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Abstract

The structure of floating zone grown VO, crystals was characterized by synchrotron single crystal X-
ray diffraction in the temperature region 300-355K. Upon heating, a phase transition from the
M1(P2+/c) phase to the R(P4,/mnm) phase was observed at ~341 K corresponding to the well-known
insulator to metal (IMT) phase transition. Upon cooling however, the R phase proceeds first through
the intermediate M2 phase between 345-340K before converting to the M1 phase. This constitutes
the first observation of the R>M2->M1 phase progression in pristine free standing single crystals
of VO,, a result reported previously only in doped samples, nanocrystals, and thin films. The
Vanadium coordination in the M2(C2/m) phase is found to exhibit structural characteristics of both
the M1(P2,/c) and R(P4,/mnm) phases containing both V-V dimers and 1-dimensional V chains along

the c-axis. The presence of the insulating M2(C2/m) phase in undoped VO, is consistent with a Mott-
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Hubbard type IMT phase transition. Significant changes in the Vanadium atomic displacement
parameters observed at 340 K suggest thermal vibrations play a crucial role in the phase transition.
1. Introduction

Vanadium(IV) dioxide (VO,) has attracted broad attention due to the reversible insulator-to-metal
transition (IMT) observed around 67 °C from the rutile-like monoclinic (M1, P2,/c) phase to the rutile
(R, P4,/mnm) phase.> The near room temperature IMT can be utilized in a range of modern
applications including infrared smart windows,*® infrared imaging,”- 8 field-effect transistors,® 1° gas
sensors!! and data storage.? Several different polymorphs have been reported for the VO, system,
but the IMT is only observed for the phase transition between the M1(P2,/c) and R(P4,/mnm)3
phases. Despite decades of research and extensive discussion,'* the mechanism behind the rapid?*>
phase transition between the M1(P24/c) and R(P4,/mnm) phases in VO, is still not well understood.
In the R(P4,/mnm) phase, all vanadium atoms are equidistant (r4), while they have been found to
dimerize in the M1(P2,/c) phase resulting in a shortening of one vanadium-vanadium distance (r,)
and an elongation of another vanadium-vanadium distance (r,).

Two competing models are used to describe the phase transition between the M1(P2,/c) and
R(P4,/mnm) phases.® 17 The Peierls model describes the IMT as a structural distortion where the
chemical bonding in the 1D chains changes from a metallic state with shared d-orbitals between all
the vanadium atoms in the R(P4,/mnm) structure to an insulating state with localized d-orbital
overlap in each vanadium-vanadium dimer in M1(P2,/c) structure. This is complemented by a
structural change in the vanadium-vanadium distances from r.,=2.88 A in the R(P4,/mnm) phase
tor;=2.65Aand r,=3.12 Ain the M1(P2,/c) phase.18 The Peierls model accounts for the picosecond
timeframe displacement of atoms observed using femtosecond electron diffraction’ and is

supported by the observation of soft phonon modes in the R(P4,/mnm) phase with inelastic X-ray
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and neutron scattering,’® but fail to describe the low conductivity of the metallic R(P4,/mnm)
phase?? and the presence of intermediate phases.?! The second model used to describe the IMT is
the Mott-Hubbard model. In this model, the phase transition is not driven by structural changes.

Instead, the structural changes are believed to be induced by changes in the electron-electron

/3 ay = 0.2 is fulfilled, where n, is the electron

interactions which will occur when the relation né
density and ay is the Bohr radius of the valence electrons.?? The relation sets a criterion for when
the valence electron density is high enough that the electronic kinetic energy (electron hopping)
overcomes the Coulomb (or Hubbard) repulsion between electrons resulting in conductivity. The
Mott-Hubbard description of the IMT in VO, is supported by theoretical calculations including
Hubbard repulsion accurately determining the band gap in M1(P2,/c)?® and is not contradicted by
the presence of intermediate phases.

Studies have reported an intermediate monoclinic phase (M2, C2/m) for samples that contain

a high degree of strain e.g. samples of VO, doped with Tungsten,?* Chromium,?> 26 Gallium,?’

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Aluminum?® and Magnesium.?® Recently, this intermediate phase has also been observed in pure

samples of VO, with a high degree of strain such as thin films2% 3031 gnd nanocrystals grown on a

Open Access Article. Published on 18 September 2025. Downloaded on 9/22/2025 8:51:29 AM.

mismatched lattice of sapphire.3? The occurrence of the M2(C2/m) phase supports the Mott-

(cc)

Hubbard model description of the phase transition as the M2(C2/m) phase has been found to be
insulating despite the presence of non-dimerized vanadium atoms.33 As of today, neither of the two
models has been found to unequivocally describe the IMT proving the necessity of further studies
of VO,.20

The R(P4,/mnm), M1(P2,/c) and M2(C2/m) phases as projected along the [010] and [001]
directions of the R(P4,/mnm) phase are shown in Figure 1a and 1b, respectively. The R(P4,/mnm)

phase has two chains of octahedrally coordinated vanadium atoms along the [001] direction placed
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at the corner and in the center of the unit cell, respectively. As can be seen in Figure 1a, the

transition between the R(P4,/mnm) phase and the M1(P2,/c) phase results in a dimerization of the

vanadium atoms causing a distortion of the octahedra. The distortion of vanadium in the M1(P24/c)

phase is found along the [110] and [110] direction of the R(P4,/mnm) phase as is evident from Figure

1b; half along each direction. In the M2(C2/m) phase, only half of the vanadium atoms dimerize as

can be seen from Figure 1a. Here, the atoms in one of the two vanadium chains can be seen to

dimerize which gives rise to a buckling of the vanadium atoms in the other chain.

Here, we report the single crystal structure of undoped VO, across the phase transition during

heating as well as cooling using single crystal X-ray diffraction (SCXRD) from the SPring8 synchrotron

source. The structural changes during heating and cooling are reported including accurate atomic

positions and atomic displacement parameters(ADPs). We report the first direct observation of the

M2(C2/m) phase in a bulk single crystal of undoped VO,

a
+
M2-phase
@
C2/m
b
. @
b ® Q.

LS

Fig. 1 Projection of the vanadium atoms in R(P4,/mnm), M1(P2,/c) and M2(C2/m) phases as seen

along the a) [010] and b) [001] direction the R(P4,/mnm) phase. The unit cell of the R(P4,/mnm)

phase is superimposed on the M1(P24/c) and M2(C2/m) phase in both figures for easier visualization
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of the distortion from the high temperature setting. Arrows on atoms represent the direction of

movement of the vanadium atoms from the R(P4,/mnm) phase to the M2(C2/m) phase.

2. Experimental

2.1. Synthesis

Phase pure powder of M1(P2,/c) phase VO, was synthesized by reacting powder of V,05; with
powder of NH,VO; in molar ratio 1:2 in argon atmosphere as reported by Mamakhel et al.3* The
mixed powders were sintered under argon at 750 °C for three hours. To obtain single crystals of VO,
for SCXRD measurements, the powder was annealed under argon at 1200 °C for 12 hours. After
annealing, crystals of dimension suitable for SCXRD were obtained. Many of the crystals showed
significant twinning due to the phase transition from the highly symmetric rutile structure to the
rutile-like monoclinic structure; generally, smaller crystals exhibited less twinning compared to

larger crystals. A crystal which did not show any twinning was used for diffraction measurements.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.2. SCXRD measurements and integration
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Data was measured at the BLO2B1 beamline at SPring-8 using a wavelength of 0.2463 A. The

(cc)

beamline is equipped with a quarter x goniometer, a Pilatus3 x 1M CdTe detector, and a liquid
nitrogen cryostat for temperature control. A single crystal with dimensions 45 pm x 30 um x 25 um
was used for all data collections. Datasets were collected at a series of temperatures in the following
sequence: 300 K, 325 K, 335 K, 340 K, 345 K, 350 K, 355 K, 350 K, 345 K, 340 K, 335 K, and 325 K. At
each temperature, three 0-180° w scans were collected at x values of 0°, 25° and 45° with 20 =0°. A

scan width of 0.2 °/frame was used resulting in a total of 2700 frames collected for each
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temperature. To keep all measurements within the detector's linear range, a 600-micron Ni foil
attenuator and a 0.5s/frame exposure time were used.

The data was converted to Bruker format using the Pilatus3 frame conversion software
developed by Krause.3> Data reduction was performed in the Apex5 GUI using SAINT3® with the
recurrence background setting. Scaling and absorption correction (ur = 0.06) of the integrated data,
rejection of outliers, and estimation of uncertainties was performed in the Apex5 GUI using
SADABS3” or TWINABS32 for single domain and twinned structures respectively. Structures were
solved using SHELXT3? 40 and refined using an independent atom model in SHELXL*' using the
OLEX2%? GUI.

Refinement of structural models included atomic positions, anisotropic atomic displacement
parameters, weighing schemes, and extinction corrections. Occupancy of the vanadium atoms were
initially freely refined to check for non-stoichiometry but in all cases refined to 1 + 0.002 suggesting
full occupancy and so were fixed to 1. The resulting integration and refinement statistics can be
found in Table 1. The lower symmetry of the M1(P2,/c) and M2(C2/m) phases compared to the
R(P4,/mnm) phase justify the larger features in the residuals observed for these phases. Anharmonic
thermal displacement parameters were refined but were not significant within two standard
deviations and were therefore not included in the models. The low temperature phase formed
during cooling turned out to be twinned and so a twin law was applied combined with a twin fraction
refinement. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was used to
confirm that the sample contained no unintentional doping; the resulting molar percentages from
the measurement can be found in the supporting information (Table S1) along with the

methodology.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04769b

Page 7 of 25

Chemical Science

View Article Online

DOI: 10.1039/D5SC04769B
Table 1 Integration and refinement statistics. Note that the data measured at x = 0° at 345 K during

cooling was integrated and solved in the R(P4,/mnm) phase while the data measured at x = 25°, 45°

at 345 K during cooling was integrated and solved in the M2(C2/m) phase.
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Space group, | Reflections Resolution? Rint, Ro, I/o R1, WR,, GOF Highest peak
measured I>30, Unique (AY), and deepest
reflections reflections redundancy, hole
(twin completeness
fractions %) (%)
300 K P2./c, 11607 10238, 1077 0.5, 10.33, | 0.0525, 0.0449, 2.197, -2.945
98.9 0.0236.42.3 0.1349, 1.459
325 K heating | P24/c, 11582 9785, 1070 0.5,9.96,98.2 | 0.0523, 0.0496, 2.161, -3.087
0.0243,41.1 0.1470, 1.430
335K heating | P2:/c, 11646 9979, 1080 0.5, 10.04, | 0.0632, 0.0512, 2.129,-2.753
99.0 0.0288, 34.7 0.1420, 1.452
340 K heating | P2,/c, 11587 7588, 1074 0.5,7.70,98.4 | 0.0731, 0.0698, 2.106, -2.382
0.0420, 23.8 0.1656, 1.140
345 K heating | P4,/mnm, 4926, 181 0.5, 31.53, | 0.0518, 0.0109, 0.270, -0.351
5752 100 0.0166, 60.2 0.0296, 1.300
350 K heating | P4,/mnm, 5006, 179 0.5, 32.17, | 0.0515, 0.0113, 0.278,-0.334
5783 100 0.0168, 59.4 0.0309, 1.296
355 K heating | P4,/mnm, 5151, 180 0.5, 33.02, | 0.0514, 0.0102, 0.282,-0.374
5715 100 0.0158, 63.2 0.0267,1.318
350 K cooling | P4,/mnm, 5217, 182 0.5, 33.09, | 0.0523, 0.0108, 0.336, -0.337
5793 100 0.0158, 63.4 0.0285, 1.385
345 K cooling | P4,/mnm, 3632, 476 0.5, 10.51, | 0.0539, 0.0166, 0.459, -0.462
runi 4040 96.8 0.0306, 32.7 0.0377,1.147
345 K cooling | C2/m, 17831 | 16052, 2556 0.5,3.17,99.6 | 0.0766, 0.0492, 2.322,-2.248
run2and3 (87.45(10), 0.0363, 27.6 0.1434,1.127
3.14(4),
9.41(9))
340 K cooling | C2/m, 26537 | 23832, 2705 0.5, 2.03,98.2 | 0.0940, 0.0345, 1.999, -3.166
(84.9(9), 0.0361, 27.7 0.1501, 1.288
4.1(8) and
11.0(3))
335K cooling | P2:/c, 17396 | 14620, 2302 0.5,2.36,99.4 | 0.0977, 0.0552, 2.950, -2.570
(84.0(5), 0.0548, 18.3 0.1727,1.111
16.0(5))
325K cooling | P2,/c, 15445 | 15239, 2525 0.5,3.45,100 | 0.0955, 0.0398, 1.816, -1.366
(84.78(14), 0.0500, 20.0 0.1090, 1.242
15.22(14))

3 Resolution was cut at 0.5 A1 for all datasets due to scattering from the attenuator at higher resolution.
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3. Results and discussion

3.1. Phase Identification

3.1.1. General remarks

Due to the difference in space group symmetry and unit cell parameters the tetragonal phase has
significantly fewer Bragg reflections than the monoclinic phases. By visual inspection of the raw data
frames (aided by an overlay of the possible space groups), it was possible to identify the

instantaneous reversible phase transition during some of the datasets.

3.1.2. Heating and cooling

The M1(P24/c) phase was observed at 300 K and persisted upon heating through 325 K and 335 K.
At 340 K the crystal fluctuated between the M1(P2,/c) and R(P4,/mnm) phases throughout the data
collection, the reasons for which are discussed further below. Only the R(P4,/mnm) phase was
observed for the rest of the heating sequence at 345 K, 350 K, and 355 K as well as into the cooling
sequence at 350 K. Upon cooling to 345 K, the M2(C2/m) phase was observed over frames 1-36,
708, and 709 with the R(P4,/mnm) phase being observed for the rest of the collection. At 340 K only
the M2(C2/m) phase was observed. Upon cooling to 335 K and 325 K only the M1(P2,/c) phase was

observed.

3.1.3. Oscillatory behavior

Oscillatory phase transitions were observed during isothermal data collections at 340 K (heating)
and 345 K (cooling), these temperatures being in the vicinity of the reported 1t order phase
transition at 341K. 13 Furthermore, they were observed only during w scans collected with x = 0°,

whereas scans collected with x = 25° and 45° contained only one phase. For the 340 K (heating)
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dataset the R(P4,/mnm) phase is observed in 86 out of the total 900 frames while in the rest only
the M1(P2,/c) phase is present. These frames are divided into eight instances which are evenly
distributed throughout the collection and vary in length from 1 to 23 sequential observations,
representative frames are depicted in Figure S1.

The per-frame correlation coefficient, <Corr>, output from SAINT is a measure of the degree
of per-frame agreement with the integration parameters for a given cell. For high quality data
<Corr> typically falls between 0.6-1.0, with lower corxrelations indicating significant disagreements.
A comparison of the <Corr> coefficients for the x = 0° run at 340K when integrated with both the
R(P4,/mnm) and M1(P2,/c) phases, see Figure S2(a)-(b), shows that when <Corr> is low for
R(P4,/mnm), it is high for M1(P2,/c) and vice versa. This result confirms the switching behavior
suggested from visual inspection of the data. In the case of the 345 K (cooling) dataset, the
M2(C2/m) phase is observed on frames 1-36, 708, and 709 while the R(P4,/mnm) phase is observed

on the rest, see Figure S3. Collectively, these observations imply the existence of some temperature

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

instability during the data collections.

Given that phase transitions were observed only with x = 0° (vertical alignment of goniometer

Open Access Article. Published on 18 September 2025. Downloaded on 9/22/2025 8:51:29 AM.

head) it is likely that this position produces a slightly higher temperature compared to the other x

(cc)

positions. This fact, combined with fluctuations in the cryostream is sufficient to explain the
observed behavior. No distinct evidence of a phase transition, such as large drops in intensity, was
observed in any of the recorded frames suggesting that the speed of the phase transition falls well
below the 0.5 s exposure time used.. This result is consistent with studies reporting the timescale of
the transitions to be on the order of femto-to-picoseconds.?> 43 Based on the concerted nature of
the phase transition in VO, at 341 K during heating! we estimate that the temperature fluctuated

~1-2 K during our experiments.
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The M1(P24/c) and M2(C2/m) phases during cooling were found to contain twin domains. In
the M1(P2,/c) phase at 335 K and 325 K during cooling one twin domain was observed with the
major component comprising 86.0(5) % and 84.78(14) % in the two datasets respectively. In the
M2(C2/m) phase three domains were observed. For the data measured at 345 K during cooling the
three domains constituted 87.45(10) %, 3.14(4) % and 9.41(9) % respectively while the three
domains in the data measured at 340 K during cooling constituted 84.9(9) %, 4.1(8) % and 11.0(3) %
respectively. For all four datasets, the major twin component was thus found to make up ~85 % of
the crystal. The phase transition temperature from the M1(P2,/c) phase to the R(P4,/mnm) phase
was found to happen during the measurement at 340 K during heating corresponding well to earlier
reported values obtained from measurements of the optical properties and resistivity
measurements of 341 K.** 4> The phase transition from the R(P4,/mnm) phase to the M2(C2/m)
phase has only been observed in thin films of phase pure VO, and is found to occur around 345 K.
The phase transition between the M2(C2/m) and M1(P2,/c) phase is typically observed between

340 K and 335 K during cooling.

3.2. Structure

3.2.1. Geometry of the M1/R phase transition

The refined unit cell parameters can be found in Table 2 along with the space group of the structure.
The unit cell parameters of the M1(P2,/c)*® and R(P4,/mnm)*’ phases are found to be similar to
those reported earlier; the unit cell parameters of the M2(C2/m) phase are likewise similar to earlier
reports on the Cr doped VO,.#8 It is found that the unit cell volume of the M1(P2,/c) phase increases
during heating until 340 K at which point the volume decreases. The decrease in unit cell size is

observed when integrating the data measured at all three x angles and when integrating only the
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data measured at x = 25° and x = 45° where M1(P2,/c) is the only observed phase. The refined unit
cell parameters normalized by the number of vanadium atoms in the unit cell can be seen in Figure
2. Along with this decrease in volume a decrease is observed in the V - V distance and the V - O
distances. The V - O distances are found to be constant within uncertainty during the heating until
340 K while the V-V distances increase. The average V — O bond length at 300 K, 325 K and 335 K
during the heating is found to be 1.940(3) A, 1.940(3) A and 1.941(3) A respectively. At 340 K, the
average bond length decreases to 1.937(3) A suggesting a shift towards the higher symmetry
R(P4,/mnm) phase which is found to have an average V — O bond length of 1.930(3) A at 345 K. The
V —V -V angles are found to increase during heating moving toward the linear setting observed in
the R(P4,/mnm) phase. The octahedra in the M1(P2,/c) phase has three short bonds and three
longer bonds placed in a fac configuration. In the R(P4,/mnm) phase, the octahedra has two long
bonds in the axial position and four short bonds in the equatorial plane. The distortion of the

octahedra has been estimated using OctaDist*® where the parameters ¥ and © describe the summed

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

angular deviation from a perfect octahedra and the distortion from a perfect octahedral to a trigonal

prismatic geometry; a number closer to zero indicate a more perfect octahedral coordination.

Open Access Article. Published on 18 September 2025. Downloaded on 9/22/2025 8:51:29 AM.

Selected bond distances, angles between vanadium atoms, distortion parameters calculated using
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OctaDist and atomic displacement parameters (ADPs) can be found in Table S2 in the supporting
information. The angular deviation decreases from 57.1° to 56.1° in the M1(P2,/c) phase during the
heating before dropping to 23.3° in the R(P4,/mnm) phase. Similarly, © is found to decrease (122.3°-
121.5°) with increasing temperature before decreasing to 107.7°. Despite the changes being small,
both these parameters suggest a shift toward higher symmetry as the temperature is increased.
After the phase transition to the R(P4,/mnm) phase ¥ and O decrease significantly indicating a

transition to a less distorted octahedra. Despite the large shift in the values, the octahedra are still
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found to exhibit some degree of distortion; no significant change is observed in the distortion of the

octahedra during further heating of the crystal after the transition to the R(P4,/mnm) phase. The V

— 0 and V-V distances decrease with increasing temperature in the R(P4,/mnm) phase resulting in

a decrease in the unit cell volume. After the phase transition reversing to the M1(P2,/c) phase

during cooling, the V — V distances, the V — O distances, the V — V — V angles and the calculated

distortion parameters show the same trend of increasing distortion further away from the phase

transition temperature.

Volume normalized by Z [A®]

59.6

59.4

59.2

59.0+

.\
\; 4:\‘
|
=

R M2

phase phase

300 325 335 340 345 350 355 350 345 345 340 335 325
Temperature [K]

Fig. 2 Volume of unit cell normalized by number of vanadium atoms in the unit cell as a function of

temperature. Green shaded areas show temperatures where the M1(P2,/c) phase is found, purple

shaded areas show temperatures where the R(P4,/mnm) phase is found, and blue shaded areas

show temperatures where the M2(C2/m) phase is found. Average literature values extracted from

the ICSD for the M1(P2,/c), M2(C2/m), and R(P4,/mnm) phases.
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Table 2 Unit cell parameters from SCXRD refinement. Note that the data measured at 345 K while

cooling at x = 0° was found to be the R(P4,/mnm) phase while the data measured at x = 25°, 45° was

g

g

% found to be the M2(C2/m) phase.

g

5 Space Phase a[A] b [A] c[A] B° Volume [A3] /
p= group # V atoms in
ke unit cell

% 300 K P2,/c M1 5.7591(4) 4.5313(4) 5.3914(4) 122.6005(13) | 118.528(16) /
o) 2

E 325 K heating | P2,/c M1 5.7614(4) | 4.5318(3) | 5.3924(4) | 122.6081(13) ;18.601(14) /
c

% 335 K heating | P2,/c M1 5.7654(5) | 4.5344(4) | 5.3958(4) | 122.6148(15) | 118.817(17) /
g 5

2 340 K heating P2./c M1 5.7554(9) 4.5235(7) 5.3828(8) 122.602(3) 118.06(3) /2

8 345 K heating P4,/mnm R 4.5675(5) 4.5675(5) 2.8577(3) 90 59.617(14) /1
§ 350 K heating P4,/mnm R 4.5627(5) 4.5627(5) 2.8552(3) 90 59.44(14) /1
‘g 355 K heating P4,/mnm R 4.5556(5) 4.5556(5) 2.8513(3) 90 59.174(14) /1
S 350 K cooling P4,/mnm R 4.5613(5) 4.5613(5) 2.8544(3) 90 59.387(14) /1
g 345 K cooling P4,/mnm R 4.5680(9) 4.5680(9) 2.8573(6) 90 59.62(3)/1

g (x=0°)

5 345 K cooling | C2/m M2 9.0684(8) | 5.8097(5) | 4.5297(4) | 91.7911(17) | 238.53(4)/4
g (x = 25°, 45°)

2 340 K cooling | C2/m M2 9.0678(6) | 5.8077(4) | 4.5288(3) | 91.7895(15) | 238.38(3)/4
% 335 Kcooling | P2,/c M1 5.7637(5) | 4.5351(5) | 5.3908(6) | 122.6056(18) | 118.70(2)/ 2
£ 325 Kcooling | P2,/c M1 5.7593(5) | 4.5321(4) | 5.3881(5) | 122.6164(14) | 118.460(18)/ 2
é

3.2.2. The M2 phase

Open Access Article. Published on 18 September 2025. Downloaded on 9/22/2025 8:51:29 AM.

After the phase transition from the R(P4,/mnm) phase to the M2(C2/m) phase upon cooling, two

(cc)

different octahedral coordination environments are observed for vanadium; these will be discussed
as the distorted (M2y1) and non-distorted (M2g) octahedral, with the symmetry referring to the
pseudo symmetry present in the M1(P2./c) and R(P4,/mnm) phases, respectively. This naming
convention is given in relation to the projection along the [001] direction of the R(P4,/mnm) phase
as seen in Figure 1 where the vanadium atoms in the corners do not distort while the vanadium
atoms in center of the center are distorted compared to the R(P4,/mnm) phase. The V— O distances

in the distorted octahedra have the same distribution as the M2y, octahedra of the M1(P24/c) phase
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with three short bonds and three longer bonds, while the non-distorted M2 octahedra have two
long bonds and four short bonds, similar to what is observed in the R(P4,/mnm) phase. The M2y,
vanadium atoms in the M2(C2/m) phase undergo dimerization reducing the bond length by 0.3 A
akin to what is observed in the M1(P2,/c) phase. The V -V distance between M2 vanadium atoms
is found to increase by ~0.08 A after the phase transition from R(P4,/mnm) to the M2(C2/m) phase.
The distances between the dimerized vanadium atoms in M2(C2/m) are found to differ from the
distances observed in the M1(P2,/c) phase by + 0.1 A with the short distance decreasing by ~0.1 A
and the long distance increasing by ~0.1 A longer. The V -V — V angles of the vanadium atoms in
M2(C2/m) for the M2y, octahedra are found to differ from the V — V — V angles in the M1(P2,/c)
phase with the angle along the [001] projection of the R(P4,/mnm) phase being ~5° smaller and the
angle along the [010] projection of the R(P4,/mnm) phase being ~1° larger compared to the
M1(P2,/c) phase. The angle along the [001] projection of the R(P4,/mnm) phase in the non-distorted
octahedra is found to be 180° as for the R(P4,/mnm) phase while the angle along the [010]
projection is found to be ~1° smaller than the corresponding angle in the M1(P2,/c) phase. The
average of the V — V =V angles in the M2(C2/m) phase as seen down the [010] projection of the
R(P4,/mnm) phase are found to be 171.76(3)° at 340 K during cooling which, within the uncertainty,
is the same angle found for the M1(P2,/c) phase in the data measured at 340 K during heating. This
corroborates the observation that the M1(P2,/c) phase can be seen as a superposition of two
orthogonal M2(C2/m) networks.>® An illustration of the four different octahedra can be found in
Figure 3. Looking at the calculated distortion parameters for the M2(C2/m) phase it is found that
the distorted octahedra are deviating more from the perfect octahedral geometry compared to the

octahedra observed in the M1(P2,/c) and R(P4,/mnm) phases. The M2,,; and M2; octahedra in the
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M2(C2/m) phase have O values 30° or 15° higher than the corresponding octahedral in the
M1(P2,/c) and R(P4,/mnm) phases, while the X values are found to be ~40° and ~20° larger.

The observation of the M2(C2/m) phase in a free-standing bulk crystal establishes the M2
intermediate phase as intrinsic to VO,. Given that the M2(C2/m) phase is insulating with chains of
vanadium atoms present in the structure, the presence of the M2(C2/m) phase has been previously
interpreted as indicative of a Mott-Hubbard mechanism in VO,.33 Altogether, these results establish
the M2(C2/m) phase as an intrinsic part of the VO, phase diagram and strongly support that a Mott-

Hubbard mechanism underlies the insulator—metal transition.

R-phase M1l-phase
1.937 A 2.01-2.07 A
1.924 A

1.76-1.90 A

= OIEEIARSE= S e =Bl ¢ = 0.577 A, £ =56.5°,©=121.7°

M2—phase MZ,;

© vanadium
@ Oxygen 1.98-2.11 &

1.86-1.88 A

T=0617A, £=61.3°,0=121.4° T=0473A £=777°0 =149.4°
Fig. 3 Coordination of vanadium for the R, M2(C2/m) and M1(P2,/c) phases. The M2(C2/m) phase
vanadium coordinated in a pseudosymmetry of M2y is seen on the left while the vanadium

coordinated in a pseudosymmetry of M2y,; can be seen on the right.
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3.2.3. Atomic displacements parameters

The obtained anisotropic ADPs along the principal axes for vanadium are plotted in Figure 4(A-C)
along with the calculated equivalent isotropic ADPs (Figure 4D) for all temperatures; the M1(P2,/c)
and R(P4,/mnm) phases are shown as circles and the M2(C2/m) phase is shown as upwards and
downwards pointing triangles for the distorted (M2y;) and non-distorted (M2g) vanadium atoms
respectively. All anisotropic ADPs for vanadium can be found in Figure S4. Looking first at the
equivalent isotropic ADP, U, it can be seen that the increase in temperature from 300 K to 340 K
results in an increase of the ADPs for the M1(P2,/c) phase and that the equivalent isotropic ADPs
for the M2(C2/m) and M1(P24/c) phases upon cooling are similar to these. The isotropic ADPs for
the M1(P2+/c) and M2(C2/m) phases are found to be comparable to earlier reported values.*® >!
Furthermore, it is observed that the isotropic ADPs for the R(P4,/mnm) phase are close to twice as
large as those found for the M1(P2,/c) and M2(C2/m) phases, even the M2(C2/m) phase observed
at the same temperature. This complements values reported for both Cr doped VO,*® and pure VO,
in the R(P4,/mnm) phase.*’ The ADPs for the R(P4,/mnm) phase are abnormally high compared to

those of other rutile structures®? and have been suggested to play a role in the MIT.#
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Fig. 4 Anisotropic atomic displacement parameters U;1(A), U,,(B), Us3(C), and equivalent isotropic
atomic displacement parameters (Ueq = (Up1+Ux+Us3)/3) (D) for vanadium atoms at all
temperatures. The distorted (M2y4) and non-distorted (M2g) vanadium atoms in the M2(C2/m)
phase are represented by a triangle pointing up and down respectively. Uncertainties are included

in the figure but obscured by the tick marks.

Looking at the principal axis anisotropic ADPs for vanadium (Uq1, U,,, Us3) in Figure 4 A-C and Table
S2 for the M1(P2,/c) phase it can be seen that the displacement along the Us; direction increases
by ~0.001 A2 at from 335 K to 340 K during heating while U, increase ~0.0005 A2 and U;; decrease
by ~0.0003 A2. At temperatures below 340 K, the displacement of vanadium is observed to be almost
parallel to the body diagonal of the unit cell of the M1(P2,/c) phase while the displacement at 340
K during heating is close to being perpendicular to the ab-plane of the M1(P2,/c) phase. This change
corresponds to an elongation of the displacement parameters towards the observed position of

vanadium in the R(P4,/mnm) phase. The displacement direction of vanadium is illustrated in Figure
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5 for all the measured temperatures. The ADPs of oxygen at 340 K are found keep the orientation
from the data measured at 335 K with only small change in size being observed. From this it can be
inferred that the phase change is caused by displacement of the vanadium. The position of
vanadium is found to be shifting small amounts througout the heating from 300 K to 340 K. The
largest positional change is found to be for the y position going from 2.36167(11) A to 2.35308(12)
A. The x and z parameters change from 1.30409(10) A to 1.30385(10) A and 0.11981(10) A to
0.11758(12) A respectively. The displacement in the y position of the vanadium atom correspond to
a shift toward the higher symmetry position which vanadium occupy in the R(P4,/mnm) phase.
Upon cooling the same phenomenon is observed after the transition from the M2(C2/m) to the
M1(P2,/c) phase where Us; for the vanadium in the M1(P24/c) phase at 335 K during cooling is found
to be ~0.002 A2 larger than the U,; for the M1(P2,/c) phase at 325 K during cooling.

The shift in the displacement direction of the vanadium atoms close to the phase transition
can be used to explain earlier reported Raman spectra where it has been observed that some
phonon modes differ greatly in behavior. For VO, thin films, it has been reported that the A; modes
and B; modes behave differently during heating. For the A, peak at 618 cm™ the peak intensity
decreases continuously while the B, peak at 825 cm™ does not undergo significant change with
heating until 340 K where it suddenly disappears.>® This sudden change in peak intensity can be
correlated with the observed change in the ADPs observed for V at 340 K during heating which can
be observed in Figure 5. Here it is evident that the displacement of vanadium undergoes a large
change in direction between 335 K and 340 K which can explain the change in symmetry and
therefore energy of the vibration observed in the Raman spectrum. Furthermore, from Figure 5 it is
evident that the atomic displacement of vanadium in the M1(P2,/c) phase is not along a specific

bond. Instead, the vibration is found to be in the direction towards the vanadium-vanadium dimer.
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Fig. 5 Direction of atomic displacement of Vanadium in octahedral coordination at all temperatures

along with projections of the direction of the largest displacement magnitude of Vanadium.
Displacements are plotted as 50 % probability. All temperatures are plotted in the same projection

as Figure 1a corresponding to the ac-plane of the R(P4,/mnm) phase.

The ADPs of the two different vanadium atoms in the M2(C2/m) phase are found to be dissimilar.
The M2 vanadium at 340 K during cooling is found to have similar ADPs along all three principal
axes with Uy3ym, and Ussy, being 0.00510(19) A2 and 0.00521(18) A? respectively while Uy, v is
found to be 0.00433(17) A2. This distribution is not unlike what is found in the R(P4,/mnm) phase
where two of the ADPs (Uy; g = Uy, g = 0.00890(7) A2 at 355 K) along the principal axes are found to
be equal while the third (Us3z = 0.00840(8) A2 at 355 K) is found to be smaller. From the projection
of the M2(C2/m) phase on the R(P4,/mnm) phase (Figure 1) it is evident that U;; g = Us3mp, Upar =

Uiim2, and Uszr = Uy mp. Thus the direction of the displacement of the M2z vanadium in the
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M2(C2/m) phase is found to be identical with the vanadium in the R(P4,/mnm) phase. The
displacement parameters for the M2),; vanadium are found to be similar to those of the M1(P2,/c)
phase. For the M2y,; vanadium in the M2(C2/m) phase, two of the ADPs (U3 w2 = Uy g = 0.00334(18)
A? and Ussmz2 = Ui g = 0.00420(18) A2) along the principal axes are smaller than the third (Upamz =
Us3r = 0.00701(18) A2). The displacement of the vanadium in the M1(P2,/c) phase as projected in
the R(P4,/mnm) phase is found to be Uy; m1 = Usz g = 0.00515(17) A2, U, w1 = Upp g = 0.00391(17) A2,
and Uiy = Uy g = 0.00397(17) A2. As with the bond distances and angles described earlier, the
ADPs of the vanadium atoms in the M1(P2,/c) and the M2y, of the M2(C2/m) phases are found to
show similar behaviour. For both the vanadium in M1(P2,/c) and the M2y,; vanadium in M2(C2/m),

one of the ADPs (U1 m1 = Uy m2 = Uszg) is found to be larger compared to the two other.

4. Conclusions

We have carried out the first single crystal X-ray diffraction study of a pure VO, phase across the
insulator-metal transition during heating and cooling. Upon heating the room temperature
M1(P2,/c) phase changes to the R(P4,/mnm) at ~341 K, but during cooling from 355 K the crystal
proceeds through an intermediate M2(C2/m) phase at 345-340 K, which has previously only been
reported in doped samples, nanocrystals, and thin films. We have shown that structural motifs from
both the R(P4,/mnm) and M1(P2,/c) phases are present in the M2(C2/m) phase. The vanadium
atoms in M2(C2/m) which are not dimerized show ADPs resembling those of the R(P4,/mnm) phase
in shape while the vanadium atoms which are dimerized show ADPs resembling those of the
M1(P2,/c) phase. The detailed analysis of the ADPs over the temperature range from 300 K to 355
K reported here supports previous studies emphasizing the important role of the change of direction

of the ADP’s in the phase transition.33 > In particular, the shift in direction of the ADPs of vanadium
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at 340 K immediately before the phase transition is evidence that the thermal displacement of
vanadium is sensitive to the phase transition. The observation of a sequential R>M2->M1
polymorphic phase evolution in a free-standing bulk crystal establishes the M2 intermediate phase
as intrinsic to VO,. Given that the M2 (C2/m) phase is insulating even in the absence of complete
vanadium dimerization, its presence has been previously interpreted as indicative of a Mott-
Hubbard mechanism in VO,.33 Altogether, these results establish the M2 phase as component of the
VO, phase diagram in undoped bulk crystals and strongly support that a Mott-Hubbard mechanism

underlies the insulator—-metal transition.
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