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High-pressure phases of VO, from the combination of Raman scattering
and ab initio structural search
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Despite more than 50 years of investigation, the understanding of the metal-insulator transition in VO, remains
incomplete and requires additional experimental and theoretical works. Using Raman scattering under pressure,
we first confirm the known transition around 11 GPa affecting the V orbital occupancy in the absence of structural
changes. Moreover, we disclose a transition around 19 GPa involving the V orbitals together with a structural
distortion, revealed by the splitting of a phonon branch associated with the V chains. The high-pressure metallic
X phase is found to be of low symmetry and becomes the lowest-enthalpy structure at high pressure by ab initio
structural prediction calculations. In contrast to a well-established picture of the metal-insulator transition (i.e.,
the Peierls transition), the high-pressure metallic phase here is of lower symmetry than the ambient pressure

insulating phase.

DOLI: 10.1103/PhysRevB.97.024107

I. INTRODUCTION

In strongly correlated materials, the intricate interplay
among different degrees of freedom (charge, spin, orbital,
lattice) gives rise to a large diversity of ground states. Their
complex phase diagrams are characterized by a great sensitivity
to external parameters leading to large variations of their
properties, such as for metal-insulator transitions (MITs) and
colossal magnetoresistance, and to the emergence of exotic
phenomena such as unconventional superconductivity. These
distinctive features naturally make correlated materials very
attractive for many promising technological applications. For
the same reasons, however, understanding and controlling the
transition between different phases still represents a major
challenge for condensed-matter physics.

Among the correlated transition-metal oxides, VO, is a
prototype compound displaying a strong interaction between
electronic and structural degrees of freedom. By cooling down
below 340 K, a MIT with a change in the resistivity of five
orders of magnitude is accompanied by a structural distortion
with a doubling of the crystal unit cell from a rutile R to a
monoclinic M phase [1]. While a strain-controlled MIT was
recently demonstrated [2], several works have shown that this
twofold transition can also be photoinduced on an ultrafast time
scale through a nonequilibrium state [3—10]. The complexity
of the phase diagram of VO, [11,12] is increased further by
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Cr doping, which produces two additional insulating phases,
namely the monoclinic M, and triclinic 7 phases [13,14],
and by applying hydrostatic pressure. Indeed, Arcangeletti
et al. observed a noticeable metallization above 11 GPa [15].
This conductivity increase, revealed by infrared absorption
spectroscopy, comes with an enhanced susceptibility of the
V chain phonons at high pressure. This has been confirmed
by recent x-ray diffraction, reporting a transition at the very
same pressure affecting the bulk modulus [16]. It is worth
noting that, despite the anisotropic crystal compression, this
transition is not accompanied by lattice symmetry breaking.
At higher pressure, a recent study shows a further phase
transition [17]. The three orders of magnitude drop of the
resistivity together with the damped phonon mode in the
Raman scattering mode strongly suggest that this X phase is
metallic.

In the long-standing debate about the theoretical under-
standing of VO,, the emphasis has been placed alternatively
on the key role played by electronic correlation or by struc-
tural distortion [18-22]. Advanced many-body approaches
[23-25], beyond density-functional theory (DFT) in the local-
density approximation (LDA), were recently able to obtain a
description of correlation effects in the electronic excitation
spectra in good agreement with photoemission experiments
[26]. However, a consistent interpretation within a single the-
oretical framework of the structural, electronic, and magnetic
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properties of VO, across the whole phase diagram still remains
elusive [27-33].

In the present work, we uncover a different phase transition
in VO, under high pressure. This M3 phase emerges at around
19 GPa from the compressed M/ phase that was previously
observed around 11 GPa [15-17,34,35], disclosing a different
region of the phase diagram. An unbiased ab initio search of
the low enthalpy structures using the minima hopping method
[36,37] predicts a stable structure at high pressure compatible
with the metallic X phase reported in Ref. [17], establishing
the minima hopping method as a very promising, predictive
tool of investigation for strongly correlated materials.

II. METHODS
A. Experiments

In this work, we used Raman scattering to probe the lattice
degrees of freedom as a function of applied pressure at ambient
temperature. Experiments were performed with a 534 nm laser
source, with a fixed power of 10 mW in a backscattering
geometry. VO, powder was loaded in a diamond anvil cell
using diamonds of 300 um culet size and an inox gasket drilled
with a 150 um hole. Different transmitting media (silicone oil,
neon, and argon ) were tested yielding identical results. Since
helium is reportedly best for hydrostaticity, we only present
spectra obtained with this transmitting medium. We applied
pressure ranging from 1 GPa (limited by the gas-loading
procedure) to 26 £ 0.5 GPa. The raw data measured at the two
extreme pressure points are presented in Fig. 2. A third-order
polynomial background has been removed from the raw data
to ease the comparison of the spectra at different pressures in
Fig. 1. The background comes from the tail of the elastic line,
as can be seen in Fig. 2. It is not particularly intense despite the
backscattering geometry. The width of the Raman peak at low
pressure in VO, is comparable to that measured in a Si single
crystal used as a reference. This shows that the peak shape is
limited by resolution and justifies using a Gaussian line shape
for the fits.

To confirm the structural change, we performed x-ray
diffraction experiment at PSICHE beamline at Synchrotron
SOLEIL using neon as a pressure-transmitting medium. The
gas-loading system for the diamond anvil cell fixed the pressure
starting point at 8.6 GPa. Pressure determination was identical
to the Raman experiment method using ruby fluorescence, and
it has been corroborated thanks to the known neon equation
of state [38] combined with observed neon diffraction peaks.
Both methods give the same pressure estimation within error
bars of less than 0.5 GPa.

B. Theory

To identify the crystal structure of the high-pressure phases,
we performed structural search simulations for cells containing
up to six formula units of VO,. Given only the chemical
composition of a system, the structural search algorithm aims
at finding the global minimum on the enthalpy surface while
gradually exploring low-lying structures. We used the minima
hopping method (MHM), which has already been used with
remarkable success in a wide range of applications [39—41],
including the dependence on pressure [42] and the exploration
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FIG. 1. (a) Raman spectra for pressure from 1 GPa (bottom) to
26 GPa (top) (open circles) and associated Gaussian fit (lines) at room
temperature. The spectra show the two phonons associated with the V
chains (wy; = 191 cm™! and wy, = 222 cm™! at ambient pressure).
(b) Evolution of the wy; (red points, left scale) and the wy, (blue
points, right scale) modes as a function of pressure. The split mode
w}, observed above ~19 GPa is shown in green (right scale).

of binary phase diagrams [43]. However, to the best of our
knowledge, no ab initio crystal structure prediction algorithm
has been applied so far to study phase transitions in strongly
correlated materials.

‘We note that at ambient pressure the calculated cell volumes
of ferromagnetic or antiferromagnetic phases are closer to the
measured cell volume for the paramagnetic metal than the
volume obtained from a spin-unpolarized calculation, as was
also discussed in Ref. [31]. In that work, it was concluded
that spin-polarized calculations should always be performed
if the focus is on structural properties, despite the fact that
the magnetic ordering is not observed in experiments. This
fact suggests indeed that either there are disordered local
spin moments in rutile VO, or that the inclusion of spin
polarization compensates for the poor description of strong
correlation. In our structural prediction runs with the minima
hopping method, we observed that low-enthalpy structures
with different symmetries were obtained by imposing spin-
polarized or spin-unpolarized solutions. As we are interested
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in obtaining reliable crystal structures, and in agreement with
Ref. [31], in the following we will present spin-polarized
calculations.

The initial geometries for the MHM runs were obtained
randomly, ensuring only that the minimal distance between
the atoms was at least equal to the sum of the covalent radii.
Moves on the enthalpy surface are performed by combining
consecutive short molecular dynamics escape steps with local
geometry relaxations, taking into account both atomic and cell
variables. The initial velocities for the molecular-dynamics
trajectories are chosen approximately along soft-mode di-
rections, thus allowing efficient escapes from local minima
and aiming toward low-energy structures. We performed a
complete structural search study at 0 and 25 GPa. In a
second stage, the lowest-enthalpy structures identified at O
and 25 GPa were reoptimized from O to 26 GPa with steps
of 2 GPa in order to follow the evolution of each structure with
pressure.

During the runs, forces and energies were obtained in the
DFT framework using the projector-augmented-wave method
[44] as implemented in VASP [45,46]. We used the Perdew-
Burke-Ernzerhof (PBE) approximation [47] to the exchange-
correlation functional together with an on-site Coulomb repul-
sive interaction U [48] of 3 eV to correct the V d states. While
it is well known that these functionals are not entirely reliable
for the description of the band structures or the magnetic
properties of VO, [20,21,29,32,33], here the focus is on finding
the ground-state crystal structure as a function of pressure [31].
The plane-wave cutoff was set to 400 eV and the number of k
points in the direction b; was given by |;|/(0.03 x 2r), where
b; is the reciprocal-lattice vector. The resulting structures were
then reoptimized by ensuring numerical convergence to less
than 2 meV at™!' by using automatically determined dense
k-point grids and a plane-wave cutoff of 520 eV.

III. RESULTS AND DISCUSSION

A. Raman spectroscopy

We acquired the spectra from 100 to 1000 cm~! to access the
totality of the Raman-active phonons branches with a specific
focus on the low-energy region between 170 and 270 cm™'.
The spectra are presented in Fig. 1(a) (black circles) after
background subtraction for pressures ranging from 1 (bottom
spectra) to 26 GPa (top spectra) in steps of ~0.5 GPa. To extract
the Raman peak positions, the spectra were fitted to the sum
of Gaussian line shapes (black lines); fitting with Voigt line
shapes yields indiscernible results. Two peaks are visible at low
pressure in this selected range of energy, labeled, respectively,
wy1 and wy,. These are associated with the vanadium chains
[15]. The fitted value of the frequency is shown in Fig. 1(b) for
both phonon branches. We notice a sudden change of slope at
10 GPa for both modes. This confirms the results reported in
[15]. More interestingly, a second anomaly that has remained
unnoticed so far is found around 19 GPa. While the slope of the
wy1 mode retrieves its low-pressure value, the second mode
wy- splits, giving rise to an additional mode labeled w}, in
Fig. 1(a). It is the combination of both effects (peak splitting
and slope change) that establishes the transition pressure at
19 GPa. The 19 GPa anomaly is a signature of the interplay
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FIG. 2. Assignment of the phonon symmetry for 1 GPa (bottom)
and 26 GPa (top) Raman spectra at room temperature. As predicted by
group theory, nine A, and nine B, symmetry branches are identified
by the blue and red discontinuous lines, respectively. The split branch
at 236 cm™! pointed out by the black arrow does not come from a
preexisting phonon at ambient pressure. This increase in the number
of vibrational modes indicates the symmetry breaking of the lattice.

between electronic and structural degrees of freedom. This
raises the question of the nature of this anomaly, defining or not
a true phase transition with an order parameter and a symmetry
breaking.

To get further insight into this phase transition, we now
turn to the total phonon spectra. The extended spectra are
shown in Fig. 2 for 1 and 26 GPa. According to group theory
applied to the lattice symmetry of VO,, we expect nine optical
modes with Ag symmetry and nine for B, symmetry. A
comparison of our low-pressure spectra with those reported
in Refs. [49,50] enables a complete assignment of these 18
phonons. In Fig. 2, the A, and B, modes are shown by dashed
blue and red lines, respectively, and the mixed A, and B,
modes are shown by a green dashed line. All the low-pressure
phonons persist up to 26 GPa except for the onset of the branch
w), pointed out by the black arrow, which cannot be ascribed
to a preexisting mode. This proves unambiguously that there is
an new vibrational mode in the Raman spectra above 19 GPa.

B. X-ray diffraction

The modification of the number of phonons is a fingerprint
of a structural transition breaking the lattice symmetry or of
the coexistence of phases as recently suggested by structural
calculation [51]. As displayed in Fig. 3, the diffractogram
shows no indications of a space-group change through 11 GPa,
confirming the previous results [16,17]. However, a clear
distortion of the diffractogram from 14.7 to 20.8 GPa is visible
with the splitting of the Bragg peaks at 8° and 13° associated
with the vanadium position. We also note that our diffraction
data up to 37 GPa show no sign of the X metallic phase, at odds
with the results of Ref. [17]. We assign this discrepancy to a
possible underestimation of pressure in Ref. [17]. A revised
estimate of the pressure from the neon diffraction peaks of
Ref. [17] indicates a structural transition at 40 GPa when
using the known neon equation of state [38]. This value is
about 10 GPa higher than reported. In our case, both ruby
fluorescence and neon diffraction are consistent.
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FIG. 3. High-pressure diffractogram of VO,. The arrows show
the splitting of the Bragg peaks around 20 GPa.

Therefore, the x-ray diffraction results confirm the conclu-
sions based on Raman spectra of Sec. III A that a structural
modification occurs around 19 GPa involving vanadium atoms.
The XRD anomaly in Fig. 3 indicates that either symmetries
are broken or an another phase settles above 19 GPa or coexists
with the previous one. In any case, the space group of the M3
phase has to be compatible with the mean space group of the
low-pressure phase. It is likely that a minute change of the
vanadium dimers symmetry is at work. This interpretation is
further supported by the theoretical work in Ref. [51]. As the
Raman spectra remain undamped, we can definitely conclude
that the M3 phase stays insulating and cannot be the metallic
X phase but rather is an intermediate phase.

Unfortunately, it was not possible to determine precisely
the atomic crystal positions through a Rietveld refinement
of the XRD experimental data due to the broadening of the
peaks under pressure and weak oxygen contribution and the
intrinsic difficulty of the diffraction experiment on VO,, which
is composed by two light elements. Similar problems are
common for this kind of experiment [16,17]. High-pressure
single-crystal diffraction would be required for the exact
determination of the crystal structure of the M3 phase. This is,
however, beyond the scope of the present work, which reveals
the existence of the M3 phase. We believe that the present
results will thus stimulate new experiments, which should be
carefully done in a 15-25 GPa range of pressures, in order to
investigate in detail the structural and electronic properties of
the M3 phase.

C. Ab initio structural search simulations

At the same time, the experimental difficulties in identifying
the precise crystal structures of the high-pressure phases of
VO, suggest the need to undertake a complementary ab initio
theoretical simulation to search for the most stable crystal
structures as a function of pressure.

In Fig. 4 we show the enthalpy as a function of pressure
of the lowest-enthalpy phases found by our unbiased MHM
simulations. The zero is set to the enthalpy of the most stable
structure at 7 = 0 K and ambient pressure. This structure
corresponds to the experimental M; (P12;/nl, space group
14), even if in our structural reoptimization it gets symmetrized
to the tetragonal structure R (P4/mnm,136)[29,32,33,52,53].

Pressure (GPa)

FIG. 4. Enthalpy per atom of the low-energy VO, crystal struc-
tures as a function of pressure with respect to the ground-state (at zero
pressure) reference phase (M, space group P2;/c).

We notice that the energy difference between the M, and the
R crystal structures is within the accuracy of our calculations.
Moreover, within a small energy range of 30 meV per atom
(i.e., the same order of kg7 at room temperature) we find
four other monoclinic structures with space group 14 or 7.
Two almost degenerate monoclinic Plnl structures (space
group 7), one of which is ferromagnetic and the other is
antiferromagnetic, enter the graph at about 15 GPa. They
display a much more dispersive enthalpy curve as their volume
is about 10% smaller than the volume of the M| phase and of the
other low-lying monoclinic phases with flatter enthalpy lines.
The enthalpy of the P1nl structure crosses the M, reference
curve at 24-26 GPa, where this less symmetric crystal becomes
the lowest enthalpy structure.

We remark that this structural transition is driven by the vol-
ume difference between the two structures, due to the pV term
in the enthalpy. Therefore, even though the value of pressure of
the transition may depend on the precision of the total energy
calculation, the existence of the phase transition itself is in any
case ensured by the volume differences, independently of the
approximation used. This was confirmed by calculations using
the standard PBE functional (i.e., setting U = 0). In Fig. 5 we
present the enthalpy curves obtained with the spin-polarized
PBE functional with U = 0. At low pressure, the results
differ from experimental data, motivating the use of PBE+U
to account for the localized nature of V 3d electrons. More
interestingly, for the topic of the present work, at high pressure
(P > 25GPa)the P1n1 structure (red curve in Fig. 5) becomes
the most stable also with the PBE functional. This demonstrates
that, even though the transition pressure may depend
on the precision of the total energy calculation, the structural
transition itself is independent of the approximation used, as is
driven by volume differences in the pV term of the enthalpy.

The simulated diffraction pattern obtained for this P1nl
structure is not compatible with the one observed above
19 GPa. However, it matches well with the experimental
diffractogram of the metallic X phase [17]. The calculation
method could not predict the intermediary phase M3 as it would
require a computational accuracy of the internal energy that is
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FIG. 5. Enthalpy per atom of the low-energy VO, crystal struc-
tures as a function of pressure calculated with the PBE functional. as
The zero corresponds to the rutile structure at ambient pressure. ’
beyond reach at the moment. This is supported by the recent g
theoretical work [51] showing a coexistence of two nearly g 15|
degenerate phases. We can also expect from Fig. 4 that at higher e
pressures other structures will become more stable than the X § 1
structure. &
We can now compare the M; and the X monoclinic 05
structures; see Fig. 6. Both atomic arrangements are obtained as
distortions of the rutile structure. However, in X the distortion 0 . . . . . . .
0 100 200 300 400 500 600 700 800

is more accentuated and we can find V atoms that are sevenfold-
coordinated, instead of sixfold-coordinated. This implies the
presence of threefold-coordinated O atoms. We note that in
the rutile structure there are two different V-O bond lengths
(at 26 GPa): 1.93 A (four bonds) and 1.85 A (two bonds). Due
to the reduced symmetry, in the X phase all bond lengths are
different, with values ranging from 1.90 to 2.13 A. We checked
the dynamical stability of the most stable crystal structures at
different pressures by performing phonon calculations. The
phonon band structure and phonon density of states of the
candidate P1nl(a) structure for the X monoclinic phase are
shown in Fig. 7.

Incidentally, we would like to mention the low-pressure
P12, /n1 phases. These have a considerably larger volume than
the reference phase and become the ground state at a negative
pressure of around —2 GPa (see Fig. 4). It is conceivable that
this structure is experimentally accessible by either growing

FIG. 6. Structure of monoclinic M; VO2 (left) compared with the
new monoclinic M3 phase (P 1n1) (right).

Frequency (cm'1)

FIG. 7. Phonon band structure and density of states for the X
monoclinic phase.

VO, in a compatible substrate with a slightly larger lattice
constant or by doping with appropriate larger atoms.

IV. CONCLUSIONS

In summary, by Raman scattering and x-ray diffraction
experiments under pressure, we identified two phase transitions
of VO, in which the electronic and structural degrees of
freedom appear to be decoupled, in contrast to the MIT at
ambient pressure. In addition to the anomaly at 11 GPa that
has an electronic nature as previously reported [15,16], we
have unambiguously discovered another M3 phase developing
above 19 GPa that breaks the lattice symmetry. The M3 phase
intercalates between the M| and the metallic X phases as a
different phase, recalling the intermediate 7' phase between
M; and M, in Cr-doped VO, [13,14]. By performing an
ab initio structural search, we found that the high-pressure
metallic X phase is likely to be a monoclinic structure with a
lower symmetry than the M| phase. Furthermore, our results
reveal that the intermediate phase M3 can alter the vanadium
dimers while remaining insulating. Second, the monoclin-
icity of the high-pressure X metallic phase contrasts with
the rutile structure of the ambient pressure metallic phase.
These high-pressure phases thus appear as a critical test of
competing theoretical models of the MIT at ambient pressure.
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Overall, our findings put forward the combination of x-ray
diffraction, Raman scattering, and minima hopping as a very
promising tool of investigation for the complex phase diagrams
of strongly correlated oxides. They also call for complementary
experiments to refine the electronic and structural properties
of VO, at high pressure.
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