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High pressure technology is an effective method for studying whether there is Mott or Peierls phase transition
(PT) from insulator to metal phase. It is unclear whether there is a Mott or Peierls PT in the ambient M1/R — the
high-pressure X phase for bulk VO,. Based on first-principles calculation, insulator M1 — semimetallic X and
metallic R — semimetallic X PT path were studied. During the pressurization of the ambient M1 phase, it will
transform into two nearly degenerate intermediate phases of M1’ and M1”. The M1” phase has a significantly
lower band gap (no zero band gap) owing to its relatively longer length of V-V V-V shorter bond and V-O bond.
The M1” — X path is the more probable route owing to its lower potential barrier and shorter moving route of
V atoms relative to those of M1" — X path. Those V atoms at the (002) crystal plane of crystal cell will shuffle
nearly along the [100] crystal direction as volume pressurization in the M1” — X path, while the averaging of
V-V spacing occur and the band gap gradually decreases to zero or even a negative value. Uniaxial stressing
of the metal R phase along [100] or [010] crystal direction leads to the CaCl,-type orthogonal metal phase (O
phase, space group No. 58, Pnnm). Upon cooling the O phase under high pressure, it will transform to M1” and
then the X phase. Those V atoms at the (002) crystal plane of crystal cell continuously shuffle along the [10-1]
crystal direction in the O — M1” path, moreover the difference in longer and shorter V-V bond lengths tends
to increase and a new dimerization of the V-V dimers appears. The PT paths from the semiconductor M1 —
semiconductor M1” — semimetal X phase and from metal R — metal O phase only involve geometrically
structural PT. Especially, it is a typical reconstruction-type and martensiticlike PT, and no PT of electronic
structure from semiconductor to metal phase is involved in the path from semiconductor M1” — semimetal X
phase. The structural PT path from metal O — semiconductor M1” phase is a typical Peierls PT or pseudo Mott
PT within our DFT+U calculations even though the Coulomb repulsion between electrons is always present and
works. The Coulomb repulsion between electrons cannot cause the electronic structural PT to happen properly.
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I. INTRODUCTION

Vanadium dioxide (VO,), as a prototype of strongly cor-
related electron materials, has been paid attention in the
condensed matter physics and material sciences for several
decades [1]. The electron correlation interplaying with lattice
can stabilize a very rich phase diagram of VO, that consists of
many phases with distinct structures and electronic properties.
The PT between these phases can be driven by tempera-
ture, hydrostatic pressure, uniaxial stress, photoexcitation, and
electrical gating [1-4]. For example, the well-known, insulat-
ing M1 (monoclinic, space group P2;/c) phase can reversibly
transform to the metallic R (tetragonal, P4,/mnm) phase at
approximately 340 K under ambient pressure upon heating
[1], in which the first-order structural PT and metal-insulator
PT always occur simultaneously. Because of a delicate in-
terplay between crystal structure and electronic correlation
occurs during the PT, the driving force behind PT still re-
mains unclear and has been a topic of controversy. Based on
experimental observation, an electron-correlation-driven Mott
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transition [5—10], and a structurally distortion-driven Peierls
transition [11-18] were proposed to try to understand the PT.
And now most studies [19-25] suggested that the cooperation
of Mott correlation and Peierls distortion play an important
role in the PT at the same time.

The application of external pressure provides a unique way
to investigate the relationship between structural and elec-
tronic properties. Hydrostatic pressure applied via a diamond
anvil cell has also been able to drive the M1 phase to an-
other isostructural and more conductive M1’ and M1” phase
[26-31] above 12 GPa, and finally to a so-called metallic
X (monoclinic) phase above approximately 34 GPa at room
temperature [28,30-32]. The new phase X can be indexed on
a monoclinic unit cell of baddeleyitelike structure [28]. In
addition, the high-temperature metallic R phase can also be
pressed to be an open metallic O phase above 14 GPa and
then X phase above 38 GPa at 383 K [28,31].

Previous experimental work [27,33,34] to study the driving
force in the pressure-induced PT reported the strong enhance-
ment of metallicity within the M1’ phase and supported a
major role of the electron correlations (Mott-Hubbard) against
charge-lattice coupling. Subsequent study [28] assumed that
the metallization can only appear in the phase X under high
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pressure. The pressure-induced metal-insulator PT from M1
to X phase should be driven by a structural PT. Recent ex-
perimental studies [30] suggested that the pressure-induced
PT from M1 to M1’ phase is associated with electron-electron
correlations, while the PT from M1’ to X phases is related to
structural PT.

Despite previous studies, the abovementioned have discov-
ered the cooperation of Mott correlation and Peierls distortion,
however, under the premise without the PT path, it is impos-
sible to infer which one of electron-correlation-driven Mott
transition and a structurally distortion-driven Peierls transition
plays a major role in the pressure-induced metal-insulator
phase transition (MIT).

In this paper, based on the density functional theory (DFT)
with Dudarev implementation (DFT+U) [35], the gradual
evolutions of the V-V spacing, PT path, and energy band were
studied from M1 to X phase, and from R to O, then to X phase
in the pressure induced PT. We found that during the PT from
M1” to X phase, only the band gap decreases gradually, and
with the reconstruction of chemical bond between atoms. It
is a typical reconstruction-type and martensiticlike PT, and
no PT of electronic structure from semiconductor to metal
phase is involved. The structural PT from O to M1” phase is a
typical Peierls PT or pseudo Mott PT rather than actual Mott
PT within our DFT+U calculations.

II. COMPUTATIONAL METHODS

Our DFT calculations were carried out with projector aug-
mented wave pseudo-potentials (PAW) at generalized gradient
approximation (GGA) through Vienna ab initio simulation
package (VASP) [36—39]. The Brillouin zone integrations were
chosen as the special 5 x 7 x 6 (M1) and 10 x 10 x 10 (R)
k-point sampling of the Monkhorst-Pack type, respectively.
The kinetic energy cutoff of 600 eV was found to ensure
the total energy convergence to 10~% eV /atom. The geometric
structure optimizations were performed using the conjugated-
gradient minimization scheme until the maximum residual
force on each atom was less than 0.01eV/A. All band gaps
were calculated with GGA+U method (with an effective U =
3.30eV) [28], which is not sensitive to pressurization from
the results of our structural studies. Under ambient pressure,
monocline VO, (M1) is a semiconductor phase with a theo-
retical band gap of 0.68 eV. In order to describe the strongly
correlated effect as accurately as possible in 3d transition
metal elements, DFT+U method is usually required to predict
band gap more accurately.

The on-site Hubbard interaction can be estimated with
U = Egp + (B1 + B>)/2 [5] in which By (B;) is bandwidth of
the upper (lower) Hubbard band and Eg,;, is the experimental
band gap (0.60 eV [40]) of bulk VO,. Our theoretical U
value should be 1.30 eV (B = 0.87¢V, B, = 0.53 eV) within
this estimation. Apparently, the effective on-site Coulomb
interaction (U = 3.30eV) used in our calculation is much
greater than that theoretical estimation (1.30 eV). The in-
tersite Coulomb repulsion V between electrons is not taken
into account in the present DFT + U calculations. However,
the main aim of U within our DFT 4 U calculations is to
increase the energy gap to reach the experimental value while
its main effect of V is to increase the bonding-antibonding

splitting [41], so the excessive portion (2.00 = 3.30-1.30eV)
in the U parameter may generally represents the impact of the
V parameter on the energy band gap. The influence of the
V parameter (~2.00eV) on the energy band gap is greater
than that of the U parameter, which is consistent with the
predictions of previous dynamical mean-field theory (DMFT)
theory [22].

M1 and R phases are experimentally nonmagnetic state
and paramagnetic state with a weak local magnetic moment
[42,43], respectively. Moreover, Previous theoretical stud-
ies [43-45] and our calculations [46] (TABLE S-1 in the
Supplemental Material) show that the relative stability of R
and M1 phase will be the wrong order in the spin-polarization
calculations. So the spin-unpolarization calculations were fi-
nally chosen to simulate various geometrical and electronic
structures. In the last decade many publications have shown
that a description of the dynamical correlations is important
such as with DMFT or its cluster extensions. Unfortunately,
different calculations by state-of-the-art DFT+DMFT meth-
ods do not even agree with a unanimous view of the M1 mon-
oclinic phase. Specifically, M1 has been regarded from time
to time as a correlation-assisted Peierls insulator [20,47], or
vice versa, as a Peierls-assisted Mott insulator [48], or finally
as a genuine Mott insulator [23,49,50]. In our calculations,
a consistent computational functional (DFT+U with a non-
magnetic solution) is greatly important to yield a rational and
continual evolution of geometrical and electronic structure
during MIT.

In addition, it has been shown that the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional can successfully repro-
duce the band gap for the M1 phase [51], however, it
incorrectly predicts an antiferromagnetic ground state for all
three phases (namely, M1, M2, and R) of VO, [45]. Thus,
the choice of using DFT+U over more computationally de-
manding hybrid functionals is a result of following three
considerations. First, the HSE functional has no advantages
over conventional DFT+U functionals for various energy de-
scriptions. Second, DFT+U can also predict the band gap
equally well at a greatly reduced computational cost. Third,
the HSE functional for structural optimization at various pres-
sures is extremely expensive in computation. In particular,
phonon calculations using HSE functionals for many struc-
tures are prohibitively time consuming. All these benefits have
been described in the previous theoretical study [29]. The
phonon dispersions were computed based on the supercell ap-
proach using the PHONOPY code [52] with 2 x 2 x 2 supercells
for the M1, M1’, M1”, O, and X structures.

III. RESULTS AND DISCUSSION
A. M1-M1'/M1” PT

Our theoretical lattice constant ¢ tends to decrease linearly
with increasing pressure, and theoretical lattice constants a
and b show anomalous changes at 15 GPa with a clockwise
(M1”) and anticlockwise (M1’) rotations (viewed along the
c axis) of oxygen octahedron similar to that of CaCl, as
shown in Fig. 1(a) and Table S-2. The lattice constants a
and b show opposite trends after the PT point owing to the
different rotational directions of oxygen octahedron as shown
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FIG. 1. (a) Rotation directions of oxygen octahedron from M1 to M1” phase. Red and cyan spheres represent oxygen and vanadium atoms,
respectively. a/b/c represent the primitive vectors of the crystal lattices. The numbers on the vanadium atoms in the figure are only used to
describe the bond length and bond angle between specific vanadium atoms. (b) Pressure dependence of lattice constants of M1’ and M1”. (c)
Pressure dependence of band gap for M1’ and M1”. (d) Evolution of V-V bond length of shorter and longer bonds in M1” and M1” phase.
Dotted lines indicate the phase transition pressure at approximately 15 GPa.

in Fig. 1(b), where a decreases more rapidly while b decreases
more slowly for M1” phase, predicted by previous theoretical
simulations [29].

Previous measured pressure-dependent resistivity [28,53]
indicates a significant reduction of band gap with increas-
ing pressure. Unlike the M1’ phase, which shows a nearly
pressure-independent gap with approximately 0.6 eV, the M1”
phase shows a significant reduction of band gap with in-
creasing pressure at high pressures as shown in Fig. 1(c).
The calculated band gap of the M1” phase starts to decrease
quickly when pressure exceeds around 35 GPa and never
closes even though the pressure reaches around 70 GPa.
However, experimental band gap (as measured by pressure-
dependent resistivity) starts to decrease at lower pressures
and the gap closes at around 30 GPa [28]. Obviously, the
M1” phase is definitely not the metal phase observed in the
experimental measurements [28,53] since the appearance of
the metal phase should be inevitably accompanied by an aver-
aging of V-V atomic bond. Although the bonds between V-V
decrease with increasing pressure as shown in Fig. 1(d), the
difference between shorter and longer bonds always exists. It
is unimaginable that only the rotation of the V-O octahedron
during the pressurization will lead to the averaging of the
V-V bond. A new PT mechanism should be introduced to
understand the metallization effect [28,53].

In the M1 phase, the dimerization and tilting of the V-V
pairs result in two important effects. Within the Goodenough’s

picture [11,13], the tilting is responsible for the energy shift
between the a;, band and the e, doublet. However, the tilting
of V-V pairs is always accompanied by the reduction of all
V-V bond lengths and unit volume in order to reduce potential
energy during the M1 — M1” PT. Moreover, if the tilting
melts and then enlarges the angle of V,-V-V3 bond without
the change of the V,-V; bond length before the dedimeriza-
tion, the energy gap and spectral weight also change slightly.
So we will no longer discuss tilting of the V-V pairs separately
in the following paragraphs.

Since it is well known that the low-energy electronic prop-
erties of VO, are dominated by the behavior of V d states, it
is rather puzzling that opposite oxygen rotational distortions
in the M1’ and M1” phases can have such drastically differ-
ent effects on the electronic properties. The pressure-induced
reduction of band gap in the M1” phases was explained in
terms of dedimerization and dezigzagging of the V-V dimers
owing to oxygen rotation [29]. Actually, the valence band
maximum (VBM) of vanadium dioxide is contributed by the
hybrid orbital of 2p orbitals of the oxygen atoms and 3d
orbitals of the vanadium atoms, while the conduction band
minimum (CBM) is mainly contributed by the 3d orbitals of
the vanadium atoms as shown in Fig. S-1. The band gaps
in the M1” and M1” structures should be closely related to
the overlap energies between vanadium atoms at the CBM
and vanadium (or oxygen) atoms at the VBM based on the
tight-binding theory in solid state physics for energy bands,
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FIG. 2. (a) Pressure dependence of volume of X and M1” phase. Dotted lines indicate the phase transition pressure at approximately
45 GPa. (b) Pressure dependence of lattice parameters of M1” and X-phase. (c) Evolution of the lattice parameters with shuffling of the
middle-layer V atoms along the most probable path under quasi static approximation. (d) Theoretical high-pressure powder XRD for M1” and

X phase vs pressure.

which decreases exponentially with those atomic separa-
tions [54]. Relatively longer lengths of V-V shorter bond in
Fig. 1(d) and Fig. S-2(a) and V-O bond in Fig. S-2(b) clearly
reveals that its band gap should be smaller in the M1” config-
uration as shown Fig. 1(c). A decreasing band gap of M1” and
M1” phase by uniaxial pressurization (a, b, and ¢ crystal di-
rections) were further calculated, however, the metallic phase
or any new phase has not been theoretically obtained.

In addition, M1” structures should have been actually ob-
served in the experimental pressure-induced PT. Theoretical
phonon calculations have indicated its dynamic stability ow-
ing to no negative frequency [29]. It is difficult to distinguish
M1’ and M1” structures through experimental x-ray diffrac-
tion (XRD) as shown in Fig. S-3(a-b) or Raman spectra, etc.
However, there is a significant difference in the conductivity
for M1” and M1” structures. If the M1’ phase experimentally
observed was indeed M1’ structure, its conductivity would
drop sharply and exhibit discontinuity at the intersection of
M1’ and X as shown in Fig. S-4. However, there is no dis-
continuity in the conductivity measured in the experimental
measurements [28], so we speculated that the M1’ phase ob-
served in the experiments [28] is actually M1” phase.

B. M1”"/M1’-X PT
1. Evolution of geometrical structure for M1''/M1'-X PT

A baddeleyite structure (P2;/c space group, called as X
phase) was obtained by shuffling those V atoms at the (002)
crystal plane of crystal cell nearly along the [100] crystal di-
rection for M1” phase under approximately 45 GPa as shown
in TABLE S-2 and Fig. S-5. The shuffling vector r equals
0.33a; + 0.11a;3. The volume of M1” phase decreases only by
approximately 5% after the PT to X phase at 45 GPa as shown
in Fig. 2(a). The baddeleyite structure holds a larger b lattice
constant, and smaller a as well as c lattice constants relative
to M1” configuration as shown in Fig. 2(b). The experimental
b lattice constant (b = 9.686 A) [28] is too large to actually
appear in the PT owing to only shuffling of some crystal
plane, which may be the crystal cell parameters of twins.
Half of that is likely to be the appropriate parameter, which is

consistent with our theoretical prediction (b = 4.872 A). Our
theoretical diffraction peaks as shown in Fig. 2(d) appeared
in regions of 26 between 6° and 9° for the X phase are
strongly supported by previous high-pressure powder XRD
experimental measurements [28]. Their XRD measurements
[28] revealed that the X phase starts at 34.3 GPa and become
dominant at 55.3 GPa, which also supports our theoretical PT
pressure.

The enthalpies of M1’ and M1” intersect with that of X
phase under approximately 45 GPa, indicating the X phase
is more stable than M1’ and M1” phase above 45 Gpa as
shown in Fig. S-6(a). There is not any imaginary frequency in
the theoretical phonon dispersion of the X phase as shown in
Fig. S-6(b), which further reveal that our X phase is dynami-
cally and thermodynamically stable state above 45 Gpa.

The energy barrier is 285 meV/VO, through the climb-
ing image nudged elastic band method (CL-NEB) [55] with
the shuffling of those V atoms at the (002) crystal plane of
crystal cell nearly along the [100] crystal direction for the
most probable path under quasi static approximation as shown
in Fig. 3(a). It represents a shear stress of at least 15-16
Gpa should be provided if the PT from M1” to X phase
is successfully driven at a certain volume (corresponding to
the 45 Gpa). This is why the shear stress must be applied
along [001] crystal direction instead of only hydrostatic pres-
sure (45 Gpa) to drive PT from M1” to X phase in our
simulations.

Certainly, shuffling those V atoms at the (002) crystal plane
of crystal cell along the [100] crystal direction for M1’ phase
also leads to our X phase. Its moving path is more tortuous
and distant for V atoms from M1’ to X structure. Moreover,
M1’ has a smaller b lattice constant, however, the PT products
(X phase) require a larger b lattice constant. Therefore, it is
more difficult for M1’ phase to transform into X phase under
high pressure which can be understood from the Figs. 1(b),
2(c), and 3(a). It is actually experimentally possible to achieve
structural PT from M1’ to X under higher pressure if the
pressurization time is long enough and the pressure is large
enough. The dispersion of various experimental PT pressures
[30,32] may be related to the PT initiators (M1’ or M1”).
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FIG. 3. (a) Potential energy curves from M1’ and M1” of VO, to X phase under 45 GPa. (b) Evolution of V-V bond length for shorter and

longer bonds from M1” to X phase under 45 GPa.

2. Evolution of electronic structure for M1""/M1'-X PT

The evolutions of electronic and geometrical structures
with shuffling those V atoms at the (002) crystal plane of
crystal cell nearly along the [100] crystal direction for M1”
phase were shown in Figs. 3(b) and 4. From the M1” state
(band gap 0.45 eV) to the eighth configuration (band gap
0.08 eV), their geometrical structure, band structure, and local
partial density of states (LDOS) are very similar as shown in
Figs. 4(a), 4(a’), and 4(a”). All configurations are semicon-
ductors with nonzero energy gap. At this stage, the original
V,-V;-V3 chemical bond along the [001] direction breaks,
and then all V-V chemical bond lengths are averaged as shown
in Fig. 3(b). The band gap decreases gradually and no PT of
electronic structure is involved.

When those V atoms at the (002) crystal plane of crys-
tal cell continuously shuffle nearly along the [100] crystal
direction to the ninth configuration (X phase). It actually be-
comes a semimetal with negative pseudoenergy gap (band gap
—0.03 eV) as shown in Figs. 4(b), 4(b’), and 4(b”). At this

stage, the averaging of all V-V chemical bond lengths is not
yet complete, which is why the X phase is a semi metallic
rather than a metallic phase. It is only a geometrical structural
PT and the gradual closing of the band gap is always accom-
panied by the averaging of V-V atomic separations.

During the PT from M1” to X phase, only the band gap
decreases gradually, and with the reconstruction of atomic
chemical bond. It is a typical reconstructed and martensiticlike
PT, and no PT of electronic structure from semiconductor to
metal phase is involved.

Changing the U value only changes the theoretical pressure
in the PT and energy gap of the X phase as shown in Fig. S-7,
however, it cannot change the properties of the semimetal and
PT path.

Previous pressure dependence of electrical resistivity of
VO, at ambient temperature indicated that a dramatic reduc-
tion in resistivity with increasing pressure by more than five
orders of magnitude, from 1072 Qm (at 5.3 GPa) to 107° Qm
(at 61.4 GPa) [28]. The experimental conductivity of the X
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figures represent the ninth configuration (X phase).

064105-5



WANG, JIANG, ZHANG, ZHENG, AND DU

PHYSICAL REVIEW B 108, 064105 (2023)

b(0)

2.6

~
()
~

30.0GPa

i

14.8GPa

Intensity (a.u.)

12.4GPa

(0]

-

2.3GPa

T T T 504 T
20 30 40 0 10

Pressure (GPa)

0 10

Pressure (GPa)

40 6 8 10 12 14 16 18

20 (degrees)

20 30

FIG. 5. (a) Uniaxial-external pressure dependence of lattice constants of R and O phase along the [100] crystal direction. Dotted lines
indicate the phase transition pressure at approximately 13 GPa. (b) Uniaxial-external pressure dependence of lattice volumes of R and O phase
along the [100] crystal direction. (c) Theoretical high-pressure powder XRD for R and O phases.

crystal phase is within the conductivity range of a semi metal
[56], which is well agreement with our semimetal calcula-
tions for X phase. In the calculations of conductivity and
carrier concentration, the electron relaxation time (t) is very
time consuming with Boltzmann theory [57]. Therefore, for
complex multistructure PT or high-throughput operations, a
constant relaxation time (t = 10) approximation is usually
used [18]. Our theoretical conductivity monotonically and
continuously increases with increasing pressure as shown in
Fig. S-4, and finally reaches a saturation value for X phase.
The whole trend is completely consistent with the experimen-
tal measurement [28].

In the last decade the DMFT has made great progress
[9,20,22,24,41,48,58,59]. DMFT generally estimates more
properly the role of magnetic ordering in VO,, i.e., the ground
state of the system should not be metallic if the lattice dis-
tortions are properly included. The same energy band as
DFT+U should be obtained even with DMFT. If there was
any difference in pressure dependence of conductivity be-
tween DMFT and DFT+U, it only should lie in the fact that
the semimetal phase obtained from the DFMT maybe ap-
pear earlier (or later) than our theoretical PT pressure, which
means the steeper (or gentle) curve for pressure dependence
of conductivity and a saturation of conductivity value reached
under lower (or higher) pressure from M1” to X phase. How-
ever, the experimental conductivity reaches saturation only
when external pressure exceeds approximately 42 GPa [31],
slightly greater than our theoretical pressure (40 GPa) as
shown in Fig. S-4. Obviously, like DMFT, our calculations
within DFT4-U also can reasonably describe the PT behavior
even though it does not directly contain the intersite Coulomb
interactions.

C. R-OPT

Uniaxial stressing of the R metal phase along [100] or
[010] crystal direction leads to the CaCl,-type orthogonal
metal phase (O phase, space group No. 58, Pnnm) at around
13 GPa as shown in Figs. 5(a) and S-8, which is a stress-driven
type of second-order distortion resulting from a clockwise

(a < bin O-phase, [100] crystal direction for uniaxial external
stress) or anticlockwise (a > b in the O phase, along [010]
crystal direction for uniaxial external stress) rotation around
the ¢ axis (viewed along the ¢ axis) for the distorted VOg oc-
tahedron. Compared with R phase, a- and b-lattice parameters
of O phase split into opposite trends as shown in Fig. 5(a).
With increasing pressure, the c-lattice parameters and volume
decrease more rapidly, and by 40 GPa, the O-phase volume
decreases by approximately 0.3% compared with the R-phase.
Our theoretical XRD diffraction pattern of the R-phase with
increasing pressure shows some splitting and broadening of
diffraction peaks around 13 GPa and generates new diffraction
peaks in regions of 26 between 10° and 11° as shown in
Fig. 5(c) which strongly supported by previous high-pressure
powder XRD experimental measurements [28].

The enthalpies of R intersect with that of the O phase
at around 18.5 GPa, indicating that the O phase is more
stable than R phase above 18.5 GPa pressure as shown in
Fig. S-9(a). There is not any imaginary frequency in the the-
oretical phonon dispersion of the O phase as shown in Fig.
S-9(b), which further reveals that our O phase is a dynamically
and thermodynamically stable state above 18.5 GPa at room
temperature. In the early stage of PT, the cell volume does
not decrease significantly while the distorted VOg octahedrons
have larger rotation around the ¢ axis. Larger rotation of those
distorted VOg octahedrons lead to decrease significantly of in-
ternal energy, so there exists a difference in PT point from the
calculations of enthalpy [18.5 GPa in Fig. S-9(a)] and internal
energy [ 13 GPa in Fig. 5(a)]. There is not any energy barrier
using the CL-NEB method [55] with the rotation around the
c axis for the oxygen octahedral structure for the most proba-
ble path under quasistatic approximation under approximately
20 GPa as shown in Fig. S-10(a). No energy barrier also re-
veals that a small pressure or thermal fluctuation after volume
compression of 0.3% can bring out R — O PT.

Both R [31] and O phases are metallic phases as shown
in Fig. S-10(b)-(c). The structural PT of R — O resembles
M1 — M1’/M1” PT. They are only geometric PTs caused by
the rotation of the V-O octahedron around the ¢ axis without
the transformation of electronic structure. The only difference
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FIG. 6. (a) Shear-stress-driven structural PT from the O to M1” phase. (b) Potential energy curves from O to M1’/M1” phase under 20 GPa.

is that M1 — M1'/M1” is insulator — insulator PT while
R — O is metal — metal PT.

D. O-XPT
1. Evolution of geometrical structure for O-X PT

When we studied the various possible transition paths from
the O phase to the X phase, we found that its theoretical
energy barrier is too large to directly realize this PT. However,
the energy barriers from O to M1’ or M1” phase are only 25
and 38 meV/VO; under the shear stress of 20 GPa along the
[001] crystal direction, respectively, as shown in Figs. 6(a) and
6(b). For a potential barrier of 20 ~ 40meV/VO,, only a few
GPa of pressure can theoretically result in PT, which perfectly
explains that after a pressure greater than 13-15 GPa, there
is only a thermally induced PT between the O phase and
the X phase in the experimental pressure-temperature phase
diagram [31]. The energy barriers from M1’ or M1” to O
phase are 139 and 147 meV /VO,, respectively. From the ideal
gas model [60,61], this is roughly equivalent to the potential
barrier that can be overcome in the thermally induced PT at
approximately 460 ~ 487 K on heating. The O phase always
exists above 360 K in the experimental pressure-temperature
phase diagram [31], also reflects the existence of such a theo-
retical energy barrier.

SoR - O - M1'/M1” — X is the most likely path for
pressurizing the rutile R phase to the semimetallic X phase.
A sketch of the pressure-temperature phase diagram is pre-
sented as shown in Fig. S-11(a). Its main part of our sketch
comes from the reference [31]. The enthalpies of O are always
higher than those of M1’/M1” phase as shown in Fig. S-11(b),
indicating the M1’/M1” phase is invariably more stable than
O phase.

2. Evolution of electronic structure for O-M1" PT

The evolutions of the longer and shorter V-V bond with
shuffling those V atoms at the (002) crystal plane of crys-
tal cell along the [10-1] crystal direction for O phase were
shown in Fig. 6 and Fig. S-12. The shuffling vector r equals
0.03a;—0.03as. From the O phase to fifth configuration, their
geometrical structure, band structure, and LDOS are very
similar as shown in Fig. 7 (a-a’) which illustrates that all of
them are metal phase and the V-V spacing remains nearly
constant as shown in Fig. S-12. At this stage, only geometrical
distortion occurs, and no PT of electronic structure is involved
even though Coulomb repulsion between electrons is always
present.

When those V atoms at the (002) crystal plane of crystal
cell continuously shuffle along the [10-1] crystal direction to
the tenth configuration, the difference in longer and shorter V-
V bond lengths tends to increase as shown in Fig. S-12. They
become indirect semimetal phase with zero pseudoenergy gap
as shown in Fig. 7 (b’-b”). At this stage, the electrons can
always jump down rather than jump up to the CBM under
thermal fluctuation to form conductive carriers owing to elec-
trons at VBM with higher potential energy than those at CBM.
The electron jumping does not require additional energy from
Coulomb repulsion between electrons even though it is always
present [18]. So there is always a Peierls PT or called as
pseudo- Mott PT within our band energy scheme in DFT+U
calculations because Coulomb repulsion between electrons is
always present and not needed to make this work.

From tenth (zero pseudo energy gap) to 13th (M1”, band
gap 0.45 eV) configuration, the band gap increases gradually
and the difference in longer and shorter V-V bond lengths
becomes larger as shown in Fig. S-12. New dimerization of
the V|-V, dimers along [001] crystal direction appears as
shown in Fig. 6(a). At this stage, only geometrical distortion
occurs, and no PT of electronic structure is involved.

The discussion above can be briefly summarized as fol-
lows: The structural PT path from O — M1” phase is
generally divided into three stages. At first and third stages,
there is not any electronic structural PT and it is only in-
volved in metal — metal or semiconductor — semiconductor
“distortion” or minimal change rather than PT even though
strong Coulomb repulsion between electrons can make a large
number of electrons jump up from lower bands to higher
bands. The electronic structural PT only occurs in the second
stage in which the band gap is zero or negative value. Thermal
fluctuations are sufficient to drive electrons to jump down to
CBM even though the Coulomb repulsion between electrons
is always present and can also make a large number of elec-
trons to jump upward. Previous studies [19-25] suggested that
the cooperation of Mott correlation and Peierls distortion play
an important role in the PT at the same time, which strongly
support our calculations. However, Coulomb repulsion be-
tween electrons cannot cause the electronic structural PT to
happen properly within our DFT+U calculations.

DMFT with a two-site cluster model and x-ray absorption
spectroscopies [62] predicted the symmetry switch of frontier
orbitals in the PT from the M1 to R phase. Obviously, the
frontier orbitals d,-y» at Eg of O phase is different from that
(dy; at VBM) of M1” phase as shown in Fig. 7 which also
indicates that our calculations are reliable.
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FIG. 7. (a/a’)-(c/c’) Energy band structure, and LDOS during PT. a/a’ figures represent O and first-ninth configurations, b/b’ figures
represent the tenth configuration, and c/c’ figures represent the 11th—13th configurations.

IV. CONCLUSION

The evolutions of structural and electronic properties of
VO, under pressure were studied with first-principles cal-
culations. We found the M1 - M1” —- X and R - O —
M1” — X paths are the most likely routes under pressure
at room and higher temperature. Both PT paths from the
semiconductor M1 — semiconductor M1” — semimetal X
phase and from metal R — metal O phase only involve ge-
ometrically structural PT. The structural PT path from metal
O — semiconductor M1” phase is a typical Peierls PT or
pseudo-Mott PT within our DFT+U treatments. Its electronic
structural PT only occurs in the middle stage in which the
band gap is zero or a negative value. Thermal fluctuations
are sufficient to drive electrons to jump down to CBM even
though the Coulomb repulsion between electrons is always
present and works, which means that Coulomb repulsion
between electrons always works, however, the electronic PT
occurs in a stage where Coulombic interaction is not required
to work within our DFT+U treatments.

During the pressurization of the M1 phase, it will transform
into two nearly degenerate intermediate phases of M1’ and
M1”. The M1” phase has a significantly lower band gap (no
zero band gap) owing to its relatively longer length of V-V
shorter bond and V-O bond. During the PT from the M1”
to the X phase, those V atoms at the (002) crystal plane of

crystal cell will shuffle nearly along the [100] crystal direction
as volume pressurization, while the averaging of V-V spacing
occur and the band gap gradually decreases to zero or even a
negative value. The gradual closing of the band gap is always
accompanied by the averaging of V-V atomic separations.
Uniaxial stressing of the metal R phase along the [100] or
[010] crystal direction leads to the CaCl,-type orthogonal
metal phase (O phase, space group No. 58, Pnnm) which is
a stress-driven type of second-order distortion resulting from
a rotation around the ¢ axis for the distorted VOg octahedron.
And then upon cooling the O phase under high pressure, it
will transform to M1” and then the X phase. Those V atoms
at the (002) crystal plane of crystal cell continuously shuffle
along the [10-1] crystal direction from O phase to M1” con-
figuration, moreover the difference in longer and shorter V-V
bond lengths tends to increase and new dimerization of the
V-V dimers appears. The gradual opening of the band gap is
invariably accompanied by the formation of dimerization of
V-V atoms.
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