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HIGHLIGHTS

p'-Cu,V,0s exhibits temperature-,
voltage-, and field-driven metal-
insulator transitions

Diffusion of Cu facilitates the
oscillation of polarons between

Resistance

adjacent vanadium sites

Polaron oscillation and

delocalization leads to
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Close coupling of ionic and

Local Cu Diffusion

polaronic diffusion can be used for

neuromorphic computing

Temperature

B’-Cu,V,0s nanowires exhibit reversible phase transitions from metallic to
insulating states (i.e., a metal-insulator transition, MIT). Unlike in VO, where the
MIT derives in part from a structural transition, the MIT in /-Cu,V,Os is primarily an
electronic phase transition. Here we show that the transition is underpinned by the
diffusion of copper between two closely related sites, which drives polaron
oscillation on the V,Os5 sublattice. This distinctive mechanism represents an
intriguing approach to engineering energy-efficient MITs for neuromorphic
computing applications.

Discovery

. Parija et al., Matter 2, 1-21
A new material or phenomena

April 1, 2020 © 2020 Elsevier Inc.
https://doi.org/10.1016/j.matt.2020.01.027



mailto:rstanleywilliams@tamu.edu
mailto:dgprendergast@lbl.gov
mailto:banerjee@chem.tamu.edu
https://doi.org/10.1016/j.matt.2020.01.027

Matter (2020), https://doi.org/10.1016/j.matt.2020.01.027

Please cite this article in press as: Parija et al., Metal-Insulator Transitions in p’-Cu,V,0s Mediated by Polaron Oscillation and Cation Shuttling,

Matter

Metal-Insulator Transitions

Cell

in B’-Cu,V,0Os5 Mediated by Polaron

Oscillation and Cation Shuttling

Abhishek Parija,’?3%? Joseph V. Handy,"?7 Justin L. Andrews,'-*? Jinpeng Wu,* Linda Wangoh,”
Sujay Singh,® Chris Jozwiak,* Aaron Bostwick,* Eli Rotenberg,* Wanli Yang,* Sirine C. Fakra,*
Mohammed Al-Hashimi,” G. Sambandamurthy,® Louis F.J. Piper,® R. Stanley Williams,®*

David Prendergast,®* and Sarbajit Banerjee'-?10.11.*

SUMMARY

Silicon circuitry has dominated the semiconductor industry for decades but is
constrained in its power efficiency by the Fermi-Dirac distribution of electron
energies. Electron-correlated transition metal oxides exhibiting metal-to-insu-
lator transitions (MITs) are excellent candidates for energy-efficient computa-
tion, which can further emulate the spiking behavior of biological neural cir-
cuitry. We demonstrate that B-Cu,V,Os exhibits a pronounced nonlinear
response to applied temperature, voltage, and current, and the response can
be modulated as a function of Cu stoichiometry. We show that polaron oscilla-
tion, coupled to the real-space shuttling of Cu ions across two adjacent sites, un-
derpins the MIT of this material. These results reveal the interplay between crys-
tal structure distortions and electron correlation in underpinning the metal-
insulator transition of a strongly correlated system. The utilization of coupled
cation diffusion and polaron oscillation further demonstrates a means of using
ionic vectors to obtain highly nonlinear conductance switching as required for
neuromorphic computing.

INTRODUCTION

Complementary metal-oxide-semiconductor field-effect transistors constructed
from silicon have long been the workhorse of computing architectures, and their
scaling to ever smaller dimensions has underpinned a far-reaching revolution in
computational power, capacity, and cost."™* However, the performance of silicon
circuitry is fundamentally constrained by the Fermi-Dirac electron distribution of
electron energies, which establishes a 60-mV/decade limit to the steepness of
switching characteristics upon application of a gate voltage at room temperature.’
The shallow slopes of electrostatically modulated transistors lead to wasted power
consumption and are the genesis of “dark silicon,” the practice of leaving large
swathes of logic circuitry on a chip inoperative at any given time in order to prevent
the circuit overheating. To mitigate this challenge, which has upended Moore's
scaling, the utilization of steep-slope switches has been proposed,””’ wherein a
small change in voltage induces a large modulation of current.

Electron-correlated transition metal oxides exhibiting pronounced metal-insulator
transitions (MITs) are excellent candidates for steep-slope transistors and further
provide a means to emulate the spiking behavior of biological neural circuitry within

Progress and Potential
Since ca. 2006, silicon-based
transistors have been operating at
the thermodynamic limit of their
power efficiency. For computing
power to continue improving at a
pace as required to underpin the
development of advanced,
energy-efficient technologies, a
new computing paradigm is
required. One approach,
neuromorphic computing, aims to
emulate the functionality of the
human brain using solid-state
materials, thereby imitating the
efficiency and pattern-recognition
capabilities exhibited by the
synaptic architectures of the brain.
Employing metal-insulator
transitions (MITs), whereby a
single material undergoes a
reversible phase transition from
an insulating to a conducting
state, represents one possible
means of achieving this goal. We
show that local diffusion and
closely coupled polaron
oscillation are critical in driving
the MIT in B’-Cu,V,0s5. Our
research details a new mechanism
and further elucidates materials
design principles for
neuromorphic computing
applications.
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neuromorphic architectures.® Much attention has focused on the search for materials
exhibiting large conductance switching but with relatively small lattice distortions
and greater tunability of the transformation temperature.” Here, we identify a
coupled polaron oscillation and cation-shuttling mechanism as the origin of ther-
mally triggered and voltage/current-driven metal-insulator transitions in a family
of quasi-one-dimensional (1D) tunnel-structured materials, B'-Cu,V,Os, where x rep-
resents the variable stoichiometry of Cu ions (0.27 < x < 0.67). Such a mechanism
points to an entirely distinctive approach to the design of materials exhibiting pro-
grammable electronic instabilities as required for neuromorphic electronics.

Ternary vanadium oxides (M,V,0s) represent a diverse palette of compounds span-
ning many low-dimensional structural motifs that are capable of accommodating
cations (M) drawn from across the s- and p-blocks as well as transition metals at
widely ranging stoichiometries (x).'°"'* Upon insertion of cations, electrons are
donated from the intercalated ion, M, to the formally d° V,Os framework. Conse-
quently, electron correlation along such frameworks can be sensitively tuned as a
function of structure and composition, and has further been shown to underpin
the manifestation of phenomena such as memristive switching,'® low-temperature
spin gaps,'® pressure-induced superconductivity,'” and MITs.'"#2% §/.Cu,V,0s is
characterized by a pronounced MIT, the critical transition temperature (T.) and
magnitude of which have been found to depend sensitively on the Cu stoichiometry,
x.1021723 |n contrast to the canonical MIT material, VO, in which both Mott and
Peierls mechanisms have been implicated as the underlying origin of the MIT (but
considerable new insight has emerged from recent studies),”*?® little is known
about the precise mechanistic origins of the observed electronic instabilities in
ternary vanadium oxides.”'* Cu concomitantly donates a valence electron to the
V,0s lattice upon insertion into the V,0s framework. The localization of the electron
on a specific vanadium site within the V,0O5 framework induces a pronounced local
structural distortion as extensively documented for Li-ion insertion in a-V,0s.2” %7
The coupling between the localized electron and the local structural distortion
(which further tends to be approximately on the scale of a single unit cell) is termed
a small polaron. Further coupling between the intercalated cationic species and the
polaron has been observed in V,0s systems, resulting in a polaron that is “self-trap-
ped” in proximity to a positively charged ion, which has been documented
extensively in LiV,0s and Mg,V,Os cathode materials.?®=* A similar scenario is
envisioned upon monovalent Cu insertion with the cation trapped by interactions
with the resulting small polaron derived from electron localization.

Herein, we show that polaron oscillation (i.e., the back-and-forth diffusion) between
neighboring vanadium sites is strongly coupled to the real-space shuttling of Cuions
between two adjacent crystallographic sites. Notably, this mechanism is entirely
distinct from Li,V,0s and Mg,V,0s self-trapped polaron systems wherein contin-
uous polaron diffusion along the tunnels is observed.?**? Such a coupled shuttling
motion of the Cuion and small polaron narrows the effective band gap of /-Cu,V,0s
and underpins metallization at high temperatures. Detailed analysis of high-resolu-
tion synchrotron powder diffraction, single-crystal diffraction, and extended X-ray
absorption fine structure (EXAFS) reveals that with increasing temperature, Cu
ions more readily shuttle between two crystallographically distinct sites. Spectro-
scopic studies of the electronic structure, probing both valence and conduction
band states of p'-Cu,V,Os as a function of composition and temperature, provide
clear evidence for polaronic states, which are stabilized on vanadium sites at low
temperature but are delocalized at elevated temperatures coincident with the MIT
observed in transport data. Molecular dynamics (MD) and nudged elastic band
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Figure 1. Electronic Phase Transition in f’-Cu,V,0s and Its Structural Underpinnings

(A) Resistance versus temperature curve measured for an individual nanowire of /-Cu,V,0s. An
optical micrograph of the device is shown in the inset. The scale bar represents 5 um (the nanowire
has a width of approximately 330 nm). The right inset indicates an exponential fit with thermal
activation energy of 120 meV for the insulating phase. See also Figure S2.

(B) Differential resistance plots illustrating a voltage-driven metal-insulator transition. The second-
derivative curve of the differential resistance plot is shown in the inset.

(C) Resistance versus temperature plots measured as a function of current bias for an individual
nanowire of B’-Cu,V,0s (x ~ 0.50). The insulator-to-metal transition (increasing temperature) is
initiated at successively lower temperatures with increasing current bias.

(D and E) High-resolution synchrotron X-ray diffraction data (gray circles) collected for p'-
Cug.55V205 below (100 K), in the vicinity of (295 K), and well above (400 K) the metal-insulator
transition. Rietveld refinement of the diffraction data is plotted as light blue (100 K), orange (295 K),
and red (400 K) solid curves. The structure solutions obtained from Rietveld refinement of the
patterns in (D) are shown in (E), represented as a 2 X 2 X 1 unit cells. Additional high-resolution
powder X-ray diffraction data collected for p’-Cug 35V20s, B'-Cup.45V20s, and B'-Cug 5V20s are
provided in Figure S7. Further details of these refinements are included in Supplemental
Information (see Tables S1-512).

(F) A side-on view of the structure in (E) shows the arrangement of copper atoms (dark-blue
polyhedra) along infinite chains within the tunnels of the V,05 framework. Copper (light-blue
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Figure 1. Continued

atoms) is split between two sites within the tunnels (a central site, Cu(1) and a second site, Cu(2),
which is reflected across the mirror plane represented in (G) as a dashed purple line).

(G) The splitting of fractional copper occupancy between the Cu(1) and Cu(2) sites (shown as
thermal displacement ellipsoids) results in a roughly triangular arrangement that lies in the (101)
plane. The Cu(2) site is reflected across the mirror plane (C2/m), as highlighted by a dashed purple
line.

(H) With increasing temperature, the distribution of the Cu ions shifts from the Cu(1) to the Cu(2)
site. The copper occupancies were obtained from high-resolution powder diffraction data and have
approximate scatter in the third decimal place (shown as vertical error bars). The copper
occupancies obtained from Rietveld refinement to B'-Cug 35V20s, B'-Cug.45V20s, and B'-Cug 45V20s5
patterns are tabulated in Table S14.

(NEB) calculations illuminate the coupled nature of the observed Cu-ion shuttling
and polaron oscillation, further demonstrating that polaron oscillation between
adjacent vanadium sites is facilitated by the observed Cu-ion diffusion, thereby
driving the metal-insulator transition.

RESULTS AND DISCUSSION

Structural Underpinnings of the Electronic Phase Transition

Nanowires of B’-Cu,V,0s exhibiting a roughly rectangular cross-section (Figure S1)
were synthesized according to a hydrothermal approach as described in Experi-
mental Procedures and Supplemental Experimental Procedures. Figure 1A shows
the electrical resistance of an individual pB’-Cu,V,0s nanowire (x ~ 0.50, width of
330 nm, see also Figure S2) measured as a function of temperature. A pronounced
thermally driven MIT is observed at 190 K upon heating; differential resistance plots
in Figure 1B further indicate field-driven melting of the insulating state. Indeed, a
small current of 4 pA triggers the insulator-to-metal transition, even at 135 K, which
is well within the insulating regime. Figure 1C indicates the remarkable current-
driven transition induced within another individual nanowire device; each successive
increase in current depresses the MIT to lower temperatures. Notably, Joule heating
is unlikely to drive the transition, as the power dissipated is negligibly small (~3 nW
at 200 K). A linear relationship is observed between the thermal activation energy
and I, as shown in the inset to Figure 1C. Optical microscopy images, scanning
electron microscopy images, and energy-dispersive X-ray spectra collected for indi-
vidual nanowire devices are shown in Figure S2. Figures S2 and S3 further indicate
that the critical MIT temperature (T.) varies strongly as a function of the copper stoi-
chiometry (i.e., xin B'-Cu,V,0s) from 229 K for x ~ 0.46 to 171 K for x ~ 0.50 and 131
K for x ~ 0.62.”"?? These experiments show that T. generally decreases with
increasing copper content.”’ The MIT appears to be entirely suppressed below x
~0.27.

A reasonable test for a material that might be suitable for neuromorphic computing
is to build a simple oscillator where the spacing between the oscillations is controlled
by a capacitor. Such device function is imperative to realize nonvolatile nonlinear
dynamical circuit elements that take advantage of an electrical instability in the cur-
rent-voltage characteristics of the device to create gain in a circuit.>**=’ Figure S4
demonstrates the oscillating behavior of such an element incorporating a parallel
capacitor (which can alternatively be the intrinsic capacitance of the device itself);
the device is maintained at a constant resting potential in the high-resistance state
and then responds as a “leaky integrate and fire” or “all-or-nothing” element by
rapidly switching to a low-resistance state. Figure S4 not only demonstrates the
switching function but illustrates that the material is both a natural oscillator and
an amplifier within proximity of its electronic instability. The oscillation frequency

4 Matter 2, 1-21, April 1, 2020



Please cite this article in press as: Parija et al., Metal-Insulator Transitions in p’-Cu,V,0s Mediated by Polaron Oscillation and Cation Shuttling,
Matter (2020), https://doi.org/10.1016/j.matt.2020.01.027

Matter Cell

and damping are strongly affected by the value of the external resistor and the para-
sitic capacitance.

Figure S5 shows X-ray photoemission spectra (XPS) collected for p’-Cu,V,0s as a
function of copper content. With increasing Cu content, a monotonic increase of
the V¥*/(V** + V®") intensity ratio is observed. Reduction of vanadium is further veri-
fied by X-ray absorption near-edge spectroscopy (XANES) measurements in Fig-
ure S6, which show a monotonic diminution of spectral features derived from unoc-
cupied V d,, and dy,/,, states.?”3133°8 High-resolution synchrotron powder X-ray
diffraction measurements were performed for p’-Cu,V,0s (x = 0.55) nanowires
across the phase transformation, as shown in Figure 1D. The corresponding struc-
ture solutions obtained from Rietveld refinement to the synchrotron diffraction
data are shown in Figure 1E. The material retains its characteristic C2/m monoclinic
symmetry across the discontinuous electronic transformation with complete reten-
tion of the quasi-1D tunnel structure and ordering of the Cu ions in 1D chains along
the crystallographic b axis (Figure 1F). X-ray diffraction further reveals minimal
perturbation of the shortest V-V distances across the phase transition, excluding
the possibility that metallization occurs as a result of increased V 3d overlap (delin-
eated in Table $13);?” the distances remain substantially greater than the critical
2.94-A bond distance empirically determined by Goodenough as the threshold for
metallization in vanadium oxides. Notably, however, with increasing temperature,
a pronounced redistribution of the average position of Cu ions between two distinct
crystallographic sites is observed (Figure 1G). In the p’-Cug 55V2O5s material, the two
sites are occupied nearly equally at 100 K (Cu(1)/Cu(2), 0.52:0.48). However, upon
heating to 400 K, the Cu ions have increased occupancy at the Cu(2) sites (Cu(1)/
Cu(2), 0.35:0.65) indicating temperature-driven shuttling of Cu ions between these
two sites (Figures 1G and 1H). The monotonic increase in Cu(2) site occupancy
with increasing temperature observed for B'-Cug ss5V2Os is similarly observed for
other B’-Cu,V,05 compositions, as shown in Figure S7, Table S14 (refinement of
high-resolution powder diffraction), and Table S15 (refinement of single-crystal
diffraction).

To obtain a more detailed perspective of the temperature dependence of the Cu
shuttling between the Cu(1) and Cu(2) sites, we grew single crystals of B’-Cu,V,05
as described in the Experimental Procedures section with intended stoichiometries
of x = 0.35, 0.55, and 0.65 (intended and refined copper stoichiometries differ sub-
tly for the obtained powders and selected crystals; see Table S14 for powder and
Table S15 for single crystal). The extended crystal structure refined from a single
crystal of B’-Cug¢sV20s is shown in Figure 2A. Stacked layers of edge- and
corner-sharing distorted VO, octahedra spaced by chains of edge-sharing VOs
square pyramids give rise to a quasi-1D tunnel structure that hosts rows of Cu
ions (inset, Figure 2A). The Cu ions in this structure exhibit static-site disorder,
whereby any given Cu ion resides in one of two symmetry-inequivalent sites that
are reflected across a mirror plane in the unit cell (Figure 1G), thereby constituting
the triangular clusters of Cu interstitial sites shown in Figures 1H and 2A-2E. Sin-
gle-crystal X-ray diffraction allows for the refinement of anisotropic displacement
parameters, which are closely correlated with the fractional occupancies of these
two Cu sites, as a function of temperature. Figure 2B depicts the anisotropic
displacement of Cu ions in p'-Cup 35V20s at 110 K, whereas Figure 2C depicts
the displacement within the same crystal at 250 K. At both high and low temper-
atures, the atomic displacement is relatively constrained parallel to the (010) mirror
plane (Figure TH); however, in the high-temperature structure, a significant in-
crease of the lateral displacement is observed parallel to the (101) plane in which

Matter 2, 1-21, April 1, 2020 5



Please cite this article in press as: Parija et al., Metal-Insulator Transitions in p’-Cu,V,0s Mediated by Polaron Oscillation and Cation Shuttling,
Matter (2020), https://doi.org/10.1016/j.matt.2020.01.027

- Matter Cell

A =Cu
Black =V
Red=0

Single unit cell

F 15 . G 10 ;
15— 4p | ——— B’-Cu, ,;V,0; (95 K)
-~ : —— B*-Cu, ,.V,0, (298 K)
3 1 8 ——— Difference
8 ]
2 104 1 ! Cu-0
2 1s—ds | |
S s=4s < Cu-V/Cu
. =
° | 3 45
2 1s—3d = 4
N o054 :
£ 1 27
£ ] ! —— BCu,,,V,0, (95 K) ]
) ! —— B“Cu,,.V,0, (298 K) o
0.0 t T u T + —tr
8980 9000 9020 1 2 3 4 5
Energy (eV) Radial distance (A)

Figure 2. Cu-lon Shuttling Evidenced by Single-Crystal Diffraction and Extended X-Ray
Absorption Fine Structure

(A) Crystal structure of B’-Cug 55V>0s, showing Cu split-site disorder along the tunnels of V,0s. Key:
Cu, gold; O, red; V, black.

(B—E) Refined structures of p’-Cu,V,0s derived from single-crystal diffraction. Thermal ellipsoids
are shown at 90% probability (key: Cu, gold; O, red; V, black). Cu polyhedra are omitted to show Cu
split-site disorder and thermal ellipsoids. Refined structures of (B) B’-Cug 35V205 at 110 K; (C) B'-
Cup.35V20s5 at 250 K; (D) B'-Cug.5V20s at 110 K; and (E) B’-Cug ¢5V205 at 250 K.

(F) Comparison of Cu K-edge XANES spectra of B’-Cug 45V,05s collected at 95 K and 298 K.

(G) k®>-weighted Fourier transforms of the Cu K-edge EXAFS spectra collected at 95 K (red curve)
and 298 K (blue curve). The green curve shows the difference spectrum between the red and blue
curves. A phase-correction term of 0.3 A has been added to the R-space data. The fitted R-space
and k-space EXAFS spectra acquired at 95 K and 298 K are shown in Figure S8; fitting parameters
related to the major scattering paths are provided in Table S16.

the Cu-ion triangular cluster lies, reflecting greater thermal motion and increased
spatial overlap between the distinct Cu positions. At higher Cu content (x = 0.65),
the temperature dependence of the split occupancy of the two Cu positions is
observed to change. Figure 2D depicts the Cu thermal ellipsoids in a crystal of
B'-Cug.65V20s at 110 K, whereas Figure 2E depicts the structure of the same crystal
determined at 250 K. Once again, there is a pronounced but anisotropic increase
in thermal displacement from 110 K to 250 K. However, whereas the effect of tem-
perature on the relative Cu site occupancy in the B’-Cug 35V20s structure (Figures
2B and 2C) is muted, a significant temperature-driven reordering of the Cu site oc-
cupancies is observed in p'-Cug ¢5V20s. At 110 K, the refined occupancy of the
Cu(1) position in B'-Cug¢5V20s is 0.220 (34.30% total Cu) per V,Os, whereas
that of the Cu(2) position is 0.421 (65.70% total Cu) per V,Os. At 250 K, the split
distribution of Cu is shifted toward the secondary site; the occupancy of the Cu(1)
site is reduced to 0.133 (20.83% of total Cu) per V,0s, whereas that of the Cu(2)
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site correspondingly increases to 0.507 (79.17% of total Cu) per V,0s .. The relative
occupancies observed as a function of temperature and Cu stoichiometry are sum-
marized in Table S14 (powder diffraction) and Table S15 (single-crystal diffraction).
It should be noted that while the Cu(1) and Cu(2) site occupancies obtained by
refinement of powder and single-crystal diffraction differ slightly, in part due to
slight differences in stoichiometry and the inclusion of anisotropic thermal
displacement parameters in the refinement of single-crystal diffraction data, the
overall trends in copper occupancy are self-consistent. An increase in the Cu(2)
site occupancy and a corresponding decrease in the Cu(1) site occupancy coupled
with increased overlap of the Cu-ion thermal parameters with increasing tempera-
ture suggests thermally activated migration of Cu ions between Cu(2) sites through
the Cu(1) site. Such Cu-ion shuttling across the triangular regions is delineated in
Figures 2C and 2E, and is clearly correlated with the observed conductance
switching.

To furtherilluminate subtle changes in the local coordination environment of Cu ions
in B'-Cug.45V20s, we performed Cu K-edge XANES (Figure 2F) and EXAFS (Fig-
ure 2G) measurements at temperatures that span the MIT. Three prominent spectral
regions are highlighted in the XANES spectra shown in Figure 2F: the pre-edge re-
gion centered at approximately 8,980.4 eV that derives from dipole-forbidden tran-
sitions from Cu 1s core states to Cu 3d states hybridized with O 2p states; the rising
edge centered at approximately 8,991.2 eV that derives from transitions from Cu 1s
to Cu 4s states hybridized with O 2p states; and the white-line absorption centered
at approximately 8,998.4 eV that derives from transitions from dipole-allowed Cu 1s
to Cu 4p states.’”" Subtle differences in the XANES spectra acquired for
B’-Cup.45V205 at 95 K and 298 K are apparent (Figures 2F and S8A) and derive
from alterations of the local symmetry of the intercalated Cu ions with temperature
consistent with the X-ray diffraction results above, corroborating the importance of

Cu-ion shuttling in underpinning the MIT.*"#2

Temperature-variant EXAFS spectroscopy was further used to examine the local struc-
ture across the MIT.*? Figures 2G and S8B plot Cu K-edge EXAFS spectra collected
for B'-Cug.45V20s at 95 K and 298 K. The oscillation function x(k) is most strongly modi-
fied in the k-range of 8-13 A~" (Figure $8B); concomitant changes in the Fourier trans-
form functions plotted in real space are shown in Figure 2G. Two features in the Fourier
transform curve are modified significantly with increasing temperature; the first feature
corresponds to the Cu-O bond distance at approximately 1.9 A, whereas the second
feature corresponds to overlapping Cu-V/Cu bond distances at approximately 3.0 A.
Fourier transform plots of the EXAFS spectra measured for B'-Cug 45V2Os (Figure 2G)
indicate pronounced broadening of the Cu-O feature with increasing temperature,
reflective of local disorder; furthermore, the intensity of the Cu-V/Cu feature is
decreased with increasing temperature. Two additional correlations are observed at
approximately 2.0 A and 3.0 A in the 95 K Fourier transform spectrum and are most
clearly discernible in the difference spectrum (green).

To understand the scattering paths involved in the change in lineshape of the Cu-O
peak and the decrease in intensity of the Cu-V/Cu peak with increasing temperature,
we calculated the difference in intensity of the fitted Fourier transform spectra at 95 K
and 298 K. The difference spectrum in Figure 2G (green curve) is further deconvo-
luted into components originating from the Cu ion being positioned exclusively at
the Cu(1) (red curve) or at the Cu(2) (black curve) sites (as shown in Figure S9A).
The redistribution of Cu to the Cu(2) sites is shown to profoundly modify the peaks
at 1.95 A and 3.0 A (black curve), whereas the features centered at approximately
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1.85A and 2.7 A (red curve) show the most pronounced changes upon redistribution
to the Cu(1) site. Consequently, the features at 1.9 Aand 3.0 A serve as indirect mea-
sures of the Cu-ion occupancies at the two crystallographically inequivalent sites,
suggesting that the difference spectrum shown in Figure 2G can best be understood
as deriving from the increased shuttling of Cu between the interstitial sites. The crys-
tallography and EXAFS data taken together therefore show that a thermally acti-
vated cation-shuttling mechanism occurs concomitantly with the MIT of B/-Cu,V,0s.
Importantly, and as discussed in the Introduction, it has been established that the
diffusion of Li ions between adjacent lattice interstitial sites is strongly coupled to
the oscillation of nearby polarons located on the V,0s lattice.?®303% As such, the
observed shuttling of Cu between two adjacent sites is likely to have profound impli-
cations for the electronic structure of B’-Cu,V,0s.

Mapping Electronic Structure across the Metal-Insulator Transition

We further used density functional theory (DFT) in conjunction with direct spectroscopic
probes to explore possible electronic structure origins of the MIT observed for
f'-Cu,V20s. Despite the substantial limitations of DFT in the treatment of strongly corre-
lated systems and the intractability of this large dynamically evolving system to ap-
proaches such as dynamical mean field theory, the results provide a guide to interpre-
tation of X-ray spectroscopy data.”>**“® It is worth noting that electron correlation
profoundly affects electrostatic interactions and thereby determines the precise crystal
structure that is adop’ced.48 While DFT (or DFT+U) methods are unable to capture this
rich interplay between electron correlation and structural preference, our ability to
obtain high-resolution crystal structures from single-crystal data enables such calcula-
tions to be used to interpret spectral signatures. The total density of states (DOS) and
the atom-projected density of states (PDOS) calculated for p'-Cu,V,Os as a function
of increasing Cu content (x) are shown in Figures 3A and 3B. The valence band predom-
inantly comprises O 2p states, whereas the conduction band is mostly V 3d in nature as
reflected in XANES spectra (Figure S6). The conduction band is further split into a tag
manifold derived from V 3d,,, 3d,,, and 3d,, states undergoing m-type interactions
with O 2p states and higher energy e4* states derived from V 3d,, and 3d,..,» states in-
teracting through o interactions with O 2p states.'*?”** As a result of the significant
distortion of the vanadium coordination environment away from octahedral geometry,
the tog manifold is further split into a set of nondegenerate states positioning V 3d,, and
3d,, states at the bottom edge of the conduction band (Figure 3B).%7*3 The localization
of electrons within these states and their strong coupling to the resulting lattice distor-
tion results in the stabilization of a small polaron.”” As the copper content increases,
filled states begin to appear at the top-edge of the valence band, just below the Fermi
level (Figure 3A). These filled polaronic states are derived predominantly from Cu 3d
states hybridized with V 3d and O 2p states (Figure 3B). The increased population of
the midgap states effectively decreases the band gap of the material (from approxi-
mately 1.45 eV in pristine {-V,Os to approximately 0.27 eV in '-Cug ¢¢V20s). In contrast
to the weakly localized polaronic states observed previously in p'-Li,V>Os, the polaronic
states in B'-Cu,V,Os are considerably stronger in intensity owing to hybridization with
Cu 3d states.””347

The occupied DOS and the binding energies of the core levels of ¢-V,05 and
B’-Cu,V,0s were experimentally probed by XPS. The evolution of the valence
band (0-10 eV below the Fermi level) and the core levels of B’-Cu,V,Os5 as a
function of the Cu stoichiometry are shown in Figure 3C.***? The XPS spectra
further show that an increase in the intensity of the Cu 3p band at centered at
approximately 70 eV and an increase in intensity of the valence-band peak
centered at approximately 1.4 eV are observed with increasing Cu-ion concentration
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Figure 3. Electronic Structure Origins of the Metal-Insulator Transition in f’-Cu,V,0s5

(A and B) DFT+U calculated (A) total density of states and (B) atom-projected density of states for
B’-Cu,V,0s as a function of Cu stoichiometry.

(C) Cu 3p, V3p, and O 2s core-level valence-band XPS spectra collected for ¢-V,0s, B’-Cug.45V20s,
and B’-Cug ¢5V20s.

(D) Valence-band XPS spectra acquired for £-V,05 and p’-Cu,V,0s with intended stoichiometries of
x=0.35,0.45,0.50, 0.55, and 0.65. A Cu 3d-derived “midgap” state is positioned at the upper edge
of the valence band; this feature is absent in the binary ¢-V,0O5 material and its intensity increases
monotonically with increasing Cu content.

(E and F) Temperature-dependent angle-integrated valence-band photoemission spectra
collected for B’-Cug 45V20s, illustrating a discontinuous opening of the energy gap (E) at
approximately 177 K during heating and (F) at approximately 115 K during cooling. A hysteresis of
62 K is observed.

See also Figure S10.

from x = 0 to x = 0.45 to x = 0.65. A broad feature observed between binding en-
ergies of 0 eV and 8 eV is common to ¢-V,0s and the B'-Cu,V,Os series and can
be ascribed to O 2p states.”” Notably, a prominent feature centered at approxi-
mately 1.1 eV below the Fermi level is absent for {-V,05 but monotonically increases
with Cu stoichiometry in p’-Cu,V,0s (0.35 < x < 0.65). Based on the DFT+U calcula-
tions shown in Figures 3A and 3B, this feature can be attributed to Cu 3d states hy-
bridized with occupied (polaronic) V 3d states. The X-ray emission spectra in Fig-
ure 3D thereby corroborate predictions from DFT for the role of Cu ions in
diminishing the band gap of the material, which furthermore explains the decrease
in T, of the MIT temperature with increasing copper stoichiometry.

Temperature-variant angle-integrated valence-band photoemission spectroscopy
measurements for B'-Cug 45V>Os are shown in Figures 3E (heating) and 3F (cooling).
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Analogous spectra collected for ¢-V,0s and B'-Cug ¢5V2Os are displayed in Fig-
ure S10. Spectral features ascribed to the “midgap” hybrid Cu 3d-V 3d-O 2p and
the O 2p states are delineated by black and gray dashed lines, respectively. During
the heating cycle, an abrupt change in the spectrum is observed at approximately
177 K (red dashed line), denoting a discontinuous electronic transition. Specifically,
an energy gap between the midgap and O 2p region (valence band) is seen to merge
at high temperatures. During cooling (Figure 3F), a discontinuous transition and
reversion of the spectrum to its initial state is observed at approximately 115 K,
consistent with the observation of hysteresis in single-nanowire transport measure-
ments."? In stark contrast, no such discontinuities are observed in the corresponding
spectra acquired for {-V,Os (which is devoid of Cu-ion-derived midgap states) in the
temperature range between 80 K and 250 K (Figures ST0A and S10B). A similar hys-
teretic discontinuity, albeit at lower temperature, is observed in angle-integrated
valence-band photoemission spectra acquired for B’-Cug¢s5V2Os (Figures S10C
and S10D). The decrease in transition temperature with increasing Cu content
observed in transport measurements (Figure S2) can thus be ascribed to the reduced
effective band gap observed for increasing Cu content, as also deduced from the
DFT+U calculations. The angle-integrated valence-band photoemission measure-
ments thereby delineate that the Cu-ion shuttling and observed conductance
switching is accompanied by a closing of the band gap.

Resonant inelastic X-ray scattering (RIXS) measurements were acquired for
B’-Cug.45V20s (Figure 4) and B'-Cug.¢5V20s (Figure S11) nanowires to further investi-
gate the temperature dependence of the O 2p-Cu 3d-V 3d-derived “midgap” states
that appear at the upper edge of the valence band. Figure 4A displays the RIXS
spectra acquired for §'-Cug 45V,O0s nanowires at the V Lz-edge, normalized to the
maximum of the CT peak, alongside the corresponding XANES spectrum. The
normalized V Ls-edge RIXS spectra were further plotted on an energy-loss scale,
as shown in Figure 4B. When excited at 517.2 eV, which corresponds to the absorp-
tion onset, a broad feature emerges around approximately 511 eV on the emission
scale and approximately —6 eV on an energy-loss scale. Based on the DFT+U calcu-
lations discussed above (Figure 3B), and by analogy to assignment from previous
RIXS studies of V,0s, B-Sro17V20s, and o//B-Na,V,0s,*"°% this feature can be
ascribed to charge-transfer excitations between V 3d-O 2p hybrid states. Spectral
features at —3 to —4 eV on the energy-loss scale (Figure 4B) are thought to originate
from hybrid O 2p-Cu 3d-V 3dfilled “polaronic” bands, as discussed above and pre-
dicted from the DFT+U calculations (Figure 3B). A sharp feature at approximately
516 eV in the emission spectrum and at —1.5 eV on an energy-loss scale is observed
and is most pronounced upon excitation at 519.4 eV, which corresponds to resonant
excitation at the V 3d,, feature (Figures 4A and 4B). In accordance with previous liter-
ature, this feature can be ascribed to d-d* transitions.””>'>* The temperature-
variant spectra plotted in Figure 4 reveal that the observed d-d* feature is reduced
inintensity at 298 K (T > Ty1) in comparison with 80 K (T < Ty7), indicative of greater
delocalization of the electrons with increasing temperature. These spectral features
in conjunction with X-ray absorption result in Figure Sé, and valence-band spectros-
copy results in Figure 3C provide strong support for the formation and thermally
driven delocalization of polarons.

Figures 4C and 4D sketch the V 2p — 3d — 2p RIXS processes as per a single-im-
purity Anderson model (AIM) formalism.>>° The observed RIXS spectra are consis-
tent with the DFT calculations and are further characteristic of a Mott insulator. Va-
nadium cations in ¢-V,Os can be assumed to have a +5 oxidation state and a 3d°
configuration. RIXS probes charge neutral excitations, and the only charge neutral
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Figure 4. Temperature-Driven Delocalization of Polaronic States as Probed by Resonant Inelastic
X-Ray Spectroscopy

(A) RIXS spectra collected at the V Lz-edge for B'-Cug 45V2,Os nanowires. Spectra are normalized to
the maximum of the CT peak, and the corresponding XANES (TFY) spectrum is shown as a dark-blue
curve. The RIXS excitation energy is increased from the absorption onset toward the main V L,-
edge, as indicated by colored arrows above the inset XANES spectrum. The normalized RIXS
spectra are color-coordinated to the corresponding excitation energy arrows.

(B—F) The normalized V Lz-edge RIXS spectra are further displayed on an energy-loss scale (B). A
schematic representation of the V2p — 3d — 2p excitations based on a single-impurity Anderson
model is shown for (C) {-V,05 and B’-Cug.45V20s and for (D) p’-Cug ¢5V2Os. In all instances, L
represents an electron transferred from the oxygen 2p valence band to V 3d states through p-

d hybridization, and L, represents an electron transferred from the hybridized Cu 3d-O 2p valence
band to V 3d states through p-d hybridization. Note that the spectrum included in (C) to
schematically illustrate the origins of the RIXS spectral features is the same as included in (B) for
B'-Cug.45V20s. Variable-temperature normalized V Ly-edge RIXS spectra displayed on an energy-
loss scale for (E) B'-Cugp.45V205s and (F) B’-Cug ¢5V2Os. The spectra are plotted in the range —6to 3 eV
to highlight the observed d-d* transition.

See also Figure S11.

oscillations possible in the AIM are from the full O 2p band to V 3dP states. As a result
of neutral charge fluctuations, this neutral excitation leads to the formation of a V**|
3d1£) band (green states in Figures 4C and 4D, wherein L represents an electron
transferred from the oxygen 2p valence band to the V 3d band through p-d hybrid-
ization), observed as charge-transfer excitations at approximately 6 eV on an energy-
loss scale (Figures 4C and 4D). In contrast to ¢-V,0s, B'-Cu,V,0s5 has additional Cu
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3d states that hybridize with O 2p states. Neutral charge fluctuations in these states
lead to the formation of a V5+|3d1£1) band (light-blue states in Figures 4C and 4D,
wherein L, represents an electron transferred from the hybrid Cu 3d-O 2p valence
band to the V 3d state through p-d hybridization), observed as extended charge-
transfer excitations at approximately —3 to —4 eV on an energy-loss scale. The posi-
tioning of these states above the O 2p band corroborates the classification of
B’-Cu,V,0s5 as a Mott insulator. Furthermore, when Cu ions are intercalated within
the V,Os lattice, specific vanadium sites are reduced from a nominal +5 to +4 oxida-
tion state, thereby yielding a mixed valence 3d'/3d° system. Consequently, addi-
tional V**|3d") states (Figures 4C and 4D) corresponding to d-d* transitions appear
below the CT bands at approximately —1.5 eV on an energy-loss scale.

In the case of B'-Cug 45V20s, the intensity of the d-d* feature is diminished at higher
temperature (298 K, blue and cyan spectra in Figures 4A, 4B, and 4E). As sketched in
Figure 4C, the V**|3d") band is more delocalized and has higher energy dispersion
at 298 K as compared with 80 K. The diminution in the intensity of the d-d* feature
can be understood by considering that the X-ray absorption cross-section is depen-
dent on the coupling between the initial and the final state.”’>® Since the initial 2p
eigenstate on the V atom is localized, the most intense peak will be obtained for a
final state that is also localized, which indeed appears to be the case at 80 K. How-
ever, the final states appear to have a weaker coupling with the initial states at 298 K
and result in a substantially broadened d-d * feature (Figures 4C and 4D). RIXS
spectra acquired for B’-Cug ¢5V20s nanowires are plotted in Figure S11. In other
words, RIXS spectra show that electron localization (corresponding to polaronic
states) on vanadium sites is strongly altered as a function of temperature and is
further coincident with the shuttling of Cu ions as observed in crystallographic and
EXAFS data. Higher temperatures induce greater Cu shuttling across the sites
sketched in Figure 2, and this Cu-ion motion is correlated with greater delocalization
of coupled polaronic states on the vanadium sublattice. The crystallography and
EXAFS data in conjunction with RIXS and photoemission observations delineate
the coupling between the thermally activated shuttling of Cu ions and delocalization
of the polaronic states, which brings about a pronounced MIT.

Coupling of lonic Diffusion and Electronic Structure Underpins the Metal-
Insulator Transition in B’-Cu,V,05

MD simulations were used to investigate the electronic structure implications of the
migration of Cu ions between the Cu(1) (symmetric) and the Cu(2) (asymmetric) sites
as evidenced by X-ray diffraction (Figures 1 and 2) and EXAFS (Figure 2). Snapshots
of the MD trajectory for the diffusion of one of the Cu ions between these sites in B~
Cug.33V20s are shown in Figures 5A-5C and are compiled in Video S1. The total DOS
and the PDOS for the V atoms delineated V(9) and V(10) are shown in Figures 5D-5F.
At 2.00 ps (Figure 5A), the Cu ion is in closer proximity to the V(10) atom with an
approximate bond distance of 3.29 A, whereas the Cu(1)-V(9) bond length is
3.56 A. Analyzing the corresponding DOS and PDOS in Figure 5D reveals a band
gap of approximately 0.56 eV for this configuration. In contrast, at 3.50 ps (Fig-
ure 5B), the Cu ion is positioned almost equidistant to the V(9) and V(10) atoms
with Cu-V(10) and Cu-V(9) bond lengths of 3.63 Aand3.56 A, respectively. Interest-
ingly, the DOS in Figure 5E reveals that the band gap of the material is almost
entirely closed (a small band gap of approximately 0.05 eV is retained), reflecting
transformation to a metallic state for this configuration. The corresponding PDOS
in Figure 5E reveals that a significant contribution to the decrease in the band gap
arises from the Cu ion being equidistant to the two V atoms. Finally, at 3.95 ps (Fig-
ure 5C), the Cu ion is again positioned in the asymmetric site; however, in contrast to
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Figure 5. Coupled Polaron Oscillation and Cu-lon Shuttling in f’-Cu,V,05

(A-F) The migration of Cu ions between the Cu(1) and the Cu(2) sites of p’-Cug.33V>0s was studied
using molecular dynamics (MD) calculations. Snapshots of the MD trajectory for the diffusion of one
of the Cu ions from (A) the Cu(2) site to (B) the Cu(1) site, and (C) back again to the Cu(2). The
corresponding calculated total DOS and PDOS (solid red region) for the atoms labeled V9 and V10
are plotted in (D) to (F).

(G-J) The adiabatic and non-adiabatic diffusion barriers for the concomitant oscillation of polarons
from V1 to V2 sites and shuttling of the Cu ion from Cu(1) to Cu(2) in B-Cug 08V2Os are depicted (G),
wherein (H) is the initial state, (1) is the transition state, and (J) is the final state. The dashed blue line
in (G) shows the harmonic energy curve and its intersection represents the non-adiabatic energy
barrier (AEg;a). The black line in (G) shows the adiabatic energy barrier, which is calculated along a
reaction path defined by linear interpolation of the initial and final states. The red circle in (G)
represents the relaxed saddle point geometry as calculated by NEB theory.

See also Figures S12 and S13.

the configuration at 2.00 ps (Figure 5A), the Cu-V(10) bond length (4.02 A)is longer
than the Cu-V(9) (3.69 A) bond length. Figure 5F illustrates the electronic structure
consequences of this configuration, which results in a band gap of 0.46 eV. Analo-
gous snapshots of diffusion trajectories and the corresponding PDOS for f'-
Cug.41V20s, are shown in Figure S12. The MD simulations thereby unify the diffrac-
tion data with the spectroscopic data, illustrating that the thermally activated
diffusion of Cuions (Figures 1 and 2) between the two adjacent Cu(2) sites is concom-
itant with polaron delocalization and metallization observed in RIXS and angle-inte-
grated valence-band photoemission measurements, and suggests that this coupled
diffusion of ions and polarons brings about metallization evidenced in transport
measurements as conductance switching.

Figure 5G illustrates that the approximate adiabatic activation energy barrier
(AE 5qia) for Cu-ion migration calculated using linearly interpolated ionic positions
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is 0.13 eV. In contrast, the diffusion barrier (AE,q;,) calculated using the relaxed ge-
ometry of the transition state is slightly lower at 0.12 eV. These values are in close
agreement with the diffusion barrier calculated for polaron diffusion in
B-Lio.0gV20s5.>> In turn, the diabatic activation energy barrier is found to be
0.22 eV. Consequently, for this system, adiabatic polaron transfer as shown in Fig-
ure 5 is energetically more favorable than diabatic polaron hopping by 0.1 eV. These
results make a compelling case that the diffusion of the Cu ion is vital, as the elec-
tronic diffusion of the polaron is strongly coupled to the shuttling of the nearby
Cu ion and the subsequent structural distortion of the V,Os lattice. While single
polaron migration has been examined here, previous studies on Mg,V,0s have re-
vealed that the diffusion of multiple coupled polarons can somewhat increase the
migration barrier.>” In summary, at higher temperatures the shuttling of the Cu
ions between the Cu interstitial sites is facile and readily enables the delocalization
of coupled polarons. The electronic structure implication of the Cu shuttling and
polaron diffusion is a decrease in the band gap of the material, bringing about a
transformation to a metallic phase.

Conclusions

In conclusion, the MIT in B’-Cu,V,05 can be triggered by modulation of tempera-
ture, voltage, or current; the critical transition temperature is found to depend sensi-
tively on the Cu-ion stoichiometry (x). The subtle structural distortions in p’-Cu,V,0s
across the thermal MIT have been examined using synchrotron powder X-ray diffrac-
tion, single-crystal X-ray diffraction, and EXAFS spectroscopy. Cu ions are shown to
exhibit a split-site disorder between two adjacent crystallographic sites; tempera-
ture-dependent X-ray diffraction data acquired for different Cu stoichiometries (x)
in B'-Cu,V,Os indicate increased disorder and shuttling of Cu ions between the
two sites at higher temperatures. Angle-integrated valence-band photoemission
spectroscopy and RIXS evidence the evolution of the electronic structure of the ma-
terial with temperature and further demonstrate the stabilization of polarons
comprising electrons localized on the V,0s framework at low temperature.
Increasing polaron delocalization is observed at higher temperatures and is shown
to be concomitant with and coupled to Cu-ion shuttling. Ab initio MD simulations
and NEB calculations demonstrate that the shuttling of the Cu ions between the
two sites is facile and readily enables the adiabatic diffusion of coupled polarons.
The electronic structure implication of coupled thermally driven Cu shuttling and
polaron oscillation is manifest as a decrease in the band gap of the material, thereby
stabilizing a metallic phase. The results provide mechanistic insights into the close
interplay of ionic diffusion and electronic structure in underpinning MITs of strongly
correlated systems. Importantly, the mechanism described here does not incorpo-
rate a discontinuous structural transformation as observed in materials exhibiting
Peierls’ distortions; detailed structural studies indicate the absence of a change in
lattice symmetry or a discontinuous alteration of V-V distances. Instead, Cu-ion shut-
tling is strongly enhanced with increasing temperature (as evidenced by the greater
overlap of Cu thermal ellipsoids at higher temperatures), and the concomitant delo-
calization of polaronic states on the vanadium sublattice underpins metallization.
The delocalization of polaronic states reflects a transition that is best described in
the Mott limit.”>” The combination of strong electron-phonon coupling resulting
in polaron formation and the associated disorder of Cu ions across adjacent intersti-
tial sites has close parallels with conceptual frameworks developed to address Mooij
correlations in disordered metals.®>°" Fratini and coworkers have developed a
microscopic theory using dynamical mean field theory (DMFT) approaches that allow
for treatment of Anderson localization and strong electron-phonon coupling at a
comparable level. The emergence of a pseudo-gap and the associated transference
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of spectral weight away from the Fermi energy developed within their framework®®
harkens to the behavior observed here in ’-Cu,V,0s, although the large size of the
system renders it a difficult target for treatment by DMFT methods. The utilization of
cation shuttling and polaron diffusion paves the way toward the use of ionic vectors
with subtle structural distortions for obtaining conductance switching with minimal
energy dissipation such as required for energy-efficient neuromorphic computing
and sensing. Future work will focus on examining the influence of stress and finite
size confinement in modulating the conductance switching mediated by this
mechanism.

EXPERIMENTAL PROCEDURES

Additional details of experimental methods related to preparing p’-Cu,V,0s single
crystals, processing of single-crystal/high-resolution powder X-ray diffraction data,
scanning electron microscopy, X-ray photoelectron spectroscopy, and ab initio
MD calculations are provided in Supplemental Experimental Procedures.

Preparation of B/f'-Cu,V,05 and &-Cu,V,05 Nanowires

The Cu,V,0s nanomaterials described in this work were prepared through two
distinctive approaches. In the first approach, p’-Cu,V,0s powders were synthesized
using a high-temperature solid-state reaction. Cu metal powder (Alfa Aesar, 99.99%)
and V,05 powder (Beantown Chemical, 99.5%) were mixed in stoichiometric
amounts (i.e., xin Cu,V,0s ranging from 0.35 < x < 0.65 and x = 1.0) and ball-milled
(Spex mill, acrylic beads) for 30 min. The intimately mixed powders were next sealed
in a quartzampoule under vacuum. The ampoules were heated in a muffle furnace at
550°C for 72 h. The contents of the ampoules were then removed and ground using
a mortar and pestle and again sealed within a quartz ampoule under vacuum. The
remixed powder was further annealed within a muffle furnace at 550°C for 7 days
to obtain phase-pure samples. Black or purple/black polycrystalline powders were
obtained depending on the Cu stoichiometry. Phase-pure powders of f'-Cu,V,0s
(x=0.35,0.45, 0.55, and 0.65) were then treated hydrothermally to obtain 1D nano-
wires. In a typical reaction, 300 mg of p’-Cu,V,0s powders, 1 mL of 2-propanol, and
15 mL of deionized water (18 MQ-cm™") were added to a 23-mL polytetrafluoroethy-
lene autoclave liner, which was subsequently sealed within a stainless-steel auto-
clave (Parr Instruments). The sealed autoclave was heated to 210°C for 24 h and
then allowed to cool to room temperature. The obtained black/purple powders
were removed from suspension by filtration, washed with copious amounts of water
and 2-propanol, and allowed to dry in air overnight.

Single-Nanowire Transport Measurements

Standard photolithographic techniques were employed to isolate individual nano-
wires of single-crystalline B’-Cu,V,Os and construct device architectures. In brief,
prior to device fabrication, a Si/SiO, substrate comprising a Si wafer passivated
with a SiO, oxide layer with a thickness of 300 nm was thoroughly cleaned by ultra-
sonication in acetone, methanol, and deionized water. p’-Cu,V,0Os nanowire sam-
ples were dispersed in 2-propanol with the aid of ultrasonication. This dispersion
was drop-cast onto the cleaned Si/SiO, substrate. Individual nanowires were identi-
fied by optical microscopy and multiterminal devices were fabricated using standard
photolithographic techniques. Typically, fabricated devices had a channel length of
~5 pm between the source and drain. Finally, Cr/Aulayers (5 nm/70 nm) were depos-
ited using an electron-beam evaporator. All transport measurements were per-
formed in a two-terminal DC configuration using a liquid nitrogen cryostat using
Lakeshore 330 temperature controller, SR 7265 lock-in amplifiers, and a Keithley
2400 SourceMeter under high vacuum. For resistance versus temperature
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measurements (Figures 1A-1C and S2), the sweep rate was kept at 1 K min™". To
demonstrate basic characteristics of the B-Cu,V,Os material as required for neuro-
morphic computing, we connected a B-Cu,V,Os single-nanowire device to an
external load resistor (100 kQ) and to a signal generator. A voltage pulse (100 kHz)
was applied to the device in the insulating phase (160 K, below the MIT transition
temperature) and oscillations in the voltage output were measured.

XANES and EXAFS Measurements

Cu K-edge XANES and EXAFS spectra were collected at the Advanced Light Source
(ALS) bending-magnet beamline 10.3.2 (2.4-17 keV). The storage ring is operated at
500 mA and 1.9 GeV. A custom-made liquid nitrogen cryostage was used to collect
the data at 95 K, whereas spectra at 298 K were measured by stopping the flow of
liquid nitrogen. Spectra were collected in fluorescence mode in the energy rage
8,880-9,280 eV and 8,880-9,980 eV (up to k = 16.0 AN by continuously scanning
the Si(111) monochromator. Cu foil was used as a calibration standard. LabVIEW
custom software was used to perform deadtime correction, glitch removal, energy
calibration, pre-edge subtraction, and post-edge normalization.®” The Athena suite
of programs in the IFEFFIT package was used for further processing of the data. Mul-
tishell least-squares parameter fitting of the Cu K-edge EXAFS data was performed
using ARTEMIS module of IFEFFIT software package.®® The photoelectron mean
free path, scattering amplitude, and phase functions were calculated using the
FEFF6 program.®* Crystallographic data obtained from high-resolution synchrotron
powder X-ray diffraction was used to build models of the Cu site with the Cu ion posi-
tioned at both Cu(1) and Cu(2) sites. Physical constraints were placed on the coordi-
nation numbers (based on the structure refined from XRD) to reduce the correlation
between the best-fit parameters and improve the quality of the refinement.

Angle-Integrated Photoemission Spectroscopy Measurements

High-resolution angle-integrated photoemission spectroscopy was performed us-
ing the HARPES end station at the MAESTRO facility at beamline 7.0.2 of the ALS.
This end station is equipped with a hemispherical VG Sienta R4000 analyzer. The
synchrotron beam is estimated to have a lateral size of around 30-50 pm. Powder
samples of B’-Cu,V,0Os nanowires were loaded onto the sample holder and placed
within the ultrahigh vacuum chamber. For angle-integrated photoemission spec-
troscopy and XPS measurements, a 15-pm field-of-view circular aperture in the elec-
tron-beam path was used to select an area of interest in the sample. The end station
has a total energy resolution of ca. 20 meV. Photon energies of 100 eV were used to
acquire the Cu 3p, V 3p, and O 2s core-level data, and a photon energy of 30 eV to
collect the valence-band spectra. The chamber was equipped with a custom-de-
signed heating stage to facilitate temperature-variant experiments. The tempera-
ture was varied between a range of 80 to 298 K across heating and cooling cycles.

X-Ray Emission and Absorption Spectroscopy

RIXS spectra were collected at the ultrahigh efficiency iRIXS end station of beamline
8.0.1.1 of the ALS. The beamline undulator and spherical grating monochromator
supply a linearly polarized photon beam. The linear polarization of the incident
beam is parallel to the scattering plane. RIXS spectra were acquired at specific exci-
tation energies; the excitation energy value was first calibrated, then the emission
energy was calibrated based on the elastic feature. The XANES data shown in this
work are collected in total fluorescence yield mode. All the data were normalized
to the beam flux measured by a clean gold mesh upstream of the end station.
For collection of the RIXS spectra at 80 K the samples were cooled using liquid
Ny, whereas spectra at 298 K were measured by stopping the flow of liquid Na.
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XANES measurements were acquired at RE/IXS beamline (10ID-2) of the Canadian
Light Source. All measurements were performed using the impurity diffraction
grating, which has a resolving power AE/E of 700 in the measured energy range
(508-565 eV). The utilized REIXS end station is equipped with a microchannel plate
detector and a silicon drift detector. Partial fluorescence yield spectra were obtained
by averaging spectra across a 100-channel width centered on either the V L-edge or
O K-edge emission lines. Prior to measurement, powder samples were dispersed
and affixed to copper tape. X-ray emission spectra plotted on an energy-loss scale
were adjusted to 0 by subtracting the excitation energy from the spectra.

Computational Methods

The initial coordinates for p’-Cu,V,0s were obtained from refinement of powder and
single-crystal X-ray diffraction data. Electronic structure calculations were per-
formed using DFT® as implemented in the Vienna Ab initio Simulation Package
(VASP).%>¢” Electron exchange-correlation interactions were implemented by using
the generalized-gradient approximation of Perdew, Burke, and Ernzerhof.® The
projector-augmented wave formalism with a kinetic energy cutoff of 600 eV was
used to describe the electron-ion interactions.®” On-site Coulomb interactions
were included by using the rotationally invariant DFT+U formalism of Dudarev
et al.”® For vanadium and copper atoms, on-site Coulomb interaction parameters
of U=3.0and 7.0 eV, respectively, were used. The U value for vanadium was deter-
mined by comparing the band gap calculated for {-V,Os (Figure S14A) and its exper-
imental electronic band gap measured in our earlier work.”' The band gap of
B’-Cug 10V20s5 was then calculated at different values of U for both V and Cu atoms
(Figure S14B) and compared with Figures 3E and 3F in order to deduce U parameters
for both Cu and V atoms. A T-point centered Monkhorst-Pack reciprocal grid of
4 x 4 x 4 k-points was used for first Brillouin zone sampling in the DOS calculation;
a2 X 2 x 2 k-points reciprocal grid was used for relaxation of the structures. The
structures were considered to be relaxed when each Cartesian force component
was less than 0.03 eV A~ unless otherwise noted.

The diffusion of the Cu ions and the concomitant diffusion of polarons were calcu-
lated by employing the NEB formalism as implemented in VASP. DFT+U calculations
were employed to examine the energetics and migration energy barriers associated
with diffusion pathways. The linearly interpolated midpoint of the initial and final
structures was relaxed to find the geometry and energy of the transition state. The
endpoints were relaxed until each Cartesian force component was less than
0.001 eV A", whereas for the forces along the NEB path the convergence criterion
was 0.05 eV A~". To discard spurious interactions between the images, we built the
supercell such that the distance between the images was no less than 7.3 A.

Cu-ion diffusion and the associated polaron diffusion on the vanadium centers were
further modeled using NEB calculations. The Cu ion and its associated polaron at
site V1 represents the initial ground-state configuration (labeled as 0 in Figure 5G).
The final state of the system is related to the initial state by symmetry (labeled as 100
in Figure 5G). Hence, once the polaron is obtained on the initial ground-state geom-
etry, a translational operation can be performed to obtain the coordinates of the final
state. Figure 5G plots the diffusion-energy barrier versus the reaction coordinate for
the diffusion of the polaron and the Cu ion from the initial to the final state. Three
different scenarios have been considered for polaron diffusion. In the first case, as
shown by the dashed blue line, change in energy as a function of change in ionic po-
sition keeping the polaron localized either on site 0 or site 100 is described by har-
monic potential energy wells centered at sites 0 and 100. The intersection of these
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harmonic potentials yields the non-adiabatic activation energy barrier (AEg;,). In this
figure, we have plotted the harmonic potential energy wells using the calculated
value of AEg,:"?

AEgia = AEugia + Vag, (Equation 1)

where AE,q;, is the adiabatic activation energy and Vg is the electron coupling ma-
trix element. According to the Mulliken-Hush formalism within the Marcus theory,”?
the parameter Vag was estimated as follows:

Vag = %AEQ, (Equation 2)
where AE;; is the energy difference between the highest occupied state and the
lowest unoccupied state of the adiabatic transition state. It should be noted that
since we are using ground-state theory (DFT) to calculate the energy of the unoccu-
pied state, the value of Vag calculated here is approximate, but nevertheless illus-
trates the adiabaticity of polaron transfer. Figure 512 shows the total DOS and the
PDOS of the relaxed transition-state geometry for atoms V1 and V2. The electron
coupling matrix (Vag) has been calculated to be 0.1 eV using the value of AE;, (0.2
eV), which is determined from Figure S12B.

In the second scenario, the approximate adiabatic activation energy barrier has been
calculated by linearly interpolating the ion positions between states 0 and 100.
Energies for the self-consistent charge densities on the Born-Oppenheimer surface
correspond to these approximate ionic positions. The difference in energy calculated
for the states 0 and 50, the linearly interpolated transition state, gives the value of
approximate adiabatic activation energy barrier, denoted as AE ;. Finally, in the third
scenario, the linearly interpolated transition state is further relaxed using the NEB
method to provide a refined transition-state geometry and with that the refined
approximation of the adiabatic activation energy barrier, denoted as AE, g,

Experimental details related to spin-polarized ab initio MD calculations are included
in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.matt.
2020.01.027.
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