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Metal to insulator (MIT) phase transition accompanied by a structural phase transition (SPT) makes VO,
a potential material for investigations into a strongly correlated transition metal oxide system. It undergoes a
high-temperature metallic to a low-temperature insulating phase. The MIT is associated with the SPT from
the rutile tetragonal (R) to the monoclinic (M1) phase. The structural transition occurs between M1 and R via
two other insulating metastable phases, namely, monoclinic (M2) and triclinic (7"). It has gained tremendous
attention because of the half century old “chicken and egg” debate over the roles played by lattice distortion
and electron-electron correlation. Despite several reports on the MIT and SPT between the R and M1 phases,
a combined and detailed investigation of the relation among the various stable and metastable structural phases
is still missing. We have studied the temperature- and pressure-induced structural phase transitions in the
V,_xMg O, system by synchrotron x-ray diffraction and Raman spectroscopic measurements. We observe
M2—T—M]1 phase transition upon compression, which is completely reversible upon decompression. The
transition pressures for M2— T and T— M1 are observed to increase with the increase in doping concentration.
The structural transitions from M2 to T to M1 in VO, are found to be second-order continuous phase transition.
However, the temperature-driven M2— R phase transition is found to be first order. We argue that Mott-type
first-order metal to insulator transition prompts the MIT from R to M2, whereas a second-order structural phase
transition/relaxation leads to the observation of M2 to M1 via the T phase. We further investigated the isothermal
and isobaric Griineisen parameters for individual phonon modes and relaxations of the samples related to their

thermal expansion.
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I. INTRODUCTION

Transition metal oxides have gained scientific and tech-
nological interest because of their ability to develop next
generation power-efficient electrical and optical devices [1,2].
VO, is particularly important because it exhibits the metal to
insulator phase transition (MIT) near room temperature. How-
ever, the MIT is accompanied by a structural phase transition
(SPT) from a rutile tetragonal R (space group P4,/mnm) to
a monoclinic M1 (P2;/c) phase [1-3]. Two other structural
phases of triclinic, T (P1), and monoclinic, M2 (C2/m), are
also reported to evolve during the structural phase transition
[4]. Phase stabilization of the metastable 7 (often denoted as
monoclinic M3) and M2 at room temperature are reported by
applying strain (tensile) along the rutile ¢ axis (cg) [5,6] or
by doping with metals having lower valency than V4* [7-9].
In various structural phases of VO,, the major differences
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are in the arrangement of V atoms along the cg axis. The
R phase consists of equally spaced V chains (V-V distance
being 2.86 A) along the ¢ axis (cg), surrounded by an oxygen
octahedron, forming a body-centered tetragonal lattice [10],
whereas in the case of the M1 phase, the V atoms form pairs
and the pairs are twisted along the cg axis, with the unit-cell
volume double that of the R phase [5,9,10]. In the M1 phase,
the V-V separations are reported as 2.65 A (bonding) and
3.12A (antibonding) along the ayp; <> 2cp axis. In the M2
phase, one chain of V atoms along the cg axis forms a pair
without twisting with V-V separations of 2.53 A (bonding)
and 3.25A (antibonding) along the by, <> 2cg axis. How-
ever, the nearest neighbor V chains do not pair but twist
away from the cg axis with a V-V separation of 2.93 A [11].
The triclinic T is an intermediary phase between M1 and
M2 [12]. Local strains prevent V-V dimers from twisting in
one chain and consequently depairing the dimers in adjacent
chains, promoting the M2 or T phase instead of the M1
phase [6,7,13]. Moreover, around the MIT, the resistivity de-
creases by four orders of magnitude [14,15], and infrared (IR)
reflectivity increases in the high-temperature metallic phase
[16-18]. As the MIT in VO, is also accompanied by a SPT
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and optical transition, the mechanism of this phenomenon is
still under debate, whether it can be described in the Peierls
scenario or by invoking electronic correlation following Mott
physics [19-22]. Goodenough and Hong reported a qualita-
tive explanation of the electronic transition of VO, [22]. In
the low-temperature semiconducting phase of VO,, V atoms
form pairs in the rutile ¢ (cg) direction and the V-V pairs
twist, which opens a gap of ~0.7 eV [11,12]. However, the
Fermi level crosses the partially filled bands in the metallic
phase, and the energy gap collapses. As reported theoreti-
cally by Zylbersztejn and Mott [10], Rice er al. [19], and
Sommers and Doniach [23], the Coulomb repulsion is re-
sponsible for opening the energy gap in the semiconducting
phases of VO,. Moreover, in the M2 phase of VO,, half of
the V atoms form evenly spaced linear chains that can be
regarded as one-dimensional (1D) Heisenberg chains accord-
ing to nuclear magnetic resonance (NMR) [24] and electron
paramagnetic resonance (EPR) [25] studies. In our previous
studies [13,14,26], we have shown that the MIT in VO, is
driven by electronic Coulomb repulsion and the physics of this
system can be described by the Mott-Hubbard picture, where
the Peierls (spin-phonon) instability arises subsequent to the
MIT. The metal to insulator, as well as structural transition
temperature (7.) of VO,, can be controlled in several ways,
e.g., by invoking deformation [27], variation in the density of
charge carriers [28], or doping [29]. Doping VO, with metals
having lesser valency than +4 (Cr*3 [7], Al*3 [30], Ga*> [9])
are reported to increase the 7;.. On the other hand, 7. values
are reported to increase for doping metals with valency of
more than 4 (Ta*>, Nb*>, W+° Mo™%) [31]. Moreover, doping
with any divalent/trivalent metal ion produces adjacent V>
(d°) sites in the neighboring chains [13]. We have chosen
Mg to stabilize the M2 phase by inducing local strain in the
structures. A complete analysis of how Mg doping stabilizes
the M2 phase is discussed in our previous reports [13,14].
Doping also initiates significant changes in the electrical,
optical, and thermal properties of VO,, making it applicable
for electrical switching devices [32], smart windows with heat
control [33], sensors for hazardous gas [34], and cathodes in
batteries [35]. Furthermore, besides temperature and electric
field [36], hydrostatic pressure [37] is also reported to initiate
phase transition in VO,. Though there are several reports on
the MIT of VO,, only a few reports [37,38] exist on the
structural transitions between the various phases of VO,.

In the present report, we have investigated the correlation
among the various stable and metastable phases of VO, to
clarify the roles played by lattice distortion and electron-
electron correlation in the phase transitions. The order of the
transitions, along with the isothermal and isobaric Griineisen
parameters and their relative contribution towards thermal
expansion, are also analyzed in detail.

II. EXPERIMENT

Vi_xMg,O, microrods were grown by the vapor trans-
port process on a high-purity (99.99%) alumina boat using
mixed VO, powder and Mg powder (Sigma-Aldrich, 99%)
as sources and Ar (99.9%) as the carrier gas. The synthesis
was carried out for 3 h at 1100 K. The concentration of the
Mg dopant was optimized by controlling the flow rate of

the carrier gas using an MFC. Optimized flow rates of Ar
(99.9%), e.g., 50, 80, and 100 SCCM (cubic centimeter per
minute at STP) were used to synthesize samples S1, S2, S3,
respectively, in the presence of Mg powder. High-pressure
angle dispersive x-ray diffraction (XRD) experiments were
performed using a Mao-Bell-type diamond anvil cell (DAC).
The powdered sample, along with a ruby sphere [39,40]
and the pressure transmitting medium (4:1 methanol:ethanol
mixture [41]), was loaded in a preindented tungsten gasket.
High-temperature XRD measurements were carried out with
the STOE high-temperature stage attached to the Eurotherm
PID controller. Raman spectra of the synthesized samples
were recorded using a Raman spectrometer (inVia, Renishaw,
UK) in the backscattering configuration with an Ar™" laser
(514.5 nm) as the excitation source and a thermoelectrically
cooled CCD camera as the detector. For temperature-
dependent Raman spectroscopic measurements, the sample
was kept inside a temperature-controlled stage (Linkam,
THMS600).

We used the electronic density functional theory (DFT),
as implemented in the Vienna ab initio simulation package
(VASP) [42,43], to calculate the total energy and equation of
state (EOS) of the material. The bulk modulus for all the
phases of VO, was calculated by fitting the DFT total energy
vs volume data, generated for 21 isotropic changes in volume
with +10% range, to the third-order Birch-Murnaghan EOS.

III. RESULTS AND DISCUSSIONS

X-ray crystallographic structural studies of samples with
different Mg dopants are shown in Fig. 1(a). All three samples,
S1-S3, are found to be in the M2 phase of VO, (JCPDS No.
00-033-1441) [44,45]. The diffraction peaks corresponding
to the (-201) and (201) planes of the M2 phase of VO, are
observed at ~20 = 13.38 ° and 13.84 °. The twin peaks indi-
cate that these planes correspond to equivalent planes of the
(011) plane of the monoclinic M1 phase [(110) plane of the R
phase] [23]. The M2 phases of VO, are reported as the strained
(tensile strain along the rutile cg axis) state of the M1 phase of
VO, [6]. However, in the current study, the substrate-induced
strain can be neglected as the samples are synthesized on sim-
ilar substrates, keeping all growth parameters identical except
for the amount of carrier-gas exposure [20]. The percentage
of Mg dopant was controlled by different flow rates of Ar gas.
The dopants having different valency than V#* may introduce
strain in the sample and stabilize the M2 phase of VO, [14].

The percentage of Mg dopant in the samples was calculated
from x-ray photoelectron spectroscopy (XPS) studies. The
Shirley-type background-corrected XPS spectra for different
elements with corresponding electronic transitions are shown
in Fig. Suppl-1 in the Supplemental Material [46].

The dopant percentages for samples S1-S3 are calcu-
lated as 2.0, 2.2(1), and 2.3(2) at. %, respectively, from the
area under the XPS curves considering appropriate sensitivity
factors. We have collected the Raman spectra of the pris-
tine samples to obtain further information about the phases
present. The Raman spectra for the samples S1-S3 are col-
lected at room temperature [Fig. 1(b)]. Eighteen Raman-active
phonon modes are predicted by group theoretical analysis
for M2 phases of VO,, 1 0A; + 8B, at the I" point [4,26].
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FIG. 1. (a) Refined x-ray diffraction patterns of the pristine samples S1-S3, indicating crystallographic (hkl) planes. (b) Typical Raman
spectra of the samples S1-S3 with corresponding symmetry notations.

However, we observed ten vibrational modes for all the sam-
ples. Observed Raman modes at ~203 (Ag), 217(Ag), 229(A,),
273 (either A, or By; Ag/By), 297(A,), 341(A,/By), 432(By),
454(B,), 651(A,), and 831(B,) cm™~! [Fig. 1(b)], confirm the
presence of pure M2 phase of VO, [4,47].

As the metastable M2 phase is a strained (tensile) state
of the M1 phase of VO,, applying compressive stress
may lead to a structural transition to the stable phase. To
explore the structural changes with stress, we have col-
lected the Raman spectra at room temperature as a function
of quasihydrostatic pressure. With increasing pressure at
1 GPa, the Raman spectra for sample S1 show peaks at
200(Ag), 225(Ag), 267(Ag/Bg), 304(A,), 343(Ag), 374(Ag/By),
409(Ag/Bg), 440(A,/B,), 501(A4/B,), 572(Ag), 636(A,), and
828(B,) cm™! [Fig. 2(a)], which resemble the reported data
for the T(M3) phase [4,47]. The increase in the number
of mode frequencies indicates a decrease in the symmetry.
With further increase in pressure at 2.5(9) GPa Raman bands
are observed at 190(Ay), 221(A,), 258 (Ay/B,), 307(Ay/B,),
409(A;), 465(Ag/Bg), 509(Ag/Bs), 627(Ag), 665(Bg), and
833(By) cm~! [Fig. 2(a)], confirming the presence of pure
M1 phase of VO, [28,48]. However, the main difference in
various structural phases of VO, is in the arrangement of
V atoms along the rutile ¢ axis (cg). The Raman modes
~200 and 230 cm ™!, referred to as w; and w,, respectively,
in Fig. 2, are due to V-V vibration as calculated from our
DFT phonon modeling [14]. Therefore, we have focused on
those modes to find the exact values for transition pressure.

The vibration of V atoms gives rise to three Raman modes
at 203, 217, and 229 cm~' for the M2 phase, whereas in
the case of the T phase, only two Raman modes are gen-
erated around 201 and 225 cm~! due to the vibration of
V atoms. The Raman mode at ~230 cm~' (w;) remains
almost at a constant frequency with pressure in all three
phases, except for a little shift in the 7 phase. However, the
mode frequency ~201 cm™! (w;) in the T phase redshifts
~10 cm~' until it reaches the M1 phase [denoted by the
dashed line in Fig. 2(b)]. The mode shows a blueshift in the
M1 phase with further increase in pressure [Fig. 2(b)]. The
structural phase transitions from M2— T and T— M1 support
the structural distortion of the strained M2 phase in reaching
the stable M1 phase. A larger shift of the Raman mode at
203 cm~! (2.95 cm’l/GPa) than that of 229 cm™! (0.68
cm~!/GPa) with pressure confirms the distortion along cg is
responsible for the phase transition [26]. The Raman band ob-
served at 651 cm™' in the M2 phase of VO, arises due to V-O
stretching vibration (w). Another Raman mode ~578 cm ™" is
found to evolve at 1 GPa, indicating the transition from the M2
to the T phase. The newly evolved mode frequency continues
to blueshift and finally merges again in the M1 phase at 2.5
(9) GPa [denoted by dashed lines in Fig. 2(c)]. The wy mode
in M2 redshifts in 7 and again follows blueshifting with an
increase in pressure for the M1 phase. For the sample S2,
the structural transitions from the M2 to the T phase and the
T to the M1 phase are observed at 1.2(3) and 2.6(2) GPa,
respectively. The same for sample S3 is observed at 1.3 and
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FIG. 2. Raman spectra of (a) sample S1 as a function of increasing quasihydrostatic pressure. The phases of VO, at the corresponding
pressure are indicated. The evolution of Raman mode frequencies (b) w; and w, and (c) w, with pressure. The dashed lines are guides to the

eye.

3.0(4) GPa, respectively. In the pressure-releasing cycle, all
three samples show reversible transitions from M1 to T to M2
with negligible hysteresis (Fig. Suppl-2 [46]). As samples S2
and S3 are doped with higher percentages of Mg, they are
expected to be under more tensile strain than sample S1, and
the transition pressure is expected to be high according to the
phase diagram of VO, [6]. We have plotted the shift in Raman
frequency as well as the change in the phonon lifetime with
pressure. The Raman peak positions and full width at half
maximum (FWHM) were extracted from the experimental
data using Lorentzian peak fitting (after eliminating the spec-
trometer response function) for the whole pressure range. The
phonon lifetime (7) was calculated using the energy-time un-
certainty relation T = 4/AE, where AFE is the full width at half
maximum (FWHM) in cm™! and /i = 5.3 x 102 cm~!'s. The
pressure-dependent frequencies plot and variation in phonon
lifetime are shown in the Supplemental Material [46]. Distinct
changes in the spectra above 1 GPa for sample S1 are clearly
seen in the w vs P diagram (Fig. Suppl-3a [46]); (i) the Raman
band at 218 cm™! disappears; (ii) five new bands appear at
124, 378, 414, 504, and 576 cm™!; (iii) the bands at 297, 341,
and 435 cm~! show blueshift; and (iv) the Raman bands at
203, 228, 273, 651, and 831 cm™~! show redshift. These are
clear indications of a structural phase transformation from the
M?2 to the T phase of VO, [4,26]. With an increase in pressure
~2.5 GPa, again several changes are observed in the Raman
spectra (Fig. Suppl-3 [46]); (i) the bands at 341, 415, and 576
cm™~! disappear; (ii) the bands at 127, 409, and 504 cm™!
show redshift; and (iii) the bands at 636 and 440 cm~' show
a blueshift. The phonon lifetime decreases with increasing
pressure and shows an anomaly around the transition pres-
sure (Fig. Suppl-3(b) [46]). These changes indicate another
structural phase transition from the T to the M1 phase of VO,
[28,48,49]. The Raman mode frequencies vary similarly with
pressure for samples S2 and S3, except for slightly higher

values of transition pressure. We have calculated the isother-
mal mode Griineisen parameter [y;r = (K/w;)(dw;/dP)|r;
where K is the bulk modulus obtained from high-pressure
XRD measurements described later] to find out the contri-
bution from implicit anharmonicity of the Raman modes for
sample S1 (tabulated in the Supplemental Material [46]).
Table Suppl-I [46] lists the mode frequencies (w;) with the
corresponding y;r with less than 10% error. Positive and
negative values of Griineisen parameters indicate the corre-
sponding Raman modes contributing positively and negatively
to thermal expansion, respectively [50]. The negative values
of y;r for a few Raman modes in the M2 phase become zero
or positive in the M1 phase, indicating the complete relaxation
of the phase from the strain. To confirm the structural phase
transition, wecarry out the XRD studies at room temperature
as a function of quasihydrostatic pressure [Fig. 3(a)]. The ob-
served XRD patterns are analyzed by the Rietveld refinement
method using the GSAS program. The obtained lattice param-
eters, unit-cell volume, and average V-V distance in both the
sublattices, along with fitting factors, are tabulated in Table
Suppl-1I [46]. In the absence of any pressure, all the samples
maintain the M2 phase of VO,, whereas, with an increase
in pressure to 1.8(2) GPa in sample S1, the XRD pattern
resembles the 7' phase of VO, [45]. With further increase in
pressure to 3.4(2) GPa, the XRD pattern shows a transition
to the M1 phase of VO, (JCPDS No. 04-007-1466) [23] [Fig.
3(a)] as also observed from high-pressure Raman studies (Fig.
2). As the structural phases of VO, are very close to each
other, we need to concentrate on the diffraction pattern at low
26 values for understanding the phase transitions [Fig. 3(b)].
The doublet peaks at 20 = 13.45 °, and 13.85 ° corresponding
to the (201) and (20-1) planes of the M2 phase show an
intensity flipping, indicating a change in symmetry to the T
phase. The doublet peaks finally merge to the (011) plane
of the M1 phase. We also observe the appearance of a tiny
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FIG. 3. (a) XRD pattern for sample S1, as a function of pressure (b), and (c) zoomed at lower 26 values for better understanding of the

transition. The phases of VO, at corresponding pressure are indicated.

diffraction line at a lower 26 value [indicated by an arrow
in Fig. 3(b)] in the T phase, which again disappears in the
M1 phase [Fig. 3(b)]. The diffraction pattern at 1.8(2) GPa
fits equally well by both monoclinic M2 and triclinic 7 phase
with very little change in lattice parameters. That may be the
reason behind referring to monoclinic M3 as the linking phase
between M1 and M2 [45]. However, we observed a new line at
~13.07 °, which could not be fitted by the lattice parameters
of the monoclinic phase. We also observed that the diffraction
profile between 26 values of 20 °-21 ° could not be fitted by
two planes of monoclinic M2 phase but rather fitted well by
the (221), (2-21), (22-1), and (-221) planes of the triclinic
T phase (Fig. Suppl-4a [46]). Therefore, we argue that the
structural transition between M2 and M1 is via a continuous
triclinic distortion. As the main difference in various structural
phases of VO, is in the arrangement of V atoms along the
rutile ¢p axis, we focus on the variation of V-V distances
in both sublattices (Table Suppl-1I [46]). The V-V distances
at ambient pressure (M2 phase) are found to be 2.5458 and
2.9603 A in two sublattices (named sublattices 1 and 2 in
Table Suppl-II [46]). With the increase in pressure, the V-V
distances in both the sublattices start to decrease initially.
However, after 1.5 GPa, the V-V distance in sublattice 1 starts
to increase, whereas that in sublattice 2 continues to decrease.
The V-V distances become equivalent at 3.4 GPa (M1 phase)
and keep on decreasing with an increase in pressure thereafter.
In the case of sample S2, the structural phase transitions from

M2 to T and T to M1 are observed at 1.8(5) and 3.8(5)
GPa, respectively. The phase transition pressure for M2—T
and T—M1 in sample S3 are observed at 1.91 and 4.0 GPa,
respectively. The XRD patterns for the samples are compared
after the pressure is released, and the initial structure is found
to be recovered (Fig. Suppl-4b [46]). However, we could not
catch the T phase in pressure-releasing cycles due to very low
values of transition pressures.

The structural transition from 7 to M1 is reported as a
discontinuous transition by Mitrano et al. [37] because of the
observed mixed-phase behavior in XRD and Raman studies.
They also reported that the normalized unit-cell volume does
not show any discontinuity around the phase transition, which
contradicts their claim of discontinuous phase transition. On
the other hand, Pouget and Launois [24] predicted the M2
to T transition as a continuous second-order transition from
their calculation of negligible latent energy. To understand
the nature of the structural phase transition, we plotted the
normalized volume (based on the Z formula units per unit
cell) as a function of pressure [Fig. 4(a)]. The normalized vol-
ume varies continuously with pressure, which resembles the
previous reports [26,51]. The variation of lattice parameters
also shows continuity as a function of pressure (Figs. Suppl-
5(a)-5(c) [46]). Considering the thermodynamic parameter
volume (V) as the order parameter of the structural transition,
we calculated the first derivative of volume, bulk modulus
K =V (dP/dV)|p. The K(P) vs P curve shows discontinuity
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FIG. 4. Pressure dependence of the (a) unit-cell volume and (b) bulk modulus for all three samples.

around the phase transition [Fig. 4(b)]. The value of K(P) for
the M2 phase is ~140 GPa, which reduces to ~110 GPa for
the 7 phase and again increases to ~150 GPa for the M1
phase of VO, [Fig. 4(b)]. We also found the values of bulk
modulus K from the pressure vs volume plot in the individual
phase fitted to a second-order Birch-Murnaghan equation (us-
ing EOSFIT7_GUI software) [52] (Figs. Suppl-6(a)-6(c) [46]).
The bulk modulus values were obtained as 139.9 & 2, 108.8
+ 2, and 148.3 + 4 GPa for the M2, T, and M1 phases,
respectively. The values of K match well with the reported
values [38]. We have also calculated the bulk modulus using
electronic density functional theory and the Voigt, Reuss, and
Hill methods. The values for the bulk modulus were estimated
as 257 £ 3 GPa for M2, 125 + 4 GPa for T, and 254 +
2 GPa for the M1 phase of VO,. The deviation of the estimated
values of the bulk modulus from the experimentally observed
values may be because of the inherent nonstoichiometry in
the oxide samples and the limitation of the methodology
adopted in the present calculation. Moreover, in our study,
three different phases appear with the short range of pressure
variation. Thus we had no other choice except to fit the P-V
data using a third-order polynomial with a 95% confidence
interval (Fig. Suppl-7(a) [46]) for the calculation of the bulk
modulus (Fig. Suppl-7(b) [46]), which is also used by oth-
ers [38]. The calculated and experimentally observed values
of the bulk modulus for the M1 and M2 phases are close
to each other, whereas they decrease in the case of the T
phase. The volume per formula unit is large in the case of
the T phase and, thus, a lesser value of bulk modulus is
expected than that for the M1 and M2 phases of VO,. Given
these results, the structural phase transitions from M2 to T
and T to M1 are considered continuous second-order transi-
tions. Our observation supports the negligible latent heat value
for the M2—T and T— M1 transitions measured by Pouget
et al. [5] using differential scanning calorimetry. The observed
mixed-phase behavior in some reports may arise due to the
coexistence of grains from both phases with a variation in
strain [53,54].

To study the metal to insulator transition, we have carried
out temperature-dependent Raman spectroscopic and XRD
measurements of all the samples with different Mg concentra-

tions. Figure 5(a) shows the Raman spectra for sample S1 with
increasing and decreasing temperature. All the Raman modes
disappeared at 358 K, confirming the transition to a metallic
state [13]. With a decrease in temperature, the Raman modes
reappear with a hysteresis of 15 K, confirming the reversibility
of the phase transition.

Samples S2 and S3 also followed the same trend with a
slight increase in transition temperature. The transition tem-
perature for samples S2 and S3 are found to be 361 and 363 K,
respectively. The variation of transition temperature with Mg
concentration is shown in Fig. 5(b). The increase in transition
temperature with Mg concentration can be explained by the
finite-sized Heisenberg chains in the hole-doped systems, as
explained in our previous reports [13,14]. We also carried
out the temperature-dependent XRD measurements to exam-
ine the structural changes around MIT. Figure 6 shows the
XRD patterns of sample S1 with increases and decreases
in temperature. At room temperature (298 K), the samples
maintain the M2 phase of VO, [23], whereas, with an in-
crease (1) in temperature to 343 K, the coexistence of both
the M2 and R phases of VO, is observed [Fig. 6(a)]. With
a further increase in temperature to 358 K, the XRD pattern
resembles the pure R phase of VO,, confirming the struc-
tural phase transition. With a decrease (| ) in temperature,
the sample returns to its original M2 phase with a hysteresis
of 25 K.

Samples S2 and S3 also followed the same trend with a
slight increase in transition temperature (Figs. Suppl-8(a) and
Suppl-8(b) [46]). We have plotted the diffraction pattern at
lower 26 values [Fig. 6(b)] with proper (hkl) notations to
have a clear view of the coexistent phases. The coexistence
of both the M2 and R phases for the narrow temperature
range 343-348 K (with 1 in temperature) and 322-328 K
(with | in temperature) confirms the M2— R transition as a
disorder-broadened first-order transition (Fig. 6).

In our earlier report [13], we showed that the electronic
transition in VO, goes successively from three-band metallic
to a single half-filled band, then to a 1D Heisenberg chain
following Mott transition, and finally undergoes spin-Peierls
dimerization. The first-order Mott-type MIT prompts SPT
in VO,. Figure Suppl-9 [46] shows the fitted third-order
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FIG. 5. (a) Raman spectra for sample S1 as a function of increasing and decreasing temperature. Solid and dashed arrows represent the
increasing and decreasing temperature, respectively. Some of the data are reproduced from Basu et al. (Ref. [49]) with permission from AIP
publishing. (b) Variation of transition temperature for the samples with Mg concentration.

Birch-Murnaghan equation of state curves for the R, M1, and
M?2 phases, where the minimum energy configurations are
the ground states. We see that in the compressive strain or
high-pressure regime, the M2 phase is stable as the volume
decreases, while in the expansive strain or high-temperature
regime, the M1 phase is stable as the volume increases. How-
ever, both the curves are quite close to each other with very
small differences in the total energies, which implies that the
transition between M1 and M2 can be continuous type (second
order). The curve for the R phase is quite well separated and
has a well-defined crossover point, which implies that the tran-
sition should occur in a sharp temperature range. However,

for the T phase, we observed a curve similar to that of M2.
The lower-symmetry M1 and T phases (P21/c and P1) are
the maximal subgroups of the higher-symmetry M2 (C2/m)
phase. Though the transition from R to M2 (MIT) is of first
order (abrupt change between two space group symmetries),
the strain-driven structural transitions between M2 and M1/T
are of second order (continuous symmetry breaking between
the V-V dimers).

To understand the electronic and structural contribution
to the phase transition, we have plotted the shift in Raman
frequency with temperature for sample S1 (Fig. Suppl-10
[46]). All the Raman mode frequencies exhibit redshift with
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FIG. 6. (a) Refined XRD pattern for sample S1 as a function of temperature. The phases of VO, at the corresponding transition temperature
are indicated. (b) Zoomed-in view of the XRD pattern at lower 20 values with (/kl) indices showing the coexistence of the M2 and R phases
of VO,. Solid and dashed arrows represent the increasing and decreasing temperature, respectively.
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increasing temperature. The maximum frequency shift is ob-
served for the Raman band at 203 (V-V vibration) and 651
cm~! (V-O vibration), indicating the reconstruction of V-V
and V-0 length along cg [25,55]. We calculated the isobaric
mode Griineisen parameter [y;p = (—1/ow;)(dw;/dT)|p],
where o (= 6 x 107°K™!) is the thermal expansion coef-
ficient obtained from high-temperature XRD measurements,
and it is close to the reported value of 5 x 107K~ [56].
We have observed that y;p values for the modes 203 and
217 cm™! are higher compared to other mode frequencies
(Table Suppl-III [46]). In our previous study, we showed that
Raman modes at ~200 cm~! are due to V-V vibration as
calculated from DFT phonon modeling [14]. The high value
of y,p for these two modes compared to other frequencies
confirms that the distortion along the cy axis is responsible for
the phase transition [26]. We performed the calculation to find
out the contribution from explicit/true anharmonicity of the
Raman modes for sample S1. We also measure the ratio (1)
of y;r and y;p to find out the relative contribution of implicit
(volume-dependent) and explicit (phonon-phonon interaction)
anharmonicity. Table Suppl-I1I [46] lists the mode frequencies
(w;) with the corresponding y;7 and y,p along with n (=
vir/vip) [57]. For all the Raman modes, the value of n < 1,
which implies most of the contribution is due to explicit anhar-
monicity. A similar trend is also observed for samples S2 and
S3. From the above observations, it is clear that the frequency
shift is dominated by phonon-phonon interaction, and the co-
existence of both phases confirms the M2— R transition as the
first order. Our observation supports the high latent heat value
(770 cal/mole) for the M2— R transition measured by Pouget
and Launois [24] using differential scanning calorimetry. We
have also plotted the mode Griineisen parameters as a func-
tion of doping. The maximum change in the anharmonic
parameters is observed for the mode frequency 203 cm™!
(V-V vibration along the cy direction). Doping Mg in VO,
stabilizes the M2 phase by introducing tensile strain along
the cg direction. The more doping there is, the higher is the

magnitude of strain. The contribution of doping on isobaric
(vip, phonon-phonon interaction) anharmonicity compared to
isothermal (y;7, volume contribution) anharmonicity is thus
expected.

IV. CONCLUSIONS

Vi_xMg,O, samples were grown in stable M2 phases of
VO, by controlled doping of Mg. Pressure-induced structural
phase transitions from the M2—T— M1 phases of VO, are
observed in both XRD and Raman spectroscopic studies. The
transition pressure for M2—T and T— M1 are observed to
increase with the increase in doping concentration following
the phase diagram of VO,. The structural transitions M2—T
and T— M1 are found to be a second-order continuous phase
transition from the continuous change in the volume and a dis-
continuity in the bulk modulus with quasihydrostatic pressure.
However, the temperature-driven M2— R phase transition is
found as a disorder-broadened first-order type from the coex-
istence of both phases for a narrow span of temperature along
with a hysteresis of 25 K. We argue that Mott-type first-order
metal to insulator transition prompts the MIT from R to M2,
whereas a second-order structural relaxation leads to the tran-
sition from M2 to M1 via the T phase. Further, the pressure-
and temperature-dependent Raman spectroscopic studies help
in finding the isothermal and isobaric Griineisen parameters
for the phonon modes and their relative contribution towards
thermal expansion. Phonon-phonon interaction is found to be
dominant over the implicit (volume-dependent) anharmonic-
ity for the structural transitions.
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