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The effect of external pressure on the parameters of phase transiton in vanadium dioxide has been studied
theoretically by means of quantum chemistry with use of cyclic (VO,)s models with minimized strains in the
closed chain. The external pressure was created by a regular ring of He atoms with decreasing He — He
interatomic distances confining vanadia species. The calculated values of external pressure related to phase
transition in vanadium dioxide as well as those of transition energy have been found to argee well with
literature data. When increasing the coordination number of vanadium atoms to that characteristic of the bulk
structure, the necessary pressure has been found to decrease. Nevertheless, in general, this circumstance has
no effect on the conclusion on aptitude of the cyclic model used.
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INTRODUCTION In the VO, crystalline structure, vanadium-
oxygen octahedra are grouped into layers, the V-O
interlayer bonds are less strong than those within
the layers [5]. The change in the volume of unit
cell under PTIM can have an effect on the stability
of film coverings based on vanadium dioxide
where the film integrity and stability have an
. . essential importance. According to the literature
<<electr9nlc tor.lgue») [1-8]. Exper.lmem?‘1 and data [6], the TPT in VO, is dependent first of all on
theoretical studies on the PT mechanisms in these the size of particles inserted into the SiO, support

materials are  developed actively involving rather than on their stoichiometry or external
correlations between structural and electron pressure

transitions into consideration.

The phase transition of «insulator-metal» type METHODS
(PTIM) in vanadium dioxide takes place at
338-340 K, accompanied by hopping changes in
optical and electric properties of the substance.
When the temperature amounts to that of phase
transition (TPT), the resistance decreases for
2-5 order of magnitude, a structural rearrangement
occurs, the volume of the unit cell decreases (the
cell is coarcted). Due to structural PTIM, a
transition takes place from the monoclinic
symmetry with altered vanadium-vanadium
intrteratomic distances in the adjacent oxygen
octahedra into the structure of tetragonal symmetry
where those distances in the chains are identical.
The problem of advantages of the Peierls and Mott
model for PTIM is still discussed.

The attention paid recently to transition metal
oxides with phase transitions (PT), in particular, to
vanadium dioxide, is conditioned by a variety of
probable applications of these materials in both
optoelectronics and medicine as well as in
chemical and light industry («electronic nose»,

Ribbon-ring vanadium dioxide models have
been built of 8 formula units. The basic element of
the structure is a chain of O-V-O fragments. The
structures with minimized steric stresses in a closed
ring were obtained due to optimization of the
spatial structures of the models where coordination
saturation (five-coordinated vanadium atoms as
those at the surface) was reached by addition of
water molecules. The optimization of the model
clusters of semiconductor phase (SCP) and those of
metallic phase (MP) was carried out with
imposition of symmetry conditions within the point
groups Dy, and Dg, respectively. The stuctures
obtained were expanded due to external (instead of
water molecules, model 1) and internal rings of He
atoms (in order to obtain the maximum
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coordination saturation of vanadium atoms
inherent to the bulk VO, phase, i.e. coordination
number K=6, model 2). When decreasing the He-
He interatomic distance (and, respectively, the
radius of external ring of helium atoms), the
pressure increases. A set of optimized SCP and MP
model clusters has been obtained where the radius
of external ring of helium atoms is gradually
decresed (with a pitch of 0.1-0.01 A). In the
model 2 with K=6, the radius of internal ring of
helium atoms was assigned for the most
«compressed» after PT model 1 at the distance of
~2.2 A from the ring of the basic model for VO,.
The pressure was calculated as the first
derivative of the total energy of the VO, system
with respect to its volume. The value of the volume
of VO, elementary cell for model clusters was

. +

Fig. 1.
¢ —8VO0, (24 He) MP

The models with altering vanadium-vanadium
interatomic distances in the chain corresponded to
the SCP (Fig.1b,d) whereas those with
equidistant V atoms simulated the MP (Fig. 1 c, e).

The presence of additional energy levels within
the forbidden zone [10] presumes the existance of
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believed to be 1/8 of the toroid volume (as the
models had the forms most close to a toroid), the
Van der Waals radii for both vanadium and oxygen
atoms being taken as r~1.4 A. The values of
transition energy were evaluated from the plots of
the total energy on the external pressure.

The calculations were carried out by Hartree-
Fock-Roothaan method with basis set SBKJIC by
means of the program package PC GAMESS [9].

RESULTS AND DISCUSSION

The structures with minimized strains in the
closed ring considered earlier are in Fig. 1 a as well
as the models with external ring of He atoms
(Fig. 1 b, ¢) and internal one (Fig. 1 d, e).
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Model clusters: a — 8VO, (8H,0); b — 8VO, (16 He) SCP; ¢ — 8VO, (16 He) MP; d — 8VO, (24 He) SCP;

stable high-spin states of VO,. Therefore the
energy values were calculated for model structures
with multiplicity M=9 (nonet) corresponding to
metallic phase, i.e. to the presence of 8 unpaired
electrons in the model. An analysis of the results
calculated for the intermediate (triplet, quintet, and
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heptet) spin states of the models has shown these
states to correspond to distorted structures. In the
optimized structures of the hogh-spin states of the
model systems of SCP, the interatomic V...V
distances are equalized (become the same or
slightly differ).

The plots of the total energy versus calculated
pressure for the models with both one (external)
and two (external and internal) rings of helium
atoms are shown in Fig. 2.

When analyzing the results calculated for the
model 1, definite structural changes in model
clusters were found believed to be a phase
transition. Similar structural changes were
observed for the clusters with two rings of helium
atoms (model 2, Fig. 1 d, e). Practically it can be

observed in a series of calculations with sequential
‘compression’ of model cluster (as it was noted
above, the radius of external ring of helium atoms
was decreased step-by-step for 0.1-0.01 A), where
under some pressure values the size of the
elementary cell of the optimized model 8VO, was
not decreased but somewhat increased (a
«counteraction» was observed to the external
pressure). Therefore the first derivative of total
energy with respect to the volume (pressure,
absciss) had practically the same value for some
values of the radius of external ring of helium
atoms. Under further decrease in the radius of
external ring (increase in pressure) the decrease in
size of the elementary cell of the optimized models
renewed.
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Fig.2. Total energy dependences on the external pressure for: semiconductor model (/) of singlet (SCP_s(1)) and nonet
(SCP_n(1)) as well as for metal one (MP_s(1)) with one ring of helium atom (see visualization in Fig. 1 b, c); for
metal model (2) (MP_s(2)) with two rings of helium atoms (see visualization in Fig. 1 e)

It is seen from Fig. 2 that when increasing the
coordination number of vanadium atoms to the
interstructural level, the pressure value necessary
for realization of the phase transition in the model 2
is less than that in the model 1. Nevertheless this
fact does not change general conclusions.

The values of transition energy (~3.1 kJ/mol
between SCP_s(1) and SCP_n(1), ~1.5kJ/mol
between SCP_s(1) Ta and MP_s(1)) and of external
pressure necessary for the PTIM (~30 MPa) agree
with the known experimental data [2].

Some calculated PTIM parameters for
vanadium dioxide models are summarized in the
Table as compared with experimental data.
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In the Table, the V...V distances in the models
are given within the vicinity of structural changes
fixed for PTIM. When analyzing those distances,
the ratio of V...V distance difference for SCP to
that for MP was taken as a structural factor. For the
models, this ratio related to the ratio of V...V
distance difference for SCP_s to the V...V distance
for SCP_n. It is seen from the Table that
minimizing the model to a molecular cluster in
comparison with vanadium dioxide real crystals
slightly affects such parameters as the pressure
necessary for PTIM realization whereas the value
of transition enthalpy remains practically
unchanged.
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Table. Calculated PTIM parameters for VO, models 8VO, (16He), 8VO, (24He) as compared with literature data

Object VO,, Model 1 Model 2
Parameters Experiment 8VO, (16He) 8VO, (24He)
V...V distances at PTIM, A/ SCP 3.12/2.62 A 2.37+2.77/2.36+2.76 2.5+2.87/2.54+2.86
structural factor MP 29A 2.742.73 2.782.77
SCP/MP 0.17 0.15 0.12
Pressure necessary for PTIM 320 MPa ~30 MPa -
Transition enthalpy, kJ/mol 32 ~3.1 -

CONCLUSIONS

transition energies agree well with experimental

data available in the literature. Thus, the parameters
of phase transition in VO, can be correctly
estimated in a theoretical way by means of
quantum chemical calculations of the properties of
relatively simple cyclic models.

Vanadium dioxide molecular models have
been designed with minimized steric stresses in the
closed ring. The calculated values of external
pressure necessary for realization of the phase
transition in vanadium dioxide as well as the

TeopeTnune HocCaiIKeHHS iHAYKOBAHOI0 THCKOM ()a30BOro nepexoay y Ai0KCHIi BAaHAIII0
A.I'. I'pedeniok, B.M. KaypkoBcbka, B.B. Jlo6anos

Tnemumym ximii nogepxui im. O.0. Yyiixa Hayionanonoi akademii nayk Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Yxpaina, kavn @ukr.net

Busueno ennue 306HiuHb020 mucky Ha napamempu Gazo802o nepexody y Oiokcudi 6aHalilo 3
BUKOpUCMAHHAM YuKIiunux mooenei 8VO, 3 MiHIMI308aHUMU HANPYHCEHHAMU 6 3AMKHYMOMY tanyrocy. Porw
B08HIUHBLO2O MUCKY BUKOHYBATIO 306HIWHE KLtbye 3 amomis He, padiyc saxoeo smenuysases. Bemanoeneno, wo
PO3DAX0BAHI BEIUHUHU 306HIUHBO20 MUCKY, He0OXIOH020 0151 30WUCHEHHs (Daz08020 nepexody 6 OIlOKCUOl
8aHAOTI0, A MAKOIC eHePaii nepexody y32002CyIombcs 3 gidomumu 3 simepamypu danumu. Tloxazano, wo npu
30UIbUEHHT KOOPOUHAYILIHO20 HUCTA amOMi8 6aHAdil0 00 pi6Hs GHYMPIUHbOCIMPYKIMYPHO20 MUCK, SIKULL
HeOOXIOHUtl 01151 30TUCHEHHs. (Da308020 nepexody, 3HUNCYEMbCA, Ale 3d2aloM Ye He GNIUBAE HA 3a2albHi
BUCHOBKU NPO KOPEKMHICIb GUKOPUCTAHHSL YUKTITYHOT MOOeTI.

Knrouosi cnoea: Oioxcud eanadiio, napamempu  azo8020 nepexody, KiacmepHe HAOIUICEHHS,
obmedicenutl npocmip

Teopernueckoe ucc/jier0BaHue HHAYIIMPOBAHHOIO 1aBjeHueM (a30Boro nepexoaa B
AUOKCHIe BAHATUS

A.T'. I'pedeniok, B.H. Kaypkxosckasi, B.B. Jlo6anos

Hnucemumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvnou axademuu Hayk YKpaurvl
ya. I'enepana Haymosa, 17, Kues, 03164, Ykpauna, kavn @ukr.net

Hsyueno enusnue enewneco OasneHus Ha napamempvl hazo8020 nepexood 6 OUoKcuoe anaous
ucnonw3oanuem yukiudeckux mooenei 8V0, ¢ MUHUMUBUPOBAHHLIMU HANPANCEHUSMU 8 3AMKHYMOU Yenu.
Ponv enewneco dasienust uCnoHAIo GHewHee Koavyo uz amomos He, paouyc Komopoeo yMeHbUacsL.
Yemanosneno, umo paccuumannvle 6eIUMUHbL GHEWHE20 OAGIeHUs, He0OX00UMO20 Ol OCYWeCmEIeHUs
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@azoe020 nepexooa 6 Ouokcude 8aHAOUS, A MAKJICE IHEPSUU NEPexo0a COSNACYIOMC C U3BECHHbIMU U3
aumepamypol Oarnvimu. Tlokazano, umo npu yeenuueHuu KOOPOUHAYUOHHO20 YUCLA AMOMO8 8aHAOUs 00
VPOBHA 6HYMPUCIPYKTYPHO20 0A6IeHUE, HeODX00UMOe OIS OCYUeCMENeHUs (DA308020 NEPEX00a, CHUNCACMCH,
OO0HAKO 6 YELOM IMO He GIUsiem HA 00ujUe 8bIB00bI 0 KOPPEKMHOCHU UCHONb308AHUSL YUKTUYECKOU MOOEIU.

Knroueevte cnoea: ouoxcuo eanadus, napamempul (azo8o2o nepexooda, KiacmepHoe NpubnudiceHue,
02PaHUYEHHOe NPOCTPAHCBO
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