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V,0; undergoes a first-order metal-insulator transition accompanied by a magnetostructural transition at
Twi ~ 160 K. Here, we report a comprehensive study on gallium-doped (4%) polycrystalline V,05 by employing
various experimental techniques such as synchrotron x-ray diffraction, thermal expansion, Raman spectroscopy,
DC magnetization, time-of-flight neutron diffraction, heat capacity, and electrical transport. Our studies show
several interesting features related to the structural, magnetic, and electronic phase transitions in Ga-doped
sample. Intriguingly, the nonmagnetic doping in V,0; enhances the Néel temperature by 25 K (7y = 185K).
Further, we find the decoupling of the structural transition from the magnetic and insulator-insulator transition
(T ~ 185 K). Raman spectroscopic studies reveal that the structural phase transition begins at 7* (= 195 K),
which is slightly above Ty or Ty, as evidenced from the softening of E, mode and the splitting of A;, mode.
Additionally, the rhombohedral and monoclinic phases coexist in a broad temperature range, and a complete
phase transformation to monoclinic phase occurs at 127 K.

DOI: 10.1103/PhysRevB.105.064103

I. INTRODUCTION

The origin of the first-order metal-insulator transition
(MIT) in the sesquioxide V,0O3 has remained the subject of
an extensive investigation because of the intricacy of the MIT
involving structural and magnetic transitions. At high tem-
peratures, V,03 is metallic and has a rhombohedral structure
(R3c¢). Below T ~ 160 K, it undergoes a first-order MIT with
a change in resistance of several orders in magnitude and
a phase transition to monoclinic structure (/12/a) [1,2]. Fur-
ther, it undergoes a paramagnetic-to-antiferromagnetic (AFM)
transition at the same temperature. The origin of the MIT in
V,03 has been explained using various theoretical models,
yet there is no consensus on understanding the mechanism.
The most satisfactory model invokes a Mott-Hubbard scenario
where electron-electron correlations play an important role
[3-5]. According to this theory, the onsite Coulomb repulsion
U drives the splitting of the conduction band into two bands,
i.e., an upper Hubbard band and a lower Hubbard band sep-
arated by an energy gap. The ratio between the energy gap
and onsite Coulomb repulsion decides whether the system
is a metal or an insulator. For negligible electron-electron
correlation, the system acts as a metal, whereas for the highly
correlated system, the electrons are localized and become an
insulator [3-5]. Slater [6] claimed that the AFM ordering
drives the gap opening where electronic energies become
spin-dependent [7]. Since all three transitions occur at the
same temperature, it remains a challenge to identify the actual
mechanism responsible for the MIT.
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To decipher the low-temperature MIT mechanism, many
studies have been carried out on V,0s, including doping of
various transition metal ions and applying external pressures
that significantly influence structural, magnetic, and electronic
properties. Doping Ti in V,03 reduces Ty and the accompany-
ing MIT. The AFM insulating state is completely suppressed
for 5% Ti doping, and the metallic state with thombohedral
structure remains at the lowest temperature [1,8,9]. Cr-doped
V,03 is the first prototypical example reported for the physics
of the Mott-Hubbard transition [10,11]. Doping with 0.5 to
1.7% of Cr in V,03 exhibits two different metal-insulator
phase transitions. The first transition occurs at 180 K cor-
responding to the low-temperature AFM insulator (AFI) to
high-temperature paramagnetic metal (PMM) accompanying
a magnetostructural transition. The second transition, from the
PMM to the high-temperature paramagnetic insulating (PMI)
phase, occurs between 250 and 350 K. The high-temperature
transition is accompanied by a decrease in the c/a ratio of the
corundum unit cell from 2.83 (PMM) to 2.79 (PMI) without
change in the crystal symmetry [12,13]. Similar behavior is
observed in Al-doped (1 at. %) V,0; [14]. Apart from this,
nonmagnetic trivalent Mo®* doping in V,03 results in a de-
crease of Ty and is suppressed beyond the 10% doping level
[15]. A wide range of divalent cation substitution, for exam-
ple, Vo_Ni, O3 (0 < x < 0.75), results in the semiconducting
behavior without any indication of MIT [16]. The rhombohe-
dral (R3c)-to-monoclinic (P2;/c) structural phase transition
in V,0j3 is also observed under high pressure (32.5 GPa) at
300 K [17].

©2022 American Physical Society
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Toward understanding the longstanding problem of identi-
fying relevant mechanisms responsible for the MIT in V,03,
we have investigated the effects of doping of nonmagnetic
ions (4% of Ga3+) on the MIT, magnetism, crystal structure,
and thermal properties. The Ga doping transforms the metallic
conductivity in the paramagnetic state to a weakly insulating
behavior, and an insulator-insulator transition occurs without
hysteresis at Ty ~ 185 K, which is 25 K higher than that ob-
served in undoped V,03. Additionally, Ga-doped V,03 shows
a paramagnetic-to-AFM transition at 7y ~ 185K, which is
well above the magnetic transition observed in undoped V,0s.
Further, Raman spectroscopic studies reveal that the structural
transition starts at 7* ~ 195 K, confirming the decoupling of
structural transition from magnetic and electronic transitions
in Ga-doped V,03.

II. EXPERIMENTAL

A polycrystalline sample of Ga-doped V,03 was prepared
by the solid-state reaction method. The starting materials
V,05 and Ga,O; were mixed in a 1:1 ratio and heated in
a hydrogen atmosphere at 1000 °C with several intermediate
grindings. We should mention here that we failed in prepar-
ing a Ga-doped V,03; sample starting from a stoichiometric
amount of Ga;0; and V,0; even under high-pressure and
high-temperature conditions. However, the reaction of a 1:1
mixture of Ga,03 and V,0s in the hydrogen atmosphere
resulted in 4% doping of Ga in V,03. Under the hydrogen
atmosphere, Ga,;0O3 reduces to metallic Ga. Due to its low
melting point, most of the metallic Ga likely evaporates dur-
ing the synthesis. During this process, a small amount of
Ga (4%) is substituted at the V site. The variable tempera-
ture synchrotron x-ray diffraction (XRD) data were collected
with the wavelength 0.49583 A using the position-sensitive
detector MYTHEN at the Material Science Powder Diffrac-
tion beamline BLO4_MSPS of the ALBA synchrotron facility
(Barcelona area, Spain) [18,19]. Thermal expansion measure-
ments were done using a miniature capacitance dilatometer
probe attached to the physical property measurement sys-
tem (PPMS). The Raman spectroscopic measurements were
carried out in V,03 and Ga-doped V,03 samples using a
confocal micro-Raman spectrometer (LABRAM HR Evolu-
tion) with the 532 nm excitation frequency-doubled Nd : YAG
laser in the backscattering mode with an 1800 grooves/mm
grating. The temperature-dependent Raman studies were car-
ried out using a temperature stage (LINKAM THMS 600)
with the help of a long working distance 50x objective. A
laser power of 0.1 mW was used for all the measurements
with 400 s accumulation time per scan. We have deliberately
avoided high laser powers to avoid laser heating of the sample.
Polycrystalline pellets were used for all the measurements,
and the cooling rate was kept low at 2 K/min. Before each
measurement, the sample temperature was stabilized with
accuracy better than 1 K. Magnetic measurements were per-
formed using a superconducting quantum interference device
magnetometer in the vibrating sample mode. Time-of-flight
neutron powder diffraction (NPD) data were collected on
the WISH instrument in the ISIS neutron and muon facility,
United Kingdom. Crystal and magnetic structure analysis was
carried out by the Rietveld refinement method using JANA2006

[20-22]. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) studies were carried out using a Perkin
Elmer Avio 200 instrument to determine the composition
of the sample. Heat capacity was measured in the PPMS.
Differential scanning calorimetry (DSC) data were collected
using the TA Q2000 instrument in modulated mode. The data
were recorded in the temperature range of 150-250 K with a
3 °C/min ramp rate under a nitrogen atmosphere. Resistivity
measurement was registered in a four-probe method using the
ETO option in the PPMS, EC II.

III. RESULTS AND DISCUSSION

To explore the structural phase transition in Ga-doped
V,03, temperature-dependent synchrotron XRD data were
collected from 300 to 120 K at several temperatures. The data
collected at 300 K confirmed that the compound crystallizes in
rhombohedral structure with the space group R3c. However,
some of the reflections [(1 0 4), (0 0 6), (1 —1 8), (1 O
10), ...] and [(2 —1 0), (3 0 0), (4 —2 0), ...] exhibit asym-
metry with an extending Lorentzian tail on higher and lower
angles, respectively. Also, there was no trend in Bragg planes
observed on account of peak asymmetry. Such an unusual
anisotropic peak broadening or asymmetry was also observed
in the RVO; [23]. This anisotropic peak broadening could
arise from possible oxygen inhomogeneities created during
the synthesis of the sample under a reducing atmosphere.
Generally, the presence of such oxygen inhomogeneities in
the sample causes variation of cell parameters giving rise
to nonuniform unit cells in the crystallites [24,25]. Rietveld
refinement performed on XRD data at 300 K using JANA2006
[22] considering the R3¢ model with one set of lattice param-
eters could not fit these asymmetric peaks well, as shown in
Fig. S1 in the Supplemental Material [26]. Hence, we per-
formed refinements using two similar sets of slightly variable
lattice parameters in the R3¢ space group, which resulted in
better refinement and reliability factors. The concentration of
Ga in two different phases is found to be ~ 4%. The Rietveld
refined synchrotron XRD profile collected at 300 K and the
crystal structure are shown in Figs. 1(a) and 1(b), respec-
tively. The crystal structure consists of trigonally distorted
octahedra of oxygen ligands with the central vanadium atom
forming a pair with the neighboring vanadium atom along
the ¢ axis. Upon cooling, the evolution of the new peaks
due to monoclinic distortion in the rhombohedral unit cell
across the structural phase transition and coexistence of the
rhombohedral and the monoclinic phases can be viewed in
Fig. S2 in the Supplemental Material [26]. Further, a complete
transformation of the rhombohedral to the monoclinic phase
was observed at 127 K. Since we observe anisotropic peak
broadening and asymmetry in Ga-doped V,0s3 at ambient
conditions, we expect such a lattice parameter distribution
would also be present at low temperatures. Therefore, we car-
ried out Rietveld refinement for synchrotron XRD data at low
temperatures with an additional set of slightly different lattice
parameters using the /2/c model. The refined synchrotron
XRD profile collected at 120 K and crystal structure are shown
in Figs. 1(c) and 1(d), respectively. The refined structural
parameters obtained from 300 and 120 K data are displayed
in Tables I and II, respectively. In Figs. 2(a)-2(f), we show the
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FIG. 1. Rietveld refined synchrotron x-ray (A = 0.49583 A) diffraction profiles of Ga-doped V,0; at (a) 300 K and (c) 120 K. The two
Bragg positions are associated with the two different sets of lattice parameters under the space group R3c in (a) and I2/c in (c). Crystal

structure of Ga-doped V,0; at (b) 300 K and (d) 120 K.

variation of lattice parameters, c/a ratio, V-V bond distance
between face shared octahedra, and unit cell volume as a func-
tion of temperature. It is to be noted that the lattice parameters
[shown in Figs. 2(a)-2(e)] from 300 to 180 K correspond
to the major phase (55.37%) with low statistical errors. At
195 K, there is a slight variation of lattice parameters in the
rhombohedral phase [shown as a red-colored vertical dashed
line in Figs. 2(a)-2(d)], indicating local changes in the lattice
due to the onset of the structural phase transition, which is
discussed in detail in the Raman spectroscopic studies later.
We can see a drastic change in values of all three lattice
parameters at 180 K. Interestingly, lattice parameter a of the
rhombohedral phase shows an increase at 180 K and decreases
with further cooling. Observing the unit cell parameters across
the structural phase transition at 180 K, it is clear that the
rhombohedral unit cell expanded along a and b axes and

contracted along the ¢ axis in the monoclinic phase, as shown
in Figs. 2(a) and 2(b), respectively. Since Ga** (0.62 A) is
smaller than V3t (0.64 10\), the ¢ parameter decreased from
14.003(1) to 13.9052(9) A, whereas interestingly, the a value
increased from 4.9515(3) to 5.00309(2) A. Thus, the unit
cell volume increased from 298.03 to 301.42 A3 after 4% Ga
doping in V,0; [11]. Also, Chen et al. [27] reported that 3%
doping of comparatively similar-sized Cr** (0.615 A) in V,03
showed an increase of a and decrease of ¢ parameters to 4.998
and 13.924 A, respectively. Hence, the volume increased to
301.33 A3. Changes in lattice parameters can be viewed in
the temperature-dependent c/a plot where c/a values for the
rhombohedral phase and the newly evolving monoclinic phase
drop significantly across T ~ 180K [Fig. 2(c)]. As a result of
Ga doping, the c/a value at room temperature decreased from
2.828 to 2.7793(9). This is like 3.8% Cr-doped V,03, where

TABLE I. Rietveld refined structural parameters of Ga-doped V,0; obtained from synchrotron x-ray powder diffraction data collected
at 300 K.

Space group: R3¢ (rhombohedral)

Atomic coordinates Occupancy X y z Uiso (A2)
Phase I (55.37%): a = b = 5.00309(2) A, ¢ = 13.9052(9) A, and

a=p=90°y =120 R, = 1.29 and Ry, = 2.09%
V (12¢) 0.961(2) 0.3333 0.6667 0.01550(5) 0.00148(7)
Ga (12¢) 0.039(2) 0.3333 0.6667 0.01550(5) 0.00148(7)
O (18e¢) 1.0 —0.0267(3) 0.6400(3) 0.08333 0.0006(2)

Phase I (44.63%): a = b = 5.00930(4) A, ¢ = 13.8624(30) A, and

a=p8=90y =120 R, = 1.16 andRWp = 1.86%
V (12¢) 0.958(1) 0.3333 0.6667 0.01690(4) 0.00271(11)
Ga (12¢) 0.042(1) 0.3333 0.6667 0.01690(4) 0.00271(11)
O (18e¢) 1.0 —0.0265(4) 0.6402(4) 0.08333 0.0034(4)

Overall goodness of fit parameters: GOF = 5.41, R, = 3.11, and R,,, = 4.71%
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TABLE II. Rietveld refined structural parameters of Ga-doped V,0; obtained from synchrotron x-ray powder diffraction data collected

at 120 K.

Space group: 12/c (monoclinic)

Atomic coordinates Occupancy X y z Uiso (A?)
Phase I (57.87%): a = 7.27555(9) A, b = 5.00956(7) A, ¢ = 5.53458(9) A, and

a =y =90° 8 =96.637(12)°; R, = 6.88 and R,,, = 9.62%
V (8f) 0.961 0.5961(1) 0.2522(2) 0.5983(2) 0.00347(2)
Ga (8f) 0.039 0.5961(1) 0.2522(2) 0.5983(2) 0.00347(2)
0 (8f) 1.0 0.6605(5) 1.0998(8) 0.8936(6) 0.00284(4)
O (4e) 1.0 0.5 0.4195(10) 0.25 0.00284(4)

Phase II (42.13%): a = 7.31963(46) A, b = 5.01122(18) A, ¢ = 5.49605(42) A, and

a =y =90° B =96.521(39)°; R, = 3.83 and R, = 6.04%
V (8f) 0.958 0.5954(2) 0.2535(3) 0.5471(3) 0.00347(2)
Ga (8f) 0.042 0.5954(2) 0.2535(3) 0.5471(3) 0.00347(2)
O (8f) 1.0 0.6424(8) 1.0823(15) 0.9072(14) 0.00284(4)
O (4e) 1.0 0.5 0.458(2) 0.25 0.00284(4)

Goodness of fit parameters: GOF = 11.57, R, = 7.76, and R, = 10.10%

a,bA)

c/a

Volume (A%)

5.000 -

4.995

2.780 -
2.776 ¢
27721

0.760 .

0.758 -

301+

300

200.55 -

200.40 -

200.25

F'@- a (rhombohedral) '~ &% i ' e rholmbohedr‘al ] 13.92
f €~ -a (monoclinic) ! @ - monoclinic = -
[ ©- b (monoclinic) | i ! : %
. i ; ! ® 113.89
L I Liine e 2 o0 ! ! 9
; ; i S 113.86
e ! R-3¢ o?
®----- | Bl i Rac 12 + <
12+ 1 ° 12 fisse o
12/c ! - IS 415.535
;‘v‘“ "M . . E 15530
G ARG ie ST s 25
T T ——— — T T = T m 2.79
— - |
@ rhombohedral ! 9 -e © = ew | 12.76
lini !
@ monoclinic : : o rhombohedral wb M ] i
i & lini |
% ! ] monoclinic R3c | 12.73 o$
12/c + 3 R-3¢ i 12/c + | R-3c¢ >.
RECAE e 1270 =
S} S i
s 3 12.67
: S ARy
@ rhombohedral 9= - o - _— 2100
@ monoclinic M - ! =
[ ‘@ rhombohedral | “a 9 \
M € monoclinic % | 180 <
; =
1 - 2
Ro3c R;3c e‘ 60 £
12 + R-3¢ 2 12/e 1 R-3¢ g
12/c&® Cee‘ 4140 -
| Z
° 120 =
® 2 & n
. ° © ® () {0
0 50 100 150 200 250 3000 50 100 150 200 250 300
T (K) T (K)

FIG. 2. Variation of (a) and (b) lattice constant, (c) c/a value, (d) V-V distance between face-shared octahedra, (e) volume of unit cell, and
(f) phase fractions with respect to temperature for rhombohedral and monoclinic structures.
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FIG. 3. (a) Normalized linear thermal expansion (%) as a function of temperature measured with capacitance dilatometer and (b)

calculated coefficient of thermal expansion o = %8(%) with respect to temperature of Ga-doped V,0;.

the c/a value is 2.783 [28]. Further, the V-V distance for face-
shared octahedra in the rhombohedral phase increased from
2.697(1) to 2.74868(6) A upon Ga doping in V;,0s3. In the
case of 3.8% Cr*" doping in V503, the V-V distance increased
to 2.746(1) A [28]. The V-V distance for face-shared octahe-
dra across 180 K increased as the symmetry changed from
rhombohedral to monoclinic, as shown in Fig. 2(d). From
the temperature-dependent volume data [Fig. 2(e)], the unit
cell significantly contracted by 1.53 A> (AV') compared with
room temperature, indicating a first-order structural phase
transition at 180 K. The evolution of temperature-dependent
phase fractions across the structural phase transition is shown
in Fig. 2(f), which reveals the phase coexistence in the tem-
perature range 127-180 K. Below 127 K, only the monoclinic
phase (/2/c) exists. The structural parameters, as shown in
Figs. 2(a)-2(e) < 120K, are obtained by NPD analysis which
is discussed later.

Further, temperature-dependent linear thermal expansion
studies of Ga-doped V,03; were carried out across the
structural phase transition. The fractional change in ther-
mal expansion (%), where L, is the value measured at
300 K, shows a raopid contraction between 220 and 150 K,
as shown in Fig. 3(a). The linear thermal expansion co-
efficient o = %8(%) shows a clear anomaly at 185 K
[Fig. 3(b)], corresponding to large volume contraction across
the rhombohedral-to-monoclinic structural transition, as re-
vealed by the synchrotron XRD study [Fig. 2(e)]. It is
noteworthy that an applied magnetic field of 7 T does not
affect the thermal expansion significantly around the phase
transition temperature. The small difference seen at higher
temperatures could be due to thermal hysteresis.

To study the structural phase transition and its microscopic
origin, we carried out Raman spectroscopic measurements
in undoped V,03 and Ga-doped V,0;. Raman spectra of
Ga-doped V,03 recorded at 300 and 100 K with mode as-
signments corresponding to various vibrational symmetries
are shown in Fig. 4 [29]. At room temperature, the crystal
structure of V,0j3 is a-corundum with the R3¢ space group
and the D3, point group [29]. Seven Raman active modes are
expected for a crystal of D3, point group: two A, modes and
five E, modes [29,30]. Each A, mode can be considered as a
superposition of two simple vibrations of the same symmetry
[31]. In the first vibration, vanadium atoms move toward the

oxygen plane and back along the z axis. In the second one,
oxygen atoms together move toward the z axis and back in the
basal plane. These vibrations result in the lower wave number
and higher wave number A, modes, respectively. The first and
second E, modes result from the out-of-phase and in-phase
movement of vanadium atoms, respectively [32]. The room
temperature spectra of V,03 (Fig. S3 in the Supplemental
Material [26]) consist of two asymmetric shaped A;, modes
at 235 and 501 cm™' and three E, modes at 210, 293, and
586 cm™!. The asymmetric line shape of the Aj, mode could
be resulting from the Fano resonance effect [33].

From Fig. 4, we see two broad asymmetric shaped A,
modes at 247 and 512cm™" and three E, modes at 229, 308,
and 589 cm™'. Raman modes of the doped compound are
shifted to higher frequencies than the undoped compound
with Av ~ 15cm™, as shown in Fig. S3 in the Supplemental
Material [26]. This results from a strain due to the change in
lattice dimension caused by doping, as also observed in the
synchrotron XRD. In addition to the frequency changes, the
Raman scattering intensity of the E; modes in comparison

— 100K

Intensity (a.u)

100 200 300 400 500 600 700
Raman Shift (cm™)

FIG. 4. Raman spectra of Ga-doped V,0; recorded at 300 and
100 K with different modes assigned corresponding to various vibra-
tional symmetries.
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FIG. 5. Temperature-dependent Raman spectral stack plot of (a) undoped and (b) Ga-doped V,0s;. Asterisks indicate the emergence of

new peaks from the monoclinic phase.

with the A, modes decreased upon doping. Upon cooling
the sample, distortion in the corundum unit cell leads to the
occurrence of new Raman modes, indicating the appearance
of a monoclinic phase. Two A phonons of corundum struc-
ture lead to two A, phonons of monoclinic structure. Each E,
phonon corresponds to a pair of A, 4+ B, phonons, and a broad
magnon peak is also seen, denoted as M. The broad peak seen
at 680cm™! corresponds to a B, mode [32]. The evolutions
of Raman spectra with temperature for V,03 and Ga-doped
V,03 are shown in Figs. 5(a) and 5(b), respectively. The
structural transition of V;,03 is clear from the presence of the
phonon modes belonging to the rhombohedral and the mon-
oclinic phases at 270 and 100 K, respectively [see Fig. 5(a)].
As compared with the transition characteristics for a single
crystal, the transition for a polycrystalline V,03 is not abrupt
but gradual and extends over a broad temperature range. For
polycrystalline V,03, while cooling, we see that the Raman
scattering modes of the monoclinic phase start appearing
<130 K, but the rhombohedral phase coexists down to 110 K.
The transition temperature is lowered most probably due to
the stress and size effects present in the sample. Such phase
coexistence features and lowering of 7; have been reported in
thin films of V,05 [34-36].

The temperature dependence of the frequencies of Ra-
man modes for Ga-doped V,0j3 is given in Figs. 6(a)-6(d).
The change in phonon frequency with temperature can have
contributions from different sources, such as change due to
the variation of lattice parameters, anharmonicity, electron-
phonon coupling, and spin-phonon coupling [37]. In general,

the temperature dependence of the phonon frequency w(7T)
follows the relation [37,38]:

o(T) = wo + Ao(T)y + Ao(T ),

where g is the frequency at 0 K, Aw(T)y is the vol-
ume contribution due to thermal expansion, and the third
term Aw(T )ann = C{1 + [W]} describes the contribu-
tion from anharmonic interactions. In the Ga-doped sample,
the temperature dependence of Raman shifts can be analyzed
with the linear approximation at high temperatures down to
195 K, but the degeneracy of the two vibrations in the Ay,
mode starts lifting, and the E, mode at 229 cm™' displays a
softening <195K [see the slope changes in Figs. 6(a) and
6(b)]. It should be noted that Raman spectroscopy, being
a local probe, can detect the subtle changes occurring like
a tilting of the octahedra, change in bond angles or bond
distances, etc., and serves as a prelude to the phase transi-
tion. Hence, a detailed study was done on the changes of
the Aj, mode with temperature, and the result is shown in
Fig. 6(a). Below 195 K, the A, mode started to display soft-
ening and broadening [see Figs. 5(b) and 6(a)]. From 180 K
onwards, two peaks could be observed and fitted at 242 and
255 cm™!, respectively [Fig. 6(a)] and the intensity of the high-
frequency mode decreases continuously with the decrease
in temperature, whereas the intensity of the low-frequency
mode gets enhanced. This change was also observed earlier
in the Raman scattering study of Cr-doped V,03 [30]. Below
140 K, only one peak at 245cm™' was observed, and the
intensity of this mode started decreasing with temperature.
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FIG. 6. Raman shift vs temperature plots of various Raman modes for Ga-doped V,05. The dotted line represents the linear fit, and solid

lines represent guides to the eye.

Eventually, the mode disappears at 127 K [Fig. 6(a)]. Some
Raman modes corresponding to a monoclinic phase emerge
from the background from 155 K [see Figs. 5(b) and 6(b)—
6(d)], which suggests the coexistence of the monoclinic phase
with the rhombohedral phase. However, the structural transi-
tion completes only at 127 K [Figs. 5(b) and 6(b)-6(d)]. We
could not see the weak and broad magnon peak up to 135 K;
this could probably be due to the background noise present.
Below 135 K, the intensity of the magnon peak increases grad-
ually during cooling [see Figs. 5(b) and 6(d)]. It is interesting
to note that, in the case of polycrystalline undoped V,0s3, the
degeneracy lifting of the A;, mode was not observed, and
the new peaks emerged very clearly <130 K, coexisting with
the rhombohedral phase [see Fig. 5(a)].

To study the magnetic transition and related properties,
temperature-dependent zero-field-cooled (ZFC) and field-
cooled (FC) magnetic susceptibility measurements of Ga-
doped V,03 were carried out under an applied DC field
of 100 Oe, shown in Fig. 7(a). The susceptibility drops at
Ty ~ 185K, indicating the AFM ordering of the V3* ion.
This temperature is at least 25 K higher than that observed
in undoped V,03. An increase in Ty was also observed for
2.8% Cr-doped V,03 (Ty ~ 181 K) [39]. Hence, it seems that
the rise in Ty occurs irrespective of the magnetic nature of
the doping impurity. Above 7y, the temperature dependence
of susceptibility follows Curie-Weiss behavior with a nega-
tive Ocw ~ —655 K. The calculated g value per V37 jon

for Ga-doped V,03 is 2.93 up, which is comparable with
the spin-only magnetic moment of the V3* ion (2.84 ug).
Below Ty, there is an irreversibility between the ZFC and
FC curves with the susceptibility increasing below 7' ~ 100 K
[see Fig. 7(a)]. A similar result was reported, and its ori-
gin was attributed to uncompensated surface spins on the
AFM nanoparticles [40,41]. Indeed, our scanning electron
microscopy (SEM) measurements confirmed the presence of
submicrometer-sized Ga-doped V,0; particles (Fig. S4 in
the Supplemental Material [26]). To rule out the presence
of any magnetic impurity in Ga-doped V,03, we performed
ICP-OES measurements which can detect elements with a
concentration > 0.5 ppm. Quantitatively, we found 94.6%
vanadium and 5.4% gallium in the sample.

Further investigating the magnetic structure of Ga-doped
V,03, temperature-dependent NPD data were collected from
300 to 1.5 K at several temperatures. The corresponding NPD
profiles are shown in Fig. 7(b). Upon cooling across 175 K,
the symmetry changes from rhombohedral to monoclinic, and
new magnetic peaks originate, indicating the occurrence of
a structural and magnetic transition. Due to the monoclinic
transition, Bragg peak (2 —1 3) splits to give (31 0), (—12 1),
and (1 1 2) reflections. Additionally, magnetic peaks (0 1 0)
and (0 0 1), indicated with asterisks, evolve as the sample is
cooled down to 1.5 K [see Fig. 7(b)]. The magnetic structure
of Ga-doped V,03 is solved by analyzing NPD data collected
< 175 K using JANA2006 [22]. The magnetic peaks observed
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FIG. 7. (a) Temperature-dependent DC magnetic susceptibility curve. (b) Time-of-flight neutron powder diffraction (NPD) profiles
collected using WISH detector bank with average 26 of 90 ° at different temperatures, where the magnetic peaks are indicated by asterisk. (c)
Temperature dependence of refined V3* magnetic moment in the antiferromagnetic (AFM) lattice of Ga-doped V,03. The magnetic structure

of Ga-doped V,0; is shown as an inset in Fig. 7(c).

below T = 175K were indexed with the propagation vector
k = (001). Using the k vector, four possible magnetic (Shub-
nikov) space groups are obtained, which are P;2/c, P;2/c with
origin shift (}, 1, 1), P21/c, and P;2;/c with origin shift
i). The magnetic space group P;2;/c with origin shift
(}—P %, %) exactly describes the diffraction profile obtained at
low temperatures. This magnetic space group corresponds to
the action of the mY; irreducible representation. Rietveld
refined time-of-flight NPD profiles of Ga-doped V,0;3 at
300 K (paramagnetic state) and 1.5 K (AFM state) are shown
in Figs. S5(a) and S5(b), respectively, in the Supplemental
Material [26]. The refined structural parameters obtained from
the Rietveld refinement of 300 and 1.5 K data are displayed
in Table S1 in the Supplemental Material [26]. The refined
magnetic moment values for different temperatures are shown
in Fig. 7(c). The temperature-dependent magnetic moment of
the V3* ion follows the mean-field power law behavior [42]
m(T) =m, (I—Tl)ﬁ . The magnetic structure of Ga-doped
V,03 consists of vanadium moments aligned ferromagneti-
cally within the (0, 1, 0) monoclinic plane but antiparallel
with the neighboring plane, as shown in the inset of Fig. 7(c).
The obtained magnetic structure is similar to that reported for
undoped V,0; [43].

To study the thermal transport properties, temperature-
dependent heat capacity divided by temperature (C,/T) was
measured on Ga-doped V,03 and is shown in Fig. 8(a). The
A-shaped anomaly at 185 K corresponds to magnetic and
structural transition. Entropy change across the phase tran-
sition of Ga-doped V,03 is shown in the inset (top left) of
Fig. 8(a). The calculated entropy change across the magnetic
and structural transition is AS ~ 3.65Jmol™! K=, which is
less than undoped V,03 (AS ~ 10.8Tmol™!' K™!) [44,45].

1 1
(Z’ 1>

We analyzed the low-temperature region (T < 15K) using
the approximate Debye model C(T') = BT3, where the BT3
term accounts for phononic contribution with coefficient § =
IZ;rOéVR
unit and gas constant, respectively. This resulted in a poor fit
to the heat capacity data. Considering the low-temperature
DC magnetization and SEM measurements, it is possible
that the uncompensated surface spins also contribute to the
low-temperature heat capacity. Hence, a ferromagnetic term
[46] «T>? was considered which gave the best fit. The heat
capacity data fitted with the equation C(T') = BT> + aT3/* is
shown in the inset (bottom right) of Fig. 8(a). The fit returned
B = 1.675(1) x 10~* Jmol' K and the Debye temperature
(6p) of 387.52(4) K. The coefficient for the magnetic term
a = 12.7(1) mJ mol~! K=/? is comparable with that of dilute
magnetic alloys [47]. The DSC curve obtained from both
heating and cooling measurements further confirms that Ga-
doped V,03 undergoes a structural transition at 7 ~ 189K,
as shown in Fig. 8(b).

To investigate the electrical transport properties,
temperature-dependent resistivity measurements were carried
out for Ga-doped V,03 and undoped V,03 while heating and
cooling in the temperature range 120-300 K and are shown in
Fig. 9(a). At 300 K, the resistivity value in the doped sample
is 10° times higher than that of the undoped V,0;. The
positive temperature coefficient of p(7") in V,0Oj3 is consistent
with the metallic nature of the sample. On the other hand,
the doped sample shows a negative slope, indicating the
weakly insulating behavior [see Fig. 9(a)]. Undoped V,03
shows a MIT with a thermal hysteresis of 13 K between the
cooling (163 K) and warming (175 K) curves, confirming the
first-order nature of the transition [see Fig. 9(a)]. In contrast,

. Here, N and R are the number of atoms per formula
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FIG. 8. (a) Temperature-dependent heating and cooling C,/T
curve of Ga-doped V,0; measured from 50-250 K. Approximate
Debye fit to the C, vs T (T' < 15K) curve is shown in the inset
(bottom right), and entropy change across magnetic and structural
transition plotted with respect to temperature is shown in the inset
(top left). (b) Differential scanning calorimetric curves were obtained
for Ga-doped V,0; during heating and cooling cycles.

the p(T') of the doped sample exhibits only a change of slope
at T ~ 185K without any thermal hysteresis. Below 185 K,
resistivity begins to increase monotonously and reaches
10° Qcm at 120 K. Such a state of the system with huge
resistivity could be considered as insulating. It is reported that
undoped V,0; shows the anomalous behavior of resistivity
in the high-temperature region 300-600 K which is attributed
to changes in V-V distance due to the magnetoelastic effect
[48]. However, we do not see any anomaly in the doped
sample in the temperature range 200-390 K, as shown in
Fig. 9(b). The resistivity behavior of Ga-doped V,03 is
similar to the results observed for V,0; thin films grown on
annealed sapphire [49]. The semiconducting behavior of these
films is attributed to the increased impurity scattering due to
the structural disorder and the defects present in the films.
Additionally, oxygen inhomogeneities play a significant role
in the MIT temperature and suppression of thermal hysteresis
[50]. Epitaxially grown V;0;3 thin films in low oxygen
pressures showed semiconducting behavior because of the
greater Anderson localization arising from defects, triggering
the earlier onset of the insulating state. Such a PMI-AFI
transition was observed for undoped and 3% Cr-doped V,03
thin film induced through enhancing the trigonal distortion
by optimizing synthesis conditions [36]. Also, the structural
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E10°F
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FIG. 9. (a) Temperature-dependent heating and cooling resis-
tivity curve of undoped and Ga-doped V,0;. (b) Temperature-
dependent resistivity curve of Ga-doped V,0; measured from
100-390 K with the fit obtained using variable range hopping (VRH)
model for small polarons.

inhomogeneities resulting from synthesis conditions can
contribute to higher resistivity values in the PMI phase due to
enhanced carrier scattering [36].

To understand the nature of electrical conductivity in the
doped sample, we fitted the resistivity curve in the weakly
insulating region 195-370 K, as shown in Fig. 9(b), with
the variable range hopping (VRH) model for small polarons
which is expressed by the equation [51]:

El T 1/4
= BT — (—) .
P exP[kBT 7 }

421’;—‘:%, kg is the Boltzmann constant, y; is the con-
stant related to the hopping rate, and ¥y is the characteristic
frequency of the phonons. Here, E; is the energy difference
between initial and intermediate states. Here, T, is the charac-
teristic temperature described by the equation:

where B =

18a3
T, = ,
N(E)kg
where i is the localization length, and N(E) is the density
of states. The obtained values of E; and T, are 144(5) meV
and 1.9 x 103K, respectively. Here, the presence of cation
disorder in the system acts as a potential barrier for the
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charge carriers and hence favors VRH over nearest-neighbor
hopping.

This study of the effects of Ga doping on properties of
V,03 helps to uncover the interdependency of occurrence of
various phase transitions, i.e., structural, magnetic, and MIT.
As discussed before, the subtle changes in the Raman modes,
i.e., the lifting of the degeneracy of A;, modes, indicates
the onset of a structural phase transition much above Ty,
even though there is no sign of Raman modes corresponding
to the monoclinic phase. Hence, the structural distortion in
the corundum unit cell precedes the magnetic and insulator-
insulator transition. This suggests that magnetic transition
requires subtle changes in the tilting of octahedra and not
the complete phase transition to the monoclinic phase. Recent
density functional theory studies conducted using the gener-
alized gradient approximation revealed that the occurrence
of the monoclinic structural change is independent of mag-
netism, but they reinforce each other in the V,03 case [52].

On the other hand, the magnetic and electronic transi-
tions appear to occur at the same temperature (7y or Ty ~
185K), indicating the possibility of the interdependency of
magnetism and electronic phase transitions. Hubbard model
calculations reported by Trastoy et al. [7] confirm the cou-
pling of AFM ordering with electronic transport in V,03 thin
films, across MIT. The gradual change in resistivity across
PMI-AFI phase transition observed in Ga-doped V,0j is like
that of 3 at. % Cr-doped V,03. As the doping concentration
of Cr in V,03 reaches a critical value, two different metal-to-
insulator phase transitions coincide and subsequently bypass
the metallic state to give a PMI-to-AFI transition [30,53].
Similarly, it seems that 4% Ga doping is the critical doping
limit, which leads to PMI-to-AFI phase transition at 185 K.
In strained V,0s3 thin films, it is shown that the A;, phonon
mode in the PMM phase strongly varies with the trigonal
distortion by tuning the parameter c/a and directly deter-
mines the PMM-AFI characteristics [36]. The PMM phase
persists in the c/a range of 2.803 to 2.862, and by decreas-
ing the c/a ratio to 2.786-2.781, the PMI phase appears.
This is consistent with the 4% Ga-doped V,03;, where the
cla ratio is 2.7793(9), causing significant trigonal distortion,
leading to the PMI phase at ambient conditions. Also, the
V-V distance between the face-shared octahedra plays an im-
portant role in determining the electronic structure of V,0s.
As discussed earlier, at ambient conditions, there is an in-
crease of V-V distance in the Ga-doped sample which could
significantly reduce the hybridization strength between the
3d orbitals, thus constraining the hopping of electrons. Ex-
tended x-ray absorption fine structure studies for Cr-doped
V,03 showed that, during monoclinic distortion, the V-V
bond of every vanadium pair situated along the z axis tilts
toward the negative side of the y axis (monoclinic b, axis),
breaking the trigonal symmetry, and causes further elonga-

tion of V-V distance [54]. A possible mechanism for the
PMI-to-AFI transition has been proposed in which the nearest
neighbor V pair with degenerate 3d orbitals were considered
using a many-body approach. In this model, the elongation
of the V-V bond along the c axis is considered, and the
resultant reduction in the hybridization strength due to spin-
lattice coupling is determined by comparing the a; orbital
occupancy across the MIT [55]. We speculate that the PMI-
to-AFI phase transition is mainly driven by trigonal distortion
and elongation of V-V bond during structural distortion in
Ga-doped V;,03. Conclusively, structural, magnetic, and elec-
tronic phase transitions occurring in V,03 do not seem to have
a joint driving force; instead, these are cooperative with each
other.

IV. CONCLUSIONS

Decoupling of structural phase transition from magnetic
and electronic transition is evidenced by gallium doping
in V,0;3. Unlike V,03, 4% gallium-doped V,03 shows
splitting of the A;; mode due to degeneracy lifting near
the onset of the structural phase transition at 195 K.
Temperature-dependent synchrotron XRD studies revealed
phase coexistence of rhombohedral-to-monoclinic phase in
the temperature region 180-127 K, which is consistent with
Raman spectroscopic studies. Magnetization and heat capac-
ity measurements showed paramagnetic-to-AFM transition at
185 K in Ga-doped V,03, which is 25 K higher than undoped
V,0s;. Additionally, the PMI-to-AFI transition occurs with no
hysteresis at 185 K.
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