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Raman spectroscopy and phonon dynamics in strained V,0;
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Transition metal oxides are known to have a strong interplay of many degrees of freedom giving rise to their
rich phase diagrams with competing ground states. The Mott material V,03 hosting a room- and low-temperature
metal-insulator transition is a great example where electronic, structural and magnetic ordering are the directors
at play. By combining first-principle calculations and Raman spectroscopy, we study the phonon dynamics of
V,0; to gain further understanding in the interplay of these ordering mechanisms driving the transitions. First-
principle calculations show that the Raman active vibrations correspond to the structural distortions occurring in
the phase diagram. Additionally, Raman spectroscopy is performed on a unique series of epitaxial strained 1.5%
Cr-doped V,03 thin films, where both paramagnetic insulating, metallic, as well as intermediate electronic states
are stabilized. This has led to identifying the importance of the local V-V dimer elongation that drives both the

room- and low-temperature MIT in V,0; compounds.
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I. INTRODUCTION

Vanadium sesquioxide (V,03) is an archetypical strongly
correlated electron system that undergoes both an isosymmet-
ric, as well as symmetry-breaking metal-insulator transition
(MIT), which can be controlled by temperature, doping, pres-
sure, and strain [1-5]. At ambient conditions, V,O;3 is a
paramagnetic metal (PM) with a corundum structure (R3c)
which undergoes a Mott MIT to a paramagnetic insulator (PI)
upon Cr doping [6-9]. Additionally, below ~180 K, a low-
temperature (LT) MIT occurs toward an antiferromagnetic
insulator (AFI) with a monoclinic structure (C2/c).

The corundum structure can be considered as honeycomb
lattices in the basal ab plane, AB stacked along the ¢ axis with
the V3+(3d?) ions occupying face-sharing octahedra along
the ¢ axis. The octahedral crystal field (CF) splits the 3d
orbital into a lower triple-degenerate t,, and upper twofold
degenerate g orbital levels, with the former splitting further
into an aj, singlet pointing along the ¢ axis, and a lower e
doublet in the basal plane by a trigonal distortion. This in
combination with the strong on-site Coulomb repulsion gives
rise to a mixture of orbital states resulting in its rich phase
diagram.

The RT Mott MIT from PM to PI induced by substitu-
tional Cr doping has led to the observation of a discontinuous
change in crystal volume and c/a ratio while preserving the
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spacegroup symmetry [1], as shown in Fig. 1. Moreover,
extended x-ray absorption fine-structure spectroscopy (EX-
AFS) has shown that this involves a local structural distortion,
a trigonal distortion, that leads to a long-range strain field
driving this abrupt change in the crystal structure [7]. This
first-order isosymmetric MIT with a three orders of magni-
tude change in resistivity provides huge opportunities for new
electronic devices, where the ultimate aim is to stabilize at
the PM-PI phase boundary, such that an external trigger leads
to a maximal resistivity change. Therefore, our approach is
to systematically tune the in-plane lattice parameter a, and
thus also the c¢/a ratio, to stabilize both PM and PI as well as
intermediate electronic states. This continuous control of the
c/a ratio leads to a physical control of the trigonal distortion.
By the use of engineered (Cr,Fe;_,),0; buffer layers, the
in-plane strain of 1.5% Cr-doped V,0; PI thin films can be
controlled in a precise and continuous manner, as shown in
Fig. 1. The PM phase is stabilized in the compressive regime,
while the PI phase is further stabilized upon tensile strain.
The details of this strain-engineering and the corresponding
induced MIT can be found in [5].

In this work, we first present the results of first-principles
calculations (Sec. IIT A), which provide a comprehensive anal-
ysis of the phonon modes of V,0;. This analysis facilitates the
interpretation of the observed Raman frequency dependences
at both room temperature (RT) and low temperature (LT).
Additionally, we show that the Raman active vibrations match
the structural distortions occurring within the phase diagram
of V,03, which can therefore be used to study the dynamics
of both transitions. In the subsequent section (Sec. III B), we

©2023 American Physical Society
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FIG. 1. The c/a ratio change in the RT Mott MIT induced by Cr
doping in bulk V,05 (gray circles) and by the use of (Cr,Fe,_,),03
buffer layers to induce epitaxial strain in 1.5% Cr-doped V,0; thin
films (red circles). The bulk data was taken from [1], while the thin
film data was adopted from [5].

present the RT MIT induced by this unique series of epitax-
ially strained 1.5% Cr-doped V,0Os; thin films, identical to
those presented in [5], that were stabilized in either PM, PI,
or intermediate state. This has led to the confirmation of the
isosymmetric V-V dimer elongation. Next, the temperature-
dependence of the Raman modes have been studied in an
unstrained 0.6% Cr-doped V,0; PM thin film upon transi-
tion to the LT monoclinic AFI phase, identifying the general
features of this LT MIT dynamics (Sec. III C). Finally, the
temperature-dependent Raman spectra of these strained thin
films discussed in Sec. III B have been studied (Sec. III D).
Since the different strained 1.5% Cr-doped V,03 thin films
provide distinct starting phases at RT, we have evaluated the
related phase transitions at low temperature (PM-AFI and PI-
AFI), showing the importance of the short V-V bond length.

II. METHODS

To obtain the PM and PI structure, 60 nm of 1.5% Cr-doped
V,03 were grown on different corundum structure templates.
The different corundum structures were achieved by varying
the composition ratio of the (Cr,Fe;_,),03 buffer layer on
c-plane sapphire (Al,O3) substrates. More thin film growth
details can be found in our previous work [5].

In situ reflection high energy electron diffraction (RHEED)
was used qualitatively to confirm the epitaxy in each step of
the process. After deposition, the samples were characterized

by means of high resolution x-ray diffraction (XRD), reflec-
tivity (XRR), and reciprocal space mapping (RSM) using a
Panalytical X’ pert Pro diffractometer. Transmission electron
microscopy (TEM) was used to verify the high quality and
homogeneous strain throughout the entire thickness of the
epitaxial film [10] (see Figs. S5-9 in the Supplemental Ma-
terial [11]). Raman spectra have been acquired in a Raman
microscope (Renishaw, UK) using unpolarized laser excita-
tion with a wavelength of 488 nm and a power of 1.9 mW.
The 2 pm diameter spot of the excitation laser is focused on
the sample through an objective lens with x50 magnification
while the sample is kept in a vacuum environment at different
temperatures. The sample temperature is controlled in the
80 K — 330K range by using a microheater and a gas flow
of liquid N, as a cooling source.

All first-principle calculations were performed within den-
sity functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP) [12]. The interactions
between electrons and ions were described by the projector
augmented wave (PAW) potentials [13], with the semicore
states treated as valence states, V (3 [)635144s1 ). The electronic
wave functions were expanded with a cutoff energy of 600 eV,
and the PBE functional was used. For the structural relax-
ation, a force convergence criterion of 0.001 eV/A was used
with the Brillouin zone (BZ) sampled by a 12 x 12 x 12 T
centered k mesh. Phonon dispersions and dielectric properties
were calculated self-consistently on the basis of both the fi-
nite displacement method and density functional perturbation
theory (DFPT), and with the use of the PHONOPY package
[14]. For the self-consistent electronic properties, a denser
18 x 18 x 18 mesh was used with energy convergence cri-
terion of 107® eV. The paramagnetic V,03; phases are
wellknown to be a magnetically frustrated state [15,16], which
makes a nonmagnetic approximation inaccurate, while recent
studies have shown that the spin-polarized calculations with
ferromagnetic (FM) ordering are a proper approximation for
the structural components [17,18].

III. RESULTS

A. Phonon dynamics of V,0;

The phonon modes of both the corundum and monoclinic
structure have been calculated by DFPT. This study provides
a first complete identification of all phonon modes, and their
corresponding eigenvector and frequency, for both the PM
and AFI phases. Room-temperature V,03 adopts a corundum
structure with spacegroup R3c and point group 3m, with 10
atoms per unit cell, and thus 3N = 30 degrees of freedom
corresponding to zone-center modes, of which three are sim-
ple translations (acoustic), while the remaining 27 are optical
vibration modes. By group theory analysis, the 3m point group
at " has the irreducible representation (normal modes):

[o =241, + 241, + 3As, + 249, + SE, + 4E,,

where Ay, and E, are Raman active modes (7), Ay, and E,
are infrared (IR) active modes (6), and A;, and A, are silent
modes (5). The corresponding calculated eigenfrequencies
of the Raman active modes were derived from the calcu-
lated phonon spectrum [see Fig. 2(b)] and are summarized in
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FIG. 2. Crystal structure and atomic-resolved phonon dynamics of room-temperature V,05. (a) The conventional corundum unit cell with
the marked short V-V bond. (b) The calculated phonon spectrum projected on a rhombohedral Brillouin zone path and the corresponding
phonon density of states. (c) An upper and side view of the E,(1) mode. (d) A side view of the A;,(1) mode. Note that the eigenvectors are not
scaled, the amplitude of the oxygen eigenvectors has been increased to make their motion visible. Cyan and red atoms correspond to vanadium

and oxygen, respectively.

Table I (the frequencies of the other phonon modes can be
found in the Supplemental Material [11]). Surprisingly, many
of the calculated frequencies are relatively close to the exper-
imental value within this spin-polarized PBE approximation
and without the need of a Hubbard correction U. However,
it is noteworthy to mention that the DFT calculations strongly
overestimate the eigenfrequency of the A4(1). Taking into ac-
count the nature of this vibration, it suggests that the electron
correlations have a tendency to soften this short V-V bond. On
the other hand, the large discrepancy for E¢(5) can be possibly
explained to the paramagnetic structure being approximated
by a FM state in the DFT calculations.

Note that the twofold degenerate E, modes are in-plane
vibrations that lower the symmetry from 3m to 2/m, making
the AB-stacked hexagons asymmetric, while the antisymmet-
ric A modes are out-of-plane vibrations along the ¢ axis
that correspond to a breathing mode in which there is a
shortening/elongation of the shortest V-V bond [see Figs. 2(c)
and 2(d)]. Moreover, these E, modes at different frequencies
are all very similar in their vibrational nature with the main
difference in their oxygen movement. From the phonon den-
sity of states (DOS), shown in Fig. 2(b), it can be seen that the
low-frequency phonon modes are dominated by the V cation
motion, while for the higher frequency modes the vibrations
consist of strong oxygen movements. For the remainder of
this section, we shall focus on the two low-frequency E,(1)

TABLE I. Raman active phonon modes comparison of the high-
temperature corundum structure. The experimental data for bulk pure
V,0; and 1.5% Cr-doped V,03 has been adopted from [19].

Mode Theory (cm™') Pure (cm™) 1.5% Cr (cm™")
E,(1) 21 210 210

A (1) 288 234 249
E.(2) 293 296 310
E,(3) 314 327 337
E,(4) 473

A,(2) 512 501 516
E,(5) 560 595 600

and A,(1) Raman modes and their effect on the electronic
properties.

Interestingly, these Raman active vibrations also relate to
the structural changes that occur upon phase transition from
PM toward PI and AFL In the isosymmetric Mott transition
from PM to PI, an increasing V-V bond drives this first-order
MIT. In a simplified picture, this is often considered as fol-
lows. Upon pressure [2], Cr doping [6-9] or epitaxial strain
[5], the shortest V-V bond is shortened (with reduced c/a ra-
tio) which causes an increased a, orbital overlap and triggers
the strong on-site Coulomb repulsions causing the elongation
of the bond [6,7,9]. This cation movement has two main
effects opening an energy gap; it decreases the a;, occupation
[20] while simultaneously enhancing the trigonal distortion
[21]. Therefore, probing the A;, mode provides insight on
how the V-V bond is altered upon transition. To evaluate the
effect of this A, vibration on the electronic structure, the
eigenvector displacement was applied to the relaxed structure
of which the DOS was calculated. These calculations confirm
that the main changes are caused in the a;, orbital overlap
and the CF splitting between a;, and ey (see Fig. S4 in the
Supplemental Material [11]). Based on these drastic changes
induced in the low-energy electronic bands, it can be inferred
that these Aj, vibrations will have relatively strong Raman
polarizabilities.

Recent ultrafast spectroscopic studies have also shed light
on the dynamics of the MIT from PM to AFI [22-24],
confirming the existence of an intermediate nonequilibrium
photoinduced monoclinic metallic phase [25,26]. This has led
to the identification of two independent structural changes
within this phase transition. Upon temperature lowering,
the AB stacked hexagons undergo an asymmetric in-plane
symmetry-breaking distortion, similar to the cation movement
in the E, mode, followed by an isosymmetric out-of-plane
tilting and elongation of the V-V dimer. Notice that the former
movement originates from the inherent magnetic frustration
within the hexagons [15,16], while the latter isosymmetric
movement is a priori responsible for the first-order nature of
this low-temperature MIT, as deduced from Christy’s work
[27]. Hence, similarly to the A, the E, mode can be used to
probe the symmetry-breaking component that drives this LT
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FIG. 3. DFPT calculated phonon spectrum and corresponding
phonon DOS of low-temperature monoclinic AFI V,05.

MIT. Subsequently, the DOS was evaluated for the structure
upon E, displacement, which clearly shows that the two-fold
degeneracy of the e orbital level is lifted (see Fig. S4 in
the Supplemental Material [11]) by the broken hexagonal
symmetry.

On the other hand, the low-temperature V,03; phase has
a monoclinic C2/c structure with point group 2/m and irre-
ducible representation:

I, = 7A, + 6A, + 8B, + 6B,,

where A,, B, are Raman active (15), and A,, B, are IR ac-
tive (12). Hence, by lowering the threefold symmetry, the
twofold degenerate E, modes in the high-symmetric corun-
dum structure are split in a B, and A, mode, which are
respectively symmetric and antisymmetric with respect to the
tilted twofold rotation axis in the monoclinic structure. On the
other hand, the A, mode loses its vertical mirror symmetry
plane and becomes an A, mode in the monoclinic structure.
Additionally, the three silent A,, of the corundum phase trans-
form into Raman active B, modes. To study the effect of the
antiferromagnetic (AF) ordering on the dynamics, the phonon
spectra were calculated by a finite displacement method
where both spin-polarized FM (approximating paramagnetic
ordering) and AF orderings are imposed (see Fig. S1 in the
Supplemental Material [11]). The resulting phonon spectrum

and corresponding DOS with AF ordering are shown in Fig. 3.
The derived Raman mode frequencies are also compared to
their experimental value, as shown in Table II. It is clear that
there is an overall underestimation of the phonon frequency.
This indicates that the DFT calculations fail to approximate
the phonon dynamics of LT monoclinic phase, suggesting
the importance of the electron correlations on the crystal
vibrations.

B. Room-temperature Raman spectroscopy of strained V,0;

A unique series of 1.5% Cr-doped V,0j3 thin films were
deposited on (Cr,Fe;_,),0; buffer layers with systematic
variation of the in-plane strain by a precise control of the Fe
percentage in the buffer. In this way, the c/a lattice parameter
ratio could be controlled in a continuous manner, and thus
a transition from PM to PI could be induced as shown in
our previous work [5]. Moreover, by transport measurements,
intermediate room-temperature resistivity (RTR) states are
found to be stabilized (pinned) by this epitaxial strain, as
shown in Fig. 4(c).

To study the dynamics of this epitaxially-induced MIT,
Fig. 4(a) shows a comparison of the room-temperature Raman
spectra from the identical set of samples in the different strain
states. First, it is clear that the A;, modes are much more
intense in comparison to the E,, which was also observed in
previous studies [28-30]. This difference in Raman polariz-
ability can simply be understood by the electronic coupling of
these two types of phonon vibrations. From Wannier function
calculations, it was shown that the a;, orbital overlap of the
o bond along ¢ is much larger compared to the e orbital
overlap of the = bonds in the basal plane [31]. Therefore, the
induced change in orbital polarization by the A;, vibrations
altering the o bond will be more pronounced compared to po-
larizations induced by the E, vibrations altering the eg orbital
overlap. Second, a blue shift is observed for each of the Raman
active modes (both A, and E, modes), which is expected
upon transition from PM to PI [29]. Note that this frequency
stiffening of the optical phonon modes is in contrast to the
softening of the acoustic modes upon transition to PI [32].

Based on the discussion in Sec. IIT A, a detailed quan-
titative analysis (see the Supplemental Material [11]) was
performed for the out-of-plane Aj,(1) mode, shown in
Fig. 4(b). The frequency of the Ajz(1) mode is shown in
Fig. 4(c) as a function of in-plane strain, which was derived

TABLE II. Calculated Raman mode frequencies of the low-temperature monoclinic structure compared to their experimental value. Note
that the experimental vibration mode at 233 cm™' is marked with an asterisk to indicate it either belongs to B,(1) or By(2). The experimental
values have been extracted at 80 K from the unstrained 0.6% Cr-doped V,0;5 on a Cr, 03 buffer layer.

PMmode AFImode  Theory (cm™')  Expt.(cm™')[80K] PMmode AFImode  Theory (cm™')  Expt. (cm™')[80 K]
E,(1) A1) 157 192 Asy(2) B,(5) 382
B,(1) 183 233* E,(4) Ay(5) 454
Ang(1) B,(2) 200 233" B,(6) 457
A1) A,2) 256 280 e A(6) 493 525
E,(2) B,(3) 266 290 E,(5) Ag(7) 545 552
A,3) 281 B,(7) 546
E,(3) B,(4) 291 325 Az (3) B,(8) 589 664
Ag4) 312 340
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FIG. 4. Room-temperature Raman spectra comparison of 1.5% Cr-doped V,0; thin films upon applying epitaxial strain through different
buffer layers. The 0.6% Cr-doped V,03/Cr,03/sapphire is included as a reference of a pure and relaxed case of V,0Oj3 thin film. The Raman
spectra of Cr,0O; thin film on sapphire (with rescaled intensity) is included to show the Raman peaks originating from Cr,05 (square) and
sapphire (star). The dotted lines indicate the PM and PI A;,(1) vibration mode of bulk V,0;3. (b) A zoom in on the A;,(1) mode indicating
an abrupt change between PM and PI with the thin film on the 34% Fe buffer layer showing a broadened peak with a mixed nature. (c) The
frequency of A,(1) mode under the different strain levels. The room-temperature resistivity (RTR) is plotted in the same range to compare to
the trend of the A;,(1) frequency with strain. Bulk PI lattice parameter is defined as 0.0% as a reference for the different in-plane strain. Note
that for the A;,(1) frequency of the sample with 34% Fe buffer layer, two empty data points are used to indicate the two deconvoluted peaks

inferred from (b), corresponding to PM and PI.

from RSM [5]. First, a discontinuous frequency stiffening of
A14(1) mode is observed upon increasing in-plane lattice con-
stant (reduced c/a ratio). This is in contrast to recent Raman
studies upon reduced lattice constant (increased c/a ratio)
where there is a continuous frequency stiffening of the A4(1)
[30]. Taken into account the vibrational nature of A;g(1), it
is expected that this discontinuity relates to a discontinuous
change in the o overlap of the ay, orbitals along the ¢ axis, or
thus simply in the bond length. Indeed, the induced stiffening
of Aj4(1) upon increasing the c¢/a ratio, as reported by Hu
et al. [30], is the result of the increased c lattice constant
that leads to a continuous elongation of the V-V bond. While
upon reduced c/a ratio, a reduced V-V bond length would
be expected, however, this leads to a critical a;, orbital occu-
pation that triggers an electron repulsive driven elongation of
this dimer. This bandwidth controlled cation movement (in the
Mott transition) is discontinuous [33-35], implying the abrupt
stiffening of Aj,(1) upon epitaxial strain. A very similar
abrupt frequency change of the A, has been observed in the
temperature-induced Mott MIT of Ti, O3 [36], which is also
driven by a changing a;, occupation in its c-axis dimer [37].
Second, note that the thin film at ¢ = —0.25% (34%-Fe
buffer layer) has a very broad A 4(1) peak (see Fig. 4), which
can be considered as the convolution of two clear distinguish-
able peaks [see Figs. 4(b) and 4(c)]. Hence, this suggests an
intermediate phase with coexistence of PM and PI domains.
Although such a mixed phase has also been observed in bulk
V,03 by scanning photoemission microscopy [38], it remains
unclear whether this is happening at an atomic (subnanome-

ter) scale or nanometer scale. Moreover, one can not exclude
the possibility of the coexistence of PM and PI in the other
strained films; however, the quantitative analysis of the A14(1)
peak do confirm the predominance of one of the two phases.

Lastly, it can be inferred that the A;, mode shows an
asymmetric shape which can be related to a Lorentz-Fano
resonance, which means a strong coupling to the electron
continuum [39]. This could be anticipated from the fact that
Ay, will alter the electron occupation of the aj,-derived con-
duction band. In this respect, it is evident that the asymmetry
of the A, mode reduces upon transition to the PI phase, as
seen in Fig. 4.

C. The low-temperature phase transition

As an archetypal Mott insulator material, V,03 undergoes
a MIT around 180 K which is accompanied by a change in
crystal and magnetic structure. To investigate this LT transi-
tion, temperature-dependent Raman spectrum were obtained
for 0.6% Cr-doped V,03; on a Cr,0O; buffer layer, as shown
in Fig. 5. By the use of our first-principle calculations in
Sec. Il A, all observed Raman modes have been assigned cor-
rectly according to their symmetry. Moreover, a Raman peak
observed in the high-frequency region close to 670 cm™!,
whose origin has remained unidentified in previous work [29],
can now be ascribed to a Raman active B, mode originating
from the silent A, mode in the PM phase.

To study the dynamics of the LT MIT, the frequency
changes of the Raman modes are studied in more detail. It
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FIG. 5. Temperature-dependent Raman spectrum of 0.6% Cr-doped V,03/Cr,03/sapphire. All vibrational modes are labeled according
to the DFT calculation except the Magnon mode (marked as M). The frequency labeled by star and square represent the peaks from the
sapphire substrate and Cr,O; buffer layer, respectively. Finally, the intensity of the spectrum is plotted on a logarithmic scale, and the software

interpolates the data between the data points.

is observed that the Raman active vibrations of the PM phase
transit into the AFI modes with a transformation of the Ay,
into a lower symmetry A, mode, while the twofold degenerate
E, splits into (Ag, Bg) upon symmetry reduction to the mon-
oclinic AFI phase. Interestingly, these lower-symmetry AFI
modes are already present around 180 K, while the PM modes
remain up to ~120 K, implying there is a phase coexistence
within a temperature range of 120-180 K, characteristic to a
first-order transition, and also observed earlier [40,41]. From
the HT side, lowering the temperature from PM toward the
AFI phase boundary results in a stiffening of the out-of-plane
Ay, modes, and the softening of the in-plane E, modes. On
the other hand, considering the AFI upon temperature in-
crease, all Raman modes show a frequency softening toward
the transition temperature T, including the two A, modes
corresponding to the Ay, of the HT phase.

First, the frequency stiffening upon transition from Aj,
to Ag suggests the elongation of the V-V dimer along the ¢
axis, as discussed in Sec. III A. Moreover, this occurs dis-
continuously, similar to the strain-induced PM-PI transition in
Sec. III C, which implies that a similar bandwidth-controlled-
driven cation motion is dictating this isosymmetric part of the
structural MIT.

Second, the frequency softening of almost all AFI Ra-
man active modes show a functional behavior which is
characteristic for soft-mode ferroelectric phase transitions.
Cochran showed that the soft phonon mode frequency (wy)
can be considered as an order parameter in these displacive
phase transitions with temperature dependence w? ~ (T —
T.)~', where T, is the transition temperature [42]. Bismayer
showed that this concept could be generalized to hard phonon
modes at higher frequencies [43]. Figure 6 shows the fre-
quency dependence of A,(2), A,(7), and the magnon mode
(M) with their corresponding Cochran law fit (other modes
can be found in Fig. S15 of the Supplemental Material
[11]). This behavior confirms the displacive nature of this

LT MIT and is also in agreement with previous studies
which hypothesized the martenistic nature of this LT MIT
[23,44].

Finally, upon transition to the AFI phase, a magnon mode
(M) can be observed at ~450 cm~!. This magnon excitation
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FIG. 6. Experimental temperature dependence and Cochran law
fit of (a) Agx(7), (b) Magnon, and (c)A,(2).
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FIG. 7. Low-temperature Raman spectra of 1.5% Cr-doped
V,0; thin films upon epitaxial strain comparison at 80 K. The vi-
bration mode contributions from sapphire and the Cr,O; buffer layer
are labeled as star and square, respectively.

has been ascribed to a spin wave in the basal ab plane [45],
which emerges by the broken hexagonal symmetry in the AFI
phase [16]. This magnon mode also follows Cochran’s law
(Curie-Bloch law), as can be seen in Fig. 6(b).

D. The effect of strain on the low-temperature transition

By the lattice mismatch induced strain, both PM and PI,
as well as intermediate RTR states, are epitaxially stabilized.
Although electronically different at room-temperature, the
questions arise: (i) whether these states differ in their LT AFI
phase, and (ii) how the dynamics of the LT transition change
with epitaxial strain.

To answer the first question, the Raman spectra of each
strained thin film were taken at 80 K, as shown in Fig. 7.
It can be seen that the overall Raman spectra are very sim-
ilar, with negligible frequency shifts in the modes (see also
Fig. S14 in the Supplemental Material [11]), which would
imply minor effect of the strain on the AFI structure. This is in
agreement with previous optical and transport measurements,
which show a convergence to equivalent resistivity values
upon temperature reduction [5]. Taking into account that the
electrical resistivity highly depends on the V-V bond length,
it can be concluded that this bond length is almost unaffected
in the AFI by the applied strain.

Subsequently, the effect on the magnetic structure is evalu-
ated by analyzing the frequency change of the magnon mode
in the AFI upon strain (shown in Fig. S13 of the Supplemental
Material [11]). It is observed that the magnon mode softens
upon increasing lattice constant (toward the PI phase at RT),
which was also shown in neutron scattering studies [15]. This
relates to the magnetic correlations being shorter ranged in the
insulating phase [16,46].

Previous studies have shown that the LT MIT becomes
more continuous upon Cr doping, i.e., for a transition from
PI to AFI [32]. Hence, a similar behavior can be expected

80 L —0O— 1.5% Cr-V,0, / 25%-Fe buffer o
—O—1.5% Cr-V,05 / 34%-Fe buffer

—0O—1.5% Cr-V,0, / 50%-Fe buffer

100

-
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o

T
a
A4

1
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(o]
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FIG. 8. Low-temperature phase transition of 1.5% Cr-doped
V,0; under different strain levels. The phase transition change from
PM-to-AFI and PI-to-AFI transition by increasing Fe percentage in
the buffer layer.

for increasing lattice constant (increasing Fe percentage in
the buffer layer) in the 1.5% Cr-doped V,03 thin films. Upon
consideration of the discussion in Sec. III A, the main differ-
ence between the PM and PI resides in the V-V bond length
and therefore also their difference in MIT dynamics. In this
respect, it has been chosen to study the Aj,(1) — A(2) as
a function of temperature to assess the effect of strain on
the LT MIT dynamics, demonstrated in Fig. 8. For the PM
phase (1.5% Cr-doped V,03; on 25%-Fe buffer layer), there
is a strongly discontinuous change from Ay,(1) to A,(2) with
a coexistence of both peaks in the temperature region be-
tween 140 K and 150 K, characteristic to its first-order nature.
However, for the PI phase (1.5% Cr-doped V,03; on 50%-Fe
buffer layer), the Aj,(1) is shifted to higher frequencies as
the temperature decreases, resulting in a continuous transition
into the lower-symmetry A,(2) mode. Additionally, the mixed
phase on 34%-Fe buffer layer showing both PM and PI A,(1)
mode with, respectively, an abrupt and continuous transition
to AFI-A4(2). These results suggest that the LT transition be-
comes continuous which is related to the elongated V-V bond
length, or, thus, the absence of the isosymmetric elongation of
the V-V dimer in the structural transition.

IV. CONCLUSIONS

The present results combining first-principle methods and
Raman spectroscopy on this unique set of strained 1.5%
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Cr-doped V,0; thin films sheds light on the dynamics
upon the PM-PI, PM-AFI, and PI-AFI transitions. The first-
principle calculations have provided a first complete identifi-
cation and symmetry assignment of all phonon modes of PM
and AFI V,03. Moreover, they have shown that the Raman
active vibrations relate to the structural distortions that drive
the RT and LT transitions, and can be used to probe their dy-
namics. In this way, we prove that the RT isosymmetric Mott
MIT is driven by a local first-order V-V dimer elongation.
On the other hand, we explicitly identify the displacive nature
of the LT MIT by hard phonon mode spectroscopy analysis
[43]. Finally, we confirm that the LT transition becomes con-
tinuous as the RT phase of V,03; becomes more insulating.
This phenomenon can solely be ascribed to the elongated V-V
bond length in the PI phase, while the isosymmetric V-V
dimer elongation is fundamental to the first-order nature of the
LT MIT.
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