion is re-
placed by bromine, one of the halogen
elements (the others being iodine, chlo-
rine, fluorine, and astatine). Second, it
is an organic-inorganic compound
wherein inorganic lead bromide (PbBrg)
octahedra are joined with organic
methylammonium cations (CH;NH,,).
This organic-inorganic mixture gives
the compound its excellent optoelec-
tronic properties and leads to its desig-
nation as a “hybrid” perovskite.

Theoretical calculations indicate
that hybrid perovskites possess a large
number of vacancies, or missing atoms,
in their crystalline structure. Theoretical
considerations also indicate that certain
elements within the hybrid perovskites
can readily move within these vacan-
cies when subjected to an electric po-
tential (voltage). In the case of methy-
lammonium lead bromide, bromine ions
are by far the most likely to move in re-
sponse to an applied voltage.

The techniques used in previous
studies to measure halide migration ex-
hibited various drawbacks, such as
sample destruction, or imaging limited



to near-surface depths. In contrast, the
nano-XRF used for this study by re-
searchers from the University of Cali-
fornia, San Diego, AMOLF (Nether-
lands), and Argonne National
Laboratory penetrated through the en-
tire sample depth, while limiting dam-
age to its crystalline structure.

The nano-XRF measurements
were made at the XSD x-ray beamline
2-ID-D at the APS. Several high-quality,
thin-film crystals of methylammonium
lead bromide were grown. Each rectan-
gular crystal measured around 20 to 30
um per side. Figure 1 depicts the basic
experimental setup. A highly collimated
x-ray beam mapped each sample's
heavier elements (bromine and lead)
with a parts-per-million sensitivity, in
250-nm steps. Following the x-ray
measurements, a laser probed the
same microscopic area to determine its
optoelectronic response via photolumi-
nescence. (Photoluminescence in-
volves the absorption and reemission
of light of differing wavelengths.
Higher-intensity photoluminescence in-
dicates better optoelectronic proper-
ties.) A series of x-ray and laser meas-
urements was made while the crystal
was subjected to voltages of 0, -2, and
+2 V.

Figure 2 illustrates the migration of
bromine within the sample region as
the voltage is varied. The images show
that bromide ions move from the nega-
tive region of the sample towards the
positive side. The laser-induced photo-
luminescence measurements demon-
strated that better optoelectronic quality
was associated with higher concentra-
tions of bromine.

These findings quantitatively char-
acterize bromine migration in methy-
lammonium lead bromide under an ap-
plied voltage at room temperature. The
findings also demonstrate that higher
local bromine concentration is corre-
lated with improved optoelectronic per-
formance. In order to achieve the high-
est optoelectronic performance, the
researchers suggest techniques for lim-
iting bromine depletion in methylammo-
nium lead bromide, such as growing
the crystals in a bromine-excess envi-
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Fig. 2. Nano-XRF fluorescence maps depicting the ratio of Br to Pb in the crystal. Each map is 20-30-

pm per side. Left-most map shows an evenly-distributed Br/Pb ratio prior to applying any voltage, as

indicated by the uniform color. The next six maps clearly show the line dividing the two underlying

electrodes, and a change in the bromine distribution (and Br/Pb ratio). Time is indicated below the

maps, while current direction is shown by upper arrows. Left-hand electrode is grounded (0 V), while

right-hand electrode is either O, +2, or -2 V. Starting with the second map from left, after 30 min of

exposure to a -2-V bias, bromine has migrated to the left. The darker color indicates that bromine

concentration is depleted above the right-hand negative (-2-V) electrode, while lighter color indicates

more bromine above the left-hand positive electrode (0 V). Subsequent cycling of the voltage bias

from -2V, to zero, to +2 V shows bromine migration is only partially reversible, leading to a perma-

nent degradation in the optoelectronic quality of the crystal.

ronment to lower the number of crys-
talline vacancies following growth of
the crystal. These important findings
are applicable to other hybrid per-
ovskites, such as methylammonium
lead iodide wherein iodine supplants
bromine. — Philip Koth
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THE ANOMALOUS BEHAVIOR OF

RH-DOPED SR2|RO4 CLARIFIED

igh-temperature superconductivity continues to mature as a tech-

nology even though the underlying mechanisms responsible for it

in cuprates (copper oxides) remain unclear, despite decades of
research. Today, the iridium oxide Sr,IrO, is attracting intensive study because
of its many parallels with La,CuO,, the parent compound of some cuprate su-
perconductors. The hope is that when modifications of Sr,IrO, are discovered
that make it superconducting, these will yield insights into the root cause of
superconductivity in cuprates as well. To advance this quest, an international
group of researchers carried out spectroscopic x-ray measurements on
rhodium (Rh)-doped Sr,Ir,_ Rh,O, samples at the APS.

Fig. 1. Anomalous hole doping in Rh-doped Sr2IrO4 shown superim-

posed on the electronic phase diagram.

There are theoretical and experi-
mental reasons to believe that super-
conductivity may be possible in Sr,IrO,
through electron or hole doping, which
can be achieved by replacing either
strontium (Sr) or iridium (Ir) cations with
a non-isovalent ion. One approach in-
volves doping with Rh ions to create
Sr,lr,_,Rh,O,; however, several funda-
mental issues regarding the doping
process remain to be resolved. Among
these are the oxidation state of Rh
when it enters the Sr,lr,_,Rh, O, lattice,
the impact of the disparate strength of
spin-orbit interactions in 4d (Rh) and 5d
(Ir) ions, and how increasing Rh content
causes Sr,lr,_ Rh,O, to switch from an
insulator to a metal. Equally mysterious
is the reversion of the metallic state to
an insulating condition as the Rh dop-
ing level continues to increase (Fig. 1).

Contrary to earlier
reports of Rh being in ei-
ther an Rh** or Rh3* oxi-
dation state across the
compositional range, the
researchers in this
study, carrying out ex-
periments at the XSD 4-
ID-D beamline at the
APS, found a smooth
evolution from Rh3* at
doping levels below x =
0.05 toward Rh** at dop-
ing levels above x =
0.70, with the average
Rh valence eventually
reaching the Rh** value
in the end compound Sr,|rO,.

At low Rh concentrations, Rh as-
sumes a predominant 3+ state which
dopes holes into nearest-neighbor Ir
ions, which assume a 5+ oxidation
state. This explains the rapid decrease
in the system’s resistivity leading to a
metallic state at x ~ 0.16, since doped
holes at Ir sites reduce the on-site
Couloumb repulsion at these sites en-
abling hopping of charge from site to
site (SrylrO, is a Mott insulator). As x
continues to increase, and with it the
probability of finding Rh-O-Rh bonds,
the number of doped holes decreases
systematically as the average Rh va-
lence moves toward 4+ (and so does
the Ir valence), causing a reentrant in-
sulating phase to emerge at x ~ 0.35.
Only a small fraction of Ir ions (less
than 25%) assume a 5+ oxidation state

across the doping-dependent Rh/Ir
charge partitioning.

Although the decrease in the num-
ber of charge carriers at high doping
level is the most likely explanation for
the reentrant insulating phase, the re-
searchers note that doping-induced dis-
order is also likely to be at play. These
findings should prove key to informing
ongoing searches for novel electronic
phases, including superconductivity, in
(5d) Iridium-oxide compounds doped
with 4d (or 3d) elements where charge
disproportionation is expected.

— Vic Comello
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TIPPING THE BALANCE TO A
QUANTUM SPIN LiIQuID

ometimes a little frustration and disorder can be a good thing, at

least in the quest for the elusive and exotic state of matter known

as a quantum spin liquid (QSL). In such systems, the electrons are
strongly “entangled,” a quantum phenomenon that is the basis of quantum
computing but has proven extremely difficult to recreate except under tightly
controlled laboratory environments. But QSLs naturally form such states,
arising from their strong interactions (or correlations) that also serve to pro-
tect their entanglement from environmental influences. One class of these
systems is the Kitaev quantum spin liquid, which takes advantage of
anisotropic magnetic interactions on a honeycomb lattice. In the actual ma-
terials, the electron spins relieve their frustration and align themselves in one
of two ways: a honeycomb “zig-zag” pattern or a “spiral” (technically an in-
commensurate) order. A group of researchers carrying out studies at the
APS found that in the recently discovered Kitaev candidate compound [3-
Li,IrO,, a single material can be driven from the incommensurate state to a
strongly correlated state with zig-zag broken symmetry upon the application
of a small magnetic field, indicating the fragility of the material ground state.
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Fig. 1. T-H phase diagram determined using resonant x-ray magnetic
scattering at the APS. The diagram was constructed by combining the
normalized scattering intensity of a commensurate peak (blue-red

scale contours), with the H* and Tl extracted from magnetization and
heat capacity measurements (red /white circles), and a cusp observed

in the field dependence of Cp (white dots).

Although the material B-Li,IrO, is not
quite a true Kitaev spin liquid, this study
provides some new and tantalizing hints
about possible ways to realize that elusive
state of matter. The demonstration that this
particular system could be induced to tran-
sition from an incommensurate to a field-in-
duced zig-zag (FIZZ) state with the applica-
tion of a small magnetic field shows that
the exchange interactions in these mag-
netic honeycomb iridates are delicately bal-
anced and ready to tip from one state to
another with a properly placed nudge. At
this point, the key to a quantum spin liquid
appears to be merely a matter of a little fine
tuning.

The B-LiyIrO5 compound structure (Fig.
2) is the simplest of the three-dimensional
Kitaev systems. Due to its crystal symme-
try, one of the Kitaev interactions favors b-
axis spin coupling, likely the reason that
the system’s ground state is so susceptible
to magnetic fields in this direction. To ex-
amine the thermodynamic behavior of the
system, the researchers, from Lawrence
Berkeley National Laboratory, the Univer-
sity of California, Berkeley, the Massachu-
setts Institute of Technology, the University
of Texas at Dallas, and Argonne studied the
iridium (Ir) L, edge with field-dependent
magnetic resonance x-ray scattering
(MRXS) at the XSD 6-ID-B,C beamline of
the APS.

The field-induced change in the quan-
tum state is manifested in the magnetiza-
tion as an abrupt kink at pyH*= 2.8 T.
Studying the magnetic peak at propagation
vector g = (-0.574, 0, 16) to examine the in-
commensurate state, the research team
found that scattering intensity rapidly dimin-
ishes but with unchanging wavevector, indi-
cating suppression of the incommensurate
order vanishing completely at H*.

Beyond H*, thermodynamic data show
a smooth crossover from one phase to an-
other, but without a sharp phase boundary.
However, the experimenters observed
changes in the MRXS intensity at some re-
ciprocal lattice vectors, corresponding to
both structurally allowed and structurally
forbidden peaks. The presence of the

“Tipping” cont’d. on page 13



STRIPED NANODOMAINS CREEPING IN
NOMINAL ATOMIC LAYERS OF FERROELECTRICS

erroelectrics refers to materials with spontaneous electric polarization

that can be switched by external electric fields. They are very similar

to magnets but with electric instead of magnetic polarization. Besides
their widespread applications in piezoelectric nanopositioners and ferroelectric
random-access memorys that make use of the net ferroelectric polarization, the
spatial arrangements of polarization domains in nominal atomic layers of ferro-
electrics are also considered for high-density information storage due to their
well-defined spatial structures with characteristic lengths as small as a few
nanometers, so the stability of the domain structures is key to the design of non-
volatile memories. But tracking the domain motion in real time is extremely chal-
lenging as it requires detecting sub-angstrom atomic fluctuation on a nanometer
spatial scale at elevated temperature. Researchers utilizing the APS overcame
this obstacle with their study of serpentine striped ferroelectric nanodomains in
a ferroelectric/dielectric superlattice. Ferroelectric polarization ordering is a
promising candidate for self-assembly growth next-generation information stor-
age, so these results provide a quantitative approach for measuring the stabil-
ity of these structures, providing essential information for both modeling and
application of complex ferroelectric oxides in a variety of technologies.
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time-scale of the domain dynamics.

Fig. 1c shows the two-time correlation
function of speckle patterns collected at
time t; and t,. Speckle patterns decorre-
late as a function of time delay |t; - t,],
and the process is in equilibrium as this
decorrelation time is constant along the
dashed line t; = t,. This decorrelation
time was measured from correlation
functions performed at increasing tem-
peratures.

Alternating atomic layers of PbTiO4
and SrTiO; preserved the nanoscale
spatial order of ferroelectric domains
and provided additional robustness for
the domain structures. The characteris-
tic length scales are 6 nm for the do-
main periodicity and 30 nm for the in-
plane coherence of the domain pattern.
Spatial disorder in the domain pattern
yields coherent hard x-ray scattering

patterns exhibiting in-
tensity speckles.
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Fig. 1. (a) Ferroelectric/dielectric multilayer sample with domain pattern and diffraction geometry. (b) Domain pattern (c)

A two-time intensity-intensity correlation function at elevated temperature.

ton correlation spectroscopy (XPCS) at
the XSD 8-ID-E beamline at the APS.
With the XPCS technique set to resolve
atomic scale wave-vectors, the domain
motion was recorded in a movie of co-
herent x-ray scattering patterns from
the domains. The temporal decorrela-
tion of the intensity speckles in the co-
herent scattering patterns revealed the

The group of researchers from Ar-
gonne, the University of Wisconsin-
Madison, Stony Brook University, and
the University of Science and Technol-
ogy of China investigated the tempera-
ture dependence of the equilibrium dy-
namics of ferroelectric nanodomains in
a ferroelectric/dielectric PbTiO,/SrTiO,4
superlattice using wide-angle x-ray pho-

I Variable-tempera-
ture Bragg-geometry
XPCS reveals that x-
ray scattering patterns
from the disordered
domains exhibit a con-
tinuous temporal
decorrelation due to
spontaneous domain
fluctuations. The tem-
poral decorrelation
can be described us-

0 ing a compressed ex-
ponential function,
consistent with what
has been observed in
other systems with ar-
rested dynamics. The
fluctuation speeds up
at higher temperatures and the thermal
activation energy estimated from the Ar-
rhenius model is > < 0.35 £ 0.21 eV.
This energy barrier is smaller than both
the activation energy for the migration
of oxygen ion vacancies (a common do-
main wall pinning mechanism in ferro-
electric perovskites) and the energy
Cont’d. on the next page

0.5

IS0y WO A0 )



required to change the directions of do-
main walls as predicted from first-princi-
ple simulations.

The team suggests that the compli-
cated energy landscape of the domain
structure is induced by pinning mecha-
nisms, and domain patterns fluctuate
via the generation and annihilation of
topological defects, a mechanism that
requires little change of the system free
energy and is commonly seen in soft
materials such as block copolymers.
The future APS Upgrade will enable
such studies with much higher time and
spatial resolution, probing these fluctua-
tions on submillisecond time scales with
beams smaller than 500 nm.
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latter indicates an additional g = 0 bro-
ken symmetry induced by the applied
magnetic field. Also, the structurally for-
bidden peaks show enhancement at the
Ir L; edge with the magnetic field ap-
plied, suggesting that this broken sym-
metry state is electronic in origin.

The experimenters note that the
observed behavior is quite different
from the typically seen first-order phase
transitions, such an antiferromagnetic to
spin-polarized state. In this case, all
broken symmetry states are seen simul-
taneously, yet retain intrinsic periodicity
as a function of the applied field, show-
ing a near-degenerate state.

Two types of symmetries are con-
sistent with the data, one with zig-zag
symmetry and the second ferromag-
netic character, each of which explains
different aspects of the observations.
The research team suggests that the
best interpretation is a high temperature
transition from a trivial paramagnet to a
low-temperature quantum correlated
state. Even a small magnetic field is
seen to drive B-Li,IrO, from a zero-field
incommensurate spiral order into a
FIZZ state. This provides further evi-
dence of the link between lithium-based
iridates such as B-Li,IrO5 and other
compounds such as a-RuCl,/Na,IrO4
that also display a commensurate zig-
zag phase. — Mark Wolverton

See: Alejandro Ruiz'2*, Alex Frano'?,
Nicholas P. Breznay'?, Itamar Kim-
chi'3, Toni Helm':2, lain Oswald*, Julia

Fig. 2. An image of the compound crystal structure.
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A NEW TwiIST ON PHASES OF MATTER

utting certain materials under the right conditions, such as applying

an electrical field or changing their temperature, can lead to emergent

properties that do not normally exist in the parent material; super-
cooling aluminum, for instance, turns it into a superconductor. A group of re-
searchers using the APS has discovered a new state of matter in which
whirlpools of polarization, known as “vortices,” can arise. What's more, the sci-
entists can control these vortices by changing the structure or temperature of
the materials or by applying electrical fields. The work gives scientists the ca-
pability of creating new material properties that haven’t been seen before, po-
tentially creating new applications as well as opening new areas of inquiry in
physics.

& & # F S 9SS S-S
FAC B R I L L K. e I
- g g gt e G S e g g g
R e R e e e B I R
o e a Em S e e o= g g g
BB BB PP - A,

e g e e S W e g g g

Al sl el W P PP P A A .
- S G e e W M e g g g
P e e e e o T I
— . e e S S A= e g g g
e e B B B B I I e

T e e g e g e

Fig. 1. Superlattices of lead titanate and strontium titanate self-assemble their dipoles into classical
ferroelectric phases with alternating polarization (bright and dark areas) between emergent
toroidal phases (brown). All the moments, indicated by arrows, point in one direction in a ferroelec-

tric area (left), while they form vortices in the toroidal areas (right).
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The materials the researchers
worked with are perovskites, which
have a particular crystalline structure,
arranged in superlattices, which are pe-
riodic structures built from layers of dif-
ferent materials. In this case, they used
lead titanate (PbTiO5) and strontium ti-
tanate (SrTiO5), grown on a dysprosium
scandium oxide substrate. The lead ti-
tanate contains ferroelectric dipoles,
electrical polarization that is analogous
to the north-south polarization of ferro-
magnetic dipoles, while the strontium ti-
tanate has no electrical polarization.
When just 10 to 20 layers of the two
materials are stacked on top of one an-
other in the right way, the dipoles within
the lead titanate undergo an unex-
pected change. Because the dipoles

have different polarizations, the lead ti-
tanate must rearrange them in order to
settle into a new lowest-energy state. In
the end, a handful of competing forces
causes the formation of polarization
vortices, whirlpool-like arrangements
that spin clockwise or counterclockwise
in alternating rows.

The researchers, from the Univer-
sity of California, Berkeley; Lawrence
Berkeley National Laboratory; The
Pennsylvania State University; Ar-
gonne; the University of Colorado Boul-
der, Universidad del Pais Vasco
(Spain); Donostia International Physics
Center (Spain); Universidad de
Cantabria (Spain); and the Luxembourg
Institute of Science and Technology
(LIST) wanted to understand how the

vortices would change as they changed
the structure, altered the temperature of
the material, or applied an electrical
field. It turns out that changing the num-
ber of layers in the superlattice also
changed the arrangement of the two
types of phases within the material, the
vortex phase and the more familiar fer-
roelectric phase, which exist next to
each other in alternating stripes. The
vortices existed in the material at room
temperature, but researchers found that
as they raised the temperature the ma-
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terial became entirely ferroelectric.
They also used a technique called
piezoresponse force microscopy (PFM),
touching a conductive tip to the material
to apply an electrical field to switch it
between the vortex phase and the clas-
sical ferroelectric phase.

The switching was non-volatile,
suggesting it could be used for some
form of memory. The fact that the mate-
rial responds to such manipulations
means researchers might be able to in-
duce, for example new effects, such as
pyrotoroidic or piezotoroidic effects,
analogous to the pyroelectric and
piezoelectric effects found in some clas-
sical materials.

To analyze the material, the re-
searchers performed synchrotron x-ray
diffraction at the XSD 33-BM-C beam-
line of the APS. The brightness of the
beam allowed them to obtain detailed
information about the arrangement of
the atoms and the periodicity of the lay-
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CONTROL OF MAGNETIC COUPLING AND
DIMENSIONALITY BY CHEMICAL SUBSTITUTION

Il sorts of interesting properties, including Mott insulating states,

antiferromagnetism, and insulator-to-metal transitions can some-

times manifest within a single compound. Enhancing or sup-
pressing such properties presents both a theoretical and practical challenge.
For this study, the strontium-iridium-oxide Sr,Ir,0, was explored. This com-
pound has a bilayer crystalline structure formed by linked iridium-oxygen (IrO)
octahedra. It exhibits an antiferromagnetic insulating state that lies very close
to an insulator-to-metal transition. A research team altered (doped) a series of
Sr,Ir,0; samples by replacing tiny amounts of strontium (Sr) with lanthanum
(La), thereby varying the samples' electronic and magnetic behavior. X-ray
scattering experiments carried out by the team at the APS and at the Euro-
pean Synchrotron Radiation Facility (ESRF) revealed that La doping in Sr;Ir,0;
decreased the range of the compound's three-dimensional antiferromagnetic
ordering, culminating in a short-range two-dimensional ordering and a metal-
lic state. The researchers posit that this metallic state, which hosts strong an-
tiferromagnetic fluctuations, could provide a new platform for manipulating
novel magnetic/electronic states by the controlled application of perturbations.
More generally, these findings should advance our fundamental understanding
of the magnetic and electronic behavior of similarly doped compounds.

Fig. 1. Phases of (Sr,_ La, ),Ir,O, resulting from distinct doping levels of lanthanum. The red dots
near the bottom indicate the five actual doping levels used for this study. Starting with a com-
pletely un-doped compound (x = 0), on up to a doping level of x = 0.03, (Sr,_ La, ),Ir,O, exhibits
an insulating phase due to a long-range antiferromagnetic ordering. By contrast, higher La doping
levels (x = 0.05 and 0.065) cause the compound to exhibit a conducting (metallic) phase due to a
short-range antiferromagnetic ordering. The transition from the insulating phase to the metallic
phase is indicated by the narrow vertical band at center; the actual IMT occurs at a doping level
around x = 0.04 (red dashed line).

The Srslr,0; compound was cho-
sen for this study largely because of the
unusual combination of novel proper-
ties it exhibits: small insulating band
gap; strong interlayer couplings (i.e.,
correlations between electrons in differ-
ent layers); magnetic excitations; and
spin-orbit-coupling-induced antiferro-
magnetic Mott insulating behavior. Pre-
vious research has shown that doping
of Sr,lr,0; can drive the system into a
metallic state. However, in spite of the
previous investigations, the nature of
the doped Sr,lr,0; metallic state, in
particular its magnetic properties, has
remained largely elusive.

The researchers from the Paul
Scherrer Institut, the ESRF, the Uni-
versity of Kentucky, the University of
Colorado Boulder, and Argonne de-
vised two strategies to help resolve
these mysteries. First, a wider range
of doping levels was employed. And,
secondly, powerful synchrotron radia-
tion from the APS and the ESRF was
used to probe the magnetic ordering
and electronic excitations in the sam-
ples via elastic and inelastic x-ray
scattering.

The doping agent used was the
metallic element lanthanum. The result-
ing modified chemical formula,
(Sry_,Lay)5lr,04, indicates the tiny
quantity of lanthanum added. For in-
stance, since the maximum doping
level was x = 0.065, then at most 6.5%
of the strontium (Sr) was replaced by
lanthanum. At XSD beamline 27-ID-B at
the APS, inelastic x-ray scattering
measurements were performed on
samples with no doping present (x = 0),
and for x = 0.03. Doping levels for the
ESRF measurements were x = 0.02,
0.05, and 0.065.

Sr,lr,0; is a Mott insulator, which
means it is electrically insulating below
a certain temperature. However, unlike
common insulators like glass, a Mott in-
sulator's behavior is determined by re-
pulsive interactions between certain
electrons in the material. Doping can
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ers within the superlattice. The vortex
phases caused interference with the x-
rays, producing signatures that showed
their distribution.

They also performed synchrotron
x-ray nanodiffraction at the XSD 2-ID-D
beamline, where they were able to fo-
cus the x-ray beam down to an area of
approximately 200 nm and scan it
across the sample to make a map of
the structure. They made nanodiffrac-
tion measurements of the material, then
used PFM to switch the phase, and
made new measurements to observe
that the phase had indeed changed.

— Neil Savage
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sometimes force a Mott insulator to be-
come conducting, producing a so-called
insulator-to-metal transition (IMT). In
this study, various levels of doping
forced Srslr,O; samples to cross the in-
sulator-to-metal transition at lower-than-
normal temperatures. Magnetic order
and electronic/magnetic excitations
were probed using x-ray measurements
in the insulating and metallic phases of
Srlry0;.

The two doped samples examined
at the APS, namely (Sry_,Lax),Ir,O;
with x = 0 and x = 0.03, were found to
have long-range antiferromagnetic or-
dering. A similar sample probed at the
ESRF (x = 0.02) displayed the same
long-range antiferromagnetic ordering.
(In antiferromagnetism, the spins of cer-
tain outer electrons orient in alternating
directions: if one electron spin points
upward, a neighboring electron points
downward.) For the two higher doping
levels of x = 0.05 and x = 0.065, the
compound exhibited a conducting
metallic phase that was associated with
a short-range antiferromagnetic order
(Fig. 1).

The entanglement of spin (the in-
trinsic angular momentum of the elec-
trons) and orbit (angular momentum
due to cyclic movement of the elec-
trons), is known as spin-orbit coupling
(SOC). SOC plays a central role in the
novel Mott insulating states appearing

in doped Sr;lr,O;. This study sorts out
how the spin-orbit-coupled magnetic
moments develop in response to the
electron doping of Sr;Ir,O4, from the in-
sulating to the metallic state. (The
phrase “electron doping” refers to the
fact that lanthanum donates electrons
to Sr;lr,0;.)

The Sr;lr,O; compound is but one
of a sequence of iridium-based com-
pounds known as the Ruddlesden-Pop-
per series. Like Sr4lr,0, these related
compounds also generally possess a
layered structure and hold out promise
for fine-tuning of their novel electronic
and magnetic states via doping. The im-
pact that doping had on the magnetic
and electronic interactions observed in
Srlr,O; will directly benefit future stud-
ies on similar iridium compounds.

— William Atkins and Philip Koth
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CONFIRMING THE J...=3/2 GRrOU

EFF
LACUNAR SPINEL

he phenomenon of spin-orbit coupling (SOC) in certain degenerate mo-

lecular systems can lead to unusual quantum phases, topological Mott

states, and other interesting phenomena, some of which may even be im-
portant for spintronics and related applications. One such state arising from spin-
orbit coupling is the molecular J4=3/2 ground state, which has been predicted by
theory and modeling to be particularly exotic. A group of researchers working at the
APS has achieved the first experimental verification of this state in the lacunar spinel
GaTa,Se, through resonant inelastic x-ray scattering (RIXS).

GaTa,Seg

Jeﬁr= 3/2

Ta, cluster

Fig. 1. Crystal structure and RIXS process in GaTa,Se,. The Ta, tetrahedron clusters form a face-
centered-cubic lattice. The low-energy allowed L,- and L;-edge RIXS processes are indicated by
green and orange arrows, respectively. The destructive interference at the L, edge RIXS of the J =
1/2 establishes the J ;=3/2 ground state in GaTa,Se,.

In 5d transition-metal systems, the 5d transition-metal compound that has
Je=3/2 ground state exists near the been proposed as an especially good
Fermi energy, governing many-body be- possibility for the J4=3/2 ground state.
havior. Various materials have been Its Ta,Se, tetramerized crystal structure
proposed as candidates and studied is split by spin-orbit coupling into a
with magnetic resonant x-ray scattering Kramers doublet of J=1/2 and quartet
(MRXS), but this technique cannot be of J=3/2 molecular orbital (MO)
used for non-magnetically-ordered states. To confirm this, the experi-
structures. Among non-magnetic sys- menters from KAIST (South Korea),

tems, the lacunar spinel GaTa,Seq is a Chung-Ang University (South Korea),

ND STATE IN A
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RIXS

the Computational Condensed Matter
Physics Laboratory (Japan), the Inter-
disciplinary Theoretical Science Re-
search Group (Japan), Argonne, Uni-
versité de Nantes (France), the RIKEN
Center for Emergent Matter Science
(Japan), and the RIKEN Advanced Insti-
tute for Computational Science (Japan)
performed high-resolution RIXS at the
“Confirming” cont’d. on page 19



DETERMINING THE ABSORPTION BANDGAP
INHOMOGENEITY OF PBSE QUANTUM DOTS

cientists using the APS have developed a novel means of deter-
mining the absorption bandgap inhomogeneity of colloidal lead se-

lenide

(PbSe) quantum dots (QDs) using femtosecond

two-dimensional (2-D) Fourier transform spectroscopy. The simple analysis
promises to be applicable to solutions and arrays of many other quantum-

confined materials as well.
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Fig. 1. (a) GISAXS image obtained on an ensemble of PbSe nanoparticles dispersed on SiO, support. The ar-
rows indicate scattering from nanosized objects. (b) After optical excitation, 2-D spectra show transient changes
in sample transmission as a function of both excitation and detection frequencies. The 2-D spectrum shows con-
tours like a topographic map. The solid contours are at 10% intervals of the maximum positive signal (green to
red fill colors). Dashed 10% contours show negative signals (blue fill colors). The dotted black line is the diago-
nal, with equal excitation and detection frequencies. The nodal line that separates positive and negative is
shown in pink. The slope of the nodal line determines the optical bandgap inhomogeneity, which is important for

many applications of quantum dots. Adapted with permission from S. D. Park et al., Nano Lett. 17,762 (2017).

©Copyright 2017 American Chemical Society.

For instance, due to their size-tun-
able optical and electronic properties,
guantum-confined semiconductor
nanocrystals have shown great poten-
tial in many emerging optoelectronic ap-
plications including light-emitting
diodes, lasers, solar cells, and photode-
tectors. However, these and other appli-
cations require very stringent control
over the line width of the first exciton
(electron-hole) transition of the QDs.

Line width broadening has contri-
butions from dynamic broadening
mechanisms arising within each
nanocrystal and static inhomogeneous
broadening arising from differences be-
tween nanocrystals in an ensemble,
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such as size and shape dispersion.
These two broadening mechanisms
have different impacts on transport in
nanocrystal arrays. In particular, it is the
energetic disorder from the static inho-
mogeneity of the first quantum-confined
exciton bandgap that must be tightly
controlled for optimal transport.

Initial attempts to compare the ab-
sorption bandgap inhomogeneity of the
QDs obtained from 2-D spectroscopy
to the value calculated from the size
and shape distribution of the QDs led
to inconsistencies when standard
methods based on transmission elec-
tron microscopy (TEM) were used to
determine the sizes and shapes. The

researchers from the University of Col-
orado, Boulder, and Argonne resolved
the conflicts in part by using new 2-D
histograms that correlate major and
minor TEM image projections, reveal-
ing the elongated structure of the
nanocrystals, a result that was sup-
ported by measurements using
high-resolution TEM and graz-
ing incidence small-angle x-
ray scattering (GISAXS), the
latter at XSD beamline 12-1D-
C,D of the APS. Because the
band-gap inhomogeneity cal-
culated from the size and
shape distribution didn’t in-
clude impacts from surface ef-
fects, but that measured from
2-D spectroscopy did, the
comparison revealed that no
more than ~ 41-meV of the
broadening came from surface
contributions.

In 2-D spectroscopy, a
sample is excited by light, and
transient changes in its spec-
trum are measured as a func-
tion of two frequency dimen-
sions. These 2-D spectra have
positive signals from reduced
ground state absorption, posi-
tive signals from excited state
stimulated emission, and nega-
tive signals from excited state
absorption. The researchers
showed that the absorption bandgap in-
homogeneity of the ensemble was ro-
bustly determined by the slope of the
nodal line separating the positive and
negative peaks in the 2-D spectrum
around the bandgap transition (Fig. 1b).
That is, it was shown that the slope of
the nodal line provides a robust, single-
parameter determination of the absorp-
tion bandgap inhomogeneity for the en-
tire quantum dot ensemble, which was
shown to reveal the dynamic absorption
line shape as well.

This was the first application of 2-D
spectroscopy to the determination of
nanoparticle size distributions. Since

Cont’d. on the next page



the 2-D spectra indicated a new analy-
sis of TEM images was needed, the re-
searchers wanted to connect to an es-
tablished determination of nanoparticle
size and shape. Like 2-D spectroscopy,
GISAXS would also probe more of the
ensemble than the thousands of
nanoparticles that could be analyzed by
TEM. Using the GISAXS technique, a
large area (100-mm x 0.55-mm strip) of
the sample surface with many millions
of nanoparticles could be probed. The
GISAXS technique has the advantage
of determining both the lateral size and
the height of the nanoparticles. The
analysis of the 2-D GISAXS images, as
shown in Fig. 1a, revealed prolate parti-
cles with axes 4.4 nm and 3.4 nm long
(within an accuracy of + 0.2 nm), lying
on the surface along their longer axis
and validated the new TEM analysis
techniques. — Vic Comello
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Ta L, and L edges using the RIXS
spectrometer at the XSD 27-ID-B
beamline of the APS, along with x-ray
absorption spectroscopy (XAS).

The excitation spectra from both
the RIXS and XAS studies show the
structure of the unoccupied states and
a wide energy range density of states,
with many unoccupied states above
the 2-eV level with both t,; and e, sym-
metry. Near the Fermi energy, how-
ever (12 eV), tZg symmetry is domi-
nant. Three narrow peaks are seen
with RIXS at the L; edge at 0.27, 0.7,
and 1.3 eV, yet the 1.3-eV peak is not
present at the L, edge. Based on their
analyses of momentum transfer meas-
urements and band structure and clus-
ter model calculations, the experi-
menters attribute this to destructive
interference of the J4=1/2 state at the
L, edge.

Examining band structure near the
Fermi energy, the researchers observe
that without a large degree of spin-or-
bit coupling, only strong electron corre-
lation can split the t, molecular orbital
band into a narrow lower band and
broad upper band, which would result
in no differences between the spectra
of the L, and L5 edges. In this lacunar
spinel, however, there is clear separa-
tion between the J=3/2 and J 4=1/2
molecular orbitals, leaving out the
Je=3/2 MO band near the Fermi en-
ergy in which a moderate U opens a
gap, making it a molecular J =3/2
Mott insulator. The absence of the 1.3-
eV peak at the Ta L, edge on RIXS is
due to destructive interference which
thus confirms a J=3/2 ground state.
In addition, the research team sug-
gests that the phase transition from
Mott insulator to superconductor dis-
played by GaTa,Seg under high pres-
sure may result from a frustrated mag-
netic phase emerging from the
non-trivial interactions among relativis-
tic J;=3/2 moments.

This first experimental verification
of the J4=3/2 ground state with RIXS
demonstrates the utility of this particu-
lar technique even in the many sys-
tems without long-range magnetic or-
der, and can serve as a general
solution for establishing Jeff states.
Such studies require only moderate
energy resolution of around 100 meV,

easily achievable in all 5d transition-
metal | edges with current instruments.

As a next step, the team plans to
investigate other likely candidates for
the J4=3/2 ground state using RIXS
measurements. The work promises to
reveal fresh insights into exotic new
quantum phases in materials that may
eventually find application in future gen-
erations of microelectronic, supercon-
ducting, and spintronic technologies.

— Mark Wolverton
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PRECISE LAYER GROWTH IN A SUPERLATTICE
CONTROLS ELECTRON COUPLING AND MAGNETISM

wo-dimensional (2-D) crystalline films often exhibit interesting phys-

ical characteristics, such as unusual magnetic or electric proper-

ties. By layering together distinct crystalline thin films, a so-called
“superlattice” is formed. Due to their close proximity, the distinct layers of a su-
perlattice may significantly affect the properties of other layers. In this re-
search, single 2-D layers of strontium iridium oxide were sandwiched between
either one, two, or three layers of strontium titanium oxide to form three dis-
tinct superlattices. Researchers then used x-ray scattering at the APS to probe
the magnetic structure of each superlattice. The x-ray data revealed that the
number of layers of the titanium-based material produced a dramatic differ-
ence in the magnetic behavior of the iridium-based layer. These findings are
especially significant because the iridium compound is one of the perovskites,
a class of materials known for their unique electric, magnetic, optical, and
other properties that have proven useful in sensors and energy-related de-
vices, and which are being intensively investigated for their application to-

wards improved electronics and other technologies.

The original perovskite mineral,
CaTiO,, was discovered in the mid-
1800s. Many similar compounds have
been found over the years, featuring
two metal elements combined with oxy-
gen in the chemical ratio ABO, (where A
and B are the metals). The experimen-
tal research described here involved ar-
tificially-grown stacks, or superlattices,
of SrlrO5 and SrTiO,, both of which
have a perovskite-like structure. Figure
1b depicts the alternating layers that
make up the superlattice. The artifi-
cially-grown SrlrO,/SrTiO5 superlattice
used for this research is similar to the
widely-studied bulk Sr2IrO, and Per-
ovskite ABO; crystals that can form a
similar superlattice. However, unlike the
better-known Sr2IrO, system, the mag-
netic interactions of the SrlrO4/SrTiO,
superlattice are highly tunable.

SrlrO,/SrTiO4 superlattices also ex-
hibit antiferromagnetism. Both ferro-
magnetism and antiferromagnetism
constitute magnetically-ordered states.
In ferromagnetism, the spins of certain
outer electrons in a material (e.g., iron)
all tend to point in one direction, pro-
ducing a magnet. In antiferromagnet-
ism, the spins stack in alternating direc-
tions (one electron spin points “right,”
while its neighbor's spin points “left”).

As a result of this alternating spin
arrangement, antiferromagnetic order-
ing produces a negligible overall net
magnetic field quite different from the
better-known ferromagnets.
Researchers have previously used
the well-known Sr2IrQ, crystalline sys-
tem to investigate Mott insulating be-
havior and antiferromagnetism. The
Sr2IrQ, system can naturally grow into
an alternating SrirO4/SrO/SrirO4/SrO/ ...
layering scheme (Fig. 1a). In the super-
lattice derived from Sr2IrO, crystals,
the SrlrO, layers are antiferromagnetic
and Mott-insulating perovskites, while
the SrO layers are relatively inert. Inter-
estingly, the Mott insulating behavior
and antiferromagnetism of the superlat-
tice are believed to be affected by both
intralayer (within the layer) and inter-
layer (between layers) exchanges.
Unfortunately, the SrirO4/SrO crys-
tal system poses certain limitations. For
instance, the thicknesses of its layers
cannot be readily adjusted. For this
study, the researchers from the Univer-
sity of Tennessee, Knoxuville,
Brookhaven National Laboratory,
Charles University (Czech Republic),
Academy of Sciences of the Czech Re-
public, Argonne, and Dublin City Uni-
versity (Ireland) instead used the re-

cently-developed superlattice in which
the inert SrO layers are replaced with
layers of the similarly-inert titanium
compound SrTiO,. Using a laser depo-
sition technique, superlattices com-
posed of atomically thin layers of
SrlrO4/SrTiO5 were created.

The superlattices were made with
1,2, or 3 SrTiO4 layers between each
SrlrO4 layer, as shown in Fig. 1b. Each
superlattice was probed to compare the
effects of their different layering
arrangements. Magnetic ordering was
determined using x-ray scattering tech-
niques specifically designed to detect
magnetic structure, carried out at XSD
x-ray beamlines 4-ID-D and 6-ID-B,C at
the APS. The x-ray data revealed that
the highest magnetic ordering, attrib-
uted to greater interlayer exchange cou-
pling, occurred in the SrirO4 layers sep-
arated by just a single SrTiO5 inert
layer. On the other hand, greater in-
tralayer electron correlation occurred
(i.e., correlation of electrons within each
SrlrO4 layer) in superlattices with two or
three inert SrTiO, layers.

This study demonstrated that su-
perlattices can be created with pre-
cisely-tuned layer thicknesses and se-
quences of perovskite SrlrO5 and inert
SrTiO5. In turn, this capability allows re-



Fig. 1. lllustration of superlattices. Panel (a) shows the Sr,IrO, crystalline superlattice, with alternat-

ing layers of SrlrO, and SrO. The SrlrO, layers are perovskites, depicted as diamond-like shapes

formed by six oxygen atoms; inside each diamond is a gold-colored iridium ion (cation), while pink

strontium ions lay near the diamond's ends. The SrlrO, layers are separated by non-perovskite

(inert) SrO layers, depicted as pink bars. Panel (b) shows the more-recently developed

SrlrO,/SrTiO, superlattice used for this research. Three distinct SrlrO,/SrTiO, superlattices were

created, having 1, 2, or 3 layers of inert SrTiO, layers (colored green) separating the active SrlrO,

layers. Bold green boxes highlight the number of inert SrTiO, layers in the three distinct lattices.

While both SrlrO, (gold diamonds) and SrTiO, (green diamonds) are perovskites, the green-col-

ored SrTiO, layers buffer the active SrlrO, layers.

searchers to tailor electron correlations
within and/or between the perovskite
SrlrO4 layers. Quite interestingly, the re-
searchers also found that the sign (i.e.,
direction) of the magnetic coupling be-
tween the neighboring SrlrO, layers
could be controlled by adjusting the
number of buffering SrTiO; layers.

— Philip Koth
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USING ELECTRIC FIELDS TO
EFFICIENTLY CONTROL MEMORY

Fig. 1. Magnetic tunnel junctions with GdO, barriers where the interlayer coupling between the soft

and hard magnetic layers can be controlled by voltage
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hile modern hard drives use magnetic fields to control the

magnetization of memory elements, memory storage by elec-

tric fields is desirable because that method would be much
more energy efficient. In this work, carried out at the APS, researchers dis-
covered an efficient technique for using electric fields to control magnetic thin
films at room temperature. This work demonstrated that electric fields can
transport oxygen, and perhaps other anions, across an interface using very lit-
tle energy. In addition to memories and logic units, this advancement of non-
volatile control of tunneling magnetoresistance may lead to new applications
such as microwave devices and magnetic field sensors with variable sensi-
tivity and range. Voltage-controlled spintronic devices would use much less
power and so be made smaller or could last longer between charges. Addi-
tional research may lead to a better understanding of the material combina-
tions that require the application of voltages for shorter times at room
temperature. With these advances, nanomagnets could be the next genera-

tion of memory and transistor.

Spintronics researchers create new
memory devices by switching the spin
orientations of nanomagnets. While
they typically control the spin using
magnetic fields or spin-polarized cur-
rents, these methods are energy hogs.
The challenge is to use electric fields,
which are far more energy efficient, to
lower the nanomagnet switching energy
in magnetic tunnel junctions. Until re-
cently, this had only been accomplished
at very low temperatures. To be really
useful, of course, the process must take
place at room temperature and the
spin-orientation switching must be non-
volatile, meaning that the effect must
persist even when the voltage is re-
moved.

In this experiment, an ultra-thin
cobalt film was sandwiched between a
heavy ferromagnesian metal layer and
a gate oxide layer (GdO,). The re-
searchers, from the University of Ari-
zona, Oak Ridge National Laboratory,
the University of Minnesota, Bryn Mawr
College, and Argonne controlled the
magnetic properties of interlayer cou-
pling in the magnetic tunnel using small
applied voltages (Fig. 1). Indeed, they
changed the magnetic state of the thin
film by inducing oxygen ions to migrate
through an oxide layer and change the
oxidation state of the ferromagnetic
CoFeB layer. Even just a few volts re-
sulted in a reversible and non-volatile
anisotropy change that was over 2 or-
ders of magnitude larger than found by
previous studies. The researchers were

successful at getting this to work at
room temperature. The control of spin
by voltage is due to the interfacial na-
ture of the magnetism, the ability to
move oxygen vacancies within the
GdO, tunnel barrier, and a large in-
duced net magnetic moment of Gd
ions.

At the APS, tunneling magnetore-
sistance, x-ray absorption spec-
troscopy, and x-ray magnetic circular
dichroism were measured simultane-
ously at XSD beamline 4-ID-C. The re-
searchers determined the oxidation
states of the CoFeB films, quantified
the saturation magnetization, and pro-
vided evidence that applying the volt-
age results in reversible diffusion of 0%
ions between Gd,O5 and Co.

Their measurements confirmed the
hypothesis of voltage-driven oxidation-
reduction in the GdO, and proximity-in-
duced moment of the Gd ions by the
Co film. Through the unique combina-
tion of strong interfacial perpendicular
magnetic anisotropy, efficient manipula-
tion of oxygen vacancies and a large in-
duced net moment of GdO,, not only
the magnitude but also the sign of the
interlayer coupling can be effectively
manipulated by applied voltage.

— Dana Desonie
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HiGH-SPEED SHOCKS INDUCE A PHASE CHANGE IN

CALCIUM FLUORIDE CRYSTALS

lacing a crystal under extreme pressure can sometimes change its

structure from one form, or phase, to another. Determining exactly

how crystals change phase under compression is an important area
of materials physics research and the availability of x-ray diffraction at syn-
chrotron facilities has allowed scientists to observe compression-driven phase
changes in unprecedented detail. Most of the research in this field has fo-
cused on pressure-induced phase changes using slow (static) compression
over a timescale of minutes. Now, utilizing x-ray diffraction (XRD) at the APS,
a multi-institution research team has observed microstructural phase changes
over nanosecond timescales within a two-element (calcium fluoride) crystal
subjected to extreme pressures. The high pressures were achieved both
through high-velocity instantaneous shock compression and by statically
squeezing the samples. The researchers expect that their real-time observa-
tions of phase transitions within calcium fluoride will provide a template for
the phase transitions of similarly-structured compounds. More generally, it is
anticipated that the experimental methods and results of this study will lead to
improved modeling of phase transitions over nanosecond timescales, within
a wide range of complex materials.

Fig. 1. A sequence of XRD patterns of a CaF, sample. The circular arcs in each image form part of
a Debye-Scherrer ring, a type of diffraction pattern caused by powdered materials. The images
show the effects of the impact-induced shock wave as it moves through the sample. The leftmost dif-
fraction pattern is recorded just before impact. The next image (63 ns) shows the effects of the
shock wave midway through the sample. Middle image (216 ns) shows shock-wave effects as the
wave approaches the sample’s far end. The pronounced diffusion of the Debye-Scherrer arcs in the
two rightmost images arises from multiple stress states due to reflected shock waves. Adapted from
P. Kalita et al., Phys. Rev. Lett. 119, 255701 (2017). © 2017 American Physical Society
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Calcium fluoride (CaF,) is a natu-
rally-occurring mineral with a greenish
hue. Its common crystalline form is
called fluorite. Under high pressure, the
crystalline structure of CaF, can change
from fluorite, which possesses a cubic
crystal lattice, to cotunnite, which ex-
hibits an orthorhombic lattice. Previous
static high-pressure experiments had
demonstrated the presence of the fluo-
rite-to-cotunnite phase transition. Shock
compression studies on CaF, crystals
have also previously been performed,
but these studies were not able to
probe the structure of the crystals at the
microscopic scale.

The experiments in this study car-
ried out by researchers from Sandia
National Laboratories: Washington
State University: The University of Ne-
vada, Las Vegas: and the Carnegie In-

stitution of Washington focused on
high-velocity impacts with calcium fluo-
ride samples. Speeds of 6 km/s were
achieved utilizing a two-stage light gas
gun. This specialized gun type is regu-
larly used to attain hypervelocity
speeds, which can range as high as
the speeds of orbiting spacecraft. A
conventional single-barrel gun was
also used for lower-speed impacts
down to 2 km/s. All the impact experi-
ments were carried out at the DCS
beamline 35-ID-E at the APS. This sec-
tor houses both the high-speed guns
and the specialized equipment neces-



sary for gathering x-ray diffraction data
on samples during impacts.

A high-speed impact creates a
shock wave within a material that
spikes its pressure and temperature as
the wave propagates. These extreme
impact conditions caused the fluorite-
to-cotunnite phase transition in CaF,
samples. Figure 1 shows the changing
x-ray diffraction patterns caused by a
propagating shock wave within one of
the samples. Figure 2 is a schematic of
the experimental setup for the projec-
tile/sample impact, including the orien-
tation of the impinging x-ray beam.

Real-time x-ray measurements of
the unfolding impact event were
recorded with nanosecond precision.
The high spatial resolution attained by
the x-ray diffraction revealed how the
spacing between atoms within the crys-
talline lattice shifted in response to the
passing shock wave. This information
corresponded to a fluorite-to-cotunnite
phase change in the crystalline CaF,.
After passing through the sample, the
shock wave bounced off the transpar-
ent viewing window and travelled back
through the sample. Several such
shock-wave reverberations occurred,
resulting in a complex configuration of
pressure and temperature states. Sort-
ing through this complex data set indi-
cated that the shock stress required for
the fluorite-to-cotunnite phase transition
lies between 7.8 and 22.6 GPa.

As a comparison to the impact ex-
periments, diamond anvil cell compres-
sion tests were performed at the HP-
CAT beamline 16-ID-B, also at the APS.
The researchers found that at similar
pressure and stress states, the lattice
unit cell volumes of the shocked sam-
ples were between 0.5% and 2% larger
than the cell volumes of the statically-
compressed samples. This difference in
lattice unit cell size is attributed to heat-
ing of the shocked samples, which in-
creases in magnitude as the stress
state increases.

These atomic-scale x-ray observa-
tions, performed with nanosecond pre-
cision, allowed the researchers to ob-
serve the unfolding phase changes
during high-speed impact events. Such
results go well beyond revealing the flu-
orite-to-cotunnite phase transition in
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Fig. 2. Schematic of the basic experimental setup. The powdered sample is labeled “CaF, Compact”

and is identified by the blue arrow. The sample is mounted to a TPX window that is transparent to x-

rays. The high-speed Lexan™ projectile approaches from the left. The synchrotron x-ray beam is

shown offset 28° from vertical. The horizontal red lines on the right side of the schematic indicate

photonic Doppler velocimetry (PDV) measurements of the impact event and particle velocities within

the sample. Bottom inset shows orientation of the Debye-Scherrer ring diffraction pattern. Adapted
from P. Kalita et al., Phys. Rev. Lett. 119, 255701 (2017). © 2017 American Physical Society

CaF,; they help push the state-of-the-
art for exploring and interpreting the dy-
namics of complex phase transitions in
a wide array of solids. — Philip Koth
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STUDYING STRAIN

he recently discovered hexagonal LuFeO, (hLuFeO,) is a multiferroic material

that exhibits spontaneous electric and magnetic polarizations simultaneously.

Structurally distorting materials such as hLuFeO, is known to alter their ferro-
electricity. One way to modify structural distortion in a material is through elastic strain.
The conventional methods for inducing elastic strain, applying high pressure and epitax-
ial strain, are not applicable to hLuFeO,. So, researchers used a lesser known technique
called “restrained thermal expansion” and assessed changes to the film sample’s struc-
ture with x-ray diffraction measurements carried out at the APS. The researchers found
that biaxial (or two-dimensional) strain can significantly alter the structural distortion in
hLuFeO, (especially at high temperatures), which ultimately impacts the material’s elec-
trical and magnetic properties. These findings may provide clues about fine-tuning the
ferroelectric properties of materials like hLuFeO, that can play important roles in data
storage devices.
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Fig. 1. (a) Schematic of the experimental setup of for the time-resolved x-ray diffraction after laser illumination;

the time sequence is depicted in (b). (c) and (d) are two-dimensional diffraction patterns of the (106) peak be-
fore and after the laser pulse, respectively. (e) and (f) are the comparisons of the diffraction intensities as a func-
tion of in-plane and out-of-plane reciprocal indices, respectively. (g) schematic of the restrained thermal
expansion process in which the film is heated but can only expand along the out-of-plane direction; the structural

model indicates the enhanced lattice distortion under the effective compressive strain.
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The combination of ferroelectricity
and ferromagnetism, or “multiferroicity,”
is believed to have great importance for
future technologies, such as energy effi-
cient information storage and process-
ing. But very few materials are known to
be ferroelectric and ferromagnetic at the
same time. The recently discovered
hexagonal LuFeO4 (hLuFeO;) is a mul-
tiferroic material that exhibits sponta-
neous electric and magnetic polariza-
tions simultaneously. By fine-tuning its

crystal structure, the physical properties
of materials such as hLuFeO; may be
modified. Elastic strain, a form of strain
in which a distorted sample returns to
its original shape and size when the de-
forming force is removed, is a promis-
ing tool for tuning hLuFeO4'’s proper-
ties—including ferroelectricity and
magnetism—owing to the coupling be-
tween the material’s crystal structure
and its electronic structure.

The primary means of inducing

elastic strain have been applying high
pressure or epitaxial strain. The latter is
the strain that occurs when thin-film ma-
terials are grown epitaxially on the sub-
strates and the materials’ lattices are
mismatched. But it can be difficult to ap-
ply high enough pressure to brittle ma-
terial such as hLuFeQ; to induce the
desired level of strain. Also, the lack of
structurally compatible substrates
makes the growth of defect-free films
“Strain” cont’d. on page 28



A TANTALIZING STUDY OF LITHIUM TANTALATE

ithium tantalate plays an essential role in modern telecommunica-

tions devices that use light to transmit signals: fiber optic cables,

photonic computers, and robotics, to name just a few. It is very ef-
fective at controlling light with electricity, and electricity with light. This allows
lithium tantalate to convert signals sent as light down a fiber optic cable into
electronic signals that a computer understands as the text images and video
of the internet, for example. Lithium tantalate’s reaction to ultraviolet, infrared,
and visible light is well understood, but its reaction to x-rays has never been
probed before, so researchers used the APS to observe the electrical fields
lithium tantalate generates in response to x-rays. The researchers found the
electrical fields were large and easy to detect, and responded to changes in
the x-rays almost instantaneously. This could allow researchers to use lithium
tantalate to observe materials with x-rays at ultrafast timescales that have not
been previously possible.

Lithium tantalate (LiTaO,) is a per-
ovskite, part of a family of crystalline
materials that are industrially useful and
optically active; they are now used in
solar cells, for example, and their struc-
tures have been well characterized, and
their responses to optical, ultraviolet
and infrared light are well known. Scien-
tists shine lasers onto the material and
use x-rays to detect the tiny structural
changes that happen when the atoms
are energized by the light.

But researchers from Purdue Uni-
versity and Argonne wanted to look at
the opposite phenomenon. Instead of
using x-rays to detect structural
changes caused by lasers, they wanted
to use lasers to detect electrical fields
caused by x-rays. They used the APS
to shine very bright x-ray pulses at a
crystal of lithium tantalate. They chose
the BioCARS/XSD 14-ID-B beamline
because it has one of the strongest x-
ray pulses in the world, with the rare
ability to control the time between x-ray
pulses; the unique time-resolved capa-
bilities of the XSD 7-ID-B,C,D beamline
were also important for this work.

As x-ray pulses hit the lithium tan-
talate, the researchers simultaneously
shone a polarized laser beam at the
crystal in such a way that it split, so that
half was vertical and half horizontal.
When x-rays caused electric fields to
build up in the crystal, some of vertically
polarized light switched into the hori-

\ ‘
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Fig. 1. These three-dimensional plots reveal

the strong intensity and high spatial resolution
of the transmitted laser polarization signal as
it is scanned across the x-ray spot on the
lithium tantalate sample in micron-size steps.
The change in the two peaks was caused by
simply rotating the lithium tantalate sample
by 90°, showing how the fine details of the x-
ray induced electric field can be mapped out
by this method.

zontally polarized light. By measuring
changes in the polarized beams emerg-
ing from the other side, the researchers
could figure out the size and orientation
of the electrical fields inside the lithium
tantalate, and how these changed with
crystal direction (Fig. 1).

These electrical fields were huge.
And they changed almost simultane-
ously with the x-ray pulse. At the begin-
ning of the pulse, the electric fields
were small, and they grew along with
the pulse. As far as the researchers
could tell, the size of the fields mirrored
the intensity of the x-ray pulse pre-
cisely, down to the picosecond.

Picosecond timing is exciting, be-
cause that is the speed at which atoms

/
PH:J
move and chemical reactions occur.
Existing techniques cannot use x-rays
to make picosecond measurements at
x-ray synchrotrons; only ultrafast x-ray
lasers can do that. But x-ray lasers tend
to be less stable, and the results of x-
ray laser experiments can be harder to
reliably reproduce than x-ray synchro-
tron work. These lithium tantalate re-
sults show a promising direction for ex-
tending x-ray synchrotron studies down

to picosecond time scales.
“Tantalizing” cont’d. on page 28



“Strain” cont’d. from page 26
impossible and makes epitaxial strain
difficult to control. As a result, investiga-
tions on the elastic strain effect in
hLuFeO, have been rare.

The researchers from the Univer-
sity of Nebraska, Lincoln; Temple Uni-
versity; Bryn Mawr College; Xi'an Jiao-
tong University (China); Argonne; and
Los Alamos National Laboratory em-
ployed the restrained thermal expan-
sion technique, in which elastic strain is
generated in a film sample by heating
the film with short laser pulses that can-
not be absorbed by the substrate. Nor-
mally, thermal strain can be generated
in a material in all crystalline dimen-
sions in an isobaric (i.e., constant pres-
sure) thermal expansion. Alternatively,
for a thin film on a substrate, if the film
is heated and the substrate remains the
same temperature, the out-of-plane di-
mension of the film is free to expand
while the in-plane dimensions of the film
can be restrained by the substrate (re-
strained thermal expansion). By com-
paring the material properties in the iso-
baric thermal expansion and restrained
thermal expansion conditions, the effect
of isothermal compressive strain at a
higher temperature can be obtained.

The researchers used time-re-
solved x-ray diffraction measurements
at the BioCARS 14-ID-B beamline of
the APS to measure the lattice con-
stants and the structural distortions
within hLuFeO4 (Fig. 1). In this tech-
nique, the sample is heated with 30
psec laser pulse. To learn how the laser
impacts the sample, a very short time
later, the sample is probed with x-rays
that scatter onto a two-dimensional de-
tector, revealing the material’s structure.
The team also carried out x-ray diffrac-
tions at a variety of temperatures to
measure the isobaric thermal expansion
using XSD beamline 6-1D-B.

The researchers demonstrated the
usefulness of the restrained thermal ex-
pansion method with their observations
that the compressive biaxial strain in
the basal plane of hLuFeOj, significantly
enhances structural distortion, a param-
eter that in part dictates the material's
ferroelectricity. They found this effect to
be enhanced at high temperatures. In
addition, the team’s computational mod-
els suggest that the compressive strain
combined with enhanced structural dis-

tortion increases the spontaneous elec-
tric polarizations but reduces the weak
ferromagnetic moments.

These findings are important for
understanding the effect of elastic strain
on hLuFeO; as well as the coupling be-
tween the lattice structure and the im-
proper multiferroicity in the material.
The experimental measurement of the
strain effect in hLuFeO, films also sug-
gests that the restrained thermal expan-
sion can be a viable method to unravel
the strain effect in many other thin-film
materials. In the future, the team will fo-
cus on extending the restrained thermal
expansion method to measure a mater-
ial’s electronic and magnetic properties,
when probes such as soft (low-energy)
x-ray are included. Ultimately, the
knowledge gained about how to tune
hLuFeO, and similar materials could
lead to a novel use for the materials in
data storage technologies.

— Chris Palmer

See: Kishan Sinha', Yubo Zhang?, Xu-
anyuan Jiang', Hongwei Wang?, Xiao
Wang?, Xiaozhe Zhang'#, Philip J.
Ryan?®, Jong-Woo Kim®, John Bowlan®,
Dmitry A. Yarotski®, Yuelin Li®, Anthony
D. DiChiara®, Xuemei Cheng?, Xifan
Wu?*, and Xiaoshan Xu'!7**, “Effects of
biaxial strain on the improper multifer-
roicity in h-LuFeOQj, films studied using
the restrained thermal expansion
method ,” Phys. Rev. B 95, 094110
(2017).
DOI: 10.1103/PhysRevB.95.094110
Author affiliations: "University of Ne-
braska, Lincoln, 2Temple University,
3Bryn Mawr College, 4Xi'an Jiaotong
University
Correspondence:
* xifanwu@temple.edu
** xiaoshan.xu@unl.edu

This research was mainly supported by National
Science Foundation (NSF), Division of Materials
Research (DMR) Award No. DMR-1454618. X.M.C.
acknowledges partial support from NSF Grant No.
DMR-1053854. This research used resources of
the Advanced Photon Source, a U.S. Department
of Energy (DOE) Office of Science user facility op-
erated for the DOE Office of Science by Argonne
National Laboratory under Contract No. DE-AC02-
06CH11357. Use of BioCARS was supported by
the National Institute of General Medical Sciences
of the National Institutes of Health under Grant No.
R24GM111072. Time-resolved setup at Sector 14
was funded in part through a collaboration with
Philip Anfinrud (NIH/National Institute of Diabetes
and Digestive and Kidney Diseases).

“Tantalizing” cont’d. from page 27

Since each x-ray pulse at the APS
is about 80 psec long, using the electric
field response in lithium tantalate might
allow researchers to take picosecond-
by-picosecond measurements of a phe-
nomenon such as a chemical reaction
that is triggered by a laser flash during
the x-ray pulse. It could also allow re-
searchers to bridge work done at a syn-
chrotron with experiments done with x-
ray lasers. This type of ultrafast x-ray
research would lead to better under-
standing of advanced solar cells, light-
sensitive catalysts, and light-activated
chemistry. Current efforts are focused
on improving the techniques and ex-
ploring other materials similar to lithium
tantalate to achieve much higher sensi-
tivity so that picosecond x-ray studies
can be applied to a wide range of mate-
rials research. — Kim Krieger
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UNRAVELING THE ELECTRONIC PROPERTIES OF
ACTINIDE COMPOUNDS

ctinides are a series of chemical elements that form the basis of nuclear

fission technology, finding applications in strategic areas such as power

generation, space exploration, diagnostics and medical treatments, and
also in some special glass. Thorium (Th) and Uranium (U) are the most abundant ac-
tinides in the Earth's crust. A deeper understanding of the properties of uranium and
other actinides is necessary not only for their more efficient use in existing applica-
tions but also for proposing new applications. Several open questions remain;
progress in this area is usually limited in part by the difficulty in handling these ma-
terials safely. An international research collaboration demonstrated that x-ray mag-
netic circular dichroism (XMCD) in the L-absorption edge of uranium and relatively
high-energy x-rays (17 keV) can be utilized to investigate 5f and 6d orbitals, as well
as their hybridization, directly and selectively. The studies were carried out at the
Brazilian Synchrotron Light Laboratory (LNLS) and at the APS.
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The distribution of electrons
in the outer orbital of atoms that
make up a given material is what
defines whether they are electri-
cal insulators, conductors, or
semiconductors, as well as
whether they are hard or mal-
leable. Other structural, elec-
tronic and magnetic properties
are also defined by these va-
lence electrons which may un-
dergo electronic hybridization
with other orbitals. Such mixture
of orbitals modifies material
properties influencing oxidation
states, the way bonding between
atoms takes place, and hence
the geometrical arrangement
formed in crystals and molecules
with actinide elements.

In the actinide elements, the
5f and 6d orbitals have the ten-
dency to hybridize especially in
atoms of this series that have a
small number of electrons in the
5f orbitals, as is the case of ura-
nium. In compounds with this el-
ement, it is recognized that the degree
of localization of electrons in the f-or-
bitals, affected by electronic hybridiza-
tion, is a determining factor in their
properties. However, experimental
methods for direct and selective inves-
tigation of 5f state and their hybridiza-
tion with other valence electronic
states do not exist.

The ability to obtain this informa-
tion is crucial for understanding a
plethora of open questions in actinide
compounds, which may promote an in-
crease in the potential of applications
of these materials.

Uranium Ly XMCD measurements
were performed by researchers from
the Brazilian Center for Research in
Energy and Materials, Universidade
Estadual de Campinas, Argonne, the
University Grenoble Alpes (France),
and Institut NEEL (France) at the D04-
DXAS beamline of the Brazilian LNLS,
while the uranium M4-edge XMCD
measurements were performed at the
XSD 4-ID-D beamline of the APS (Fig.
1).

This seems to be the first report of
the high-energy XMCD technique be-
ing used to probe the electronic prop-
erties of compounds based on actinide
elements. For this, it was necessary to

pound at temperatures of 14K and 300K.

overcome challenges of measuring
small XMCD signals in addition to diffi-
culties of manipulating these types of
compounds.

The development of this new tech-
nique was carried out with the aim of
opening new possibilities for the study
of actinide materials by the scientific
community.

The proposed APS Upgrade will
be a game changer for these types of
studies. The implementation of novel
superconducting undulators will pro-
duce arbitrarily polarized x-rays di-
rectly at the source. Such devices will
deliver a high degree of circular polar-
ization at the L-edge resonances of
actinide materials in the 17 keV-25
keV range. Such capability does not
exist today. The reported L-edge
measurements were done at a bend-
ing magnet beamline that produced an
acceptable degree of circular polariza-
tion only by paying a high price in flux.
To measure efficiently, and to extend
these measurements to extreme con-
dition environments such as high pres-
sure, brilliant beams with a high de-
gree of circular polarization are
required, which will be delivered by the
APS Upgrade.

Fig. 1. Isolated probe of the 5f contribution. Uranium M,-edge XMCD spectra measured for the UMn,Si, com-
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KEEPING LI-ION BATTERIES FROM FADING AWAY

he rechargeable lithium-ion (Li-ion) batteries in our smartphones,
laptops, and various other personal electronic devices make them
completely portable, allowing us to unplug so long as the batteries
are charged. But rechargeable batteries don't last forever, and the more times
they're recharged, the less energy they store. The question is: Why? A team of
researchers used x-ray beams from two U.S. DOE Office of Science national
user facilities, including the APS, to reveal a major cause of charging capacity
fading in Li-ion batteries: inter-granular cracking in the interface between the

electrode granules.

Rechargeable battery performance
always involves a compromise between
charge capacity and lifetime: a higher
initial charge capacity usually results in
a more rapid fade in capacity. By limit-
ing the capacity of currently available
Li-ion batteries to only about 70% of
their theoretical potential capacity, we
can ensure they retain their capacity for
longer. Studying the processes that
lead to this capacity fade provides a
roadmap to mitigate performance loss
and to increase battery efficiency and
lifetimes.

But such work is complicated by
the challenge in extrapolating from a

few days of laboratory studies to the
many months over which capacity
fades under normal operating condi-
tions.

The experiment team from Ar-
gonne, the University of lllinois at
Chicago, Brookhaven National Labora-
tory, and Lawrence Berkeley National
Laboratory set out to overcome this
challenge using long-duration operando
x-ray diffraction (XRD) experiments at
the XSD 11-ID-B beamline at the APS
to observe charge-discharge cycles
spanning approximately three months.
They studied the mechanism of capac-
ity fade in a commonly-used electrode

material NCA (LiNiy gCoq 15Alq 050,),
which allowed them to see how the
charge reaction changed following ca-
pacity fade. They also used transmis-
sion x-ray microscopy techniques to
see the associated microstructural
changes.

In studying an NCA electrode
through more than 90 charge-discharge
cycles, the researchers saw that capac-
ity fade was solely due to the part of the
electrode in which the charge lagged
behind the rest of the electrode and
never fully recharged. As revealed by
tomography studies carried out by this
group at the DOE Stanford Synchrotron
Radiation Lightsource, this sluggish
charging is linked to the formation of in-
ter-granular cracking at particle bound-
aries, which degrades connectivity and
increases impedance, leading to the
slower charging.

Cycling the electrode at 14 mA/g
from 2.7 to 4.5 V, the team found a 20%
drop in discharge capacity from the first
to the 93rd cycle, with no significant
change in the atomic structure of the
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at different rates. Intergranular cracking compromises the ionic and electrical conductivity of grains inside a second-

ary particle and leads to the active and the sluggish NCA grains at the surface and core of a secondary particle, re-

spectively.

NCA, but a change in the charge-dis-
charge process.

Operando XRD conducted during
the 92nd and 93rd cycles revealed the
development of two separate Li popula-
tions, one with a charge-discharge re-
sponse similar to pristine NCA and a
second with a more sluggish response
(Fig. 1). This divergence in Li composi-
tion appears only after extended cy-
cling.

Such heterogeneous Li distribution,
causing loss of conductivity between
NCA particles and degradation of
charge capacity, results from the forma-
tion of cracks at the boundaries of pri-
mary particles. The inter-granular
cracking occurs because the primary
particles expand and contract as Li
goes in and out during charge and dis-
charge. This difference in the expan-
sion and contraction at the interface be-
tween particles causes them to break
apart in a process analogous to thermal
fatigue in ceramics.

By reducing the surface area avail-
able for electronic transport between
neighboring particles, this cracking in-
creases impedance and, thus, compro-
mises electronic conductance at a mi-
crostructural level.

The researchers found that other
known causes for battery capacity fad-
ing, particularly the formation of Ni-rich
compounds at particle surfaces after re-
peated cycling, play a lesser role in the
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observed capacity fading. They distin-
guished chemical from mechanical fac-
tors in capacity fading by cycling NCA
electrodes to the same upper cut-off
voltage (4.5 V) but different lower cut-
off voltages (4.25, 4.05, and 2.5V),
comparing effects on the NCA lattice.
The electrodes subjected to broader cy-
cling ranges displayed markedly lower
capacity than those undergoing a nar-
rower voltage range, indicating that the
mechanical phenomenon of cracking
was more significant to capacity loss
than chemical changes.

The research team notes that while
previous studies generally used accel-
erated cycling rates, which can induce
inter-granular cracking and capacity
loss for different reasons, the present
study was conducted solely at slow
rates over a normal operating period of
approximately three months. This indi-
cates that the inter-granular cracking
observed here is an inevitable result of
the cycling of commercially-available Li-
ion batteries. Lower cycling rates may
preserve capacity for somewhat longer
periods, but ultimately the significant
loss of capacity is unavoidable.

The confirmation of the primary
cause of capacity fading identified in
this work also points to possible solu-
tions, or at least mitigation of the effect.
The experimenters suggest several
possible approaches, including eliminat-
ing secondary particles in the aggre-

i

gate structure, limiting their
size, or coating them, as well
as optimizing voltage ranges
to ensure minimal lattice
structural changes. While
immortal batteries may never
be possible, understanding
the phenomena that lead to
their fading and ultimate fail-
ure is the first step in extend-
ing their lifetimes and utility.
— Mark Wolverton
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MAGNESIUM RECHARGEABLE BATTERIES ADVANCE

echargeable magnesium (Mg) batteries have been attracting in-

creasing attention recently because of their high-energy density,

relatively low price, and good safety characteristics. However, de-
velopment of a suitable high-capacity cathode material for such batteries that
can quickly store and release intercalated Mg2* ions remains problematic. One
factor is that MgCI* ions, the electroactive species most used in Mg-battery
electrolytes, must be broken up into their constituents before they can serve as
sources of Mg?* ions, and these scissions require high activation energies.
Also, most Mg-ion cathodes suffer from sluggish Mg?* diffusion because of a
high-energy barrier for divalent Mg?* migration inside host materials. To over-
come these problems, researchers developed an innovative battery chemistry
based on MgCl* instead of Mg?* ions. The battery consisted of an Mg anode,
a standard chlorine-based electrolyte containing MgClI* ions, and an interlayer-
expanded form of titanium disulfide (TiS2) as the cathode material. The result-
ant battery demonstrated excellent rate and cycling performances even at room
temperature and capacities up to 400 mAh g'! based on the mass of TiS2. Be-
cause of the possible general applicability of the new approach, the re-
searchers thoroughly investigated the intercalation process utilizing a
combination of theoretical calculations and various electrochemical and spec-
troscopic studies, including x-ray investigations at the APS and the Advanced
Light Source (ALS, Lawrence Berkeley National Laboratory).
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Fig. 1. Schematic shows the structural evolution of titanium disulfide at different stages of intercalation. In-

terlayers are expanded or distorted as different amounts of pillaring molecules, complex cations, and sol-

vents are intercalated into the van der Waals gaps of the host material at each stage.
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The x-ray studies were crucial be-
cause the TiS? interlayer expansion
could not be accomplished normally
through mechanical or chemical means
before the TiS? cathode material was
placed into the battery. Instead, the re-
searchers from the University of Hous-
ton; Vanderbilt University; Texas A&M
University; and the Oak Ridge,
Lawrence Berkley, and Argonne na-
tional laboratories took an in situ ap-
proach in which 1-butyl-1-methylpyrroli-
dinium (PY14*) ions were added to the

battery’s electrolyte before the battery
was charged for the first time. Dis-
charging the battery caused the PY14*
ions to enter the interlayer spaces of
the TiS?, increasing the interlayer spac-
ing as they did so and also buttressing
the expansions in the manner of or-
ganic “pillars.” Eventually, they created
spaces that were large enough for the
MgCI* ions to fit inside as well.

The battery was discharged to 0 V
in stages, with the interlayer spacing of
the TiS? first expanding from 5.69 A

(stage 0) to 10.87 A (stage 1) and then
to 18.63 A (stages 2 and 3), with lattice
distortions appearing at stage 3. High-
energy x-ray diffraction (HE-XRD)
measurements at XSD x-ray beamline
11-ID-C of the APS determined the in-
terlayer distances at high resolution and
showed that the intralayer structure of
TiS2 was preserved during the expan-
sions despite the distortions at stage 3.
From stage 1 to 2, the interlayer dis-
tance increased sufficiently to allow
MgCl* ions to begin entering the ex-
panded spaces. Then at stage 3, the
MgCI* ions entered in large numbers,
giving rise to mechanical stresses that
resulted in the structural distortions. Af-
ter completion of the first discharge
process, the interlayer-expanded TiS?
cathode showed a reversible capacity
as high as 239 mAh g™! at room temper-
ature, as the highly mobile MgClI* ions
intercalated and deintercalated re-
versibly while the PY14* ions stayed in
place. Completing stage 3 was essen-
tial in realizing such a large reversible
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capacity, as stopping at stage 2 led to a
lower reversible capacity of about 60
mAh g! even though TiS? was ex-
panded to the same interlayer distance
for both stages 2 and 3.

Near-edge x-ray absorption fine
structure (NEXAFS) measurement of
the Mg K-edge at beamline 6.3.1.2 of
the ALS revealed that Mg atoms of the
inserted MgClI* ions maintained tetra-
coordination with 1 chlorine and 3 sul-
phur atoms. To probe the coordina-

“Magnesium” cont’d. on page 36



DETECTING NANOSCALE INTERMEDIATES IN
Li-lON BATTERY MATERIALS

ithium-ion (Li-ion) batteries are often the go-to power source for electronic devices and elec-

tric vehicles because they can durably store a lot of energy and deliver it in short times. But

battery life can be cut short by high mechanical stress that builds up within the crystal struc-
tures of the battery electrodes. Certain battery materials minimize this potentially damaging stress by
forming intermediate crystalline phases during the electrode charging reactions. The prevailing wisdom
has been that these intermediate phases are metastable, meaning that they only last a short time, but
a new study has revealed the presence of intermediate phases in battery materials long after the reac-
tions are stopped. This surprising finding — realized at the APS — suggests batteries could be made
more resilient by designing components that favor low-stress intermediate phases.

The typical Li-ion battery cathode
contains small crystals of lithium transi-
tion metal compounds that release
lithium ions during charge and recuper-
ate them later when the battery is dis-
charged. A well-known example is
lithium iron phosphate (LiFePO,), which
can be found in power tools and energy
storage facilities. As lithium ions vacate
a lithium iron phosphate crystal, certain
domains in the material transform into
iron phosphate (FePO,). This lithium-
free crystalline phase is more compact
(takes up less volume) than the lithium-
full phase, which implies that stress will
develop at boundaries between FePO,
and LiFePO, domains. If the stress gets
high enough, the crystal will fracture
and no longer perform its battery func-
tions properly. However, in practice,
electrodes based on lithium iron phos-
phate rank among the most resilient on
the market.

Over the past decade, many stud-
ies have tried to understand this unex-
pected resiliency, and the results have
shown that lithium iron phosphate can
transform following a “solid solution
pathway.” Along such a pathway, the
electrode reactions proceed through
single phases with intermediate levels
of lithium content. An example would
be Li, {FePO,, which has only 60% of
its potential lithium ion sites full. This
one-phase solution is distinct from a
two-phase mixture containing 60%
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Fig. 1. To study crystal structure changes in lithium-ion batteries, researchers have employed scan-
ning x-ray diffraction microscopy. The graphic (top image) shows a beam of x-rays focused onto a
LiFePO, crystal that has been partially delithiated. The diffracted light is collected by a detector
and analyzed. Peaks in the diffraction signal (bottom left image) allow different crystalline phases
to be identified, including an intermediate phase referred to as Liy ;FePO,. From this data, a map
(bottom right image) is generated showing where the different phases are located in the crystal.
Credit: Brain May, adapted from Nano Lett. 17, 7364 (2017). © 2017 American Chemical Society

Theoretical models of lithium iron phos-
phate have generally assumed that the
intermediate phases are not stable.
Most researchers believed that — once
electrode reactions stop — a phase like
LigsFePO, should evolve into the corre-
sponding two-phase mixture. But new
“Detecting” cont’d. on page 36

LiFePO, and 40% FePO,. The main
difference is that the volume change in
going from LiFePO, to Lij ;FePO, is
more gradual than going to the two-
phase mixture, which means battery
materials can avoid high-stress phase
boundaries by forming intermediate
phases.
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tion environment change of the sulfur in
the TiS? upon MgCI* intercalation, a
NEXAFS measurement of the sulphur
K-edge was performed at XSD beam-
line 9-BM-B,C of the APS. The ob-
served spectral changes showed the
structural distortion upon MgCl* interca-
lation and that the coordination number
of sulphiur changed from 3 in unex-
panded form of TiS? to 6 after interlayer
expansion had occurred (Fig. 1).

The research demonstrated a new
direction toward overcoming the chal-
lenge of the high-migration energy bar-
rier and kinetically sluggish dissociation
processes in magnesium rechargeable
batteries. The battery chemistry used
can be extended to the intercalation of
a wide range of multivalent ions (e.g.,
Zn%*, Ca2*, AI**) into various two-dimen-
sional materials, highlighting the impor-
tance of an unexploited route of materi-
als design for multivalent-ion batteries.

— Vic Comello
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work has shown that this assumption is
not entirely correct. A scientific team
from the University of lllinois at
Chicago, Lawrence Berkeley National
Laboratory, Argonne, and the University
of Cambridge (UK) pinpointed interme-
diate phases in micron-wide lithium iron
phosphate crystals that were delithiated
to different levels and then allowed to
“rest” for months. The results showed
that intermediate phases can be long-
lived.

Unlike previous experiments, which
relied on spectroscopy to indirectly infer
which phases were present inside a
battery material, the research team uti-
lized scanning x-ray diffraction mi-
croscopy (SXDM). SXDM allows
phases to be directly identified by the
spacing between crystal planes. The
Hard X-Ray Nanoprobe at CNM/APS
beamline 26-ID-C provided the neces-
sary nanometer resolution for mapping
out the micron-sized crystals. In one
case, the examined crystal was delithi-
ated to a level where only half of the
lithium ions were remaining. The data
showed a few lithium-full (LiFePO,) and

lithium-free (FePO,) domains, but the
majority of the crystal was in an inter-
mediate phase. In addition, full-field
transmission x-ray microscopy coupled
with x-ray absorption near-edge spec-
troscopy data was collected at beamline
6-2 at the Stanford Synchrotron Radia-
tion Lightsource at SLAC National Ac-
celerator Laboratory

The team explained their results by
considering the way that the lithium ions
diffuse in LiFePQ,. In the plate-shaped
crystals that the researchers used,
lithium ions preferentially travelled
along the direction perpendicular to the
face of the plates. This directionality in-
troduced strain relationships inside the
material that stabilized the formation of
intermediate phases. Because elec-
trodes operating through solid solution
pathways are less susceptible to frac-
ture, battery designers may want to en-
gineer crystals whose geometry pro-
motes the long-term stability of
intermediate phases.

— Michael Schirber
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A NANOCOMPOSITE ANODE FOR BETTER BATTERIES?

ne of the most promising pathways to the goal of more efficient

rechargeable lithium-ion (Li-ion) battery technology is finding and

developing new materials with better capacity and cycling per-
formance. Anode materials such as tin phosphide (Sn,P,) have demonstrated
far greater performance capacity than conventional graphite anodes but also
a high fading rate. Researchers from the lllinois Institute of Technology and
Ohio University have developed a novel nanocomposite anode combining the
high capacity of Sn,P, and the high electrical conductivity of graphite. Em-
ploying APS high-brightness x-ray beams, they performed in situ extended x-
ray absorption fine structure (EXAFS) studies of the new composite, showing
the resulting local structural changes in an operating cell and allowing detailed
modeling of the lithiation/delithiation mechanism. The composite demonstrated
areversible capacity of 651 mA h g! after 100 cycles, unlike pure Sn,P, anode,
which rapidly fades after about 20 cycles.
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Fig 1. Three-dimensional surface plot of | (R)| as a function of cell capacity for the entire

third in situ cycle of the Sn,P,/graphite composite anode. The initial loss of the SnP_ phase
(red arrow) is followed by growth and then loss of Sn metal clusters (blue arrow) as full lithi-
ation is achieved. The inset shows the 100-cycle capacity of a Sn,P,/graphite composite

coin cell charged at a rate of 100 mA g_1.
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Previous attempts to study Sn,P,
using x-ray diffraction (XRD) showed
that its crystal structure was quickly lost
with lithiation, becoming amorphous
and rendering further XRD measure-
ments essentially useless. Other ex
situ studies of Sn,P; electrodes using x-
ray absorption fine structure (XAFS)
and XRD revealed an apparently irre-
versible conversion reaction after sev-
eral cycles. The present work sought
an understanding of the highly re-
versible lithiation/delithiation mecha-
nism observed in the new composite
anode material through in situ EXAFS,
performed at the MR-CAT 10-ID-B
beamline at the APS.

Initial XRD characterization of the
synthesized Sn,P,/graphite
composite showed peaks
matching the usual Sn,P,
crystalline structure. The
EXAFS analysis takes into
account some difficulties in-
herent in examining operat-
ing coin cells, particularly
the need for faster cycling
in order to reproduce a
number of repeated full cy-
cles in the limited time
available under experimen-
tal conditions. To overcome
this, the researchers used
the data from the first four
cycles for their analysis and
modeling and included the
measurements from an ex
situ electrode sample after
100 cycles. They observed
that after the first two cy-
cles, an amorphous SnP,
phase develops, completely
replacing the crystalline Sn,P5. This
amorphous phase structure contributes
to highly reversible conversion and al-
loying processes in subsequent cycles,
with amorphous SnP, initially convert-
ing to metallic Sn clusters and Li,P, fol-
lowed by alloying of metallic Sn with
Li-ions.

This amorphous SnP, phase is the
main reason for the marked superiority
in reversibility and capacity in the

“Anode” cont’d. on page 39



UNDERSTANDING SODIUM-ION BATTERIES’
SLUGGISH PERFORMANCE

n the past few decades, lithium (Li)-ion batteries’ (LIBs’) high-energy density has made them into

the rechargeable power source of choice for a variety of portable electronic devices, such as cell

phones, laptop computers, and some electric vehicles. However, because lithium is relatively
rare on Earth, and thus costly, these batteries aren’t suitable for larger-scale stationary energy storage.
For these applications, researchers have been exploring less expensive sodium (Na)-ion batteries
(SIBs) instead. But compared to LIBs, SIBs are an inferior energy storage medium, with lower capac-
ities (the discharge current the battery delivers over time) and worse rate capabilities (the speed of
charge and discharge). The reason for SIBs’ lower performance has been unclear. Some studies have
attributed this inferior functioning to the larger radius of the Na* ion compared to the Li* ion, which
could lead to slower diffusion during charge and discharge, and damage electrode materials by caus-
ing larger volumetric changes. However, no research had strongly supported either possibility. To ex-
plore reasons behind SIBs’ poor performance, a team of researchers examined LIB and SIB anodes at
the APS. They found less overall structural change after charge and discharge cycles with SIBs com-
pared to LIBs, suggesting a lower interaction of Na* with the electrode material rather than damage

caused by the size of this ion.
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Fig 1. Degree of oxidation of Li/Na as a function of molecular dynamics simulation time for lithiated Co,O,,
sodiated Co,0, and sodiated Co,S,. The gray and purple atoms represent Li and Na, respectively. The red

atoms represent oxygen, the blue atoms represent cobalt, and the yellow atoms represent sulfur.

For the electrode in
this study, the re-
searchers from Ar-
gonne, Xiamen Univer-
sity (China), and the
University of Rochester
used porous cobalt ox-
ide (PCO), which has
been investigated as a
potential new electrode
material for LIBs. After
crafting batteries with
PCO anodes, they com-
pared the performance
of lithium and sodium as
counter electrodes. Re-
sults showed that the
batteries with sodium
counter electrodes per-
formed significantly
worse than those with
lithium counter electrodes,
with lower initial discharge ca-
pacity, worse rate capability,
and continuous capacity
degradation over multiple cy-
cles.

To better understand the
differences between these
Cont’d. on the next page



electrochemical performances, the re-
searchers performed a variety of exper-
iments with different synchrotron x-ray
techniques.

They utilized the XSD x-ray beam-
lines 11-ID-C (high-energy synchrotron
x-ray diffraction), 11-ID-D (in operando
synchrotron x-ray diffraction), 12-ID-B
(in operando small-angle x-ray diffrac-
tion), and 20-BM-B (in operando x-ray
absorption fine structure) at the APS to
look for structural changes, and to ex-
amine its structure again after charge
and discharge cycles. Their findings
showed that compared to batteries with
lithium as the counter electrode, those
with sodium actually underwent lower
levels of changes to the pore structure,
changes to the local and overall crys-
talline structure, and changes to the ox-
idation state (gain or loss of electrons).
These were surprising findings given
that the larger size of Na* should cause
more changes if this ion was interacting
with PCO in the same way as Li*.

Thus, the researchers suspected
that the lower performance of the SIBs
stemmed from less electrochemical re-
actions between Na* and PCO. To in-
vestigate this possibility, the re-
searchers performed computer
modeling experiments known as ab ini-
tio molecular dynamics simulations.
Their findings (Fig. 1) revealed a lower
level of atomic distortion when Na* re-
acts with Co,;0,4, one of the molecular
species that makes up PCO, compared
to when Li* reacts with this species — a
result consistent with their experimental
findings.

However, when they ran similar
simulations using metal sulfides rather
than metal oxides as anode materials,
they found higher levels of atomic dis-
tortion. These results suggest that
metal sulfides might make better anode
materials for SIBs.

The researchers note that future
studies aimed at discovering the under-
lying mechanism of SIBs compared to
LIBs are crucial to developing a better
understanding of these potential new
rechargeable power sources and a key
step to the rational design of better and
more affordable batteries.

— Christen Brownlee
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Sn,P4/graphite composite material
compared with pure crystalline Sn,P;.
The experimenters propose that this is
best explained by the presence of the
graphite matrix forming after high-en-
ergy ball milling, which allows electrical
conductivity among the widely dis-
persed SnP, clusters throughout the
material. The graphite matrix also pre-
vents aggregation of Sn clusters during
lithiation/delithiation, thus preserving
greater capacity for longer periods.
The researchers attribute the eventual
capacity fading to the slow increase in
metallic Sn-Sn cluster sizes observed
with EXAFS over cycling.

The detailed picture of the conver-
sion and alloying mechanisms at work
in these tin phosphide anode materials
seems to indicate that the use of
graphite provides one possibility for en-
hancing their capacity and cycle life.
Use of the in situ XAFS technique en-
ables detailed understanding of factors
affecting reversibility of redox
processes in battery materials, which
will be instrumental for further perform-
ance improvement. — Mark Wolverton
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PEERING INSIDE BATTERIES WITH X-RAY VISION

Diffracted beam (100 pm)
28=3°%/ Separator
=== L Incident
‘ I Beam (20 ym)
I 3.6mm

Vertical movingdirection Gauge volume (GV) = 0.1 *0.02 * 3.6 mm3

Intensity (a.u.)
St~ 1.000

E i ! ‘. W 01250
LVO500 1= R i
Electrode —

L ' L I L]
0.20 0.25 0.30

0.35 0.40 0.45

0.50 0.55 0.60
1/d (1/A)



o create a future where electric cars and renewable energy sources

are inexpensive and pervasive, scientists need to develop more

powerful and longer lasting batteries. In lithium ion (Li-ion) batteries,
which are common in portable electronics, the lithium ions move from the neg-
atively charged anode to the positively charged cathode during discharge and
back again while charging. One approach to making a Li-ion battery with more
oomph is to improve the cathode. Vanadium materials have several appealing
qualities in this regard, such as the capacity to hold a lot of lithium ions, boost-
ing energy density, as well as the ability to charge and discharge rapidly. To
interrogate the potential of one promising vanadium cathode compound,
Li, ,V;0,4 (LVO), researchers studied the material using synchrotron-based en-
ergy-dispersive x-ray diffraction (EDXRD) at the APS. EDXRD utilizes high-en-
ergy photons to obtain diffraction patterns as a function of spatial location,
providing a functional map. The researchers conducted the EDXRD experi-
ments on LVO in its original state and during operation, leading to a better un-
derstating of the mechanism of lithiation and delithiation. These insights may
facilitate the development of next-generation lithium ion batteries.

The process for generating LVO in-
volves several variables that affect the
material's ultimate properties. For ex-
ample, different annealing temperatures
produce electrode materials with unique
structures, which seems to influence cy-
cling stability. This suggests that the un-
derlying structure is important in the de-
velopment of optimal cathodes. The
structure of LVO is like a many-layered
peanut butter sandwich, with the V;0q
sheets acting as bread and the lithium
ions serving as the peanut butter hold-
ing it all together. During the charging
and discharging process, LVO shifts
from an alpha phase to a beta phase,
depending in part on the amount of
lithium in the material; a lithium-poor
scenario favors the alpha phase and
the lithium-rich state favors the beta
phase.

To understand the structural
changes accompanying the phase tran-
sition, the researchers from Stony
Brook University, Rensselaer Polytech-
nic University, and Brookhaven National
Laboratory wanted to observe the mate-

< Fig. 1. EDXRD experimental setup (top) and
EDXRD patterns (bottom) with respect to the
beam position of the LVO500 coin cell. Peaks
which are associated with polypropylene sep-
arators, graphite and stainless steel casing are
indicated by green, purple and red triangles,
respectively. From Q. Zhang et al., Phys. Chem.
Chem. Phys. 19, 14160 (2017). © the Owner
Societies 2017

rial in an actual battery during opera-
tion, as lithium ions flowed into and out
of the cathode. EDXRD allowed them
to observe the changes going on inside
the battery in real time because it uti-
lizes high-energy x-rays that penetrate
a battery's metallic coating.

As a first step, the researchers
generated two different versions of
LVO, one annealed at a temperature of
300° C (LVO300) and the other at 500°
C (LVO500). Then, they built the batter-
ies, creating coin-type cells with LVO
electrodes, Li metal anodes, and
polypropylene separators, with 1 M
LiPF6 in ethylene carbonate/dimethyl
carbonate as an electrolyte.

The in situ EDXRD experiments
carried out at COMPRES/XSD beam-
line 6-BM-A,B of the APS indicated that
LVO500 material was more crystalline
than the LVO300, which translated into
a more uniform distribution of lithium
jons, while the lithium ions favored lo-
calization on two sides of the LVO300
material (Fig. 1). Mapping out the loca-
tion of lithium ions during the delithia-
tion of the LVO500 material revealed
the origin and direction of the lithiation
reaction. In addition, the data suggest
that the structural changes that occur
during the charging reaction are not
simply the opposite of the discharging
reaction: each direction is unique.

The researchers also observed, for
the first time, the coexistence of three
states during charging, as the Li-poor

alpha state emerged before the disap-
pearance of the Li-rich alpha and Li-rich
beta phases. Thus, using EDXRD
measurements, the researchers were
able to map the LVO electrode inside
the battery during electrochemical oper-
ation, providing mechanistic insights
into the lithiation reaction. These in-
sights can help to develop electrode
materials that are stable over the
course of many cycles of charging and
discharging. — Erika Gebel Berg

See: Qing Zhang', Andrea M. Bruck,
David C. Bock?, Jing Li', Varun Sar-
bada3, Robert Hull®, Eric A. Stach?,
Kenneth J. Takeuchi'*, Esther S.
Takeuchi®2**, and Amy C.
Marschilok™**, “Visualization of struc-
tural evolution and phase distribution of
a lithium vanadium oxide (Li; 4V304)
electrode via an operando and in situ
energy dispersive X-ray diffraction tech-
nique,” Phys. Chem. Chem. Phys. 19,
14160 (2017).
DOI: 10.1039/c7cp02239e
Author affiliations: 'Stony Brook Univer-
sity, 2Brookhaven National Laboratory,
3Rensselaer Polytechnic Institute
Correspondence:
* kenneth.takeuchi.1@stonybrook.edu,
** esther.takeuchi@stonybrook.edu,
*** amy.marschilok@stonybrook.edu

This work was supported by the Center for
Mesoscale Transport Properties, an Energy
Frontier Research Center supported by the
U.S. Department of Energy (DOE) Office of
Science-Basic Energy Sciences (BES),
under Award #DE-SC0012673. Transmission
electron microscopy experiments were per-
formed using facilities at the Center for
Functional Nanomaterials at Brookhaven
National Laboratory, which was supported by
the DOE-BES User Facility Division, under
Contract No. DE-SC0012704 and the facili-
ties in the Center for Materials, Devices and
Integrated Systems (cMDIS) at Rensselaer
Polytechnic Institute. This research used re-
sources of the Advanced Photon Source, a
U.S. DOE Office of Science user facility op-
erated for the DOE Office of Science by Ar-
gonne National Laboratory under Contract
No. DE-AC02-06CH113.

6-BM-A,B+ COMPRES/XSD -« Materials sci-
ence, geoscience * Energy dispersive x-ray
diffraction, high-pressure multi-anvil press

» 20-100 keV « On-site * Accepting general
users ¢



GETTING INTO 3-D PRINTING
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Fig. 1. X-ray imaging shows how a metal line is printed as a laser beam scans across the powder bed

over several microseconds in a conduction heating mode (row a). With higher laser power, rapid heating

causes deep vapor pressure zones, which lead to the formation of keyhole pores (row b).

dditive manufacturing, also known as

three-dimensional (3-D) printing, has

long been employed to create prototypes
and is increasingly being utilized to build commercial
items, from sneakers to aircraft parts. Most 3-D print-
ing with metal works by scanning a laser across a thin
layer of metallic powder, then melting to join with the
layer below until a structure has been built up. Many
such parts, however, suffer from mechanical weak-
nesses caused by defects in the layers, such as
rough surfaces and large numbers of pores. It has
been difficult to measure exactly how the defects
form, in part because the process happens so quickly.
Now scientists have developed a technique using the
APS to capture defects as they form.

Most previous studies of the
process known as “laser powder-bed
fusion” had relied on high-speed pho-
tography in visible light, but that can
only capture what’s happening at the
surface. So the researchers from Ar-
gonne, Carnegie Mellon University,
and the Missouri University of Science
and Technology built a setup that al-
lowed them to probe below the surface
with a hard x-ray beam from the XSD
32-1D-B,C beamline of the APS. They
designed and built a miniature powder
bed where a laser beam from above
treated the metal and they sent an x-
ray beam through the molten powder
bed to both an imaging and a diffrac-
tion detector.

The researchers were able to
watch and measure many of the dy-
namics involved in the rapid heating
and cooling of the metal powder, a tita-
nium-aluminum-vanadium alloy. For in-
stance, they observed the formation of
keyhole pores, which are significant
defects within the structure. When the
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laser struck the powder, the metal
melted, and both the molten metal and
the heat flowed away from the center
of the zone heated by the laser (Fig.
1). When the laser was scanned away,
the sample started to cool down and
the metal flowed back toward the cen-
ter of the melted area, but the material
on the top moved more quickly than
that below, resulting in a cavity in the
hardened structure. The researchers
measured the closure of the keyhole
for the first time, and found it could be
faster than 50 um, too quick for
trapped gas to escape before the sur-
face closed over it.

The study also showed how the
metal behaved differently at different
laser power levels. When the powder
was subjected to 340 W of laser power
for 1 usec, first the powder then the
hardened metal beneath it melted and
a depression was created. Eventually,
a dome-shaped metal structure formed
without any notable defects. But when
they set the laser to 520 W, the pow-
der and base melted much faster, and
some of the molten material was
ejected, while the cavity formed was

deeper. This process too produced a
dome, but this one had a pore about
150 pm in diameter underneath it.

The researchers also measured
such factors as the ejection rate of the
material, which at high powers could
be as fast as 15 m/sec. Under these
conditions, the solidification rate of the
molten alloy was about .5 m/sec.

The researchers hope these kinds
of measurements will improve their un-
derstanding of the processes involved
in laser-bed powder fusion so that they
will be able to adjust parameters such
as laser power and scan speed to
achieve the best microstructures. They
say the technique will likely become
critical in additive manufacturing, par-
ticularly as new materials and new
printing processes are developed.

— Neil Savage
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MATERIALS THAT SHRINK WHEN HEATED

ost materials expand as temperature rises to accommodate the

increased motion of the molecules within. Engineers are now

identifying and developing materials that contract when heated,
offering interesting possibilities. Mixing materials that expand with those that
contract when heated could produce objects that stay the same size at differ-
ent temperatures or change size predictably. One possible application is fillings
that expand and contract at the same rate as teeth, leading to fewer
toothaches. To develop tunable negative thermal expansion materials for en-
gineering and other applications, researchers performed experiments at the
APS and the POWGEN beamline at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory on substituted metal fluorides, analyzing ther-
mal properties and structure at different temperatures and pressures.

Temperature

] CaNbF, |
o2t
+ MgNbF, Cubic =

Volume

] p —
Mhase Transition

Fig. 1. Top: Volume per formula unit as tempera-

ture increases for three materials with Re-O,-re-
lated structures, CaNbF(blue), MgZrF, (Red),
and MgNbF(purple). A change from cubic to
rhombohedral symmetry occurs for MgNbF, at

~280 K. Bottom, left: Synchrotron x-ray data for

MgNbF, showing a discontinuous phase transition

at ~280 K. Right, bottom: Structural changes as-
sociated with the phase transition as MgNbF,

goes from Fm3m (cubic) to R3 (rhomohedral).

Mixing negative thermal expansion
materials with positive thermal expan-
sion materials to achieve neutrality is
tricky. If the expansion and contraction
occur at different rates, the material
can come under significant stress,
leading to a host of undesirable out-
comes, such as phase transitions. Fur-
thermore, negative thermal expansion
materials display a wide range of prop-
erties, with some that soften under
pressure (become more compressible)
and others that have structural instabil-

ities. Researchers need a firmer un-
derstanding of these behaviors and
how to modify them to fully take ad-
vantage of negative thermal expansion
materials.

Following recent work exploring
metal fluorides with ReO,-type struc-
tures, a research team from the Geor-
gia Institute of Technology focused on
CaZrFg, which shows strong negative
thermal expansion over a wide temper-
ature range (10-1000 K). Plus, CaZrFg
displays optical transparency from
mid-infrared to ultraviolet ranges, an
optical property with multiple applica-
tions. To explore the effect of composi-
tion on the materials' properties, the
researchers swapped out the calcium
for magnesium and the zirconium for
niobium and studied the physical prop-
erties of the substances at different
temperatures and pressures.

As a first step, the team collected
x-ray powder diffraction data at the
XSD 17-BM-B beamline of the APS on
CaNbFg, MgZrFg, and MgNbFg at tem-
peratures ranging from 100 to 1000 K.
They measured high-resolution syn-
chotron powder diffraction data for
MgZrFg at the XSD 11-BM-B beamline
at low temperature, down to 10 K. For
additional structural information, they
took neutron powder differaction
measurements from 10-300 K at the
POWGEN beamline at the SNS. To
evaluate the effects of pressure on the
substituted materials, high-pressure x-
ray powder diffraction data were col-
lected for CaNbFg and MgZrFy — also
at beamline 17-BM-B — at P<8.6

GPa, and for MgZrFg at XSD beamline
11-1D-B, at P < 310 MPa.

Collectively, the experiments sug-
gested that the substitution of zirco-
nium with niobium had less of an im-
pact on the materials' properties than
the substitution of calcium by magne-
sium. For example, CaZrFg and
CaNbFg both maintain cubic ReO5-type
structures down to 10 K, while also dis-
playing negative thermal expansion at
tempertures as high as 900 K. They
also both display pressure-induced
softening. The calcium substitution ma-
terial began to introduce some signifi-
cant differences. MgNbFg has a cubic
structure at room temperature, but un-
dergoes a octahedral tilting transition at
280 K and does not show negative
thermal expansion at any temperature
the researchers looked at 100-950 K.
Thus, the replacement of calcium by
magnesium led to significant changes
in phase behavior and thermal expan-
sion, potentially because magnesium is
smaller and more polarizing than cal-
cium. — Erika Gebel Berg
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MEASURING MELTING POINTS UNDER PRESSURE

nderstanding the properties of a material, particularly a property

as crucial as its melting point, is important to predicting the mate-
rial’s performance. A metal such as molybdenum, for instance, can
be subjected to extreme conditions in a power plant or a deep-sea drill, so sci-
entists need to know at what combination of temperature and pressure it will
turn from solid to liquid. Unfortunately, the answer is not known with any cer-

tainty; theory and some recent experiments point to melting temperatures for

molybdenum almost 3000 K higher than other experiments at 1 million atmos-
phere pressure, a vast discrepancy. Scientists utilized the APS to get results
that more closely match theory, and in the process demonstrated what may be
a better method for pressure-temperature melting studies.

One possible reason for the
previous discrepancy is the diffi-
culty of making the measure-
ments. The method chosen by
these researchers from the
Carnegie Institution of Washing-
ton employed a laser-heated di-
amond anvil cell (DAC). The
sample of metal was placed be-
tween two tiny diamonds, which
were then pressed together to
exert pressure on the sample.
At the same time, short pulses
of laser light heated the metal.
Utilizing synchrotron x-ray dif-
fraction, which can detect liquid
by the differences in how it scat-
ters the x-rays compared to
crystal, researchers can in-
crease the pressure and heat
by steps and should be able to
see at what combination of tem-
perature and pressure the liquid
appears.

Unfortunately, this method
creates only a small volume of
liquid, which produces a very
weak signal from the x-rays and
therefore requires collecting x-
rays for 100 times as long as the dura-
tion of the heating pulse, making it hard
to use. Heating has to be brief, because
a longer duration may cause chemical
contamination or material diffusion. The
researchers got around this limitation by
using a “cook and look” approach, first
pulse heating the sample, then perform-
ing x-ray diffraction (XRD) to look for
any changes after rapid quenching.

This works, they found, because
the grain structure of the crystal
changed as it was heated. Their expec-
tation was that, as the sample got hot-
ter, the grains in the crystal would grow
until the melting point, and that when it
was rapidly cooled from the melt, the
solidifying material would form a fine-
grained structure. By heating then
quenching the sample, then looking at it

Fig. 1. Cross-sectional schematics showing the Mo sample. Grain growth is promoted in the central region
when temperature is below T, ; fine-grained microstructure emerges from the quenched molten region. Mi-

crostructure evolution seen in a sequence of azimuthally unwrapped XRD images of Mo (110) reflection.

with x-ray diffraction, they could see if it
had melted and reformed (Fig. 1).

It turned out, though, that there
was a third crystalline microstructure.
The researchers had placed single-
crystal magnesium oxide next to the
molybdenum as an insulating layer. At a
high temperature, but below melting,
the crystal abruptly changed from a

“Measuring” cont’d. on page 47



STRONG, STIFF, AND INEXPENSIVE:

CARBON FIBERS BUILT WITH BORON

hether the future includes ultralight low-emission automobiles made

from carbon fiber may come down to a question of cost. The cur-

rent standard carbon fiber goes for around $10/Ib, a price tag that
limits its use in industrial and automotive settings. The high cost is largely due to
the expense of the fiber’s precursor, polyacrylonitrile. To lower the cost, scientists
are exploring alternate precursor materials, including polyethylene. Carbon fibers
developed from polyethylene, while less expensive, aren’t as strong or stiff as those
made from polyacrylonitrile, limiting their application. Graphitization at high tem-
peratures improves the fiber properties, but the extra heat is expensive. The key,
it turned out, to developing an economically friendly polyethylene-based carbon
fiber at low cost was boron. By doping the polyethylene with boron, the researchers
found they could catalyze the graphitization process and produce high-quality fibers
at much lower temperatures. Aresearch team from The Dow Chemical Company,
in collaboration with staff of the DND-CAT beamline at the APS, designed and built
an apparatus that enabled them to take wide-angle x-ray diffraction (WAXD) meas-
urements of the fibers as they were carbonized under tension, revealing the secrets
of how boron boosts carbon fiber strength and stiffness on a microstructural level.

| « |

1202 °C 2245 °C

2147 °C

Carbon fibers are thread-like
materials that can be woven together
to form a carbon cloth; combined
with a polymeric hardening agent,
the woven molded fibers can act as a
stronger, lighter replacement for
metal. Two critical properties that en-
gineers use to assess the quality of a
carbon fiber are tensile modulus, a
measure of stiffness, with higher val-
ues indicating greater rigidity, and
tensile strength, a measure of how
much force is required to perma-
nently deform the material. Standard
polyacrylonitrile carbon fibers have a
tensile strength of between about 3
to 5 GPa and a tensile modulus of
around 230 GPa.

The threshold for an industrially
useful fiber is a tensile modulus of
about 200 GPa, according to the re-
searchers. Polyethylene-based car-
bon fibers typically have a tensile
modulus of around 100-150 GPa.
The researchers found they could in-
crease the tensile modulus to 200
GPa when the fibers are graphitized
at temperatures of ~ 2400° C, but
such high temperatures come at a
high cost. To bring the graphitization
temperature down to less than 1800°
C, the threshold for meeting the
team’s economic goals, the re-
searchers explored the addition of
boron to the polyethylene precursor.
Boron is known to improve the ten-
sile modulus of carbon fibers, but re-
searchers have previously only ob-
served this benefit at temperatures
exceeding 2400° C. To incorporate
boron into the fibers, the researchers
bathed the precursor materials in
boric acid, ending up with a compos-

Cont’d. on the next page

< Fig. 1. WAXD patterns of control SPE-CFs
heated in situ under 0.5-N tension to 1202°
C (A) and 2245° C (B), compared to 0.5-m
boron-doped SPE-CFs heated to 1255° C
(C) and 2147° C (D). From B.E. Barton et
al.,, small 13, 1701926 (2017). © 2017
Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim



ite including 2.8% boron. At 1800° C,
fibers created from undoped polyethyl-
ene had a tensile modulus of 116 GPa
and a tensile strength of 1.21 GPa,
while the fibers produced from doped
polyethylene reached a tensile modulus
of 201 GPa and a tensile strength of
2.4 GPa.

To figure out how boron was im-
proving the polyethylene carbon fibers,
the researchers turned to the DND-CAT
5-ID-D beamline at the APS to collect
WAXD data. WAXD reports on the
graphitic microstructure. The re-
searchers collected data on the doped
and undoped versions of the carbon
fibers while they were being heated to
elevated temperatures in the custom-
made high-temperature fiber tensile de-
vice. The results suggested that the
presence of boron catalyzes graphitiza-
tion, leading to a more highly-oriented
microstructure, with more stacked lay-
ers in the fiber and larger two-dimen-
sional sheets, all of which are believed
to contribute to an increase in the ten-
sile modulus and the tensile strength.
Carbon fibers produced via this process
represent a new class of carbon fiber,
which may be commercially viable due
to lower cost and a high modulus.

— Erika Gebel Berg
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coarse-grained structure to a fine-
grained structure in which the grains
were aligned with the MgO crystal. That
may be, they said, because the crystal
lattice of the MgO matches well with
that of the molybdenum. When they
tried the same thing with aluminum ox-
ide, which has a lattice mismatch with
molybdenum, they did not observe the
alignment. Failing to account for that
phenomenon may lead to inaccurate re-
sults, they said. The experiment was
carried out using in situ microfocused x-
ray diffraction at HP-CAT beamline 16-
ID-B of the APS, which allows the com-
bination of the DAC and the laser pulse
with the x-ray beam.

In the end, the researchers pro-
duced a pressure-temperature melting
curve — which they extrapolated out
beyond their experimental measure-
ments — that more closely matched the
theoretical predictions. It also was a
closer fit with more recent experiments
that used shockwave compression to
produce high pressures. This method
could be used to determine the melting
profiles of other materials where there
is poor agreement between theory and
experiment, including iron, lead, and
tantalum. — Neil Savage
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Guoyin Shen*, “Microstructures define
melting of molybdenum at high pres-
sures,” Nat. Commun. 8, 14562 (1
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mental station 16-ID-B, where a double-sided,
pulsed-laser heating system is installed for in
situ x-ray diffraction measurements. The laser
heating system is optimized for diamond anvil
cell high-pressure devices, thus providing a
powerful structural probe for studying materi-
als at extremely high-pressure (>300 GPa)
and high-temperature (>5000 K) conditions.
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STRESSING OVER NEW MATERIALS

lloyed with small amounts of aluminum and vanadium, titanium is

used in aircraft, premium sports equipment, race cars, spacecraft,

high-end bicycles, and medical devices because of its light weight,
ability to withstand extreme temperatures, and excellent corrosion resistance.
But it is also expensive. Metallurgists want to understand what makes it so
strong so that they can design other materials with similarly desirable proper-
ties out of more common, less expensive elements. Researchers utilizing the
APS used high-intensity x-rays to show how titanium alloy responds to stress
in its hidden interior. Eventually, the researchers believe they will be able to
predict how strong a titanium part such as an aircraft engine will be, just by
knowing how the crystals are arranged inside of it. Materials scientists may be
able to use such a computational model to swap in atoms from different met-

als to see how their crystalline structures compare to that of titanium.

Fig. 1. (a) A computational model of crystals inside a block of titanium, (b) includes effects noticed

during the experiment to place permanent deformations (the darkened areas,) while (c) models

permanent deformations without incorporating the diversity of load seen in the experiment.

Previous work on titanium’s physi-
cal qualities meant growing a macro-
scopic crystal large enough to see. But
researchers from Lawrence Livermore
National Laboratory, Carnegie Mellon
University, and the U.S. Air Force Re-
search Laboratory wanted to see how a
typical titanium alloy made up of crys-
tals of realistic size — tens of microns
or so across — reacted to stress in its
natural environment inside a larger
block of titanium, just as a titanium
crystal inside a bicycle frame or artifi-
cial hip might react. They took a chunk
of titanium alloyed with 7% aluminum
and, working with colleagues from Ar-
gonne, exposed it to high-energy x-
rays at the XSD 1-ID-B,C,E beamline
at the APS. The titanium-aluminum al-
loy is similar to titanium-aluminum-
vanadium but simpler to model. The 1-

ID-B,C,E beamline delivers a high flux
of x-rays energetic enough to penetrate
a full centimeter into solid metal. There
are only five facilities in the world capa-
ble of producing bright, coherent x-rays
of energy high enough to do that.

The researchers carefully aligned
a titanium testing specimen inside an
apparatus that exerts various forces on
it — pulling or squeezing, for example.
The rays penetrated about a millimeter
through the specimen with minimal re-
sistance. Then, the x-rays began to
bounce off microcrystal faces inside
the metal and interfere with each other.
This interference made a tell-tale dif-
fraction pattern the researchers could
interpret. As they pulled on the titanium
block, the crystals inside were stressed
and their atoms shifted slightly, chang-
ing the lengths of the bonds between

them. The changes in the bond lengths
reflected the stress the bonds were un-
der. The x-ray diffraction patterns
changed as the atoms shifted, reveal-
ing how stress on the atoms increased
as the load on the titanium block grew.

Surprisingly, as the load grew so
large that the crystals began to perma-
nently deform, the stress on some of
the individual atomic bonds and even
on entire crystal faces began to drop;
in other places the stress grew to com-
pensate (Fig. 1). The researchers did
not expect this, and it puts a wrinkle
into their theories as to why the tita-
nium alloy is as strong as it is. Perma-
nently deformed areas are where
cracks and other damage can start.

The researchers utilized data gath-
ered at the APS to build a new compu-
tational model of titanium at the molec-
ular level. In future experiments, they
hope to gather more data in more com-
plex environments closer to real life sit-
uations, including very high or low tem-
peratures as well as repeatedly
stressing and then relaxing the metal
to simulate fatigue that happens during
actual use. — Kim Krieger
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NEAREST NEIGHBOR BEHAVIOR BEHIND
NON-CUBIC SCALING LAW FOR METALLIC GLASSES

he excellent mechanical and electrical properties of metallic glasses make them use-

ful in a wide range of applications: they are utilized as the magnetic cores of efficient

transformers in electrical grids and are also formed into screws and pins implanted
in bone to help heal fractures. However, our understanding of their glassy characteristics, in-
cluding the way in which atoms order themselves in this quasi-liquid state, is still evolving. Pre-
vious experiments have shown an unanticipated relationship between the density of the material
and the average interatomic distance. Recently, researchers employed synchrotron x-ray ex-
periments at the APS and the Shanghai Synchrotron Radiation Facility (SSRF) to investigate
the hypothesis that these materials exhibit fractal ordering at medium ranges, but they instead
found evidence that the relationship between density and average interatomic distance is de-
termined by the behavior of nearest neighbors at short range.

Fig. 1. Left: Noncubic scaling law of packing fraction and average nearest neighbor distance.

Right: The exponent d of noncubic scaling is not universal and instead is changing with packing

fraction.

In crystalline and liquid systems,
the relationship between density and
average interatomic distance is cubic
and understood to result from the
three-dimensional nature of the bulk
density. Yet previously-published ex-
periments working with metallic
glasses have shown a noncubic scal-
ing relationship between the two. To
explain this difference, scientists have
theorized a fractal nature for the pack-
ing structures of metallic glasses. This
fractal theory raises additional ques-
tions, motivating researchers from
Shanghai Jiao Tong University (China),
Argonne, the Chinese Academy of Sci-
ences, and the University of Montpel-
lier and CNRS (France) to further ex-

amine the packing structures of metal-
lic glasses.

The researchers used synchrotron
x-ray computerized tomography at the
XSD 2-BM-A,B beamline of the APS
and the BL13W1 beamline of the SSRF
to measure the packing structures of
metallic glass material analogues. This
technique allowed them to conduct
real-space measurements of disor-
dered granular packing structure, pro-
viding more information than metallic
glass scattering experiments. They var-
ied the packing fraction — the amount
of spherical particles in a standard
amount of space — to produce a vari-
ety of packing structures.

The researchers looked at struc-

ture factor and pair correlation function
peaks as they varied packing fraction
but found contradictory results. Be-
cause this structural information is com-
plex and indirect, they chose to define a
length scale per given number of
packed particles and then calculate the
scaling relation between this length
scale and the packing fraction. To de-
termine the length scale, they ordered
all neighbors by distance and calcu-
lated the average nearest neighbor dis-
tance for a given number of neighbors.
They found that the average near-
est neighbor distance scales with the
packing fraction (for a given number of
nearest neighbors). They also found
that the exponent which relates the
packing fraction and the length scale
depends on the number of nearest
neighbors chosen. For a choice of
“Neighbor” cont’d. on page 51



WHAT HATH IRON (AND OTHER IONS) WROUGHT?

early all structural lumber in the Northern Hemisphere is com-

posed of softwoods, also referred to as conifers or gymnosperms.

These wood species are susceptible to attack from brown rot
fungi, which account for approximately 6% of the known species of wood rot-
ting fungi. Brown rot fungi degrade the structural components of wood and
assimilate the nutrients via extracellular processes using both enzymatic and
non-enzymatic mechanisms. lon movement and translocation is an important
aspect of brown rot and is implicated in both enzymatic and non-enzymatic
modes of decay. While scientists know that many ion species play important
roles in fungal decay mechanisms, little is known about how abundant each
species is, exactly where they accumulate within fungi, the wood they attack,
and their movements throughout the decay process. Researchers used the
APS to map and quantify physiologically relevant ions in wood being decayed
by the brown rot fungus Serpula lacrymans Wulfen (P. Karst). The results
show that the fungus actively transports some ions, such as iron (Fe), into the
wood and controls the distribution of ions at both the bulk wood and cell wall
length scales. In addition to having important implications for building materi-
als, a better understanding of the role of ions in the fungal decay process of
wood and other lignocellulose biomaterials has significance for fields ranging
from plant pathology and forest ecology to carbon sequestration and sustain-
able biorefinery applications.

Fig. 1. This XFM co-localization map of fungal hyphae on a two-micron-thick section of

wood shows the amounts of potassium (K, red), calcium (Ca, green), and iron (Fe blue)

ions in individual cell wall layers and hyphae.

Wood is the primary building mate-
rial in the vast majority of homes in the
northern hemisphere. And for a good rea-
son: it is abundant, easy to work with,
durable, and strong. But as anyone who
works with wood — or has spent a rea-
sonable amount of time walking through
the forest — knows, when wood gets
wet, it rots. In fact, around 10% of the
lumber harvested each year is used to
replace in-service wood that has been at-
tacked by decay-inducing fungi, such as
the fairly common brown rot fungus.

Brown rot is typically initiated when
the long, branching strands of the fungi
called “hyphae” come into contact with
the cell lumen of the wood in the pres-
ence of adequate moisture. The cell ma-
trix pores of sound wood are typically too
small for the diffusion of larger cellulolytic
enzymes, but brown rot fungi initiate the
breakdown process via a mediated-Fen-
ton chemistry diffusion that can effec-
tively penetrate the cell wall. The process
involves the production of H,0, outside
the fungal hyphae to facilitate production
of hydroxide radicals that permeate the
lignocellulose cell wall and ultimately
weaken the cellulose matrix. While the
mechanisms of brown rot are not fully un-
derstood, the chemical reactions involved
rely on the actions of numerous ions, in-
cluding potassium, calcium, manganese,
zinc, and the aforementioned iron.

Knowing where, and in what
amounts, these ion species accumulate
and are transported during the decay
process can give scientists clues about
the degradation mechanisms. An im-
proved understanding of the mechanisms
would benefit researchers developing im-
proved wood protection treatments, as
well as those developing biomimetic
processes to improve the efficiency of
biorefineries utilizing biomass to make
sustainable fuels and chemicals. How-
ever, the tools that researchers have
used to investigate the distribution of ions
within fungi and rotting wood have not
provided enough spatial resolution and
sensitivity to distinguish between the lo-
calization of ions within the cell wall ver-
sus within the fungal hyphae. In addition,

Cont’d. on the next page



most previous studies have involved
grinding or other disruption of wood,
which also disrupts localized concentra-
tions of the ions and prevents mapping
ion distributions.

Researchers from the USDA Forest
Products Laboratory, the University of
Massachusetts-Amherst, Northwestern
University, Universidade de S&o Paulo
(Brazil), CMPC Celulosa (Chile),and Ar-
gonne have shown that synchrotron-
based x-ray fluorescence microscopy
(XFM) can map out trace amounts of el-
ements in decaying wood across multi-
ple length scales down to the sub-mi-
cron spatial resolution needed to probe
individual wood cell walls, fungal hy-
phae, and calcium oxalate crystals that
often grow around the hyphae. X-ray
fluorescence microscopy is an imaging
technique where a beam of x-rays is di-
rected at a specimen and the intensities
of the x-rays emitted back are detected
as a function of wavelength and posi-
tion. Because these energies are ion-
specific, raster scanning the focused x-
ray beam over the sample allows the
researchers to make maps of numerous
ions simultaneously.

Large-field XFM was performed on
the XSD 8-BM-B beamline at the APS
to map ions across the cleaved face of
10-mm wood cubes exposed to the de-
cay fungi. Submicron-resolution XFM
using the XSD beamline 2-ID-E was
performed on three different types of
samples to map and measure ions in
the fungal hyphae and wood cell wall
layers before and after decay (Fig. 1).

The XFM maps allowed the scien-
tists to observe a substantial increase in
Fe concentration in both the wood block
and wood cell walls, which was consis-
tent with the theory that brown rot pro-
gression is mediated by iron redox re-
actions. The XFM results also showed
that calcium moves out of the wood cell
walls during decay and is likely being
deposited into oxalate crystals created
by the fungus.

The results of this study demon-
strate that synchrotron-based XFM can
be a powerful, multiscale tool for simul-
taneously mapping numerous ions in
complex substrates, such as decaying
wood. Future studies will focus on
studying additional species of fungi, im-
proving these methods, and using de-
cayed samples within a humidity-con-

trolled environment to permit imaging of
a living fungus as it colonizes wood cell
walls and initiates degradation.

— Chris Palmer
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many neighbors, the value of the expo-
nent deviates from 3, the cubic rela-
tionship expected for a bulk material
(Fig. 1).

To further assess the relationship
between nearest neighbors and the ex-
ponent scaling law, the researchers ex-
amined how neighbors at different dis-
tances are displaced as a function of
packing fraction. They found that
changing the packing fraction most af-
fects neighbors in the first shell. Sepa-
rating the first shell neighbors into qua-
sicontact neighbors (the six nearest
neighbors) and noncontact neighbors,
they found that these groups displaced
differently as a function of packing frac-
tion, creating a structural arrangement
that was non-uniform. This non-uniform
structural arrangement results from the
geometric constraints of hard spherical
particles. The researchers concluded

there was a link between the non-uni-
form structural arrangement of all the
nearest neighbors and the exponent
scaling law.

The researchers also calculated
three-point correlation functions using
the angle between the central particle
and each set of any two of its nearest
neighbors. They found that the quasi-
contact neighbors ordered into regular
triangles and eventually quasiregular
tetrahedral structures, while the non-
contact neighbors did not obviously or-
der. The non-uniform structural arrange-
ment of particles in the first shell led the
researchers to conclude three things:
(a) The noncubic relationship between
atom density and average interatomic
distance is related to the number of
contact neighbors; (b) The exponent in
the scaling law results from packing
structure at the particle contact length
scale instead of the much longer
medium-range scale as originally ex-
pected; and (c) The noncubic scaling
relationship is a function of jamming
rather than fractal glass order. The re-
searchers additionally posited that the
scaling exponent may be universal at
the jamming transition point for spheri-
cal particles. — Mary Alexandra Agner
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How HEAT MOVES

or tiny electronic devices, heat is the enemy; If they get too hot, they malfunc-

tion. The need to keep the semiconductor brains of our devices cool has led to

some impressive advances in the engineering of fans and airflow. But there’s a
limit to the cooling power of airflow, especially as computer processors grow tinier. Now
that processors are being made on the nanoscale — meaning individual components can
be made from just a few atoms — we need to think differently about how to keep them
cool. Atits most basic, heat is movement. When atoms get hot, they jiggle, and the hot-
ter they get, the more they jiggle. Researchers employed the APS to track how far a sin-
gle wave of jiggle, formally called a “phonon,” could move through a material without
bumping into a different phonon. Being able to visualize phonon movement so clearly will
help researchers understand how heat moves through nanoscale computer processors,
and lead to processors that can work faster without melting. Cont’d. on the next page

zone plate

hard x-ray probe

Fig. 1. A schematic of the experiment is shown in (a) with the gold split-ring resonator concentrating terahertz
light onto a thin film of barium titanium oxide. A hard x-ray probes a small spot on that thin film (b) and shows
the map of the strain induced by the terahertz waves; the redder the area, the more it was displaced by tera-
hertz-induced phonons. The cylindrical magenta overlays show the gold metamaterial. (c) A plot of the strain
versus position of the material; the data match the predicted pattern of a ballistic phonon (green) far better

than that of a diffusive one (red).

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




Researchers from Argonne; Stan-
ford University; SLAC National Acceler-
ator Laboratory; the University of
Wisconsin-Madison; the University of
California, Berkeley; and Lawrence
Berkeley National Laboratory carried
out an experiment that used metamate-
rial-enhanced terahertz excitation to
heat barium titanium oxide (BaTiO,), a
ferroelectric material with built-in polar-
ization that can couple to incoming ter-
ahertz light. The metamaterial, a
split-ring resonator made of gold, con-
centrated the terahertz pulses to a very
localized and high-strength electric
field. This focused terahertz light gener-
ated low-energy phonons that are more
dramatic and easier to see in the
BaTiO,. The researchers used time-re-
solved hard x-ray diffraction microscopy

to measure the phonons, tracking how
much they jiggled the atoms of BaTiO,
as they passed, and how far each
phonon traveled before it bumped into
another wave like itself (Fig. 1).

Time-resolved x-ray imaging al-
lowed the scientists to see how the
phonons moved though the material
with much finer detail than is possible
with microscopy and visible light, be-
cause optical waves are too long to re-
solve objects as small as atoms. X-ray
wavelengths are much shorter, and so
can provide detailed images of
nanoscale features.

The group used the XSD 7-ID-
B,C,D beamline at the APS because it
is the only beamline in the world able to
perform terahertz-field-pump and hard
x-ray diffraction microscopy probe
measurements. This new capability al-
lowed the researchers to see structural
dynamics upon terahertz field excitation
with a spatial and temporal resolution of
400 nm and 100 psec.

The researchers found that the ter-
ahertz-induced phonons began as very
localized jiggles in the BaTiO, that
gradually broadened out by a few hun-
dred nanometers over 100 psec. This
broadening out of the phonon wave
doesn't fit the standard model of heat
diffusion that works in materials at
larger scales. Instead, it fits a different
model, one in which the phonons are

moving ballistically, that is, the phonons
are moving in straight lines without
bumping into other phonons. This is the
first time researchers have imaged this
in real time. The phonons seemed to
move ballistically for no more than 500
nm. Along farther distances, they began
to move in the standard, diffusive way.
The measurements of phonon
movement captured at the APS illumi-
nate a fundamental shift in how heat
moves through materials at the
nanoscale. The technique is a gateway
direct imaging of transient structural
changes caused by heat in electronic

and semiconductor materials. Manage-
ment of thermal properties is a key is-
sue in real-world applications. New
tools to visualize the movement of heat
through materials at the nanoscale will
open up new opportunities to design
smaller, faster, more efficient computers
that can operate at high speeds without
melting. Understanding how material
gets hot should help us keep it cool.

— Kim Krieger
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IMAGING POLYCRYSTALLINE DEFECT DYNAMICS
UNDER WORKING CONDITIONS

ost materials used in everyday life, such as almost all metals or ceramics, are polycrys-

talline — they are composed of many small crystals arranged in different orientations

with boundaries just a few atoms thick in between. Each crystal tends to hold multiple de-
fects, such as dislocations between rows of atoms. The size and shape of crystals that make up these
materials, as well as their defects, strongly affect the material’s bulk properties. This micro-scale struc-
ture, and in turn the material’s associated macro-level properties, can change under working conditions
such as exposure to high heat, high pressure, and chemicals. To understand how these factors affect
the material's behavior, it's important to be able to nondestructively view this microstructure and how it
changes under working conditions. However, accomplishing this feat at the atomic level has remained
a challenge. In this study, researchers showed the utility of a technique that they call “grain Bragg co-
herent diffractive imaging” (gBCDI) to follow dynamic changes in polycrystalline materials over time. In
experiments at the APS, the researchers utilized scattering of coherent x-ray beams to reveal a variety
of different types of shifts in structure as crystals were gradually heated. The researchers suggest that
this technique could be promising for gaining a better understanding of a material’'s response under
sometimes harsh external stimuli, findings that could be used to engineer polycrystalline materials with
more resilient designs.

Fig. 1. An x-ray beam non-destructively tracked
atomic-scale details in three dimensions. Top view is a
scanning electron micrograph two-dimensional image
of a textured film composed of many nanoscale gold
particles. The white circle identifies a particle that
has been imaged in three dimensions with a new co-
herent x-ray scattering technique that can be used in
harsh environments. Top and side views of the im-
aged particle are shown (green overlays). A two-di-
mensional electron scattering orientation map of the
same region (overlay in purple and red) shows the
crystallographic texture of the film. The extracted
three-dimensional images (bottom, green isolated
particle views) show a similar but different particle
from the film, before and after heating. Heat-in-
duced changes include a filled cavity and removal of

an atomic-scale “dislocation” defect.

As-synthesized State During Annealing

Bragg coherent diffractive imaging, in which researchers
use computer algorithms to translate coherent x-ray scatter-
ing patterns into real-space images, can give both the three-
dimensional shape and the internal deformation distribution
of a sub-micron sized crystal, BCDI has been used to image
the behavior of isolated nanoparticles. This study was the
first demonstration of BCDI to capture dynamics of a crystal
grain within a polycrystalline material, providing a new view
34-ID-C « XSD - Materials science, physics of grain growth, grain boundary dynamics, and dislocation
Coherent x-ray scattering * 5-15 keV « On-site dynamics with a resolution of about 10 nm.
 Accepling general users - These researchers from Stanford University and Ar-
gonne performed their initial experiments at XSD beamline
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COPING WITH STRAIN IN METAL HYDRIDES

ydrogen fuel cells can be utilized for portable technologies that

must function for long periods without recharging. Such fuel cells

often employ metal hydrides to store hydrogen, and work much
the same way as lithium-ion battery cathodes that store lithium. They have the
same problems, too: Charging and draining the metal hydride stresses the ma-
terial and causes tiny defects to form, defects that degrade the material’s abil-
ity to store hydrogen. Eventually, the storage material can only hold a fraction
of the hydrogen it could originally, much like an old lithium battery in a cell
phone that ceases to hold a charge. Materials scientists have known that the
strain on the storage material is the primary reason for degradation, but they
didn’t know the details. Now, for the first time, researchers working at the APS
have obtained detailed images of strain defects caused by repeated
charge/discharge cycles in hydrogen. Their work shows the optimal size for a
particle of metal hydride in a palladium-hydride storage system, and it could ul-
timately help engineer storage materials that take strain in controlled ways that
do not damage, but rather improve them.

Perfect Crystal

= Hreg. ol Hetrain

= Mgeg sal

Log p,

pls

X, XinPdH_ X,

Fig. 1. Left: The graph shows the log of the hydrogen partial pressure on the y-axis versus the
amount of hydrogen in the palladium hydride on the x-axis. The red line represents the graph
of an unstrained crystal; the blue is a strained crystal. Right: The pink shapes are crystals of

palladium hydride; the gold patches in the lower are defect locations.
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When a metal hydride is “charged,"
hydrogen gas physically flows into the
storage material. The hydrogen does
not just fill up empty space—it actually
sticks to binding sites within the metal
and exerts force on the nearby metal
atoms. When the hydride discharges,
the hydrogen has to physically pull
away from the material. The forces ex-
erted by the hydrogen stress the stor-
age material and cause it to deform.

Researchers from Argonne Na-
tional Laboratory, the Canadian Nuclear
Laboratories, and the DOE’s SLAC Na-
tional Accelerator Laboratory used the
APS to image these defects as they
formed in real time. They took a sample
of palladium, a model storage material
for hydrogen storage, and forced hydro-
gen through it. At the same time, they il-
luminated the palladium with x-rays
from the XSD 34-ID-C beamline at the
APS. Utilizing Bragg coherent diffrac-
tive (BCDI) imaging, they recorded the
manner in which the x-rays scattered;
changes in the x-ray scattering pattern
allowed the researchers to see struc-
tural changes and defects that formed
within the metal.

This is only the second time ever
that this technigue — BCDI — has
been utilized to catch defects in the act

“Coping” cont’d. on page 56
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34-1D-C of the APS with gBCDI on gold
films with a thickness of about 200 nm
grown on boron-doped diamond sub-
strates. They first acquired baseline im-
ages of individual grains, then gradually
heated the sample up to 500° C, track-
ing the scattering from the grains to im-
age them multiple times as the temper-
ature rose.

Using this technique, the team saw
clear atomic mobility in the crystal struc-
ture and found that heat caused border-
ing crystal grains to grow non-uniformly
and facets to sharpen. In one instance,
much of the growth seemed to center
around a previously identified defect in
the crystal structure. As the temperature
increased to around 400° C, that defect
disappeared.

In the same crystal, the re-
searchers used gBCDI to map a dislo-
cation line in three dimensions. They
found that it followed a horseshoe
path—originating near a grain bound-
ary, curving about 40 nm inside the
crystal, and then terminating at the
grain surface at a different location
about 35 nm away. This dislocation line
also faded with heating, disappearing
completely at 400° C.

To investigate a different type of
crystal defect known as coherent twin
boundaries (CTBs) — in which the
atomic stacking order mirrors itself on
different sides of a crystal grain bound-
ary — the researchers performed an-
other set of experiments using a thin
gold film grown on a SiO, substrate.
This condition created gold crystals that
were more highly textured than those
on the boron-doped diamond substrate,
with more CTBs.

Initially, gBCDI images of one part
of this sample showed several distinct
sections joined by CTBs. As this sample
was heated, subsequent images re-
vealed the largest sections growing and
becoming sharper, while the smaller
ones shrank. However, at higher tem-
peratures, this situation reversed.
Changes continued to occur as the tem-
perature approached 500° C, unlike in
the gold film on the boron-doped dia-
mond substrate, which stabilized
around 400° C.

Together, the authors suggest,
these findings show the utility of gBCDI
for imaging grains and defects in poly-

crystalline materials in reactive environ-
ments to reveal the mechanisms that
can dramatically affect material proper-
ties. They add that this method can pro-
vide atomic-scale understanding of the
mechanisms important to many applica-
tions, including corrosion-resistant ma-
terials for chemical processing, high-
strength and fatigue-resistant structural
materials, and improved catalysts and
solar cells. — Christen Brownlee
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of forming. Advances in algorithms and
beamline optics at the APS were what
enabled the researchers to succeed.
The 34-ID-C beamline is optimized for
coherent x-ray flux that can be focused
down to a spot just 1-um across, or
1000 nm. This is small enough to use
Bragg coherent x-ray diffraction imaging
to watch the nanoscale defects form
step-by-step. In situ x-ray scattering
measurements were carried out at the
XSD 12-ID-C,D beamline to see if the
observed BCDI efects were present in
the ensemble scattering of many Pd
nanoparticles of digerent shapes and
sizes..

With APS x-rays, the researchers
could now see not only where the de-
fects formed, but also how the defects
altered the pressure at which the palla-
dium could bind and release the hydro-
gen (Fig. 1). They also discovered that

the best size for the palladium particles
is 300 nm or smaller. Particles in this
size range take the least strain and suf-
fer far fewer defects when absorbing
and releasing hydrogen than do larger
particles. Previously, hydride manufac-
turers hadn’t considered particle size an
important parameter; they often use
metal powders that contain many differ-
ent sizes. Grading the powders and us-
ing only particles 300 nm across or
smaller should make a hydrogen stor-
age device, or a lithium ion battery cath-
ode, that will cycle and last quite a bit
longer than current technologies.

The researchers are also excited
about using the APS to study how de-
fects in metal hydrides could be used in
a controlled way to actually improve the
qualities of the material, much the way
semiconductors are doped with impuri-
ties that introduce defects to change
their electronic properties. The 34-ID-C
beamline optics are optimal for using
Bragg coherent x-ray diffraction imag-
ing, and this technique could potentially
be used to investigate similar strain de-
fects in solar cells of any other crys-
talline material that gets repeated
nanoscale strain damage.

— Kim Krieger
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CARBON CLUSTERS AND THE DETONATION OF

HiGH EXPLOSIVES

he detonation of high explosives is complex and difficult to under-

stand. What is known is that a fast shockwave decomposes ener-

getic material to produce carbon clusters, including graphite and
nanodiamonds. This study is the first in the United States to measure the for-
mation and evolution of carbon clusters during the detonation of a plastic ex-
plosive containing the widely used insensitive high-explosive triamino-
trinitrobenzene (TATB). Time-resolved small-angle x-ray scattering (TR-
SAXS) after detonation carried out at the APS revealed the time scales of car-
bon cluster formation and provided insights into the chemical and physical
transformations that occurred. A better understanding of high-explosive deto-
nation improves our scientific models underpinning the physics involved in
detonation process relevant to the U.S. nuclear deterrent.

Fig. 1. Carbon clustering and aggregation
with the arrival of the shock front at t=0. PBX
9502 detonation wave profile measured at a
Kel-F 800 window (from Dattelbaum et al.,
Proc. 15th Int. Detonation Symposium, 2014).

High-performance explosives initi-
ate a chemical reaction that serves as
the trigger to drives the nuclear pri-
mary to critical mass. Understanding
their performance is important for
physics-based models that serve as
part of our nation’s predictive capabili-
ties in the absence of nuclear testing.
As the detonation reaction propagates,
the explosive is transformed from re-
actant to products in the chemical re-

action zone behind the shock front. For
many high-performance explosives,
these chemical reactions are so rapid
that the shock wave front and the sub-
sequent chemical reactions are con-
temporaneous. Insensitive high explo-
sives provide a safer option for the
nuclear arsenal because their reac-
tions are much more difficult to initiate.
Despite their importance, researchers
have not known the exact chemical
process of energy transfer in insensi-
tive high explosives.

In this study, researchers from Los
Alamos National Laboratory, Lawrence
Livermore National Laboratory, Wash-

ington State University, and Argonne
detonated small samples (3 gm) of
plastic bonded explosive (PBX) 9502.
This widely used, carbon-rich, insensi-
tive high explosive is composed of 95%
TATB with 5% fluoropolymer binder. To
study the detonation products, these
experiments were performed utilizing
TR-SAXS at the DCS special-purpose
35-1D-B beamline at the APS.

The solid carbon detonation prod-
ucts form over 0.1 to 2.0 pysec behind
the detonation front (Fig. 1). X-ray scat-
tering reveals carbon clusters at nano-
to mesoscales, indicating particle size
and composition (Fig. 2). The chemical
reactions take place in two stages. In
the fast reaction zone, small carbon
clusters and dense fluids (H,0, N,, CO,
CO,) are produced; these clusters coa-
lesce into larger carbon clusters to cre-
ate graphite, amorphous carbon, and
nanodiamonds.

A quantitative understanding of the
dynamics of carbon clustering — in-
cluding the size, shape, composition
and evolution — provide evidence of
how the explosives deliver energy. This
evidence is important because it: (1) re-
veals information on the conditions of
detonation, such as the type of high ex-
plosive used; (2) yields explosive syn-
thesized carbon materials, such as
nanodiamonds and other useful materi-
als; and (3) facilitates accurate model-
ing of the detonation. For example, the
researchers have learned that as car-
bon clusters grow during detonation,
the surface area-to-volume of carbon
decreases, and the formation of car-
bon-carbon bonds release energy,
which shifts the locus of the detonation.
This information improves computer
models of explosive performance.

The SAXS studies revealed sev-
eral important insights. Carbon clusters
grow more rapidly than previously
thought, within 200 nsec behind the
shockwave front. Late-time carbon
clusters match the particle sizes of re-
covered products. Simulations are in

“Carbon” cont’d. on page 59



THE MECHANICAL PROPERTIES OF 3-D-PRINTED
POLYMER MATRICES DURING FAILURE

dditive manufacturing (AM), or three-dimensional (3-D) printing, is of

particular interest because it allows for direct fabrication, reduced ma-

terial waste, and production of components with complex geometries.
In spite of these positive features, the polymers used in AM require further devel-
opment, as they are currently structurally inferior to more traditionally manufactured
material. To better understand the microstructure of AM materials and how the print
orientation and thermal history of recycled material impacts the toughness and
strength of fabricated specimens, researchers collected x-ray computed microto-
mography (CT) data at the APS. By collecting images of dog-bone—shaped speci-
mens, the exact nature of the material’s failure was visualized. This level of detail
is important for linking manufacturing processes to material performance, providing
a roadmap for how to tailor and improve the strength of AM materials.

When evaluating the strength of a
given material, tensile response, failure,
and strain evolution are important
measures. In this study, the 3-D-printed,
dog-bone—shaped specimen the re-
searchers from Los Alamos National
Laboratory, Argonne, and Arizona State
University evaluated was generated
through a common mode of manufac-
turing called selective laser sintering
(SLS), in which a laser is used for fo-
cused polymerization of loose thermo-
plastic material held within a vat. One
set of specimens was designed to as-
sess the impact of using several per-
centages of recycled material: recycled
material is material that was present in
the vat during a previous SLS session,
and therefore has thermal history from
being previously heated but not poly-
merized. In addition, the researchers
assessed the variability in strength of
polymerized material in different printing
directions along the specimen (X, Y,
and Z direction): this difference in
strength, termed anisotropy, is of cen-
tral importance when evaluating the
overall strength of an additively manu-
factured item.

Using the high x-ray flux available

at the XSD 2-BM-A,B beamline at the
APS, full 3-D images of the printed
specimens were continuously collected
at the rate of four per second as the
specimen was pulled apart over a few
seconds. Computed microtomography

imaging documented the deformation
and damage process on a microscopic
level (Fig. 1).The data showed a signifi-
cant decrease in specimen strength
and elasticity that was further dimin-
ished with increasing percentages of

Fig. 1. a) Photograph of the 3-D printed specimen (dog-bone), b) the stress strain curve generated
during the tension experiment, and c) 3-D reconstructed slices (grey) and digital volume correlation
strain heat maps that show changes as a specimen is pulled apart (left to right). The crack in the

dog bone is visible mid-way down the slices, and propagates horizontally.

recycled material used, especially in the
direction of printing. Importantly, the
ability to observe changes in mi-
crostructure and specimen volume as
crack propagation through the polymer.
Cont'd. on the next page
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and delamination of the polymer from
the glass beads in the composite al-
lowed researchers to make the obser-
vation that while glass particles within
the nylon polymer may enhance wear
resistance, the weak adhesion between
the particles does not help tensile
strength.

In future work, improvements to ex-
perimental methods will include assess-
ing additional samples and using a load
cell that can rotate faster in the syn-
chrotron’s x-ray beam for faster acquisi-
tion of data. This faster acquisition will
permit a more detailed study of strain
rate effects and allow for the study of
materials with more complex geome-
tries such as microlattices.

— Emma Nichols
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Fig. 2. TATB/PBX 9502 microstructures.
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good agreement with the experimental
measurements of cluster growth with a
freeze-out temperature and temporal
shift associated with the initial precipita-
tion of solid carbon. Surprisingly, the
measured ratio of graphite to diamond
carbon forms is 80:20; researchers ex-
pected to see much more carbon in
highly ordered diamond form at the det-
onation conditions.

This work will help researchers un-
derstand the detonation process over
time to better predict the velocity and
energy delivered by an explosive. The
results will inform future product equa-
tion-of-state models for solid carbon in
PBS 9502 detonation mixtures. Indeed,
better modeling leads to better predic-
tions regarding safety, security, and ef-
fectiveness of the U.S. nuclear deter-
rent. — Dana Desonie
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PROBING NANOSCALE MICROSTRUCTURAL
EVOLUTION MECHANISMS IN ALUMINUM ALLOYS BY
4-D X-RAY NANOTOMOGRAPHY
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Fig. 1. (a) Schematic of the TXM setup showing its principle of operation. (b) Absorption radiograph
of 100 nm Siemens star imaged using a 60-nm FZP objective lens. (c) Nanoscale 3-D rendering of
microstructural evolution of 8’ (Al,Cu) and B at T = 350° C in an Al-4%Cu alloy. (d) Schematic
showing re-sectioning of the virtual microstructure to obtain inter-particle spacing (A) from the (111)
slip plane, and pole figure maps representing the 3-D crystallographic orientation of the maximum

Feret diameter of the 8 precipitates.



hen a single-phase solid solution of aluminum (Al) and cop-

per (Cu) is rapidly quenched, a supersaturated solid solution

of Cu in Al forms that, on subsequent “aging” at elevated tem-
peratures, yields the precipitation of various metastable, intermediate, sec-
ond-phase particles. As the aging process continues, these particles undergo
complex transitions in morphology and crystallographic structure and in their
interfacial relationships with the aluminum matrix. The final outcome of this
process is an alloy containing a three-dimensional (3-D) array of particles of
various sizes, shapes, and compositions that play an important role in deter-
mining the strength of the material. The particles harden the alloy largely by
impeding the movement of crystallographic dislocations, which are important
sources of plasticity. Although understanding particle evolution is critical to
modeling an alloy’s mechanical and thermodynamic responses, much debate
persists about the mechanisms driving the process. High-temperature studies
carried out using transmission electron microscopy have been hampered by
the fact that specimens need to be ultra-thin, thus giving essentially two-di-
mensional information about a 3-D process. Several models and theories
have attempted to explain the interaction of dislocations with different kinds of
particles, but lack experimental verification. A comprehensive model that ac-
counts in 3-D for dislocation interactions with multimodal distributions of vary-
ing precipitate sizes remains lacking. Capitalizing on the capabilities of a new
transmission x-ray microscope (TXM) at beamline 32-1D-B,C of the APS, re-
searchers implemented synchrotron-based, absorption, full-field hard x-ray
nanotomography, and answered some of the most fundamental metallurgical

questions pertaining to precipitation-strengthened systems.

This instrument represents a new
generation of full-field x-ray micro-
scopes has emerged that allow 3-D
analyses of large volumes of materials
at unprecedented length scales, en-
abling the dawn of “four-dimensional (4-
D) characterization” (time being the
fourth dimension) and it is pushing the
global frontiers of hard x-ray nanoto-
mography, in that it is capable of imag-
ing at energies up to 15 keV, with spa-
tial resolutions of 20 and 60 nm. The
researchers in this study, from Arizona
State University, the Indian Institute of
Technology Kanpur, and Argonne were
able to measure the evolution kinetics
of different nanoscale phases of Al-Cu
alloys in 3-D for the first time, revealing
insights into several observed novel
phase transformation reactions. Their
experimental results lent support to par-
ticle coarsening models from the Lif-
shitz-Slyozov-Wagner (LSW) theory to
an unprecedented extent, thereby es-
tablishing a new paradigm for thermo-
dynamic analysis of precipitate assem-

blies. The study also shed light on the
possibilities for establishing new theo-
ries for dislocation—particle interactions.
Another important advancement in this
work was the correlation of nanotomog-
raphy and electron backscatter diffrac-
tion (EBSD) data to obtain 3-D crystal-
lographic orientation information.

Al-4wt%Cu samples were aged at
350° C and 400° C. Imaging was per-
formed using a monochromatic beam at
9.1 keV, just above the Cu K-edge, to
maximize contrast between the Al,Cu
and Al phases. Tomograms were ob-
tained at all aging conditions, making it
possible for the first time to track 3-D
microstructural changes in bulk at the
60-nm length scale. Aging the samples
at 350° C revealed complex transforma-
tion reactions that were occurring in the
alloys, most of which are nearly impos-
sible to capture using other characteri-
zation techniques.

The Al-4wt%Cu alloy was aged at
400° C to closely monitor the coarsen-
ing of the 6 phase alone. The experi-

ments rendered a more thorough un-
derstanding of the coarsening behavior
of the 6 phase through the 3-D meas-
urements. A transition from interface-
controlled to volume diffusion-controlled
growth in thickness was captured from
scaled precipitate size distribution
curves, and a validation of the LSW the-
ory was carried out. The study utilized a
unique correlative approach, bridging
tomography data with EBSD, allowing
experimental estimation of Orowan
strengthening as well as quantification
of the preferred orientation of the 6
phase in 3-D.

The experiments demonstrated the
ability to virtually probe the 3-D mi-
crostructure at the nanoscale and non-
destructively quantify parameters such
as the critical precipitate shearing
stress, Orowan looping stress, and in-
ter-precipitate dislocation cell size,
which is a colossal step that can have
seminal implications in predicting the
mechanical responses of many high-
performance materials. — Vic Comello
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How FAR CAN THIN FILMS STRETCH?

esearchers are interested in using piezoelectric materials, which

change shape in response to an applied voltage, for a variety of

applications, including a new type of transistor that could be faster
and less power-hungry than existing silicon transistors. To build such devices,
they have to understand exactly how much the piezoelectric deforms under
voltage, and how they can design the material to get the desired results. A
group of scientists has used the APS to measure just how much a piezoelec-
tric thin film moves under particular conditions.

Fig. 1. The normalized piezoelectric response of the thin film, measured in pm V'], over the width of

the feature from the clamped center to the declamped sidewalls was in good agreement between

the model and two experimental measurements (left). The aspect ratio of the film affects its re-

sponse for a variety of materials (right).

Engineers would like to use piezo-
electric thin films to build devices such
as piezoelectronic transistors (PETS). In
a PET, applying a voltage causes the
film to push against a piezoresistive ele-
ment, closing a circuit and switching it
on. Such a transistor might have 10
times the switching speed of a silicon
transistor but operate on a tenth of the
power. Thin films, however, are limited
in how much they can deform by the
fact that they’re attached to a substrate.
To stretch in one direction — to get
thicker — they have to contract in an-
other, a movement that’s inhibited by
being stuck on their base. The re-
searchers from The Pennsylvania State
University, the University of Connecti-
cut, North Carolina State University,
and Auburn University wanted to deter-
mine how much deformation they could
achieve, a quantity known as the piezo-
electric coefficient, if they detached por-
tions of the film from the substrate.

They started by growing a 300-nm-
thick thin film 70% lead magnesium nio-
bate and 30% lead titanate on a plat-
inum-coated silicon substrate. They

then used reactive ion etching to pat-
tern the film into strips that ranged from
0.75- to 9-um wide with sidewalls that
were unattached to anything, a process
called “declamping.” They knew from
the literature that the ratio of the strip’s
width to its thickness affects the degree
of declamping, with lower ratios leading
to better functional properties.

The researchers assessed the
piezoelectric coefficient by three meth-
ods. One was a numerical modeling ap-
proach, finite element modeling (FEM),
which provided a theoretical measure-
ment. The other two were experimental.
They utilized piezoresponse force mi-
croscopy, a type of atomic force mi-
croscopy that measures the out-of-
plane displacement when a voltage is
applied. The probe’s tip is so small that
it provides good lateral resolution, but
its absolute vertical accuracy is poor.

To make quantitative measure-
ments of the vertical movement, the
team performed synchrotron x-ray dif-
fraction at the XSD 2-ID-D beamline of
the APS. This nanoprobe beamline can
focus the x-ray beam down to a spot

size of 240 nm (the full width at half the
maximum of the beam’s intensity), pro-
viding good resolution. They also
moved the spot across the sample in
sub-micron steps, allowing them to map
the thin film and its displacement.

The three methods all found that
the film showed a piezoelectric coeffi-
cient of 40 to 50 pm V-1, under an exci-
tation of 200 kV cm-!, where they were
most strongly attached to the substrate,
but rose to approximately 160 pm V-' at
the sidewalls, where they were de-
clamped (Fig. 1). The freedom at the
sidewalls caused the material to behave
as if it were partially declamped over a
distance of about 500 to 600 nm into
the structure. The researchers also
found that the coefficient increased as
the ratio of width to thickness got
smaller. The experiment was limited to
the 240-nm spot size of the x-ray beam,
but the FEM results predict that the av-
erage response will get better with
smaller aspect ratios. — Neil Savage
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RoLL Up, RoLL Ur YOUR AMPHIPHILES

Fig. 1. SAXS/MAXS/WAXS combine forces at the APS to provide detailed information about how amphiphilic molecules form

spherical micelles, roll up into tubes or can be laid out as flat bilayer sheets.
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esearchers working at the APS investigated the transformation of as-

semblies of amphiphiles, molecules having a polar water-soluble group

attached to a water-insoluble hydrocarbon chain. The amphiphiles under
study were those that form micelles, microscopic molecular bubbles that can uti-
lized to model the structure of a cell membrane and help us improve our under-
standing of the way the body works. Micelles can also mimic some of the properties
of the cell membranes in a laboratory or even industrial context, filtering out toxic
chemicals from water, detecting trace elements and drugs in environmental and
medical samples, and even cleaning up contaminated wasteland. The study pro-
vides a facile method for manipulating the assembly structures of charged mole-
cules as required for given applications.

This research, involving in situ
small, medium, and wide-angle x-ray
scattering (SAXS/MAXS/WAXS) at the
DND-CAT 5-ID-B,C,D and XSD 12-ID-B
beamlines at the APS, observed for the
first time the corresponding cylindrical
micelles and bilayer sheets. The results
show precisely how tuning the molecu-
lar charge and intermolecular interac-
tions via the pH (the potential of hydro-
gen, a logarithmic scale used to specify
the acidity or basicity of an aqueous so-
lution) gives rise to different micellar
structures. Of particular interest is the
bilayer structure, which is typically not
expected for molecules with a head
group much larger than the tail. The x-
ray experiments reveal that such mole-
cules can assemble into bilayers if the
tails of the two leaflets interdigitate.

Soap, or surfactant, molecules are
two-faced, or double ended. At the
head they are water loving, hydrophilic,
at the tail end they repel water, they are
hydrophobic, or put another way oil-lov-
ing (lipophilic). It is this chemical am-
bivalence that allows them to break up
oily compounds in water, such as the
grease on your dishwashing or the dirt
and stains on your laundry. Surfactant
molecules are thus known as am-
phiphilic, they have two characteristics
in one. Add a surfactant to water and
the molecules will form aggregates in
which their lipophilic tails all congregate
together within a bubble like structure
with the hydrophilic heads looking out
at the water molecules in which they
find themselves. A larger version of the
micelle is the liposome in which there is
a hydrophilic hollow within the “bubble,”
Similarly, if there are constraints that
preclude formation of a sphere a cylin-
drical micelle can be formed. Also,

spread out as a layer on a watery sur-
face or a polar layer, and the am-
phiphilic molecules will form a bilayer in
which the tails are sandwiched in be-
tween two layers of hydrophilic heads.

The micelle, liposome and bilayer
sheets formed by surfactants are well
studied because of their resemblance
to the membranes of cells in our bod-
ies. They can be used to hold other
small molecules, have holes punched
in them and be used to model the phys-
ical and chemical properties of mem-
branes. A realistic model of an object
can, of course, carry out some of the
functions of that object, albeit imper-
fectly. But, conversely imperfect does
not necessarily mean inappropriate, the
simplicity of a micelle compared to a
real cell membrane makes them easier
to manipulate and they might, neverthe-
less, offer useful functionality in a wide
range of situations from the biomedical
laboratory to industrial cleanup.

There are a vast number of am-
phiphilic molecules any one of which
might generate micelles and bilayers
with specific properties for a particular
application. One class of amphiphiles of
growing interest is those in which the
tail is an alkyl hydrocarbon group, not
dissimilar to the molecular structure of
different oil molecules. The head of
those amphiphiles comprises a short
sequence of amino acids, the building
blocks of peptides and proteins. The
oily tail is lipophilic, while the acidic
heads are charged and thus hydrophilic
and so can dissolve in water while the
water repels the tails.

Of particular interest is the pres-
ence of different charged amino acids
in the same head. For such molecules,
adjusting the acidity or alkalinity, the

pH, of the solution can change the
charge state of the head group and the
intermolecular electrostatic interactions.
Thus, the aggregation state of the mol-
ecules (micelles, liposomes etc.) may
be reconfigured by changing the pH.

— David Bradley
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GEL FORMATION REVEALED

nowledge about colloidal gel formation and dissolution has impli-

cations for understanding the preparation and stability of many

consumer goods such as milk and yogurt, and personal care prod-
ucts such as cosmetics. At the same time, more fundamentally, colloidal gels
exhibit physical behavior that can help address challenging scientific problems
such as the formation, stability, and dynamics of glasses. Studies by a research
team utilizing high-brightness x-rays from the APS provides important insight
into a key question that has long puzzled scientists in the field, namely, why do
nanoparticle gels take so long to form after a quench even though the con-
stituent nanoparticles are rapidly diffusing through the suspension?
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researchers studied this
transformation from fluid to
gel in agueous suspen-
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10 silica particles. Taking ad-
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oped x-ray scattering ca-
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10" precisely tune the strength
of the particle attractions,
the scientists were able to
107  track the evolution in the
microscopic organization
and mobility of the parti-
cles and correlate these
properties with the time-

Fig. 1. Left panels: Pictures of a colloidal nanoparticle suspen-
sion in its fluid state (top) and gel state (bottom). Right panels:
time-average coherent x-ray scattering patterns for a colloidal
suspension just after (top) and well after (bottom) it has been
quenched into the gel-forming regime. The irregular shape cen-
tered at 0,0 is the shadow of a beam stop that protects the de-
tector from the damaging direct x-ray beam while the isolated

blue dots in the images are defective sensor elements. Both are

dependent macroscopic
mechanical behavior of the
suspensions. They found
that the rate of gel forma-
tion is surprisingly sensi-
tive to the strength of at-
traction, but that the
suspensions proceed

excluded from the data processing.

A gel is formed when particles sus-
pended in solution become unstable to
aggregation, ultimately forming a sys-
tem spanning network that imparts me-
chanical rigidity to the system. The time
required for this process can vary from
a fraction of a second to many hours
depending on the concentration of the
particles and the strength of their attrac-
tion for one another. This sensitivity cre-
ates a scientific challenge that is central
to the field of soft matter but also an op-
portunity for designing suspensions with
properties tailored for specific applica-
tions, such as those noted above. The

through identical interme-

diate states of microscopic
and macroscopic behavior even as the
time needed to form a gel varies by or-
ders of magnitude. To explain these ob-
servations, they propose a model of gel
formation in the regime of weak attrac-
tion in which network formation is a hi-
erarchical process whose initiation de-
pends on the creation and stability of
small clusters in which the particles
arrange in particularly favorable config-
urations.

The intermediate concentration
gels that the researchers from Argonne
, FAMU-FSU College of Engineering,
AGH University of Science and Tech-

nology (Poland), and Johns Hopkins
University chose to study are particu-
larly intriguing because there remain
many unanswered questions about the
mechanisms by which such gels form
from a suspension of rapidly diffusing
constituent nanoparticles. The left pan-
els of Fig. 1 are pictures of a colloidal
nanoparticle suspension like the one
the researchers studied. The upper left
picture is the suspension in its fluid
state while the lower leftis it in its
gelled state. The gelled suspension ap-
pears milky and does not fall out of the
test tube because of the formation of a
large-scale mechanically rigid structure
in the gel.

For the reasons outlined above,
gels have been studied for many years
utilizing a variety of experimental tech-
nigues such as confocal microscopy
and light, neutron, and x-ray scatter-
ing, as well as via simulation tools
such as molecular dynamics. In partic-
ular, previous x-ray photon correlation
(XPCS) studies performed at the APS
[H. Guo et al., J. Chem. Phys. 135,
154903 (2011)], were able to examine
slower formation and aging behavior of
gels, but were unable to reveal how
the colloids in suspension transitioned
from a fluidized state at higher temper-
atures to an almost fully immobile
state in the gel. XPCS measures fluc-
tuating coherent scattering patterns to
provide information about motion in
materials at the nanoscale. To date, a
key shortcoming of the technique has
been limited detector speed that re-
stricts the range of fluctuations that
can be measured.

To address this shortcoming, the
current experiment team worked
closely with pixel-array x-ray detector
developers at the AGH University of
Science and Technology to commis-
sion and then deploy the world’s first
XPCS-suitable (ultrafast, x-ray-photon-
counting, pixel-array detector, or
UFXC) area detector for measure-
ments at the XSD 8-ID-1 beamline at
the APS. The detector is nearly ten
times faster than any device available
on the commercial market and pro-



vided the researchers with an unprece-
dented view of the early stages of gel
formation.

To obtain information about the
formation of the gel, the researchers
started with the nanoparticle suspen-
sion at a higher temperature, when it is
in its fluidized state, and then rapidly
quenched it to temperatures at which a
gel forms. The UFXC detector was
then used to repeatedly measure
“video clips” of the gel formation as a
function of time after the quench to
lower temperature was complete. The
right panels of Fig. 1 show the time-av-
erage coherent scattering patterns
measured just after (upper right) and
well after (lower right) a quench. The
upper-right pattern is smooth or blurred
because the constituent nanoparticles
were moving rapidly during the data
collection period while the lower-right
pattern is speckled or grainy, because
the nanoparticles are now mostly
frozen in position.

The coherent scattering patterns
collected by the UFXC can be used to
measure the dynamic properties (the
so-called time autocorrelation decay
functions) of the nanoparticle suspen-
sion as a function of time after it has
been quenched into the gel-forming
regime. Fig. 2 shows autocorrelation
functions for three such quenches.
Squares are the correlation points for a
1.5-K quench below the gel tempera-
ture while the circles and diamonds are
for 1.25-K and 1.0-K quenches. The
curve labelled A was obtained soonest
after the quench, while that labelled G
was obtained latest. The time scale of
the decay from the maximum ampli-
tude of the traces on the left to the
minimum on the right provides a meas-
ure of how dynamic the nanoparticles
are. Soon after the quench (A curves),
the decay is rapid, indicating motion of
small clusters of nanoparticles while
long after the quench (G curves), the
decay is incomplete indicating that the
nanoparticle motion has largely been
arrested and that the gel is nearly fully
formed. The illustrations in the lower
left and upper right of Fig. 2 are
schematic illustrations of the micro-
scopic state of the suspension at these
two extremes of observed behavior.

The most intriguing part of the re-
search performed by the team was the

finding that the shapes
that the correlation de-
cays exhibit as the gel
forms after the quench
are identical irrespective
of the quench tempera-
ture, i.e., each curve (A—
G) is comprised of points
from different quenches
that lie atop one another.
The only difference ob-
served between the be-
havior of different quench
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temperatures was how 10!
long after the quench the
scientists had to wait to
observe an overlapping
correlation function. For
instance, curve D in Fig.
2 was measured 658 s
after the quench to 1.5 K
below the gel tempera-
ture (squares), while
curve D was also meas-
ured after 1156 s and
1856 s, respectively, for 1.25-K and 1.0-
K quenches. Similar observations were
also made using a rheometer that
measures the solid-like nature of the
suspension and also by carefully exam-
ining the time-average scattering pat-
terns like those presented in the right
panels of Fig. 1.

This work suggests that gel forma-
tion occurs via the formation of highly
favored small clusters of nanoparticles
like those illustrated schematically in
the lower left of Fig. 2, and via relatively
slow diffusion; the clusters interact and
form a space-spanning gel structure like
that shown schematically in the upper
right of Fig. 2. The work provides impor-
tant insight into a key question that has
long puzzled scientists in the field,
namely, why do nanoparticle gels take
so long to form after a quench even
though the constituent nanoparticles
are rapidly diffusing through the sus-
pension? The UFXC detector provided
the team with a unique opportunity to
observe the early formation process of
a gel and demonstrated that with the
right tools, XPCS at markedly faster
time scales will be possible with the
dramatic gains in coherent flux that pro-
posed APS Upgrade will provide.

See: Qingteng Zhang', Divya Bahadur?,
Eric M. Dufresne!, Pawel Grybos3, Piotr
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Fig. 2: Time autocorrelation decay functions indicating the dynamic
state of the nanoparticle suspension after three different quenches
into the gel-forming regime. Each of the curves (A—-G) is comprised
of data points obtained from the three quenches listed in the leg-
end with the only difference being how long after the quench the
same decay functions were measured. The lines through the data
points are guides-to-the-eye. The microscopic structures of the gel

in its liquid and gelled states are shown schematically in the figure.
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DIBLOCK COPOLYMER MELTS MIMIC METALLIC
ALLOYS WHEN THERMALLY PROCESSED

nderstanding how atoms and molecules fill space to form solids and liquids has

challenged mathematicians, scientists, and technologists since antiquity. While

the self-assembly of “soft” materials — including surfactants and lipids, supramol-
ecular assemblies, and block polymers — has long been thought to be governed by very dif-
ferent molecular packing phenomena than those of “hard” materials, such as metals and
alloys, evidence of some similarities between the two has recently emerged. Accordingly, a
team of scientists sought to build on this body of new data by exploring how thermal pro-
cessing influences the nucleation and growth of order in compositionally asymmetric low-
molar-mass 1,4-poly(isoprene)-b-poly(zlactide) (PI-PLA) diblock copolymer melts by cooling
them from the disordered state to temperatures below the order-disorder transition (TOp;)
temperature. The two-pronged study involved self-consistent field theory (SCFT) calculations
and small-angle x-ray scattering (SAXS) experiments conducted at the APS. The resulting ob-
servations suggested enticing analogies between the underlying mechanisms responsible
for symmetry-breaking in hard and soft matter. Cont’d. on the next page

Fig. 1. Small-angle x-ray scattering pattern of the C14 Laves phase obtained
from a 1,4-poly(isoprene)-b-poly(Xlactide) (PI-PLA) diblock copolymer after
rapidly cooling the disordered melt in liquid nitrogen and reheating to just
below the order-disorder transition. The unit cell of the C14 Laves phase con-
tains 12 micelles with 3 different polyhedral shapes as determined using self-

consistent field theory.



Block polymers are uniquely tun-
able self-assembling soft materials,
making them ideal model materials for
fundamental inquiries into the formation
and stability of soft quasicrystals. In
most asymmetric variants, diblock
copolymers form point particles, nomi-
nally spherical in shape. When packed
together in the absence of a diluent,
these “soft” micelles are forced to as-
sume polyhedral shapes such that
space is filled without voids while main-
taining the uniform density dictated by
short-range liquid-like packing of chain
segments. Until recently, theory and ex-
periments supported the notion that the
universal equilibrium state is a body
centered cubic (bcc) arrangement of
such particles.

The SCFT calculations showed
that Laves and Frank-Kasper phases
commonly found in alloys have nearly
degenerate free energies, suggesting
that processing history would drive the
materials into long-lived metastable
states defined by populations of self-as-
sembled particles having different vol-
umes and polyhedral shapes. Guided
by these calculations, the researchers
from the University of Minnesota sub-
jected two PI-PLA diblock copolymer
melts to two different thermal treat-
ments. The melts were either cooled di-
rectly to T < Tp; (at about 2° C/sec) or
immediately submerged into liquid nitro-
gen (T =-196°C) then reheated to T <
Topr @nd held at final target tempera-
tures for up to 20 days.

The SAXS studies carried out at
the DND-CAT 5-ID-B,C,D and XSD 12-
ID-B beamlines at the APS revealed
that a sample containing a PLA block
component at 15 volume percent be-
came ordered as bcc and the Frank-
Kasper o phases upon being cooled di-
rectly to 70° C and 55° C, respectively.
On the other hand, such a sample that
was rapidly quenched to —-196° C and
reheated to 25° C developed a liquid-
like packing (LLP) configuration. At 35°
C, a SAXS pattern associated with the
dodecagonal quasicrystalline phase
emerged after several days, whereas
heating to 85° C produced a Laves C14
phase (Fig. 1). Increasing the PLA block
volume from 15 to 20% at about the
same molar mass resulted in a different

complement of ordered structures dur-
ing thermal processing. When cooled
directly to 80° C, the sample trans-
formed rapidly to the hexagonally
packed cylinder phase, while quench-
ing the sample from —196° C to 25° C
again resulted in the LLP state, with the
Laves o phase emerging at 85° C and
a SAXS pattern consistent with the
Laves C15 phase fully forming after
several days at 100° C. This unprece-
dented set of results reinforces the con-
clusion drawn from the SCFT calcula-
tions that processing history can lead to
multiple metastable particle packing
arrangements.

The researchers explain these re-
sults by pointing out that the spatial
arrangement of self-assembled diblock
copolymer micelles depends on the dis-
tribution of particle sizes and short-
range repulsive interactions. However,
unlike individual atoms, each micelle
can spontaneously adjust its size by
shedding or absorbing diblock copoly-
mer chains, leading to a distribution of
particle volumes. At equilibrium, the av-
erage particle diameter increases with
decreasing temperature, so rapidly su-
percooling the disordered meltto T <
Topr (€.9., by immersion in liquid nitro-
gen) drives the material far out of equi-
librium. As the quenched material is
heated above the glass transition tem-
perature, rearrangement of the particle
sizes through fusion, fission, and chain
diffusion stabilizes a state of local pack-
ing that guides nucleation and growth
of long-range order along a path on the
free-energy surface that funnels into a
local minimum associated with one of
the low-symmetry phases. Once
formed, free-energy barriers trap the
various Frank-Kasper and quasicrys-
talline phases for long times. Cooling
the disordered melt directly to tempera-
tures where block copolymer diffusion
remains rapid allows the system to con-
tinuously adjust the distribution of parti-
cle sizes, accessing alternative paths
on the free-energy surface leading to
the development of different states of
order.

These results reinforce fundamen-
tal analogies between the way metals
and self-assembled soft materials
break symmetry when subjected to

changes in thermodynamic state vari-
ables that drive phase transitions. Com-
petition between lattice symmetry and
the drive to minimize system free en-
ergy through tailoring the overall size
and shape of the polyhedral micelles in
real space has intriguing analogies with
the competition between the packing
configurations of metal atoms, where
the tendency for the electronic configu-
ration to support a nearly spherical
Fermi surface can induce transitions to
low-symmetry reciprocal-space lattices.
The exquisite control over block poly-
mer molecular structure afforded by
controlled polymerization offers oppor-
tunities to unravel the basic principles
that define order and disorder in con-
densed matter. — Vic Comello
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UNRAVELLING THE MYSTERY OF

NANOPARTICLE-REINFORCED POLYMERS

transformative discovery was that the addition of nano-sized par-

ticles can mechanically reinforce a polymeric matrix. The result-

ing flexible composite forms a lightweight, yet strong material that
is of considerable commercial interest. Examples over the last century include
the clay-reinforced resin used in common household goods (“bakelite”),
nanoparticle-toughened rubber for automobiles, and mica-reinforced nylon with
a 5-fold increase in yield and tensile strength. The growing availability of
nanoparticles with precise size and shape and properties, combined with the
development of high-resolution characterization techniques, has spurred even
greater interest in nanoparticle-polymer composites, which have potential ap-
plications in aerospace, defense, transportation, biomaterials, and energy stor-
age and conversion. A team of researchers exploited the power of the APS as
a means of tracking, for the first time, the motion of a high concentration of sil-
ica nanoparticles in polymer melts relevant to commercial polymer nanocom-
posite applications. Motion of nanoparticles in polymeric melts has so far been
investigated only in the dilute nanoparticle regime due to the challenges in dis-
persing nanoparticles in polymer melts at high volume fractions and the sen-
sitivity of the particle dynamics to the morphology of the resulting aggregates.

At present, development of poly-
mer melt materials is hampered by a
lack of understanding of the reinforce-
ment mechanism, which is much de-
bated. Most of the previously proposed
reinforcement mechanisms focus on
polymer mobility in the presence of
nanoparticles. However, since the rein-
forcement is a combined effect of poly-
mer, particle, and the interphases in be-
tween, understanding how particle
motion is affected as the nanocompos-
ite gets stronger is equally important.

To begin, the team of researchers
from the National Institute of Standards
and Technology, the University of Mary-
land, and Argonne took advantage of
the favorable interaction between poly-
mer and nanoparticles to prepare a uni-
form dispersion of silica nanoparticles in
a polyethylene oxide melt with a particle
volume fraction up to 42%. In preparing
this material, they dissolved the poly-
ethylene oxide in acetonitrile solvent
and added silica nanoparticles into the
polymer solution. The mixtures were
then sonicated and vigorously stirred.
Finally, the samples were dried under a

fume hood, annealed above the melting
temperature of the polymer for solvent
removal, and molded to sizes of 1-mm
diameter and 0.8-mm thickness. The
resulting composite samples had parti-
cle volume fractions of 2.5% to 42%.
Using x-ray photon correlation spec-
troscopy (XPCS) at XSD beamline 8-
ID-1 of the APS, the team was able to
follow the slow nanoscale motion of the
nanoparticles (“relaxation”) in the poly-
mer composites over a length scale of
20-200 nm and time scale of 10 msec
to 2000 sec.

At the lowest concentrations of
2.5%, the nanoparticles were well sep-
arated; thus, the isolated nanoparticles
exhibited simple diffusion, unhindered
by the presence of other nanoparticles.
At the highest concentration of 42%, all
polymer chains were practically in di-
rect contact with the nanoparticles;
thus, the response was solely from
nanoparticles with overlapping bound
chains. The composite with 28%
nanoparticles presented a rather “hy-
perdiffusive” (faster than diffusion) be-
havior but with faster nanoparticle re-

laxation times. The samples with inter-
mediate concentrations of 8% and 17%
presented the features of both dilute
and concentrated polymer-nanoparticle
composites.

At high concentrations, the
nanoparticles served as both fillers for
the resulting polymer nanocomposites
and probes for the viscoelasticity of the
surrounding polymer medium. The slow
particle motion allowed the observation
of reinforcement in the nanocomposites
from the “eyes” of the nanoparticles.
The results from XPCS as well as rheo-
logical measurements showed that the
nanoparticles unexpectedly remain mo-
bile at high concentrations whereas the
elastic modulus of the composites in-
creases by three orders of magnitude.
Such decoupling of polymer and
nanoparticle dynamics has not been re-
ported before and should lead to new
experiments and simulations with po-
tentially novel findings. These results
call for revising the current thinking on
both the reinforcement mechanism in
polymer nanocomposites and nanopar-
ticle motion in reinforced polymers.

— Joseph E. Harmon

See: Erkan Senses'’2*t, Suresh
Narayanan?, Yimin Mao'2, and Antonio
Faraone'**, “Nanoscale Particle Motion
in Attractive Polymer Nanocomposites,”
Phys. Rev. Lett. 119, 237801 (2017).
DOI: 10.1103/PhysRevLett.119.237801
Author affiliations: 'National Institute of
Standards and Technology, 2University
of Maryland, 3Argonne National Labora-
tory ¥Present address: Koc University
Correspondence: * esenses@ku.edu.tr,
** antonio.faraone@pnist.gov

This work used resources of the Advanced
Photon Source, a U.S. DOE Office of Sci-
ence user facility operated for the DOE Of-
fice of Science by Argonne National
Laboratory under Contract No. DE-AC02-
06CH11357.



MELTING A SOLID BELOW THE FREEZING POINT

The original Carnegie Institution for Science
press release can be read at: https://carnegi-
escience.edu/node/2128

©2017 Carnegie Institution for Science

Phase transitions surround us —
for instance, liquid water changes to ice
when frozen and to steam when boiled.
Now, researchers at the Carnegie Insti-
tution for Science utilized the APS in
their discovery of a new phenomenon of
so-called metastability in a liquid phase.
A metastable liquid is not quite stable.
This state is common in supercooled
liquids, which are liquids that cool below
the freezing point without turning into a
solid or a crystal. These scientists re-
port the first experimental evidence of
creating a metastable liquid directly by
the opposite approach: melting a high-
pressure solid crystal of the metal bis-
muth via a decompression process be-
low its melting point. The results could
be important for developing new materi-
als and for understanding the dynamics
of planetary interiors, such as earth-
quakes, because a metastable liquid
could act as a lubricant strongly affect-

Bi-II

When a crystal structure of bismuth (right) is decompressed from 32,000 atmospheres (3.2 GPa) to
12,000 atmospheres (1.2 GPa) it melts into a liquid at about 23,000 atmospheres (2.3 GPa) (mid-
dle). It then recrystallizes at 12,000 atmospheres (left). The so-called metastable liquid produced by

this decompression occurs in a pressure-temperature range similar to where the supercooled bismuth is

produced; supercooled liquids are cooled below the freezing point without turning into a solid or a

crystal. Image courtesy Chuanlong Lin and Guoyin Shen

ing the dynamics of the Earth's interior.

Phase transitions come in two ba-
sic “flavors.” In one type, the chemical
bonds do not break as the material
goes from one phase to another. But
they do alter in orientation and length
in an orderly manner. The other, called
reconstructive phase transition, is
more chaotic, but the most prevalent in
nature and the focus of this study. In
these transitions, parts of the chemical
bonds are broken and the structure
changes significantly when it enters a
new phase,

Pressure can be utilized to change
the phase of a material, in addition to
heating and cooling. The scientists in
this study put a form of crystalline bis-
muth in a pressure-inducing diamond
anvil cell at the HP-CAT x-ray beamline

at the APS, and subjected it to pres-
sures and decompression ranging from
32,000 times atmospheric pressure (3.2
GPa) to 12,000 atmospheres (1.2 GPa)
at a temperature of 420° F (489 K). Un-
der decompression only, at about
23,000 atmospheres, bismuth melted
into a liquid. Then at 12,000 atmos-
pheres it recrystallized.

The richness in crystalline structure
of bismuth is particularly useful for wit-
nessing changes in the structure of a
material.

The researchers imaged the
changes using a technique called x-ray
diffraction, which uses much higher en-
ergy x-rays than those used for medical
imaging and can therefore discern
structure at the atomic level. They con-

“Melthing” cont’d. on page 73



AN UNUSUAL PACKING ARRANGEMENT OF
SOFT SPHERES

oft particles, including colloidal particles and various types of polymers and liquid crystals,

can self-assemble into useful materials that serve as catalysts, microscale materials for ma-

nipulating light, and therapeutic drug delivery vehicles among myriad other applications.
Learning how to manipulate their microscopic arrangements, which in turn influences their macro-
scopic properties, requires a fundamental understanding of the interplay between the structures and
symmetries of the particles and how they interact. In water, surfactant molecules — key components
of soaps — self-assemble into soft spherical particles that have long been thought to assume the
same close-packed configurations as hard spheres, such as stacks of oranges at a grocery store.
However, a new study by a team of researchers from the University of Minnesota and the University
of Wisconsin—Madison demonstrates that the situation can be far more complex. Utilizing information
collected at the APS, the researchers found that mixing a particular surfactant known as bis(tetram-
ethylammonium) decylphosphonate (DPA-TMA,) with precise amounts of water drives its self-as-
sembly into intricate structured solids involving packings of spheres of up to five different sizes that
interact through inherent electrical charges. The findings suggest that other charged spherical parti-
cles might also self-assemble in water into unusual configurations, all of which could have potentially
useful applications.
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The researchers started by synthe-
sizing pure samples of DPA-TMA,. Mix-
ing defined ratios of this surfactant and
ultrapure water gives rise to soft solids
in which the surfactant molecules spon-
taneously form spherical particles called
micelles that pack into periodic three-di-
mensional (3-D) structures. The re-
searchers then employed the DND-CAT
5-ID-D and XSD 12-ID-B beamlines at
the APS to carry out synchrotron small-
angle x-ray scattering (SAXS) experi-
ments to investigate the exact packing
arrangements of the micelles.

Their findings revealed a zoo of un-
expected structures that depend on the
relative amounts of water and surfac-
tant that are mixed. When small
amounts of DPA-TMA, are mixed with a
large amount of water, the micelles do
not pack into any organized structure
but instead form freely flowing fluids.
Decreasing the amount of water mixed
with surfactant leads to a body-centered
cubic packing of micelles, in which the
repeating unit is a cube containing a
central micelle surrounded by eight
nearest neighbors situated at the cube
corners. At medium water concentra-
tions, SAXS analyses surprisingly
showed that the surfactant micelles or-
ganized into a tetrahedral close packing
with a giant, repeating unit cell contain-
ing 30 deformed spherical micelles.
This arrangement fits the pattern of a
Frank-Kasper sigma phase, a crystal
structure taken on by certain heavy
metals (e.g., uranium and tantalum) and
intermetallic alloys (e.g., FeCr). A curi-
ous feature of this unusual structure is
that its repeating pattern contains mi-
celles of five discrete sizes, rather than
a single uniform micelle as anticipated
by conventional wisdom. The surfactant
micelles adopt another periodic crystal
structure known as the A15 phase at
even lower water concentrations. This
micellar A15 structure is also an analog
of a known intermetallic structure.

< Fig. 1. Mixing precise amounts of water
with the surfactant DPA-TMA2 generates
spherical micelle particles that spontaneously
assemble into various unexpected configura-
tions that mimic those of hard metal alloys,
such as body-centered cubic, Frank-Kasper

sigma phase, and A15 phase.

Using computer simulations, the
researchers demonstrated that the for-
mation of these complex structures
arises from a competition between the
spherical symmetry of the micelle parti-
cles and the overall symmetry of the
packing that they adopt. Packing soft
micelles into a regular structure distorts
their shape through interactions be-
tween micelles that are mediated by
clouds of charged particles, or ions,
that surround each sphere. However,
the ion cloud around each sphere
prefers to maintain a spherical shape.
To accommodate these competing ef-
fects, the particles spontaneously ex-
change surfactant chains to reconfigure
into multiple spheres of different sizes
that pack into more complex crystal
structures with large unit cells.

The authors note that the struc-
turally periodic arrangements of these
soft surfactant micelles are direct
analogs of structures of hard metal al-
loys. Since the properties that appear
to be responsible for these surprising
crystal structures are present in other
types of spherical, ionic particles in so-
lution, the researchers suggest that fur-
ther investigations of these and related
materials could drive the discovery of
other soft particle packings with un-
usual properties that could offer novel
ways to manipulate light and other
forms of energy. — Christen Brownlee

See: Sung A. Kim!, Kyeong-Jun
Jeong?, Arun Yethiraj?, and Mahesh K.
Mahanthappa'*, “Low-symmetry sphere
packings of simple surfactant micelles
induced by ionic sphericity,” Proc. Natl.
Acad. Sci. USA 114(16), 4072 (April 18,
2017). DOI: 10.1073/pnas.1701608114
Author affiliations: TUniversity of Min-
nesota, 2University of Wisconsin—Madi-
son
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“Melthing” cont’d. from page 71
ducted five compression/decompres-
sion rounds of experiments at HP-CAT
beamlines 16-ID-B and 16-BM-D.

The bismuth displayed a
metastable liquid in the process of
solid-solid phase transitions under de-
compression at about 23,000 to 15,000
atmospheres. The scientists also found
that the metastable state can endure for
hours below the melting point under
static conditions. Interestingly, the
metastable liquid produced by decom-
pression occurred in a pressure-tem-
perature range that is similar to where
supercooled bismuth is produced.

Because reconstructive phase tran-
sitions are the most fundamental type,
this research provides a brand new way
for understanding how different materi-
als change,. It's possible that other ma-
terials could display a similar meta-sta-
ble liquid when they undergo
reconstructive transitions and that this
phenomenon is more prevalent than we
thought. The results will no doubt lead
to countless surprises in both materials
science and planetary science in the
coming years.

See: Chuanlong Lin, Jesse S. Smith,
Stanislav V. Sinogeikin, Yoshio Kono,
Changyong Park, Curtis Kenney-Ben-
son, and Guoyin Shen*, “A metastable
liquid melted from a crystalline solid
under decompression,” Nat. Commun.
8, 14260 (2016).
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REPULSION BREEDS FRAGILITY IN
METALLIC LIQUIDS

Fig. 1. Comparison of viscosities of all ten metallic liquids examined in this study. Each liquid metal
is color-coded, with its chemical formula displayed at upper left. This type of graph is a modified
Angell plot, named for Australian-born chemist Charles Austen Angell. In a typical Angell plot the
vertical axis is the logarithm of the viscosity, while the horizontal axis is the temperature ratio Tg/T,
where T_is the glass fransition temperature. An Angell plot is used to depict the fragility of liquid
metals as they approach the glass transition phase. For this modified Angell plot, T, replaces T,
thereby allowing this diverse group of liquids to be characterized, including one that did not form a

metallic glass (Tiyg sZryg sNiy,).



he dynamics of metallic liquids, meaning how these liquids move in

response to applied forces, is an ongoing area of theoretical and ex-

perimental research. The “fragility” of a liquid indicates how quickly
its dynamic behavior slows as it cools. This property is believed to be impor-
tant in the formation of metallic glasses, a class of technologically-important
materials that often display extreme strength, elasticity, and wear resistance,
and even unusual electric and magnetic properties. While the fragility of a lig-
uid metal can be measured, the microscopic origin of this property has re-
mained somewhat mysterious. However, new research reveals that the
magnitude of the repulsion between the atoms of a liquid metal determines the
degree of its fragility. These findings were deduced from x-ray scattering ex-
periments carried out at the APS. This new insight into the fundamental mech-
anisms driving fragility should help materials scientists predict glass formation
for a range of metallic liquids and spur the development of new types of metal-
lic glasses with enhanced properties, including improved durability, toughness,

and strength.

1"

The term "glass” conjures up the
transparent materials used for windows
and jars. These common glasses are
typically silica-based ceramics exhibit-
ing a disordered (amorphous) structure
that are strong in compression but very
brittle. For a materials scientist, the defi-
nition of glass is much broader. In that
world, any substance that can be
cooled from a gooey or viscous liquid
into an amorphous solid by entering a
glass transition phase can be consid-
ered a type of glass.

A surprising variety of metal alloys
have been coaxed through the glass
transition. Under ordinary cooling condi-
tions these liquids form crystalline struc-
tures. However, if cooled rapidly, some
metallic liquids can be frozen into a
glassy state. When metallic glasses
were first created, the required cooling
rates were millions of degrees per sec-
ond, which greatly limited their practi-
cality. Eventually, scientists discovered
liquid alloys that formed glasses when
cooled at rates comparable to those of
silica-based glasses.

Revealing the factors responsible
for the glass transition of liquid metals
has presented a long-standing chal-
lenge in condensed matter physics. As
a metallic liquid approaches the glass
transition temperature Tg, the move-
ment, or dynamics, of its molecules
slows. In some liquid metals, molecular
movement drops precipitously ap-
proaching Tg, while for others this
movement reduces more smoothly. De-
termining the underlying source of

these dynamic behaviors was the aim
of this research.

Nearly 50 years ago, materials sci-
entists David Turnbull and Donald Polk
hypothesized that the dynamics of lig-
uid metals is directly connected to their
interatomic repulsion. The potential en-
ergy between atoms or molecules is a
function of the distance between them.
Further apart there is an attractive
force, but closer in there is a mutual re-
pulsion. The greater the repulsion be-
tween the atoms of a liquid, the
stronger the liquid and the more vis-
cous (more resistant to flow) it is.

To test the Polk-Turnbull hypothe-
sis, researchers from Washington Uni-
versity in St Louis and Harbin Normal
University (China) probed 10 metallic
liquid alloys via x-ray diffraction carried
out at the XSD beamline 6-1D-D of the
APS. Seven of these metallic liquids
readily formed metallic glasses; two
were marginal glass-formers; and one
did not form a glass. The x-ray scatter-
ing measurements revealed the repul-
sive portion of each liquid's potential.
This was subsequently compared with
the measured viscosity of the liquid as
its temperature was lowered, thereby
indicating the liquid's fragility.

The researchers could have made
this comparison as each liquid neared
its glass transition temperature Tg.
However, Tg was unknown for the liquid
that did not form a glass. Instead, a re-
lated temperature, TA, was used. Re-
cent experimental and theoretical
findings indicate that this is the temper-

ature at which the atoms of a metallic
liquid begin to interact cooperatively,
which eventually leads to the glass
transition (Fig. 1).

Using these parameters to evalu-
ate the x-ray data, the researchers
found that stronger metallic liquids
(those displaying higher interatomic re-
pulsion) display greater viscosity at
higher temperatures, ordering more
rapidly near TA than do more fragile lig-
uids. These findings confirm the hy-
pothesis of Polk and Turnbull while re-
futing models of metallic liquid behavior
based on experiments involving col-
loidal suspensions. This last conclusion
is especially pertinent since colloidal
suspensions are frequently used as
analogues for metallic liquid systems.

The researchers hope that future x-
ray experiments can more fully charac-
terize the interplay between fragility and
glass formation. An even loftier goal is
to determine whether these findings ap-
ply to all liquids. — Philip Koth
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the repulsive part of the interatomic po-
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AROUND THE APS: AwWARDS & HONORS

KESGIN OF ASD EARNS THE FIRST JAN
EVETTS AWARD

The first Jan
Evetts Award
for the best pa-
per by a young
researcher
published in
the journal Su-
perconductor
Science and
Technology was awarded to Ibrahim
Kesgin of the ASD Magnetic Devices
Group. First-author Kesgin’s paper is
entitled, “High-temperature supercon-
ducting undulator magnets.” His co-au-
thors are Matthew Kasa and Yury
Ivanyushenkov, also of the ASD Mag-
netic Devices Group, and Ulrich Welp of
the Argonne Materials Science Division.

Lee oF XSD REeceves THE APSUO
AWARD FOR EXCELLENCE IN BEAMLINE
SCIENCE

Byeongdu Lee
of the XSD
Chemical &
Materials Sci-
ence Group re-
ceived the AP-
SUO Award for
Excellence in
Beamline Sci-
ence, which recognizes beamline scien-
tists who have made significant scien-
tific contributions in their area of
research or instrumentation develop-
ment and have promoted the user com-
munity in this area. Lee was named for
his leadership and innovations in nano-
materials and contributions to x-ray
scattering including theory, application,
and development of analytical methods
and state-of-the-art instrumentation. He
was also selected to acknowledge his
demonstrated and sustained commit-
ment to the APS user community by the
education, training, and mentoring of
young scientists.

RONDINELLI OF NORTHWESTERN U. 1S
AN MRS OUTSTANDING YOUNG
INVESTIGATOR

James Rondinelli (Northwestern Uni-
versity) an APS user and Associate

Professor in
Materials Sci-
ence and Engi-
neering, re-
ceived a 2017
Materials Re-
search Society
Outstanding

: Young Investi-
gator Award "for pioneering advances
in the theoretical understanding of
atomic structure-electronic property re-
lations of complex inorganic oxides in
bulk, thin film, and superlattice geome-
tries.” The Outstanding Young Investi-
gator Award recognizes outstanding,
interdisciplinary scientific work in mate-
rials research by a young scientist or
engineer. The award recipient must
show exceptional promise as a devel-
oping leader in the materials area.

NORTHWESTERN U.’S ROSENZWEIG
ELECTED TO THE NATIONAL ACADEMY
OF SCIENCE

Amy Rosen-
zweig, APS
user and the
Weinberg Fam-
ily Distin-
guished Pro-
fessor of Life
Sciences in the
Departments of
Molecular Bio-
sciences and of Chemistry at North-
western University, was elected to the
prestigious National Academy of Sci-
ences for distinguished achievements in
original research.

SUTTON OF McGiLL U. AWARDED
CAP MEDAL FOR LIFETIME
ACHIEVEMENT IN PHYSICS

Mark Sutton
(McGill U.),
APS user and
Chair of the
APS Scientific
L Advisory Com-
' mittee, was
awarded the
2017 CAP
Medal for Lifetime Achievement in
Physics by the Canadian Association of

Physicists “for pioneering the develop-
ment of coherent and time-resolved x-
ray scattering techniques for the study
of materials, and his resulting contribu-
tions to our understanding of materials
and phase transitions.” The CAP Medal
for Lifetime Achievement in Physics is
awarded on the basis of distinguished
service to physics over an extended pe-
riod of time, and/or recent outstanding
achievement.

ToBy OF XSD ELECTED TO AMERICAN
CRYSTALLOGRAPHIC ASSOCIATION
FELLOWSHIP

Brian Toby,
XSD Computa-
tional X-ray
Science Group
Leader, was
elected a Fel-
low of the
American Crys-
tallographic As-
sociation
(ACA). Fellowship recognizes a high
level of excellence in scientific re-
search, teaching, and professional du-
ties, but also service, leadership, and
personal engagement in the ACA and
the broader world of crystallography
and science.

ZHOLENTS OF ASD IS AN ARGONNE
DISTINGUISHED FELLOW

Alexander
(Sasha) Zho-
lents, ASD
Senior Scien-
tist, was
named an Ar-
gonne Distin-
guished Fellow,
the Labora-
tory’s highest
scientific and engineering rank. To be
named an Argonne Distinguished Fel-
low is an achievement on par with re-
ceiving an endowed chair at a top-
ranked university. Approximately 3% of
the Argonne research staff share this ti-
tle, which requires sustained outstand-
ing scientific and engineering research
and can also be associated with out-
standing technical leadership of major,
complex, high-priority projects.



CHEMICAL SCIENCE




CONVERTING METHANE GAS TO

LIQUID METHANOL THE BACTERIA WAY

ethanotrophic bacteria found in oceans and lakes are capable of performing a chal-
lenging and industrially relevant reaction — converting methane gas to the liquid
fuel methanol — with relative ease. Synthetic chemists have aspired to replicate na-
ture’s success, but attempts to understand the enzymatic process have been thwarted by its bio-
logical complexity. Now, using time-resolved x-ray absorption spectroscopy at the APS and a
photocatalytic model system, researchers have revealed a detailed picture of the initial step of the
process. These insights may help scientists design artificial catalytic systems for the sustainable

generation of methane-based fuels.

Fig. 1. Photocatalytic system consisting of the diiron(lll, lll) complex analog of methane monooxyge-

nase enzymes, [Ru(bpy)a]Pr photosensitizer and triethylamine electron donor (NEt;). The parts high-

lighted in red represent the activation part of the catalytic module studied in this work, and the

grey parts represent the further to be analyzed catalytic route involving the oxidation of a

methane analog.

The oxidation of methane to
methanol is quite a feat considering
methane’s strong C-H bonds. Current
industrial approaches entail an energy
intensive and multi-step process,
while the bacterial production of
methanol presents an attractive alter-
native carried out by methane
monooxygenase (MMO) enzymes at
ambient conditions.

These enzymes exist in an intri-
cate protein environment. To simplify

their studies, researchers from Ar-
gonne, the Institute of Chemical Re-
search of Catalonia, the Institut de
Chimie Moléculaire et des Matériaux
d’'Orsay (France), and the Institut de
Biologie Intégrative de la Cellule
(France) used a compound with two
bridging iron metal centers previously
developed to model the enzymatic
core, abbreviated here as
diiron(ll1,1I).

The researchers set out to inves-

tigate the first step of the reaction, in
which the diiron(lll,111) species gains
two electrons to become a diiron(ll,11)
species — the key intermediate that
can react with oxygen to form the
highly reactive species responsible for
the oxidation of methane to methanol.

The research team chose a mild
photosensitizer called [Ru(bpy)3]2+ in-
stead of the harsh chemical oxidants
typically employed. [Ru(bpy)3]2+ ab-
sorbs light energy to transfer an elec-
tron to the iron catalyst, so studying
its role in energy transfer could also
be beneficial for artificial photosynthe-
sis, an area that has garnered great
research interest.

Using time-resolved x-ray absorp-



tion spectroscopy, the researchers
could capture snapshots of the fast
electron transfer between [Ru(bpy)3]2+
and the diiron(lll,111) core which hap-
pens on the nanosecond timescale.
By adding a sacrificial electron donor
compound called triethylamine to pro-

long the lifetime of [Ru(bpy)3]2+, the
researchers were able to induce a
two-electron transfer process and
generate the reduced diiron(ll,11)
species (Fig.1).

The electronic and structural con-
figurations of the reduced diiron(lL,1l)
core have been uniquely difficult to elu-
cidate by two conventional spec-
troscopy methods. In ultraviolet-visible
light spectroscopy, iron’s absorption sig-
nal would be overwhelmed by the pho-
tosensitizer’s absorption while in elec-
tron paramagnetic resonance
spectroscopy, iron’s high-spin character
renders it essentially invisible. X-ray ab-
sorption spectroscopy sidesteps these
limitations and has the advantage of
being element specific, meaning that

the beam’s energy range is tuned to
iron and won'’t pick up interference from
other elements in the solution.

In this so-called pump-probe ex-
periment, scientists shot a laser at the
solution mixture, inducing an optical
response that is then interrogated at

~ 150-ns intervals with incident x-rays
to give spectral information. X-ray ab-
sorption data were collected at XSD
beamline 11-ID-D at the APS. The re-
searchers collected data at every time
point enabling them to track the elec-
tron transfer and measure minute
structural changes to the iron species,
such as the elongation of bonds and
shifting of the bond angles upon reduc-
tion, which is important for understand-
ing the next steps in the reaction.

The team also modeled the struc-
tural configuration of the diiron(l11,11I)
and diiron(l1,1l) species using density
functional theory calculations and
found that the experimental data
matched well with their predictions.

These new insights into the reac-

tion mechanism provide valuable guid-
ance for the rational design of future
catalysts capable of transforming
methane to methanol. Next, the re-
searchers plan to take the reduced iron
species and begin introducing an eas-
ily oxidized methane analog, extending
their understanding of the reaction one
step further. — Tien Nguyen
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Garrido-Barros?, Jean-Pierre Mahy?3,
Frederic Avenier, and Ally Aukauloo34,
“Elucidating the light-induced charge
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MODIFYING METHANE QUICK AND EASY
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Fig. 1. STEM image of Rh-ZSM-5 showing Rh single cations in white circles (Figure: Lawrence F. Al-
lard, ORNL); Inset upper: EXAFS data and fitting of Rh-ZSM-5; lower: Proposed structure of Rh sin-

gle cation anchored on the zeolite pore walls.



quick and simple way to convert the abundant natural gas

methane into more complex chemicals such as methanol, which

can then be converted into pharmaceuticals, agrochemicals, and
plastics, has been demonstrated by U.S. scientists and studied with a variety
of experimental tools, including high-brightness x-rays from the APS. Their ap-
proach utilizes a single isolated metal atom catalyst to make the conversion
proceed rapidly at mild temperatures and pressures. Moreover, it is a truly cat-
alytic conversion, making a lot of the desired product without the time-con-
suming extraction steps needed with other approaches.

Methane is a relatively abundant
gas that can be extracted from gas
fields and oil wells, but also exists un-
der pressure in the deep ocean and
frozen in Arctic ice fields. It is a simple
molecule: a single carbon atom with
four attendant hydrogen atoms bonded
to it in a tetrahedral shape. Its primary
use is as a fuel for heating, cooking,
and electricity generation. However,
when sources of petrochemicals, (pri-
marily crude oil, on which the chemical
and vehicular fuel industries rely for
their starting materials) become less
abundant and less accessible, methane
could represent an alternative feed-
stock. It would also provide a commer-
cially viable alternative to the flaring of
methane from oil wells.

The first step to making methane
useful, beyond simply burning it, is the
hardest. Catalysts and harsh reaction
conditions can add oxygen atoms to the
simple molecule and rearrange its
atoms to make more complex and
chemically active compounds, such as
methanol, formaldehyde (methanal),
formic acid (methanoic acid), acetic
acid and other oxygenated chemicals.
The presence of the reactive oxygen in
these various molecules means that
subsequent reactions can more quickly
add other chemical groups containing
additional carbon atoms, nitrogen
atoms, even sulfur atoms to these com-
pounds. This builds up the requisite
complexity for life-saving drugs, agro-
chemicals such as the pesticides and
herbicides essential to large-scale mod-
ern agriculture, and the monomer build-
ing blocks for making plastics.

The researchers from Tufts Univer-
sity made, tested, and, together with
colleagues from Oak Ridge National
Laboratory and Argonne, characterized
the catalyst for the direct conversion of

methane to oxygenate liquids. This cat-
alyst has a single rhodium atom at its
heart. The catalyst can be anchored to
a porous mineral such as zeolite or onto
a titanium dioxide support. The team
used the XSD beamline 12-BM-B at the
APS to carry out x-ray absorption near
edge structure (XANES) and extended
x-ray absorption fine structure (EXAFS)
spectroscopy on their catalyst. The data
from those studies combined with other
techniques provided details of the
shape and form of the catalyst, which
would then help in understanding how it
works and in the putative design of a
next-generation catalysts (Fig. 1).

The supported catalyst can be sus-
pended in water while methane, oxy-
gen, and carbon monoxide are bubbled
through the suspension. The rhodium
species facilitates direct conversion of
methane to methanol and acetic acid.
The reaction proceeds under mild con-
ditions, just 150° C and at pressures
below 25-30 bar. This temperature is
much cooler than the 500-600° C many
catalytic reactions need. Indeed, at tem-
peratures above 170° C, the reaction
began to falter and to generate useless
carbon dioxide gas rather than the oxy-
genated methane products.

The researchers have shown that
the two products are formed through
two different chemical reaction path-
ways. Radioisotope labeling of the car-
bon dioxide showed that the carbon
atom in the methanol is derived from
the methane and that one carbon atom
in the acetic acid is from the methane
and the other from carbonylation inser-
tion of the carbon monoxide, as might
be expected.

This mechanistic understanding,
the team explains, allows them to tune
the methane conversion depending on
which product they desire, methanol or

acetic acid. The selectivity is very high,
at least 60%, and when they optimize
the catalyst composition they can even
achieve almost 100% selectivity of
methane to oxygenated product at ap-
proximately 5% conversion of methane.
Another advantage of the new catalyst
and process, they discovered, is that it
operates with readily available and
cheap gaseous oxygen, not a liquid oxi-
dant, such as hydrogen peroxide, which
is expensive and not practical for natu-
ral gas capture from remote wells.

The team concedes that at present
the catalyst activity falls short of com-
mercialization, but they should now be
able to optimize the rhodium atom dis-
tribution and also the type of support
material to make it more practical, scal-
able, and industrially viable.

— David Bradley
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oxidation of methane to methanol or
acetic acid on supported isolated
rhodium catalysts,” Nature 551, 605 (30
November 2017).
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WHY ZINC MAKES PLATINUM A
BETTER CATALYST

any industrial processes rely on chemical catalysts to increase the rate

of a desired reaction and inhibit the formation of unwanted products. But

how catalysts work and how they can be improved are often somewhat
mysterious questions. Working at three x-ray beamlines at the APS, researchers have
identified two distinct mechanisms by which the addition of a zinc “promoter” to a plat-
inum catalyst increases both the selectivity of a catalytic reaction and the rate at which
it works. The findings, backed up by theoretical calculations, should make it easier to
design and refine catalysts in rational ways rather than relying on trial and error, which
could pave the way for rational design of still better catalysts that would increase the
economic value of ethane, propane, and other light alkanes in shale gas.

Fig 1. These RIXS planes for Pt and PtZn catalysts plot the incoming x ray energy against the corresponding
energy transfer — the difference between the incoming and outgoing x ray energies, which measures the en-

ergy gap between occupied and unoccupied 5d valence states. That gap is larger for PtZn than for Pt alone,

a crucial factor in its superior performance as a catalyst.

The development of horizontal
drilling and hydraulic fracturing (“frack-
ing”) in recent years has greatly en-
hanced the production of natural gas in
the United States from shale reserves.
The major component of natural gas is
methane, but significant amounts of
ethane, propane, and heavier hydrocar-
bons are also produced. Ethane and
propane can be converted, by cat-
alyzed dehydrogenation, into ethylene
and propylene, which are important

feedstocks for polymer production. The
quantity of these heavier hydrocarbons
promises to exceed what the chemical
industry requires, however, raising the
possibility that further processing, also
requiring catalysis, could convert ethyl-
ene and related compounds into still
larger molecules that would serve as
useful fuels.

Realizing these gains begins with
simple reactions, notably the conver-
sion of ethane (C,Hg) into ethylene

(C,Hy). Ateam from Purdue
University, Argonne National
Laboratory, and the National In-
stitute for Standards and Tech-
nology combined x-ray studies
with theoretical calculations to
understand how the atomic and
electronic structure of zinc-pro-
moted platinum catalysts influ-
ences their performance.

Platinum alone has an
affinity for activating single C-H
bonds that enables it to cat-
alyze the ethane-ethylene reac-
tion, but it can also convert
ethane to unwanted smaller
molecules. Adding zinc to plat-
inum catalysts improves their
selectivity (the propensity to
create ethylene, but not other
products) and their turnover
rate (the rate of catalyzed reac-
tions per surface platinum
atom). How this promotion works has
been unclear.

The researchers made Pt and PtZn
catalysts on silica (SiO,) substrates and
characterized them in reactors under
catalytic conditions at three different
APS beamlines (the APS is an Office of
Science user facility at Argonne). The
team recorded initial selectivities for
ethylene of 74% with the Pt-only cata-
lyst and 100% for PtZn at about 40%

Cont’d. on the next page



conversion; the turnover rate for
ethane-to-ethylene conversion was also
six times higher for PtZn than Pt.

By means of x-ray absorption
measurements at the MR-CAT beam-
line 10-BM-A,B, and x-ray diffraction at
XSD beamline 11-ID-C, the researchers
determined that in the Pt-only catalysts,
the platinum atoms formed metallic
nanoparticles, with a structure similar to
that of bulk platinum. In the PtZn cata-
lysts, the two metals combined in an or-
dered Pt,Zn, intermetallic alloy to form
nanoparticles with a 1:1 composition.
Significantly, the surface platinum
atoms on these nanoparticles were iso-
lated, each with about seven zinc near-
est neighbors on average, so that the
closest Pt-Pt distance was much
greater than for the pure platinum
nanoparticles.

Next, the researchers turned to
resonant inelastic x-ray spectroscopy
(RIXS) studies, performed at MR-CAT
beamline 10-ID-B. Incoming x-rays ex-
cite electrons from the 2p level of plat-
inum to an unoccupied 5d valence
state; the empty 2p state is then filled
by an electron falling from an occupied
5d valence state, accompanied by the
emission of a lower energy x-ray photon
. Through a comparison of the ab-
sorbed and emitted x rays, RIXS re-
vealed the energy structure of the va-
lence states (Fig. 1). The researchers
found that in the isolated platinum
atoms of the PtZn nanoparticles, the
gap between occupied and unoccupied
5d states increased by about 2 eV.

Researchers have suspected that
the catalytic function of platinum derives
from the interaction of these filled va-
lence states with molecular species
such as ethane. One proposed expla-
nation for zinc’s effect as a promoter is
that it donates electrons to the unoccu-
pied states of platinum. However, by
analyzing the RIXS results with the help
of density functional theory calculations
that capture the interaction of the occu-
pied 5d levels, the researchers con-
cluded that it is the energy shift of those
levels, as opposed to electron transfer,
that amplifies their interaction with C-H
bonds and thus increases the catalytic
turnover rate. Moreover, the isolation of
platinum atoms on the surface of the
PtZn nanoparticles inhibits, for geomet-
rical reasons, the interaction of the cat-

alyst with C=C double bonds, thus in-
hibiting carbon deposition on the cata-
lyst surface and improving the selectiv-
ity of PtZn to ethylene over side
products.

Thus, the understanding of these
two factors explain why PtZn is a better
catalyst than Pt alone. — David Lindley
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A WORD (OR TWO) ABOUT PLATINUM

Platinum is known as a "transition
metal" because it is ductile, malleable,
able to conduct electricity and heat,
has a high freezing point, and expands
upon heating. It is a part of the platinum
group of metals, which all share similar
properties. Other metals in this group
are: ruthenium, rhodium, palladium, os-

mium, and iridium. Plat-

inum does not oxidize in

air and is often combined

with other metals.

Originally called

“platina,” derived from plata, which is
Spanish for silver, platinum has been
found in ancient Egypt; specifically, the
Casket of Thebes was found to be
adorned with platinum, along with gold
and silver. Platinum was a nuisance for
Spanish conquistadors, as little plat-
inum nuggets were mixed with the
nuggets of gold they were finding, and
were difficult to separate.

Platinum’s credited discoverer was
Antonio de Ulloa, who returned to Spain
in 1746 with platinum samples. Plat-
inum was not recognized as its own ele-
ment until 1751, when it was success-
fully melted down. Until the 1820’s,
Colombia was the only major producer
of platinum in the world, Platinum was
discovered in the Ural Mountain gold
fields in Russia, and in 1924, platinum
was discovered in a riverbed in South
Africa.

A cylindrical hunk of platinum and
platinum alloy is used as the interna-
tional standard for measuring a kilo-
gram. In the 1880s, about 40 of these
cylinders, which weigh about 2.2 Ibs. or
1 kilogram, were distributed around the
world.

Platinum is used in jewelry, cat-
alytic converters, petroleum, the med-
ical field, spark plugs, gasoline, hard-
disk drives, anti-cancer drugs,
fibre-optic cables, LCD displays, eye-
glasses, paints, and pacemakers. Plat-
inum is also the key catalyst in fuel
cells.

It is estimated that today one-fifth
of everything we use either contains
platinum or requires platinum in its mak-
ing. 50% of the platinum produced an-
nually in all mines is used for industrial
applications.

Source: http://eochemistry.wiki-
spaces.com/Platinum



How A CATALYST MAKES ROOM FOR
HYDROGEN

. Interstitial site 24d

Fig. 1. Lattice structure of pentlandite. At moderately negative applied potentials, some of the S sites are
unoccupied (vacancies) and preferentially contribute to the hydrogen uptake. Once all vacancies are filled,

at more negative potentials, hydrogen atoms can only be adsorbed at interstitial sites.
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atalysts for the electrolysis of water are crucial to the develop-
ment of cost-effective hydrogen generation systems for energy
storage. Synthetic pentlandite (Fe,;Ni, ;Sg) shows considerable
promise as a suitable catalyst, but the mechanism underlying its effective-
ness has not been fully understood. Working at the APS, researchers uti-
lized nuclear resonance inelastic x-ray scattering (NRIXS) to demonstrate
that hydrogen atoms are efficiently captured into lattice sulfur vacancies at
the surface of the mineral. The findings should be of value in effort to refine

pentlandite’s performance.

Platinum-based catalysts for hy-
drogen evolution reactions (HER) are
highly effective, but the metal is costly
and relatively rare. Transition metal
dichalcogenides (compounds of transi-
tion metals with sulfur, selenium, or tel-
lurium) form a cheaper class of HER
catalysts, but they generally need care-
ful preparation, such as nanostructuring
or specialized surface modification, to
perform well. Three years ago, how-
ever, researchers found that the min-
eral pentlandite, synthesized in unmodi-
fied bulk form, has useful catalytic
properties. It can sustain high current
densities, corresponding to productive
electrolytic reactions, and is stable in
aqueous acidic conditions.

An oddity of this material is that its
overpotential (the voltage required to
initiate electrolysis) decreases from 280
mV to 190 mV over the first four days of
use. As with related materials, pent-
landite’s catalytic effect is thought to
come about because it readily takes up
hydrogen atoms in its lattice. Studies
have suggested that the decrease in
overpotential is related to a loss of sul-
fur atoms from the material’s surface
during the electrochemical reaction,
opening up vacancies, but this conclu-
sion has been somewhat tentative, and
its connection to the performance of the
catalyst is unclear.

Researchers from Ruhr University
Bochum, the Max Planck Institut flr
Eisenforschung, and the Fritz-Haber In-
stitute (all Germany), and from the Uni-
versity of Central Florida and Argonne
investigated the atomic structure of
pentlandite during catalytic operation in
aqueous sulfuric acid. They synthe-
sized pentlandite and made customized
electrolytic cells that they could place in
the beamline. Using an x-ray beam

from XSD beamline 3-ID-B,C,D tuned to
a nuclear resonance frequency of iron-
57 and striking the samples at a grazing
angle, they conducted inelastic scatter-
ing measurements to probe the lattice
vibrations (phonon spectrum) within
about 500 nm of the sample surface
(Fig. 1). The measurements were done
at two potentials, -0.59 V and -0.79 V
versus a common reference (reversible
hydrogen electrode).

To interpret the measured phonon
spectra, the researchers performed
density functional theory (DFT) calcula-
tions to explore the spectra expected
from the pentlandite lattice, with a vari-
ety of modifications. They first estab-
lished that the iron-projected phonon
spectrum of pentlandite in air (that is,
under non-electrolysis conditions)
agreed well with model predictions for
the perfect lattice structure. The team
then calculated the expected phonon
spectrum of the lattice with two distinct
changes: in one case, a hydrogen atom
was added interstitially to the perfect
lattice; in the other, a hydrogen atom
was substituted for sulfur at a specific
lattice position. Only the second sce-
nario agreed with the measured non-
resonant inelastic x-ray scattering data
for an electrolytic cell operating at the
least negative applied potential, -0.59 V.

X-ray measurements at the more
negative potential, -0.79 V, showed a
number of markedly different features.
Under these conditions, with a greater
current density through the electrodes,
the researchers expected a larger num-
ber of hydrogen atoms to get into the
lattice. The question was where they
would go. As before, the calculated
spectra from a perfect lattice with hy-
drogens added only at interstitial posi-
tions did not produce a good match to

the experimental data. But the team
was able to find a good fit with a model
in which all available sulfur vacancies
were filled with hydrogen atoms and
then additional hydrogens took up inter-
stitial positions. This change of the hy-
drogen uptake mechanism from substi-
tutional to interstitial slows down the
electrolysis, because the energy re-
quired to occupy interstitial positions is
higher.

The researchers conclude that the
combination of NRIXS measurements
with DFT calculations makes a powerful
tool to explore the performance of this
and other HER catalysts, and provides
new insight on how the structure of
these materials might be modified to
enhance their catalytic effect.

— David Lindley
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A CATALYST FOR SUSTAINABLE POWER

n order to exploit solar energy fully, we need large-scale energy stor-

age. In nature, the process of photosynthesis uses solar power to con-

vert carbon dioxide and water into sugars that the plant can store and
use later to release energy. One critical step in the process involves splitting
the water into its oxygen and hydrogen equivalents. Recent research at the
APS has focused on an artificial catalyst that can do the same job and gen-
erate oxygen from water when light shines on it. The water-splitting catalyst
uses an Earth-abundant metal, cobalt, at its core, and works in water solu-
tion under everyday conditions. This latest work reveals information about
the kinetic behavior of such catalysts in terms of how they accelerate reac-
tions, provides detailed information about how light-induced electron trans-
fer changes the nature of the bonds between pairs of oxygen atoms in the
catalytic compound the team studied, and how an oxygen-evolving catalyst
works through their model compound.

A catalyst that can split water into
active oxygen and hydrogen units could
be exploited in an artificial photosynthe-
sis system for capturing the energy
from sunlight and converting water into
its elemental components that can be
stored for future use. Recombining
these constituents will generate an
electric current in a suitable electro-
chemical cell or could be used in a
zero-carbon combustion process. The
catalyst studied on XSD beamline 12-
BM-B at the APS is a cobalt oxide
cubane compound, Co,0, cubane. The
“cubane” component of its name refers
to the compound having a cube shape
formed by pyridyl and acyl chemical
groups that corner the metal ions in
three dimensions. The cobalt metal ions
at its core are in the Ill and the IV oxi-
dation state, Its structure and stability
were probed by spectroelectrochemical
experiments and in situ x-ray absorp-
tion spectroscopy.

Understanding the structure of a
catalytic system and how this relates to
the properties of such compounds will
take us forward another step toward
systems that are analogous to the
leaves of green plants in that they use
sunlight to create chemical energy,
which can then be stored and used
later to generate electricity. Interest-
ingly, however, the science is not hop-
ing to simply mimic green plants, but to
out-perform them in terms of the

amount of “sustainable” energy that
might be captured from the sun over
unit area of the earth's surface. The
cobalt catalysts known more generally
as a Co-OEC (oxygen-evolving cata-
lyst) are among the main leads in
searching for OEC materials for such
an endeavor. The production of oxygen
as fuel oxidizing agent and the reduced
fuel source, hydrogen (or an organic
compound such as methanol or
methane), could then be used to close
the circuit in a carbon neutral manner.
The team has gained an important
clue about precisely how the Co-OECs
work through their model compound,
Co,0, cubane. The researchers explain
that the metal ion being in a high-valent
IV oxidation state is critical to catalysis
and that their experiments on beamline
12-BM-B were essential for extracting
this information. Earlier spectroscopic
studies could not get to the heart of this
because of the greater presence of less
oxidized, lower valency cobalt(lll)
species in the system. The team's
model catalyst bears a doubly oxidized
Co(ll)y(1V),, and the Co(IV) in that unit
is penetrable using in situ x-ray absorp-
tion spectroscopy. — David Bradley
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SLow-MOTION UNWRAPPING OF DNA
GIVES A PEEK INTO NUCLEOSOME DISASSEMBLY

Fig 1. The NCP consists of DNA wound around a core of eight histone proteins. A team of re-

searchers used SAXS to visualize DNA (dark gray) as it unwrapped and took on a variety of
shapes. At the same time, the researchers used FRET fluorescence imaging to monitor the histone

proteins (yellow and cyan), some of which are released as the NCP disassembles.
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ucleosomes are tightly packed bundles of DNA and protein which,

when linked together as chromatin, form the 46 chromosomes

found in human cells. The nucleosome core particle (NCP) con-
sists of DNA wound around a core of eight histone proteins. Nucleosomes need
to be disassembled to permit a variety of gene regulatory functions — includ-
ing repair, replication, and transcription — then reassembled afterwards. There-
fore, a critical component of gene regulation is nucleosome disassembly. A
team of researchers used time-resolved small-angle x-ray scattering (SAXS) at
the APS and time-resolved Forster resonance energy transfer (FRET) to study
changes in the conformation of DNA and the composition of the histone core,
respectively, during different stages of nucleosome disassembly. Using a
method for slowing down the unfurling of DNA, the investigators found that
components of the nucleosome are released sequentially with an octasome-to-
hexasome (8 to 6 histone proteins) transition that is correlated with an asym-
metric unwrapping of the DNA. This finding suggests changes to DNA
conformation may facilitate the reconfiguration of the histone core. The dy-
namic structures captured by the researchers provide new insights into the
regulation of DNA access during repair, replication, and transcription, and may

have important implications for treating a variety of diseases.

46 chromosomes of the human
genome in a straight line and it could
stretch about 6 feet. All of that genetic
material needs to be crammed into the
nucleus of every cell in the body. Na-
ture’s solution is tightly winding DNA
around nucleosomes, which are com-
prised of eight histone proteins (referred
to as the octasome). This assembly is
known as a nucleosome core particle
(NCP). But DNA in the NCP does not
remain forever packed away. Regular
access is required for repairing DNA,
replicating DNA, and transcribing DNA
into mMRNA, which can then be trans-
lated into proteins needed for routine
cellular functions.

Access to DNA can be modulated
through the disassembly of the histone
core, a process that either facilitates or
may be facilitated by DNA unwrapping.
The static structure of the NCP is
known from molecular x-ray crystallog-
raphy, but this technique cannot capture
large-scale movements within the NCP.
However, NCP dynamics can be ob-
served with imaging techniques such as
time-resolved FRET and time-resolved
SAXS. The trick is initiating the unwrap-
ping. In the body, unwrapping of the
DNA structure is elicited by proteins,
such as histone chaperones and chro-

matin remodeling complexes. But it is
known from previous studies that un-
wrapping can also be triggered by
bathing the DNA in a solution of salt,
which weakens the interactions be-
tween the DNA and proteins. In the cur-
rent experiment, the researchers from
Cornell University and Washington
State University used different concen-
trations of added salt solutions to adjust
the unwrapping process in order to take
notice of each of the intervening steps.
The team utilized SAXS at the Bio-
CAT beamline 18-ID-D at APS to ob-
serve the DNA slowly unwrapping over
time (Fig. 1). With the SAXS technique,
a sample is bombarded with a beam of
x-rays, some of which scatter and strike
a detector, forming a pattern that con-
tains information on the structure of the
sample. The team then used FRET, an
imaging technique for observing the
transfer of energy between donor and
acceptor groups on closely positioned
molecules, to monitor interactions
among the histone proteins (Fig. 1).
The scientists found that different
DNA shapes were produced during the
unwrapping process, most notably an
asymmetric “teardrop” shape that
seemed to induce the histone core to
transition from 8 protein molecules to 6

(Fig. 1). This change acts as a signal
for disassembly of the histone core and
suggests a readily accessible DNA
shape that might serve as a good target
for proteins in the cell.

The team’s findings provide a step
toward better understanding of DNA ac-
cess during transcription, replication
and repair. Misregulation of nucleo-
some assembly is also implicated in
many human diseases, from neuro-de-
velopment and degenerative disorders
to immunodeficiency syndromes and
cancer. Being able to view a slow-mo-
tion, up-close version of this process
may provide insight that will aid in the
development of new therapeutic strate-
gies for these diseases.

— Chis Palmer
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PACKING AND UNPACKING OUR DNA SUITCASE

Fig. 1. Low-resolution envelopes calculated from small-angle x-ray scattering data acquired at Bio-
CAT for the ATPase and chromo-domains of CHD1 (A = wildtype, C = KAK-mutant) show a more
extended structure for the KAK(E265K/D266A /E268K) mutant as a result of disruption of the inter-
face stabilizing the chromo-domain interaction with the ATPase domains (In B, chromo-domains in
the wildtype position shown in gray — pdb ID 3mwy and in the speculated KAK-mutant position
shown in blue). This important structural insight was used to explain the apparent higher affinity the
KAK-mutant showed towards naked dsDNA and therefore a reduced auto-regulatory function of

the chromo-domains.



ne of the wonders of the biological world is the way our cells pack-

age DNA. The human genome consists of 3 billion base pairs and

each cell has a full copy. That means each one of our cells has 6 ft
of DNA packaged into the nucleus of a cell that is so small we cannot even see
it. Take all of one’s cells together and that is 10 billion miles of DNA! The cell per-
forms this amazing feat by coiling the DNA and then wrapping it around histone
proteins, which then pack into nucleosomes, to eventually form chromosomes.
But there is one problem: We don’t want to store our DNA like our old high
school paraphernalia in the attic, forever and ever; we need to get it out and
use it and then pack it away again, neatly, more like our suitcase on vacation.
DNA packing is done by remarkable proteins called “DNA remodelers” that are
responsible for assembling and disassembling nucleosomes and then sliding
them along the DNA to position them evenly. In work that has implications for a
variety of biomedical applications, including cancer research and immune dis-
eases, researchers utilizing the APS have found a way to probe the sliding and
packing activity of a remodeling protein called “Chd1.”

A collaboration of investigators
from Johns Hopkins University, the Uni-
versity of lllinois at Urbana-Champaign,
the lllinois Institute of Technology, and
the Indian Institute of Technology Delhi
have developed a method for probing
the details of the DNA/nucleosome/
Chd1 remodeler interaction. Their
method uses a fluorescence resonance
energy transfer (FRET) system that
generates a fluorescence signal based
on the proximity of two different fluores-
cently-labeled molecules. When the
molecules move together or apart, the
signal changes.

In this case, the researchers used
a labeled nucleosome and a labeled
piece of DNA that was tethered to an
immobile surface. When the remodeler
protein, Chd1, was added, nothing hap-
pened. However, when Chd1 was
added with ATP (adenosine triphos-
phate, an energy-carrying molecule
found in the cells of all living things) the
signal changed, indicating sliding activ-
ity associated with Chd1 action on the
nucleosome. This ATP-dependent activ-
ity is consistent with previous work that
has shown that Chd1 consists of an AT-
Pase domain, a DNA binding domain,
and two regulatory domains. Experi-
ments with different concentrations of
ATP showed that the sliding activity of
Chd1 proceeds in “steps” along the

DNA. The remodeler appears to move
the nucleosome along the DNA in
bursts that span multiple base pairs at
one time.

Next, the team observed an inter-
esting phenomenon in the FRET data.
It appeared that some of the FRET
traces showed a repositioning of the
nucleosome back to its original position
on the DNA. They found that this activ-
ity was ATP independent and further
experiments suggested that Chd1
forms unstable intermediates that must
be maintained by continued energy in-
put. Testing with different lengths of
DNA showed that the position is deter-
mined based on sequence rather than
simply the length of the DNA and that
one molecule of Chd1 can mediate
movement in both directions.

This finding led to investigation of
how the remodeler moves the nucleo-
some in both directions without losing
contact with the DNA it is bound to. The
answer seems to lie in the flexibility of
the linker between the ATPase domain
and the DNA binding domain. When in-
vestigators shortened the linker, reduc-
ing the flexibility of motion of the pro-
tein, they were only able to observe
movement in a single direction. Finally,
experiments utilizing the FRET system
and small-angle x-ray scattering data
generated at the Bio-CAT beamline 18-

ID-D of the APS to probe the function of
the regulatory domains of Chd1 sug-
gest that their job is to make sure the
whole package is ready before it is put
into storage. If the nucleosome is not
complete, the regulatory domains of
Chd1 put a hold on the sliding action
(Fig. 1).

The investigators hope that this de-
tailed understanding of chromosome
remodeling will provide important infor-
mation for understanding DNA tran-
scriptional activities that are key to
many areas of biomedical research.

— Sandy Field
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Fig. 1. An unfolded protein adopts expanded conformations according to recent SAXS measure-

ments, as illustrated with these three conformations.



nderstanding how proteins work on a molecular level has important

implications for understanding a broad range of diseases. A recent

study has advanced our knowledge of intrinsically disordered pro-
teins (IDPs), many of which are essential components of key cellular
processes. Although these proteins must be unfolded to function properly, con-
troversy has persisted about how disordered these proteins are. Researchers
collected data at the APS, and developed a new analysis procedure to assess
what happens to IDPs under physiological conditions. The results showed that
IDPs are even more disordered than scientists had initially suspected, re-
maining expanded, not collapsed, under physiological conditions. The re-
searchers propose that this is an evolutionary adaptation to avoid misfolding
and aggregation in cells. The results of this study could ultimately help scien-
tists develop new strategies to prevent diseases related to protein misfolding.

Scientists traditionally believed that
proteins functioned only when correctly
folded into complex three-dimensional
shapes. However, in recent decades,
studies have challenged this concept,
showing that some proteins, the IDPs,
including those involved in key cellular
processes, need to be completely or
partially unfolded to properly function. It
is estimated that about 30% of all hu-
man proteins are disordered. A charac-
teristic feature of these proteins is that
they contain more polar and charged
amino acids compared to foldable pro-
teins. This allows IDPs to favorably in-
teract with water.

Many questions about IDPs remain
unanswered including the extent of their
disorder. For example, under physiolog-
ical conditions in the cell, are they ex-
panded like a rope or collapsed into a
ball? Increased understanding of the
conformational changes of IDPs is not
only important to realizing how these
proteins carry out their different func-
tions, but is also key to better under-
standing the pathogenesis of protein
misfolding-related diseases. So, in the
quest for more information, scientists
have performed studies using small-an-
gle x-ray scattering (SAXS) and have
compared the results to those from fluo-
rescence resonance energy transfer
(FRET), to determine the dimensions of
IDPs and how they interact with them-
selves.

According to the researchers,
SAXS allows scientists to analyze the

conformation of IDPs in solution. In this
method, a solution of the protein sam-
ple is illuminated by an x-ray beam,
causing the beam to scatter in a pattern
that relates to the specific shape and
size of the protein under investigation.
In contrast, in FRET, scientists attach
fluorescent molecules to the IDP and
determine the size and shape of the
IDP by calculating the distance be-
tween the fluorescent molecules. Yet,
the results using these different tech-
niques have been conflicting. FRET
studies have suggested that certain
IDPs collapse in water, while most
SAXS studies have not observed this
collapse.

With this in mind, researchers from
The University of Chicago and the Uni-
versity of Notre Dame conducted stud-
ies to better characterize IDPs. With
data collected at the Bio-CAT beamline
18-ID-D at the APS, they developed a
new SAXS approach in order to exam-
ine the structure of IDPs under physio-
logical conditions. Their technique in-
volved examining more of the x-ray
scattering profile than has been previ-
ously analyzed for SAXS, and matching
the profiles to models of variably-disor-
dered IDPs that were generated by
computer simulations.

In their study, the researchers ap-
plied this method to numerous IDPs,
and found that most were more disor-
dered than previously realized. The re-
sults showed that even IDPs with high
hydrophobicity remained expanded in

water. These findings therefore suggest
that the unfolded state of most foldable
protein sequences is expanded (Fig. 1).
The researchers hypothesize that this
helps to prevent IDPs from unproduc-
tively interacting with themselves or
with other proteins and resulting in pro-
tein dysfunction or misfolding-related
diseases.

This more detailed understanding
of IDPs can help guide further studies
of protein folding and misfolding mech-
anisms, and could also help identify
new ways to prevent protein misfolding
diseases. — Nicola Parry
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STRUCTURAL CHARACTERIZATION OF THE
GROWTH-RING LAYERS IN TEETH
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Fig. 1. Top: Zinc fluorescence intensity map of the transverse cross-section of a tooth. Pulp cavity is
labeled “PC” and dentin surrounding the pulp cavity is labeled “D.” Bottom: Longitudinal tooth sec-
tions under the imaging techniques used in this study. The cementum band structure is shown clearly
in each one. The transmitted x-ray intensity, calcium (Ca) fluorescence intensity and zinc (Zn) fluores-

cence intensity maps were recorded simultaneously. The other two maps were recorded separately.



f one counts the rings in a cross-section of a Redwood tree, one for

every year of the tree’s life, one might lose track. But trees aren’t the

only species that make annual layered structures. The teeth of verte-
brate animals also have rings in an outer layer. By examining these tiny layered
structures in beluga whale teeth at the APS, researchers found that calcium
and zinc content defines each layer from its neighbor. Their work could make
dating of human teeth easier and more accurate.

The outermost layer of teeth roots
consist of cementum, a dynamic miner-
alized tissue made of collagen, proteo-
glycans and hydroxyapatite. Cementum
connects teeth to ligaments in the
mouth, securing them in place. Ever no-
ticed the yellow layer on roots of ex-
tracted teeth? That's cementum. Under
a light microscope, alternating light and
dark layers of cementum can be ob-
served in polished cross-sections of
teeth. But the layers of human teeth are
so thin that they are difficult to count.

An alternative approach to ring-
counting that depends instead on struc-
tural differences between layers of ce-
mentum is offered by the team of
researchers from Northwestern Univer-
sity and Argonne. Differences between
layers has been hard to pin down —
some research shows orientation of col-
lagen or variation in mineral content de-
fines the bands, others find no variation
in these materials. But by mapping ele-
ments present in beluga whale teeth
with x-ray fluorescence, the team found
that variation of intensity emitted by zinc
atoms is a reliable way to track layers of
cementum.

To study cementum layers in depth,
the researchers used small x-ray
beams, tens of micromicrons in diame-
ter, to map x-ray fluorescence emission
and x-ray diffraction from samples of
beluga whale teeth. While the thickness
of cementum layers in human teeth is 5
to 10 ym, beluga whales have much
more widely spaced layers, about 200-
pum thick. Thus, the x-ray beams used in
this study, 30 to 50 um in diameter,
could easily resolve layers in beluga
whale cementum.

The teeth were prepared to give re-
searchers two different viewpoints.
When cut in the transverse direction,
making 15-mm-wide discs, cementum
layers showed as concentric rings. But
if cut in the longitudinal direction —
down the center of the tooth from top to

bottom, following the root and pulp —
cementum layers appeared as long,
parallel columns.

Researchers took full x-ray fluores-
cence spectra at every point in a raster
scan of the samples using the XSD 8-
BM-B beamline at the APS. In a sepa-
rate experiment, diffraction patterns of
the longitudinal samples were taken at
the XSD 17-BM-B beamline at the APS.

In the x-ray fluorescence experi-
ment, the appreciable intensities from
both zinc and calcium were mapped
and compared to optical density and x-
ray transmission from the same part of
the sample. Researchers found that the
alternating dark and light layers of ce-
mentum observed optically corre-
sponded to changes in zinc and cal-
cium fluorescent intensity. In the dark
layers, emission was higher, while in
the light layers, emission decreased.
The intensity of x-rays transmitted
through the specimen followed the op-
posite trend; decreasing in dark layers
and increasing in light layers.

Not only did the signal intensities
correlate, the peaks and valleys
matched exactly. The x-ray fluores-
cence emission from zinc and calcium,
and thus concentrations of zinc and cal-
cium in the cementum, are therefore an
indicator of the layered structure. A
matching periodic variation in signal in-
tensity was observed in x-ray diffraction
peaks of the longitudinal samples.
These peaks arise from the crystalline
hydroxyapatite, the calcium-based min-
eral within cementum.

No matter the method — x-ray flu-
orescence or diffraction — the period in
both transverse and longitudinal sam-
ples gave the same value of 200 to 250
um for the cementum layer thickness.

In all, 28 cementum layers were
counted in the samples. Just like count-
ing tree rings, this means that the bel-
uga whale the teeth came from an indi-
vidual at least 28 years old at death,

which is consistent with previous meas-
urements of these samples and the
lifespan of beluga whales.

The beam diameters in this study
are too large to resolve cementum lay-
ers in the teeth of many other mam-
mals like humans, cows and reindeer.
But the researchers note that ~ 250-
nm x-ray beams have been used to
map fluorescence from calcium and
zinc in around micrometer wide
tubules in dentin and could be used to
resolve more finely spaced tooth sam-
ples. If smaller beams are used, this
method could give physical anthropol-
ogists much better age estimates for
almost any mammal.

— Amanda Grennell
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