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Continuous Wave (CW) Electron Paramagnetic Resonance (EPR) spectroscopy was used to study the defect
structure and electron transfer mechanism in a series of LiBO,-V,0s mixed conductive glasses of varying
V,0s5 content. These glassy materials are attracting growing interest for energy storage devices. At low V,0s5
content (VLB1), anisolated S = % vanadium defect centre is found at a network modifying position within the
LiBO, matrix. The observed spin Hamiltonian parameters are consistent with a V** centre possessing
a distorted octahedral configuration and d,, orbital ground state. At high V,Os content (VLB3), the
vanadium hyperfine structure is absent indicative of a distinct exchange-narrowed signal. A model was
developed to analyse the linewidth and g-tensor component of the EPR signals, revealing a marked
temperature dependent behaviour, consistent with a polaron hopping mechanism of electron transfer
and inter-electronic exchange along the gz direction, coincident with the electron transfer axis. The

activation energy (E,) was estimated to be 0.081 eV, consistent with other conducting glasses. A
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Accepted 20th July 2021 relaxation-dominated line broadening mechanism was further supported by multi-frequency EPR

measurements, which also identified unresolved features at high frequencies due to unaccounted for
DOI: 10.1039/d1ta023529 anisotropic exchange/speciation within the disordered network. This analysis provides a straight-forward

rsc.li/materials-a method for the use of EPR to investigate solid-state glassy materials.
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Introduction

The tuneable multi-functional properties of V,05-based mate-
rials have led to its incorporation in a variety of energy storage,
optical and electrocatalytic applications (especially as water-
splitting cathodes)."* Amorphous vanadate glasses are also
attractive for use as solid state electrolytes,>*° cathodes for Li-
ion batteries," " and alternative alkali-ion battery technolo-
gies,”®™ due primarily to the content-dependent mixed ionic-
electronic conductivity of the materials. Vanadium possesses
multiple accessible redox couples, which provides a subsequent
high theoretical capacity and energy density that can incorpo-
rate up to three Li ions per V,05 unit."* Crystalline V,05 mate-
rials have had limited commercial application due to the poor
capacity retention, which results from irreversible phase
changes (amorphisation) and volume expansion upon Li
incorporation. On the other hand, amorphous vanadate mate-
rials have been shown to reduce some of these challenges and
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therefore offer a highly attractive route that overcomes
performance-limiting properties upon intercalation.

The functional properties of these glassy materials are highly
dependent on the nature and content of the precursors used in
their preparation. A great deal of literature is available that
focuses on the structural characterisation of V,0s-based glassy
materials for a variety of applications.**¢**

For example, when V,05 behaves as a network modifier, i.e.,
at low contents, its incorporation into a borate network can be
accompanied by a modification of the regular (trigonal) struc-
ture as diborate, chain-type metaborate and tetrahedral BO,
units.”® The presence of trigonal and tetrahedral borate sites
was also confirmed in other studies of xV,05(1 — x)[2B,03-Li,O]
glasses® closely analogous to the glass samples to be reported
in this study.

Glasses containing high V,05 content (up to x = 0.8; xV,05(1
— x)B,03) were also described in the literature,* where V,05
acts as a network former, and revealed that borate was only
present as tetrahedral BO,  units in network modifying posi-
tions. At V,05 contents greater than the LiBO, contents, vana-
dium can also be considered the primary network former and
therefore, to local order, can be a useful model in the charac-
terisation of the V** defects in amorphous materials. The elec-
tronic interactions between V** defects actually mediate the
polaron hopping mechanism of electron transfer for conduc-
tivity (Fig. 1). The local defect structure, primarily vacancies and
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Fig. 1 Schematic illustration of polaron hopping direction in a V,Os
type phase.

cationic impurities (such as Li), are then generally responsible
for the formation of the V** sites.

The introduction of oxygen vacancies into V,05 can also
induce ferromagnetism between sites of the form V,0(;_y
(where x < 0.13 and 0.19 < x < 0.45), with the electron spin
density occupying a 3d,, orbital ground state.” These electrons
are then spin polarised due to intra-atomic exchange interac-
tions giving rise to half-metallic ferromagnetism. Other theo-
retical and experimental studies have also shown that for higher
oxygen vacancy concentrations (x > 0.45), anti-ferromagnetic
ordering can dominate.*

This presents a straight-forward model upon which the effect
of incorporation of network modifying defects, such as Li and B,
in addition to intrinsic defects such as oxygen vacancies, can be
understood in terms of their resulting magnetic properties. The
formation of intrinsic oxygen vacancies that can lead to V**
defects can occur through charge compensation according to:**

/ .1
2V§ + 05 22Vy + 05 + 50 1)

and in this case, the intrinsic concentration of oxygen vacancies
is approximately equal to half the concentration of V**.2*

A useful comparison for the vanadate glass network is the
understanding of Li-defect chemistry in the V,05 network,
particularly the electrochemical insertion of Li-ions.”® Intro-
duction of Li" into a V,05 intercalation site is accompanied by
the reduction of a single V°* site to V** and association to the

adjacent oxygen site forming a coupled electron-hole pair:
Vi + 05+ Li" +¢ =V, +OLi )

where V3 denotes the V°* site, Oy is an 0> site, V, is an
effective V** defect site and OLi; is the associated oxygen site
with intercalated Li* and a net positive charge.

It is clear that the electrochemical stability and performance
of the electrode materials is directly related to the local elec-
tronic structure of the redox-active vanadium sites, in addition
to defects, vacancies, dislocations etc. as a result of the disor-
dered glassy network. Amorphous glasses can hence present
challenges in understanding the local structure of the material
due to short-range order and localised ordering. Information
from conventional techniques for structural determination,
such as XRD, can often be challenging in providing a compre-
hensive structural view of the material.

By comparison, EPR spectroscopy can be readily exploited as
a powerful characterisation technique when studying such glassy
materials bearing paramagnetic vanadium states, notably V** (§ =

16918 | J Mater. Chem. A, 2021, 9, 16917-16927

View Article Online

Paper

1; °F,) and V** (S = 1/2; ®Ds;).* The compressed octahedral
oxovanadium(iv) or vanadyl ion, VO, is a common paramagnetic
site in glass systems containing V,0s, which is often used as
a structural probe for EPR investigation.””** The coordination
environment is critical in determining the relative ordering of the
3d states and hence the orbital occupancy of the unpaired elec-
tron. Due to the orbital contribution to the total angular
momentum, the g-tensor is also highly sensitive to its coordina-
tion environment. Furthermore, hyperfine and super-hyperfine
interactions with neighbouring nuclei, offer a wealth of infor-
mation on the local site symmetry, coordination and geometry.

It is important to note that in the glassy materials, two
distinetly different and observable V** environments can be ex-
pected, with the vanadium acting as a network forming or
network modifying phase.*** At low contents, in the network
modifying phase, V** defects are formed via charge compensa-
tion for Li and B, and can be considered well isolated in the bulk
LiBO, network compared to other substitutional vanadium sites.
On the other hand, in network forming phases, the structure is
akin to defective V,Os (to short range order), whereby V** sites are
formed via incorporation of Li, B and oxygen vacancy defects. In
this case, the spin delocalisation and spin concentration is much
greater, and the V** defects can no longer be considered as iso-
lated, localised species. This environment is then attributed to an
extended lattice of interacting spins, responsible for the super-
exchange behaviour associated with polaron hopping conduc-
tivity. The inequivalence of exchange pathways along the lattice
dimensions is thus highly dependent on the local structure, and
bonding to nearby spins, and hence the magnitude of the elec-
tronic interactions are sensitive to this. Both of these environ-
ments can be readily interrogated by EPR spectroscopy.

In this study we have therefore employed continuous wave (CW)
EPR spectroscopy to investigate the electronic structure of V** sites
and the inter-site interactions or relevance to electronic conduc-
tivity. A series of LiBO,-V,0s5 (VLB) glasses, varying in V,0O5 content,
were studied in order to identify the distinct V;, and other defective
sites present. Careful analysis of line width broadening in the EPR
spectra provides insights into the exchange network and polaron
hopping conduction afforded by defect formation and spin density
delocalisation. The EPR line width analysis model adopted here
affords an estimate of the polaron hopping activation energy, the
Curie-Weiss temperature and the isotropic exchange integral.
These parameters can in turn be used to directly probe the corre-
lation of paramagnetic, redox-sensitive sites, and rationalise the
local environment and functional properties of V,05 based glassy
materials.

Experimental
Materials and methods

All  precursors
purification.

were used as-received without further

Synthesis

The V,05-LiBO, glass materials studied in this work were
prepared via a melt-quench method. Analytical pure grade raw

This journal is © The Royal Society of Chemistry 2021
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materials i.e. V,05 (=99.6%, Aldrich) and LiBO, (99.9%, Alfa
Aesar) were weighed according to the corresponding ratios of
V,0s5 to LiBO,. The weighed raw material mixtures were thor-
oughly mixed using a Turbula Mixer for 45 minutes before they
were placed in Pt crucibles and heated in a muffle furnace to
900 °C for 60 minutes. To prevent the crystallisation due to the
slow cooling rate, homogeneous melts were poured directly into
baskets containing liquid nitrogen. The produced ingots were
then crushed and dry-milled using a high energy planetary mill.
The homogeneous melts were milled using 20 mm diameter
YSZ milling balls for 20 minutes, and subsequently milled with
3 mm diameter beads for 40 minutes. The full milling process
gave rise to a fine powder to be characterised by EPR
spectroscopy.

Continuous-wave (CW) EPR spectroscopy

The X-band (9 GHz) CW-EPR spectra were recorded at 120 K on
a Bruker EMX spectrometer, operating at 100 kHz field modu-
lation frequency, 0.6325 mW microwave power and 1 G modu-
lation amplitude using an ER 4119HS cavity. Approximately
50 mg of each sample was packing into a 3.8 mm I.D. quartz cell
for these X-band measurements. For Q-band measurements,
the samples were individually packed into a 1.2 mm L.D. quartz
cell. The Q-band (35 GHz) spectra were then recorded at 7= 10
K on a Bruker E500 spectrometer operating at 100 kHz field
modulation frequency, 0.005 mW microwave power and 1 G
modulation amplitude, using a Bruker ER5106 QT-E resonator.
Finally, for W-band measurements, the samples were packed
into a 0.5 mm L.D. quartz cell. The W-band (95 GHz) spectra
were recorded at T = 20 K and 300 K on a Bruker E600 spec-
trometer operating at 100 kHz field modulation frequency,
0.005 mW microwave power and 1 G modulation amplitude,
using an E600-1021H TeraFlex resonator. Field calibration was
performed using a BDPA standard at X-band, and the micro-
wave frequency for spectra at W-band were adjusted accordingly
by simultaneous fitting at the three microwave frequencies.

Variable temperature (VT) X-band EPR measurements were
also performed on the high V,05 content sample, namely VLB3,
using a Bruker E500 spectrometer equipped with a ER 4119HS
resonator and an Oxford instruments cryostat. A saturation
study was recorded to ensure that the operating microwave
power was not within the saturation limit. Field calibration was
performed using a BDPA standard. The operating parameters
were 100 kHz field modulation frequency, 0.6325 mW micro-
wave power and 1 G modulation amplitude. EPR measurements
in the temperature range T = 120-370 K were recorded on
a Bruker EMX spectrometer equipped with a ER 4119HS reso-
nator, as stated vide infra. The Q value was checked to ensure
a similar environment for the separate temperature ranges.

Simulations and fitting

Spectral simulations were performed using the EasySpin
toolbox in MATLAB developed at ETH Zurich.*® The simulation
models used to reproduce the experimental data are discussed
in the later.

This journal is © The Royal Society of Chemistry 2021
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Results and discussion
CW EPR study of LiBO,:V,05 glasses

In the first instance, a series of LiBO,:V,05 glass samples with
varying V,Os contents including VLB1 (70:30 ratio), VLB2
(36 : 64) and VLB3 (20 : 80), were prepared and characterised by
X-band CW EPR spectroscopy. The resulting experimental and
simulated spectra for these three representative samples are
shown in Fig. 2.

At low V,05 contents (VLB1) the spectrum is characterised by
a well resolved 8-line hyperfine pattern resulting from the
interaction of the electron spin (S = 1/2) with the >'V nucleus (I
= 7/2). The spin Hamiltonian parameters extracted from the
simulation for the V** centre were found to be g = [1.9775
1.9819 1.9471] + 0.003 and ~'VA = [152.1 180.5 520.1] + 5 MHz
(Table 1).

The relative magnitudes of the g- and A-tensor components
Ze > Genyy > ez and Ay, > A Ay are typical for a 3d' VO*' species
occupying a distorted (tetragonally compressed) octahedral
environment of C,-type or lower symmetry with a 3d,, orbital
ground state.***® These g and A4 values are consistent with other
vanadium doped glass systems,*"*"**** although the symmetry
is typically reported to be axial in the literature. We assume (in
the absence of single crystal or quantum chemical calculations)
that the principle axis frames for the g and A tensors are
collinear. The shifts in g tensor components from the free spin
value (Ag = g — g), usually represented as Agj/Ag,, are
frequently reported for vanadyl species,****¢ as the degree of
tetragonal distortion in the system after Kivelson and Lee."”
Considering the relatively small deviation in the g; and g, values
(=0.0025), an average value may be used to approximate a value
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Fig. 2 Low temperature (T = 120 K) X-band CW EPR spectra of VLB1,
VLB2, and VLB3 at varying V,Os contents. The simulation for VLB3 was
obtained using the simulation parameters derived from the variable
frequency study vide supra. The homogeneous and inhomogeneous
line widths for the g-components were varied by least-squares fitting
to obtain the simulation at T = 120 K. Black: experimental spectrum;
red: simulated spectrum.
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Table 1 Spin Hamiltonian parameters for the V#* species identified in amorphous vanadyl glasses, extracted by simulation of the experimental
spectrum. All hyperfine related terms are given in MHz and are reported as magnitudes rather than absolute values. The full hyperfine tensor or
respective isotropic and (total) anisotropic parts can be reconstructed using the identity matrices defined in egn (1)

Species Ziso g Ag)/Ag . Tiso A T Symmetry
VvO?* (VLB1) 1.9688 +0.003 g 19775  2.44 2842+5 A, 1521  T(dy)?  113.2,122.7  Distorted Oy
& 1.9819 A,y 180.5 T (d,2) 9.45
g 1.9471 A; 5201
VO*' (VLB2) 1.9679 + 0.003 g 19773  2.90 2771+5 A, 1348  T(dy)?  106.3,124.3  Distorted Oy
g  1.9852 A,  188.7
2 1.9411 Az 507.7 T (dn2) 18.0
V,05% (VLB3)  1.9720 £ 0.001 g,  1.9925  4.13 N.R.? N.R.? N.R. Distorted sq. pyr.
g  1.9825
gs  1.9445

“ g tensor results were obtained from the simultaneous fitting of LBV3 at multiple frequencies (X, Q, W) and T = 10 K (X, Q) T = 20 K (W). ” Not
resolved. ¢ Calculated solutions to the tensor composition into axial dipolar components, assuming A; coincides with the compressed axial
direction. The values reported are magnitudes here are magnitudes (the relative sign cannot be determined). ¢ The two solutions for T are given

for completeness, dependent on the relative sign of T'.

Table 2 Fitting parameters and quantities obtained from linewidth
analysis of VLB3

Component  E,/eV  ABy/mT  Ocw/K Jlem™ a/mT K™
2 0.081 2.255 —16.8 —0.7928 —0.0161
Z1,2 0.094 1.390 —0.005 —0.0002 —

of Agj for simple comparison with similar vanadyl systems. The
resulting values of Ag/Ag, = 2.44 and Ag)/Ag, = 2.90 for VLB1
and VLB2 respectively, agree reasonably with other reported
glasses containing similar phases.”***” A considerable increase
in the value for VO** (VLB2), the network modifying vanadium
defect in the intermediate content glass (VLB2), is consistent
with a comparative increase in tetragonal distortion at the
defect sites.

The full quasi-axial **VA hyperfine tensor determined for
VLB1 (Table 1) may be further analysed and decomposed into
an isotropic (a;s,) component, and the sum of two traceless axial
dipolar hyperfine tensors, following schemes related to the
angular radial components for d,, and d,, orbitals reported by
Morton and Preston:*®

/

T T

Ay = o + T + =27 / MHz  (3)
Tl

In this case, one may obtain values of the anisotropic dipolar
hyperfine terms, T and T', which correspond to 3d,, and 3d,, (n
= x,); the relative ordering cannot be determined) orbital states
which admix via spin-orbit coupling. These relations reflect the
localised electron spin density which partially occupies the next
lowest lying 3d,,, orbital and suggests a destabilisation in the n-
character orbitals through compression and/or strain.

In the absence of quantum chemical calculations, one may
compare experimental values to the calculated atomic param-
eters,” in order to extract and estimate further information
about the ground state electronic structure and spin density at

16920 | J Mater. Chem. A, 2021, 9, 16917-16927

the vanadium centre. The reported values for vanadium corre-
spond to A, = 4165 MHz and P = 437.6 MHz,{ in addition to the
anisotropic angular factors required for the occupied orbital (2/
7 for d,, and d,;). The A; component is assumed to be coinci-
dent with the compressed D, axis, which allows one to extract
estimated magnitudes for 7’ for the VO*" defects. For the d,,
orbital, there are two solutions to the tensor decomposition,
dependent on the relative sign of T’, which cannot be deter-
mined from the powder EPR measurement. Nevertheless this
gives a reasonable insight into the orbital character of the
electron spin density at the vanadium site.

The isotropic hyperfine term, dominated by the Fermi
contact interaction, is proportional to the s-character spin
density at the nucleus (ps). For VO*'(VLB1), ps = ajso/Ag =
0.0682. Similarly an estimate of the 3d,, and 3d,, orbital occu-
pancy can also be extracted from the hyperfine values, resulting
in values of p3d,, = T/(Ps1y x 2/7) = 0.905 and 0.981, and psq,, =
T'/(Ps1y x 2/7) = 0.0756. The value for p3q,, indicates that the
unpaired spin density is almost completely localised on the

vanadium site <Zpi:1.05 and 1.12> with the majority
i

occupying the expected 3d,, orbital.

In the case of the high V,05 sample, VLB3, a distinct axial
EPR signal is observed lacking any hyperfine structure (Fig. 2).
The absence of visible hyperfine arises from a dynamic effect
characteristic of the strong exchange narrowing regime, as
described by Anderson.” In this situation, the exchange
frequency is much greater than the rate of modulation caused
by the hyperfine or anisotropic exchange interactions. As
aresult, the time frame of the electron spin relaxation process is
sufficiently rapid that the surrounding magnetic framework
appears as an effective static field, and therefore the weak

i Morton and Preston calculate the hyperfine parameters assuming 100% spin
density at the interacting nucleus. The isotropic hyperfine parameter, A, is
obtained by computing (87mgusy/3)|¥?(0)| The anisotropic hyperfine parameter,
P, was obtained by computing the quantity P = gugy(r *) assuming g = g.. The
full tabulated data for the atomic parameters and angular factors can be
obtained here.*

This journal is © The Royal Society of Chemistry 2021
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perturbation of the energy levels by these effects are effectively
averaged. This is further exacerbated by the polaron hopping
mechanism, expected in amorphous V,05 materials,*® due to
delocalisation of unpaired spin density across the network.

The local network can be approximated as a distorted V,05-
type phase, containing network-modifying LiBO, units. The
nature of the electron transfer for the partially localised spins
may be identified by the magnitude of the exchange, with
respect to the nearest neighbour V; units, and the activation
barrier for hopping conductivity to occur. The dimensionality of
the lattice may be determined by the magnitude of the exchange
coupling between different lattice dimensions. No resolved
structures related to the network modifying VO** sites found in
VLB1 and VLB2 were observed in the VLB3 sample.

The simulated g-values in this strong exchange limit (J >
AgupB) are characteristic of the mean deviation from g,
assuming a distribution of magnetic sites arising from distor-
tions in the amorphous framework are present due to variations
in the bonding, distance and relative orientation. The mean
tetragonality parameter obtained from an average of g;,g, is very
high (4.13), indicating a more significant distortion at the Vy,
site compared to that observed for VLB1 and VLB2. This is much
higher compared to reported values found for other isolated V**
species.*»** Clearly, the consequence of the screening of
hyperfine and anisotropic (dipolar) exchange interactions is
therefore a subsequent loss of information regarding the
ground state electronic structure and local environment.

Finally, in the intermediate content sample, VLB2, a rather
complex line shape is observed corresponding to a superposi-
tion of signals attributed to the network forming (V,0s5) and
network modifying (VO**) sites identified in VLB3 and VLB1
respectively. An increased broadening of the VO®* signal is
consistent with an increased disorder about the isolated sites
due to the mixed network-forming phases in the material.
Similarly, for the intermediate content glass, VO** (VLB2) p, =
isolAg = 0.0665, p3q = T'/(Ps1y X 2/7) = 0.144 giving solutions
psa, = T/(P2y x 2/7) = 0.850 and 0.994. The value for psq
indicates that the unpaired spin density is again almost
completely localised on the vanadium site

(Zpi =1.06 and 1.20), in the ground state 3d,, orbital. A
l

notable increase in the d,, contribution was determined in
comparison to VO** (VLB1), which indicated a more significant
distortion at the vanadium site in the equatorial plane as the
V,0s. The majority of the unpaired spin density was still
attributed to the ground 3d,, orbital.

VT EPR study of the high V,0; content sample (VLB3)

The high V,05 content sample, VLB3, was investigated further
using variable temperature (VIT) CW EPR between T = 4-370 K,
to indirectly probe the electron-electron exchange interactions,
and transfer mechanisms responsible for electronic conduc-
tivity. The g-anisotropy (and subsequent line shape) is indicative
of the inequivalence between exchange and hopping dimen-
sions of the disordered lattice. Ideally, single crystal measure-
ments are necessary to resolve these different contributions to

This journal is © The Royal Society of Chemistry 2021
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the system. Nevertheless valuable information can still be
extracted from the powder spectrum, despite the loss of
directional/angular information.

In order to partially recover information on orientational
resolution, a phenomenological broadening model was applied
to reproduce the changes in line shape as a function of
temperature. For cases where the g-anisotropy is non-negligible,
it follows that the relaxation time is also orientation-dependent
with respect to B, which can be approximated by an anisotropic
Lorentzian line shape function in the strong-exchange narrow-
ing limit. This likely arises due to the dimensionality of the
lattice (coupling along lattice dimensions corresponding to
distinct J values), and/or potential antisymmetric Dzya-
loshinskii-Moriya (DM) exchange terms (d;,) of comparable
magnitude to the isotropic integral. This additional term would
arise due to the local distortions of the amorphous phase. In the
regular, ordered V,Os lattice, the vanadium nuclei possess an
inversion centre (assuming no distortion due to Li intercalation
or oxygen vacancy formation) which causes the antisymmetric
terms to vanish.

The DM exchange interactions are rarely resolved in powder
EPR spectra. Single crystal measurements, in conjunction to
variable frequency EPR analysis, are often necessary to inter-
rogate this exchange term fully. Although tangible anisotropy
between the g; and g, components is evident, this is compara-
tively small compared to the g; term. This small anisotropy can
therefore be neglected in order to obtain orientational infor-
mation from the rhombic system with respect to the electronic
motion and inter-electronic interactions.

In systems with strong isotropic exchange compared to
magnetic anisotropy, deviations in the wings of the Lorentzian
line shape can occur, producing a line shape that can be
approximated by the superposition of broad Gaussian and
Lorentzian line shape functions.”* The observed line shape in
the case of VLB3 was thus suitably approximated by a pure
Lorentzian function.

The partial ordering in the amorphous system analysed
required the use of a suitable ordering potential to simulate the
experimental signal intensity. The orientational distribution of
the paramagnetic ensemble is non-isotropic and therefore
a biased distribution must be calculated.

Due to the nature of the varying linewidths and/or other
possible spin Hamiltonian parameters following a change in
temperature, each measurement was simulated consecutively
by least-squares fitting to obtain approximate parameter fits for
the g-values and anisotropic Lorentzian line shape. An ordering
potential, A, was allowed to vary during the initial routine, of the
form:

P(6) = exp(—U(0)) (4)
U(6) = —1 (3cos?(0) — )2 (5)

which was then averaged and fixed for the second least-squares
fitting simulation. Values of A = —0.7725 and —0.087 were ob-
tained, respectively, for the temperature ranges 7= 4-100 K and
120-370 K, due to the change in orientation of the sample upon
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switching between spectrometers. These values represent
a comparatively weak orientational bias for the amorphous
glass within the approximation of a powder sample (where the
orientational dependence is not resolved) and thus was
a reasonable approximation for the line shape simulations
upon variation of the temperature. Several contributions to the
linewidth can arise in such complex systems, including the
distribution of the g-values due to inter-site distortions.

In the strong exchange limit, the relative difference in Zee-
man energies represents only a small perturbation to the
exchange energy and therefore this effect is expected to be
averaged out from the observed line shape. Similarly, the
hyperfine and anisotropic exchange interactions that may
contribute to unresolved structure within the linewidth are
treated as non-perturbing effective fields and also averaged out.
Even at temperatures below T < 50 K, it was not possible to
improve spectral resolution associated with these interactions.

Examples of the fitting results for VLB3 at various tempera-
tures are shown in Fig. 3, and the full set of measurements and
simulations at single temperature values, including residual
analysis, can be found in the ESI, Fig. S1-S5.f From these
simulations, the variation of the average g-values, and the peak-
to-peak linewidths for the exchange-averaged signal compo-
nents were determined (where AB,, is equivalent to
ABpp = ABrwrm/ V/3 for the g5 component), which result from
the anisotropic Lorentzian broadening due to the spin
relaxation-dominated line width contribution.

The Curie-Weiss behaviour of the EPR magnetic suscepti-
bility is considered by the following equation:

xepr = CI(T — Ocw)” (6)

Intensity /a.u.

340 345 350 355 360 365

Magnetic Field /mT

370 375

Fig. 3 Example simulations of EPR anisotropic linewidth modelling at
single temperature points indicating goodness of fit in the X-band EPR
spectrum. The hollow circles correspond to the experimental trace
(only 1/8 of the recorded points are shown for clarity). The solid lines
correspond to the fitting results using the anisotropic Lorentzian
model. The values of the line width and g-tensor were obtained from
a least-squares fitting routine as a function of temperature.
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where xgpr is the effective EPR magnetic susceptibility, C is the
Curie constant, and Oy the Curie-Weiss (CW) temperature. vy
is a constant usually taken as v = 1 in a mean field approach.
The EPR temperature dependent peak-to-peak line width can be
related to the effective magnetic susceptibility by:>

AB(T) = [xo(DIX(D)ABY (7)

where x,(7) is the Curie susceptibility, x(7) is the effective
susceptibility and ABg is the temperature independent contri-
bution to the intrinsic line width.

The EPR line width can be phenomenologically modelled as
a linear combination of decomposed components, where
ABp(T) is a function describing the contribution to the linewidth
from polaron hopping, and ABqw(7) is a function describing the
Curie-Weiss behaviour:

AB(T) = AB§ + ABy(T) + ABew(T) 8)

where the temperature-dependent term, ABp(T):

ABH(T) = (1) + Utn(T)) 9)

includes contributions from spin-spin and spin-lattice relaxa-
tion mechanisms. The spin-lattice contribution to the line
width was expected to be characteristic of the polaron-hopping
motion in the system due to the localisation of spin density at
the defect sites and the associated phonon coupling to the
lattice.

Values for the experimental line widths were obtained as
a function of temperature for a wider range (7 = 4-370 K). The
results are presented in Fig. 4. Both components of the model
are represented by distinct temperature regions that charac-
terise the magnetic properties and charge carrier dynamics.

At high temperatures, the line width dependence is approx-
imately linear for both the g; , and g; components respectively,
with a similar gradient observed in both cases. Approaching 7'=
200 K, a deviation away from linearity was observed at
a minimum linewidth value and corresponding temperature,
Tmin, followed by a plateau over a comparatively long tempera-
ture range. Approaching T = 4 K, the line width was observed to
increase monotonically for both modelled components, albeit
via different rates. It is not immediately clear as to the contri-
butions to this region due to the competing magnetic and
transfer processes as a function of temperature.

It has been reported that, in systems known to undergo
polaron hopping, the linewidth exhibits a dependence on the
hopping frequency and thus the conductivity.>® The portion of
the experimental data above Ty, (the value of T for which the
minimum linewidth was observed) was therefore fitted to an
Arrhenius equation, which describes the ABp(T) term:**

ABp(T) = (AIT)exp(—Eq/kgT) (10)
where A is a pre-exponential factor, and E, is the activation
energy for the hopping process. An excellent fit was afforded for
the g; , components, which accurately reproduced the plateau
observed below 200 K. The linear portion of the plot and
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Fig.4 Results of the linewidth analysis for the g, > and gz components.
The lines for the temperature region T > T\, are the result of the fitting
to an Arrhenius law (egn (10)). The lines for the temperature region T <
Tmin are the result of fitting of the superposition model to the linewidth
dependence (egn (11) and (12), for g1, and gs, respectively), after
subtracting the contribution from the high temperature Arrhenius type
behaviour (Fig. 5). The dashed grey lines provide a representative linear
fit. The individual fits are presented in Fig. 5. The parameters obtained
from the fits are presented in Table 2.

deviation was well reproduced for the g; component. However,
the linewidth deviated below T,;, indicating a further contri-
bution. The fitting afforded values of AB; = 1.390 mT and E, =
0.094 eV for the gy, components, and AB; = 2.255 mT, E, =
0.081 eV for the g; component, providing a comparable value for

the hopping energy barrier, in agreement with the dependence
of the linewidth on the hopping rate. Kosacki et al.>* reported
hopping transfer activation energies for (1 — x)V,0,~xLiBO,
amorphous glasses in the range 0 < x < 1 (where x = 0.2 for VLB3
in this study) derived from electronic conductivity measure-
ments. The authors reported that the activation energy was
minimum in the range (0 < x < 0.3), and the reported values E, =
0.10 eV (for x = 0.3) and 0.12 eV (for x = 0),>* are in reasonable
agreement with those presented here from EPR line width
modelling (E, = 0.094 eV and E, = 0.081 eV).

The linewidth behaviour was then probed at low tempera-
tures, by subtracting the contribution from the polaron hopping
conductivity and the intrinsic linewidth, leaving only contri-
butions expected from the Curie-Weiss behaviour, Fig. 5. For
the g1 , components, the subtracted line width is effectively zero
across most of the temperature range, before increasing
asymptotically approaching T' = 0 K, consistent with para-
magnetic Curie-Weiss behaviour where the exchange interac-
tion is zero. The behaviour of the g; component, however, is less
straight forward, and exhibits a composite behaviour, attrib-
uted to two competing processes: (i) an additional apparent
linear increase in the line width approaching 7= 0 K, and (ii) an
antiferromagnetic exchange ordering contribution, which
results in a monotonic increase in the line width response.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Line width analysis after subtraction of the polaron hopping
contribution to the line width. The fits for the g, > and gz components
are defined in egn (11) and (12). Inset: Results for the fit of the Arrhenius
law to the total EPR line width temperature dependence, defined in
egn (10).

We believe that component (i) corresponds to the transfer of
spin density, and its subsequent change in relaxation properties
due to the gradual localisation of spin density with decreasing
temperature. The low temperature regions (7' < Tyi,) were fitted
with the following equations for the g; , components (AB(T)):

AB(T < Tiin) = AB(T) — ABp(T) — ABy = ABew(T)

— CAT = Ocw) (11)
however, to reproduce the linewidth of the g; component
(AB'(T)), an additional contribution was necessary:

AB(T < Toin) = AB(T) — ABp(T) — ABS = ABew(T) + aT (12)

where C is a constant analogous (but not equal) to the Curie
constant, Oc¢yw is the Curie-Weiss temperature and a is
a constant describing the gradient of the superposed linear
dependence. Both models reproduced the observed behaviour
well for the g-value components, and provided values of Ocyw =
—0.005 £ 5 K for gy , (effectively zero within experimental error)
and Ocyw = —16.8 K, a = —0.01061 mT K™ * for g;. The isotropic
exchange integral may then be estimated from the Curie
temperature using the following equation:*°

3kgOcw = 2JZS(S + 1) (13)
where Z is the number of nearest-neighbour spins, which was
kept constant (assuming 2-fold coordination along the hopping
dimension) for comparison. The estimated CW temperature
values provide values of ] = —0.7928 cm ™ for the g; component,
and J = —0.0002 cm " for the g; , components (effectively nil
within error). The observed CW behaviour is therefore
convincing proof that the VLB3 glass possesses a one-
dimensional hopping pathway (and hence one-dimensional
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exchange lattice), with a moderate antiferromagnetic coupling,
and a virtually paramagnetic (uncoupled) behaviour along the
other dimensions. We may consider that the broad g; compo-
nent is aligned to the dimension of the hopping conduction
which would correspond with a decrease in the spin relaxation
time due to the antiferromagnetic coupling.

The spin-lattice relaxation time, ¢, is expected to be
comparable to the order of the spin-spin relaxation time, t,.,
along the hopping dimension due to the strong coupling of the
spin-phonon modes. The orientation of the g; component with
respect to the crystallographic domain was therefore expected
to coincide with the shortest V-V distance and the hopping
dimension, as depicted in Fig. 1. The fit of the Arrhenius law
(Fig. 5) showed that the effective hopping frequency, below the
critical temperature, tends towards a linear dependence as the
temperature was decreased.

In this situation, the phonon modulation of the lattice is
coincident not only with the spin-lattice relaxation processes,
but also the localisation of spin density at the trapping defect
sites.”® We propose that for the region T < Ty,;y, the polarisation
of the conduction electron spin density increases substantially
due to the introduction of orbital angular momentum into the
spin-orbit coupling and subsequent effective magnetic
moment, in addition to spin-spin relaxation contributions that
are proportional to the spin density at the site, due to the Fermi
contact, isotropic and anisotropic exchange contributions. The
effect of spin localisation is therefore observed as an increase in
the effective magnetic moment at the electronic site due to
spin-orbit and spin-spin coupling contributions. Assuming
that this effect is dominated by ¢, the linear behaviour
suggests the contribution is associated with a one-phonon
relaxation process, which usually dominates at high tempera-
tures and has the opposite gradient. We therefore tentatively
propose that the apparent linear contribution corresponds to
the effective spin density at the V,, trapping sites, where spin-
orbit coupling is non-negligible.

The behaviour of the g-tensor over the temperature range 7=
4-370 K was also investigated and is presented in Fig. 6. The
apparent g values are shifted away from free-spin by the spin-
orbit coupling, and therefore any change in these values is
characteristic of a change of the local electronic environment.
At high temperatures, a quasi-axial symmetry is observed with
two inequivalent components. However, upon lowering of the
temperature, the g, , components diverge, exhibiting an asym-
metry that is central to the averaged value at high temperatures.
This averaging is attributed to the effective screening of the
magnetic anisotropy between the gi,g, components due to the
hopping transfer, which occurs on a timescale less than or
comparable to ¢;..>® Across most of the temperature range, the
values remain effectively constant, until they diverge signifi-
cantly approaching 7' = 4 K. The anisotropy between the g; and
g» components, and additionally between the (g; + g,) and g3
components, increases dramatically.

This divergence provides further convincing evidence of the
localisation of spin density, and subsequent increase in the
spin-orbit and spin-spin coupling interactions, which was
attributed to the linear dependence in the linewidth at low
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Fig. 6 Results of g-tensor monitoring obtained from the variable
temperature modelling. The filled black circles are the results from the
simultaneous multiple frequency fittingat T=20 K (and T=10 K for Q-
band) and T = 290 K at X- and W-band frequencies (see ESI: Fig. S77).

temperatures. The isotropic g-value deviates also to a slightly
lower value, which is expected to be characteristic of the
increasing population of the V, sites formed via Li
incorporation/oxygen vacancy formation.

The effect of anisotropic exchange can similarly shift the g-
value as a function of temperature due to the mixing of excited
states via spin-orbit coupling.® This effect also likely contrib-
utes an important role in the inter-electronic coupling mecha-
nism, however this is difficult to probe in the situation of
a disordered system. Finally, the observed deviation of the g-
values illustrates the averaging of disorder within the system
due to exchange and hopping processes.

Concerning the nature of the exchange coupled states,
comparing back to the schemes presented in eqn (1) and (2), the
V, site observed in VLB3 is attributed to the redistribution of
charge carriers due to the incorporation of primary oxygen
vacancy defects (1), rather than by Li incorporation from the
minor phase, although these are likely to contribute signifi-
cantly to the electronic conductivity also.

Variable frequency EPR of the high V,0; content sample
(VLB3)

The line shape and structure of the VLB3 sample was further
investigated at multiple EPR measurement frequencies, in
order to better resolve the g-tensor components. The resulting
X-, Q- and W-band EPR spectra, recorded at T = 20 K (X-, W-
band) and T = 10 K (Q-band), are presented in Fig. 7. The
variation of the line width, and values of g, was determined to be
less than 5% (within error) at the two temperatures. At Q- and
W-band frequencies, a rhombic g-tensor can be readily identi-
fied, which are characteristic of the inequivalent equatorial
directions possessed by sites of orthorhombic symmetry. A
dominant Lorentzian line shape persists in these spectra,
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Fig.7 CW EPR spectra of the V,05-LiBO, sample (VLB3) collected at
X- (9.5 GHz), Q- (35 GHz) and W-band (95 GHz) frequencies, plotted
on the g-scale for ease of comparison. The black arrows indicate
regions of the W-band spectrum, which were not reproduced by the
simulation, which are thought to arise from disorder at the vanadium
trapping sites.

particularly at X-band. This can be attributed to the anisotropic
spin relaxation processes resulting from g anisotropy (Zeeman
effect) and exchange coupling along the lattice dimensions in
the strong exchange limit,”” where additional contributions to
the line width (such as distributions of g and A) are effectively
screened. The X-, Q- and W-band EPR spectra were simulated
and fitted by taking into consideration the line width anisotropy
and averaged resonant field positions for the exchange-coupled
V** site. The spin Hamiltonian used for simulation of the single
dimension with two nearest neighbours, was of the form:

Using this equation, any possible nuclear, hyperfine, aniso-
tropic or antisymmetric exchange contributions, which were
not resolved from the spectrum, were neglected in the simula-
tion. Even the difference in Zeeman energies is effectively
averaged along the hopping direction, and therefore the inter-
site disorder was not considered. For the W-band spectrum, it
was necessary to include an additional simulation parameter to
correct for the microwave phase, which is non-zero, although
this was comparatively small.

The g; and g, anisotropy was already clearly resolved in the
Q-band spectrum, thereby confirming the modelling results
presented earlier based on the X-band measurements alone,
where this anisotropy was not immediately resolved. The g-
tensor parameters obtained from the simulations (those pre-
sented in Table 1 and Fig. 7) were in good agreement with
similar amorphous systems possessing a square pyramidal V**
symmetry.*>*®* While the deviation of the obtained g values from
the relatively constant positions above T = 20 K may be
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overestimated, this is nevertheless an indication of the increase
in anisotropy between the gy, g, and g; turning points in the
powder EPR spectrum. A series of weakly resolved features were
also detected between the g; and g3 components in the W-band
spectrum (Fig. 7). Their origin is unclear, and could arise from
a number of factors, including distortions of the exchange-
coupled sites away from co-linear orientations, residual hyper-
fine structure arising from trace concentrations of VO** phases
observed in VLB1, and distinct, exchange-coupled species
relating to unpaired electrons at the vanadium, oxygen, or
vacancy sites.

The apparent linewidth of the g; component was observed to
decrease on the g-scale (similar to the gy, g, components) with
increasing frequency. The fact that a frequency independent
linewidth was observed is also consistent with the explanation
that the line broadening is relaxation-dominated. Several
additional (frequency-independent) sources of broadening are
possible for real, low dimensional systems such as unresolved
hyperfine coupling, anisotropic and antisymmetric exchange
contributions, g anisotropy and crystal field effects.> The fact
that angularly resolved measurements in a defined coordinate
frame is not possible here, complicates the process of deter-
mining which broadening mechanism occurs. None of these
interactions were resolved across the entire temperature range
studied here. Therefore, we suggest that the anisotropic line-
width arising from spin relaxation is a suitable model for the
observed line broadenings effects in the VLB3 sample.

Another interesting feature not reproduced by the simula-
tion are the asymmetric shoulders to low and high field of the g;
and gz components (Fig. 7). At T = 20 K, increased anisotropy in
the signal is apparent. The simulated Lorentzian line shape
corresponds well to the centre of the turning points of the
spectrum, and in contrast, diverges asymmetrically within the
wings of the line shape. This anisotropic line shape is attributed
to the orientational disorder due to variations in the bond angle
and length between random defect sites within the disordered
network. As the hopping frequency tends to zero, this orienta-
tional strain would become more apparent, which would
modulate the value of g with a probability distribution rapidly
vanishing towards the wings of the signal.

Conclusions

A series of V,05-LiBO, mixed conductive glasses (abbreviated
VLB1-3) were investigated using CW EPR spectroscopy. At low
V,05 content (sample VLB1), an isolated S = 1 vanadium defect
centre was identified at a network modifying position within the
LiBO, matrix. The observed spin Hamiltonian parameters were
consistent with a V** centre possessing a distorted octahedral
configuration, with the spin density primarily localised in the
d,, ground state orbital.

At high V,05 content (sample VLB3), a distinct exchange-
narrowed signal was observed. This observation is consistent
with the presence of a strongly polarised CESR/one-dimensional
exchange-coupled lattice possessing a distorted square pyra-
midal geometry (i.e., can be considered ca. V,05 to short-range
order). The species responsible for this site likely arises from
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defects formed from intrinsic oxygen vacancies within the
disordered network, although the Li intercalation defect site is
also likely to be a significant contribution.

Linewidth and g-tensor analysis of the EPR signals in VLB3
evidenced a marked temperature dependent behaviour,
consistent with a polaron hopping mechanism of electron
transfer and inter-electronic exchange along the g; direction,
which was proposed to be coincident with the electron transfer
axis. At temperatures approaching the minimum observed line
width, T, a deviation away from linear behaviour was
observed, coincident with a dominant contribution from the
hopping process. The activation energy (E,) was estimated to be
0.081 eV which is consistent with other conducting glass
systems. Separation of the underlying line width contributions
were achieved based on a superposition model (including the
Curie-Weiss law). The analysis identified contributions from
exchange interactions and an additional process for the g3
component, which was attributed to the spin-orbit and spin-
spin contributions to the relaxation upon transition to a local-
ised state.

Finally, a relaxation-dominated line broadening mechanism
was further supported by multi-frequency EPR measurements,
which also identified unresolved features at high frequencies
due to unaccounted for anisotropic exchange/speciation within
the disordered network. This analysis provides a straight-
forward method for the use of EPR to investigate solid-state
glassy materials, and to understand their functional properties.
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