SQUEEZING OUT THE HIDDEN LIVES OF ELECTRONS

n our daily lives we tend to think of electrical conductivity as largely static:

Copper is a good choice for conduction; clay is not. But heat up that cop-

per wire, and electron conduction slows. Give a flake of that ceramic a
good squeeze, and conduction may perk up. Conductivity is determined by
much more than simple chemistry. Metal-to-insulator transitions have excited
and perplexed researchers for over a century, and they continue to provide
fodder for research today. The key to understanding what causes changes in
material conductivity lies in teasing out contributions from structural atomic
arrangements and electron interactions. Researchers using high-energy x-
rays from the APS have managed to disentangle these components in vana-
dium sesquioxide (V,0,), an extensively studied model solid. By decoupling
the effects of spin, charge, and lattice variables in V,0,, the team is uncover-
ing a mechanism that has eluded researchers for six decades.

0.55 — S —
/
A4
I ; !
r'd
/!
0.50 | @}85 o
P4
Y - K 1
(a»]
@ 0.45 |- @/ "
© J/
_g ‘ = i
S 040 |- g & y
Monoclinic Metal
0.35 | g
L I L I L I L I 1 l L l i I L I L I L I 1

0 5 10 15 20 25 30 35 40 45 50 55
P (GPa)

Fig. 1. Electrical resistance as a function of pressure in V,0,. As pressure increases from 5 GPa,
resistance decreases as expected. At 12.5 GPa the sharp increase in resistance is an unex-
pected result of electron-lattice interactions. At ~33 GPa, the material's corundum hexagonal
structure changes to monoclinic, and resistance rises more sharply due to electron-electron inter-

actions. Here the material is on the cusp of a metal-to-insulator transition.



With measurements performed at
the LERIX instrument at XSD beamline
20-ID-B,C, and at the HP-CAT beam-
line 16-BM-D, both at the APS, and cal-
culations from the XSD Theory Group,
the researchers have identified a struc-
tural phase change in V,0, that occurs
under great pressure, but without the
usual metal-to-insulator transition. The
interplay between crystal structure and
electronic properties underlies almost
every modern device, from pressure
sensors to superconducting high speed
trains.

Under normal conditions, V,04 is a
black metallic solid with a corundum
crystal structure, like that of rubies and
sapphires. With changes in tempera-
ture it undergoes spectacular metal-to-
insulator transitions, often with changes
in magnetic behavior as well. These un-
usual properties make V,0, a material
of choice in devices that include tem-
perature sensors and current regula-
tors.

Researchers had previously re-
ported interesting behavior in V,0, as
temperature changed and pressure re-
mained constant. Here the team tested
the opposite condition, monitoring the
material's resistance while increasing
the pressure at a constant temperature.

At first everything seemed normail:
as the pressure increased the mater-
ial's resistance also decreased. But
around 12.5 GPa the resistance began
to rise. This result was unexpected.
Even more unusual, at greater pres-
sures near 33 GPa, the material's
structure changed from corundum to a
more compact monoclinic arrangement
of atoms, but this change was not ac-
companied by a corresponding spike in
resistance (Fig. 1). The material re-
mained metallic. Previously, all corun-
dum to monoclinic changes in structure
had been accompanied by a simultane-
ous transition from metallic to insulating
behavior.

To understand what was happen-
ing, the researchers from Argonne;
Stanford University; the Korea Ad-
vanced Institute of Science and Tech-
nology; the Pacific Northwest Consor-
tium Synchrotron Radiation Facility; the
Carnegie Institution of Washington; Jilin

University (China); the University of Ne-
vada, Las Vegas; the Center for High
Pressure Science and Technology Ad-
vanced Research (China); and North-
ern lllinois University performed inelas-
tic x-ray scattering measurements and
compared the results with theoretical
simulations. Because inelastic x-ray
spectroscopy measures the unoccupied
vanadium electron valence states,
these measurements provide a more
detailed picture of electron screening
interactions.

While the resistivity measurements
clearly showed changes at 12.5 GPa,
the inelastic x-ray spectra showed no
differences up to the phase change
pressure of 33 GPa. This means that
the early changes in resistance were
due not to changes in electron correla-
tions, but to interactions between elec-
trons and the lattice (or phonons).

At high pressure the electronic
structure changed drastically in the in-
elastic x-ray spectra, suggesting an in-
crease in electron correlations, but not
quite enough to tip the material into the
category of an insulator. At such high
pressure, V,04 is on the verge of be-
coming an insulator, but can't quite
make the change due to competing ef-
fects from the lattice.

This work adds another clue to our
understanding of how long-range
atomic arrangement and local electron
interactions work competitively to mani-
fest metal-to-insulator transitions in
solids.

The next step will be to explore
electron correlations in V,05 by using
more advanced techniques, such as
the resonant x-ray inelastic scattering
method with temperature, as another
parameter to extend the unique phase
diagram of V,0,. — Jenny Morber
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16-BM-D « HP-CAT - Materials science, geo-
science, chemistry, physics « Powder angular
dispersive x-ray diffraction, x-ray absorption
near-edge structure, single-crystal diffraction,
high-pressure diamond anvil cell » 6-70 keV

20-ID-B,C « XSD « Materials science, environ-
mental science, chemistry « X-ray absorption
fine structure, x-ray Raman scattering, micro
x-ray absorption fine structure, microfluores-
cence (hard x-ray), time-resolved x-ray ab-
sorption fine structure, x-ray emission
spectroscopy ¢ 4.3-27 keV, 7-52 keV ¢ On-site
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