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The monociinic < tetragonal transition occurring at 341 K for VO, vanadium dioxide and the corre-
sponding switching of the optical properties can be affected in various ways by thermal treatments,
substitution, and pressure. The transition in pure or substituted powdered samples is characterized
by thermal analysis (DSC), X-ray (XRD) and neutron (NRD} diffractions, and infrared spectroscopy
{IR). The influence of pressure on the transition is discussed from neutron diffraction experiments at
high pressure. The anisotropic compressibility coefficients in the monoclinic and tetragonal phases
are considered. Some kinetic effects close to T, the transition temperature, have been observed by
X-ray diffraction. The influences of pressure and substitution on the transition are then interpreted

from a classical description of the chemical bonds in VO,.

I. Introduction

The general aim of this study is to test
thermochromic VO, oxides for coating ap-
plications. VO, vanadium oxide is well
known for its monoclinic to tetragonal struc-
tural transition at 7, = 341 K. Many studies
of the properties linked with the VO, struc-
tural and electronic changes are available in
the literature (/—4). This crystallographic
transition is accompanied by a strong varia-
tion in conductivity, magnetic, and specific
heat properties (5—/3%). The insulator state
in VO, can be associated with pairing of
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the single d electrons of two neighboring
vanadium atoms. The basic metal orbitals
are of d2sp*-type with one d orbital having
one electron and two d orbitals available for
7 bonding. In the insulatling state, the gap
between full valency ¢ bands and empty ¢*
or w* bands (E, = 0.7 eV) was extensively
explained in the literature (/6). The metal
state might be described as resulting from
vanishing of such a gap.

Optical properties (/7) exhibit again inter-
esting variations in the range of infrared
wavelengths (1 to 50 um). The band struc-
ture change involves a strong perturbation
in optical transmittance T,.

Several recently published papers on VO,
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layers deposited on various substrates have
revealed some unexplained influence of
these substrates on them (/8-23).

Generally, chemical substitution is used
as a good tool for modifying the properties
of a material through the electron valency
changes or pure size effects due to the sub-
stitution (24-26). Under certain circum-
stances, the latter effects might be consid-
ered as pressure effects and consequently,
the Clausius—Clapeyron relation can be a
useful tool for a systematic interpretation
and prediction of the variations of the T,
transition temperature as a function of dop-
ants or defects (27, 28). This is not the case
if valency changes may occur for both host
and substituting cations. For a cationic sub-
stitution of M (IV) ions by M’ (IV) cations,
an electronic exchange can be observed
with m > 4:

(m — M + M
=M+ (m - HMP. (D)

We report here some new results concern-
ing the influence of pressure and tungsten
substitution for vanadium on the 7, transi-
tion temperature in the case of polycrystal-
line materials.

I1. Experimental Process

I1.1. Preparation of the Samples

The preparation of tungsten-substituted
VO, under powder form has been first con-
sidered using dry processes (solid-state re-
actions). Two main routes were primarily
investigated.

The first route corresponds to a direct
synthesis from VO, and WO, mixtures:

WO, + (1 — VO, = V,_ W,0,. (D)

The mixed oxides are heated in inijtially
evacuated quartz ampoules close to 875 K.
VO, is classically obtained after stoichio-
metric reaction between V,0; and V.0, at
875 K (29).

The second route corresponds to use of
W, V,0,, V,0, and WO, mixtures, under
chemical conditions resulting from the tung-
sten amount:

—for x < 0.20:
W+ 1 4;l:”‘vlo5 5%y o,
=V, WO0,. (lla)
—for x > 0.20:
X I —x Il —x
EW -+ TV205 + TVZO:;
2x
+ WO, = V,_ . W.0,. (lIb)

3

V,0; is obtained by reduction of V,0, by
hydrogen at a temperature close to 875 K
{29). Heating in evacuated silica tubes at
925 K (the T, oxide melting-points are T, =
945 K for V,0, and T, = 2230 K for V,0;)
and annealing at 1075 K have permitted us
to obtain well defined samples of solid solu-
tions V,_,W.0,. In fact, it is necessary to
achieve several cyclings: heating (1075 K),
cooling, then grinding. For high substitution
levels (0.1 < x << 0.5), the final crystal state
can be quickly obtained, but this is not the
case for low tungsten concentrations (x <
0.05). Some typical phases were obtained
for the compositions x = 0.20, 0.25, 0.33,
and 0.50. The phase system above x = 0.50
is so far not fully elucidated.

1.2, Thermal Analysis

The various pure and substituted samples
have been investigated using differential
scanning calorimetry {DSC) in the 290-
420 ¥ temperature range and under air at-
mosphere. A Setaram apparatus, equipped
for analyses ranging between 77 and 773 K,
was used.

The results, reported in Table I, for sub-
stituted samples with x < 0.02 reveal a
strong decrease both in the transition tem-
perature 7T, and in the transition enthalpy
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TABLE I

ENTHALPIES AND TEMPERATURES OF TRANSITION
vs x COMPOSITION IN V,_ W 0, (D.5.C. ANALYSIS AT
P = 1 bar IN THE RANGE 270-420 K)

X 0.000 0.005 0,010 0.015 0.020
Weight {mg) 45.30 3220 31.80 44.40 48.00
AR (k) -mol™ D 4.23 3.40 3.07 2.04 191
Relative errer:
2%
T, (D5C) (K) 339.0 3250 312.6 293.7 282.5
Absolute etror:
0.1 K
T, (XRD} (K) 341(2) 323 (3 315(3) 295 () 280 (3)
Absolute error
105K

Note. The T, (DSC) temperatures are the so-called
on-set temperalures which characterize the beginning
of the transition. The T, (XRD) temperatures are men-
tioned with absolute errors and measured when the
tetragonal and monoclinic phases are both present in
equivalent amounts on the XRD patterns,

AH,. These results give an indication of the
fact that low substitution levels of W induce
a strong decrease in the efficiency of the
transition. The 8T,/8 x ratio is found to be

8T./6x = =27.0 x 10? (K-mol™"). (2)

The experimental enthalpy variation law
is
AH. = —4.20 - 143 x 10°%x +

3.16 x 10°x* (kI-mol™"), (3)

which gives a ratio
8AH./8x = —135.0 (kJ-mol™}).

Figure | represents the enthalpy variation
for cycled samples in the composition range
x = 0to 0.020.

11.3. X-ray Diffraction Study
of the Transition

Each sample has been investigated by
X-ray diffraction on an automatized diffrac-
tometer (Siemens D 5000). Diffraction pro-
files have been analysed to determine the
crystal quality of the samples.

The cell parameters of the monoclinic and
tetragonal phases have been refined using
preliminary graphic analysis (Socabim logi-

cals) and a classical cell parameter refine-
ment procedure.

Evidence of the transitions of the powder
samples is given using first a heating house
made sample holder then comparing the re-
sults with a standard experiment made in a
heating X-ray diffraction camera (high angle
resolution diffractometer).

The samples in the house made aluminium
holder are directly surrounded by airand the
temperature is obtained by direct heating
of the metal holder {thermocouple in the
sample). The calibration of temperature in
the 290-400 K range is obtained using the
well-known transition temperature of VO,.

Some of the refined parameters are re-
ported in Tables II (XRD and ND results)
and III (substituted samples). The variation
of the cell parameters (monoclinic or tetrag-
onal) is represented in Fig. 2. It can be
pointed out that, when substitution takes
place, the cell parameters and the cell jumps
at T, are almost constant (except the ay
parameter linked with the rutile ¢ axis).

A comparison with the thermal data
(DSC)can be done in Fig. 3, where the varia-
tion of T, {XRD) is reported. The experi-
mental variation law is

T.(x) = 338.2 — 2.65 x 10%x (K). (5)

For (V, W)YO, samples, a temperature
range in which two phases exist is observed

4.5
[
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(=]
E [ ]
5
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T
[

= ]
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0.00 Q.01 0.02

x/mol

FiG. 1. Enthalpy of the trapsition from thermal analy-
sis {DSC).



84 RAKOTONIAINA ET AL.

TABLE U

MonocLINIC LATTICE PARAMETERS OF VO, AT DIFFERENT TEMPERATURES AND P = | (X-RAY
DiFFRACTION = XRD) or P = 10 kbar (NEUTRON DIFFRACTION = ND) (ay = 2cg; by = ag: ¢y = bg — g}

Temperature {K) ay (pm) by (pm) cy (pm) B (degree) 10* x v(mY)
294.0 (XRD) 5755 £ 0.3 452.5 £ 0.t 538.6 + 0.3 122.61 + 0.03 118.2 = 0.2
295.0 (NDy §74.2 + 0.4 452.1 £ 0.3 5373+ 04 122.60 £ 0.05 117.5 £ 0.2
3150 (ND) 5743 + 0.4 451.9 £ 0.3 5371+ 0.4 122.58 = 0.04 117.4 £ 0.2
323.0 (XRD) 575.6 £ 0.3 452.8 = 0.1 538.6 + 0.3 122.61 = 0.03 1182 £ 0.2
325.0 (ND) 574.0 = 0.5 452.0 + 0.3 537.2 £ 0.4 122.59 = 0.05 117.4 = 0.3
333.0 (XRD) 5756 £ 0.3 452.7 £ 0.1 538.7 £ 0.3 122.62 = 0.03 118.2 £ 0.2
335.0 (ND) 5745 + 0.4 451.9 £ 0.3 5373 £ 0.4 122.60 = 0.04 117.5 £ 0.2
343.0 (XRD) 570.2 £ 0.3 455.6 £ 0.1 537.4 £ 0.3 122.04 = 0,03 118.3 £ 0.2
345.0 (ND) 5689 = 0.5 454.6 = 0.3 535.6 £ 0.4 122.001 = 0.05 117.5 £ 0.2
353.0 (XRD) 5704 * 03 455.5 = 0.1 537.4 £ 0.3 122.05 * 0.02 118.4 £ 0.2
355.0 (NDy 5704 = 0.5 454.6 £ 0.4 5357 £ 0.5 122.05 = 0.05 1{7.4 £ 0.3
358.0 (XRD) 570.5 * 0.3 4555 £ 0.1 537.5+0.2 122,06 + 0.02 118.4 = 0.1
393 K(ND: P = 1 bar) 5752 0.3 4524 £ 0.1 538.0 = 0.2 122,60 = 0.03 118.0 = 0.1

Note. Experimental corrections have been taken into account in the refinement procedure; the ND and XRD
values have been obtained from different experiments without any calibration. The last ND data at 1 bar have
allowed the direct calculation of compressibility coefficients. The compressibility of the high-temperature phase
is calculated after calibration of the ND experiments to the XRD high-temperature experiments.

close to the transition temperature: the
width of the transition is successively 5, 6,
10, and 15 K for the nominal compositions
x = 0,005, 0.010, and 0.015. The very weak
changes in cell parameters can be explained
as follows:

1. In the metal state, at T > T_, the
W substitution is accompanied by a strong
change in electron wavefunction.

2. In the semiconductor low-tempera-
ture phase, localized clusters of (WST,2V3+)
cations may be formed, but spread in the

TABLE Il

MoNGoCLINIC LATTICE PARAMETERS OF V,_ W 0, AT 290 K (M = MoNOCLINIC PHASE) AND 340 K
{R = RUTILE PHASE) (X-RAY DIFFRACTION FOR P = | bar)

Composition

*x {mol™" ay (pm) by (pm) oy (pm) B (degree) 109 x ¥V (m)

0.005 M 5755 =09 452.2 + 0.5 538.2 = 0.9 122.6 + 0.1 117.8 = 0.6
R 5704 455.6 537.6 122.1 118.4

0.10 M 5752 £ 0.6 452.6 = 0.3 537.7 £ 0.6 122.6 = 0.1 117.9 = 0.3
R 570.6 455.4 537.5 122.1 118.3

0015 M 576.2 = 0.7 4532 = 0.3 538.7 + 0.7 1227 = 0.1 118.4 + 0.4
R 570.6 455.6 537.3 122.1 118.4

0020 M 570.6 = 0.2 455.8 £ 0.1 537.7 £ 0.3 122.0 = 0.1 118.5 = 0.1
R 5711 455.8 537.8 122.1 118.6

Note. The parameters at 340 K (symbol R) of the high-temperature phase are given in the monoclinic

cell representation.
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F1G. 2. Monoclinic cell characteristics as a function of x tungsten concentration: (a) ey parameter.,
{b) by parameter, (¢) ¢y parameter. For all figures the x values are indicated as: O, x = 0.000; A,
x = 00050, x = 0.010; ® x = 0.015; B, x = 0.020; The dotted line represents §7,/6x = —2.7 %

10* K - mol™*,

lattice; electrons are localized in bonds, the
average lattice observed by X-ray diffrac-
tion 1s predominantly that of pure VO, do-
mains (>>98% in volume).

On the other hand, some kinetic effects
have been shown in the 333-341 K tempera-
ture range and below the transition (Fig. 4).
Close to the two first Bragg peaks (111)y
and (011)y, one small peak (noted S) that
does not belong to the monoclinic or rutile
lattices can be observed; it disappears above
the transition temperature but its existence
is not systematic after cycling. This (ran-

sient feature is not clearly understood. Two
interpretations might be proposed:

1. The appearance of a new structure
linked with domain walls due to phase—
antiphase domains or pretransitional ef-
tects: a monoclinic distortion of the tetrago-
nal phase might be in agreement with such
peaks, but it is not possible to conclude
definitely.

2. The appearance of a modulation be-
low the transition and conditioned by the
martensitic character of the phase change
(first-order transition).
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FiG. 3. Variation of 7, as a function of x (XRD and
DSC).

In both cases the kinetics of the transition
seems to be connected with such pretransi-
tional effects.

The transition point was investigated in
details by the simuitaneous presence of the
peaks of the monoclinic and tetragonal
phases on the diffraction patterns. In Fig.
4, both low- and high-temperature phases
are shown with the two new small additional
peaks. In all experiments carried out at the
transition point, a systematic evolution of
the intensities, but not of the angular posi-
tions, was observed when the temperature
was Kept constant (£0.1 K). By heating the
transition is found to be at 341.3 K, while
by cooling it moves down to 339 K. This
hysteresis is less significant than that ob-
served during thermal analysis experiments
{for DSC experiments it is about § K).

Better understanding of such {ime depen-
dent features might be of high interest to
control the optical behaviors for ther-
mochromic applications conditioned by
thermal cycles.

i1.4. Neutron Diffraction
at High Pressure

Several experiments under high pressure
and at various temperatures on a pure VO,
sample were carried out at the I.LL.L. in
Grenoble, using a high-resolution angle dif-
fractometer D, .

The sample was put into a special cell
under | bar and 10 kbar as hydrostatic pres-
sures. In that experiment, only the lattice
of the oxygen atoms could be observed (the
coherent scattering length of a vanadium
atom is zero in the case of neutron diffrac-
tion). The cell parameters at 10 kbar have
been analysed at temperatures varying from
290 to 353 K, surrounding thus the transi-
tion point. In Table II the cell parameters
are reported and a comparison with XRD
results can be done.

The mean compressibility coefficients of
the monoclinic and tetragonal phases have
been calculated from the cell parameters
(ay = 2cg; by = dg; ey = bg — cgp) at,
respectively, T\ = 290 K < T, and T, =
350 K > 7,. In Table 1V, the volume com-
pressibility,

1 aV

= - . 6
Xv vV aP (6)
and its linear components x;y in the mono-
clinic low-temperature phase and y,q in the
rutile high-temperature phase

T=3530K

intensity

Relative

T=310K

(11, |

T=3270K
26.0

D

2xTheta

F1G. 4. Additional peaks or satellites observed from
333 K to 7T, and disappearing above T, in pure samples.
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TABLE 1V
CoOMPRESSIBILITY COEFFICIENTS
(N 107" Pa~l)

Monoclinic cell Tetragonal cell
T < T T, > T,

X[M[UO” = 1.74 Xir = 2,30
xam[100] = 0.66 Xy = 2.40
xm[101] = 1.49

xv = 4.00(0.4) xy = 7.10 (0.7}

Note, The crystal directions of the ru-
tile packing are noted [nvw]. The relative
errors are about 10%.

1 day

XM= ay 9P (7a)
Xmm = 7 é ' ?_; (7b)
Xsm — T i?_; (7c)
k= - )
XR = — E};'% (7e)

are reported (in 107'2 Pa™ 1},

A strong anisotropy is observed for the
monoclinic structure with a [001] direction
(pseudo-rutile ¢y axis} more compressible
than the [100] one. In the high-temperature
phase, always more compressible than the
low-temperature one, the linear coefficients
increase strongly, x;r and x,; becoming
equal. Such a change in elastic properties
has to be directly associated with the elec-
tronic and structural changes with a strong
modification in chemical bonds. It is inter-
esting to note that a similar anomaly is ob-
served on thermal expansion with a thermal
expansion strongly weaker below the transi-
tion temperature than above 7.

The crystallographic changes at T, and
under 10 kbar can be characterized and then

compared with those observed under the
ambient pressure of 1 bar. In the [100] and
{001] directions of the rutile structure (ag,
cg) the following cell parameter jumps have
respectively been observed at 1 bar and 10
kbar:

[100] (ap — by) = +2.5pm,

(ag = by) = +2.1 pm; (8a)
001] an_zzgyz= ~2.8pm,

(2cR_2—aM_> = —2.7pm. (8b)

Thus the effect of pressure on the transition
is anisotropic:

1. Along the rutile [001] axis, at a pres-
sure of {0 kbar, the transition jump is ap-
proximately unchanged.

2. In the square plane of the rutile cell,
such a pressure induces a decrease in the
transition jump,

These results allow us to expect a small
decrease in the transition enthalpy involving
alimited decrease in the quality of the transi-
tion, i.e., in the interesting switching ef-
fects. They clearly show that the transi-
tion amplitude is moderately affected by
stresses, i.€., anisotropic stresses from host
lattices or substrates at the interfaces (grain
boundaries).

I11.5. Infrared Spectroscopy

The change in optical transmittance T,,
characteristic of the thermochromic behav-
ior of our polycristalline samples VO, , was
analyzed using a Perkin—Elmer 559 B spec-
trophotometer in the range 4000-250 cm™',

The samples were classical KBr pellets,
including powdered pure VO, (0.1 wt%) ini-
tially ground to obtain very fine particles.
They had been placed in a house made heat-
ing sample holder. The temperature could
vary between room temperature and 400 K.
The thickness of the pellets was roughly 0.1
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Wavenumber (cm'l)

g 4000 2000 2000 1600 1200 800 400
e (a]:Tl =31Z|H( < T¢
© 80 (5):Ty =353 K> Tc
E 60- (a)
B 40+
7]
b
g 20 (b)
M 25 4.0 6.0 8.0 12.0 50.0

Wavelength (umj}

Fi1G. 5. Transmittance spectra in the 2.5-50 um wavelength range for a KBr pellet having 0.19 of
V0O, as pigment: (a) T, (LT), (b) T, (HT). At low temperature the vibrational bands are clearly character-

ized by a V-0 stretching mode at about 700 cm™".

mm. At the T, transition temperature, it was
possible to quickly cool or reheat the sample
using air flux.

Many cycles were carried out; they have
shown a good reproducibility of the results,
the transmittance behavior being different
for the LT monoclinic phase and for the HT
rutile phase. The typical optical transmit-
tance spectra of these phases are reported,
in Fig. 5, for an incident wavelength varying
between 2.5 and 40 um for 7, = 313 K and
T, = 353 K. They give evidence of some
characteristic features:

l. Above the transition temperature T,
it appears a strong, but quite regular, de-
crease of the transmittance 7. in the range
2.5 to 12 um. A AT, jump occurs within
a small temperature range of about 10 K,
essentially due to the thermal gradient. This
evolution results from the appearance of the
metal state at high temperature.

2. An important modification is ob-
served in the 12-40 wm range. Some vibra-
tional frequency absorption bands {750-
670, 530-510, 450-420, 360-320 cm™'} are
clearly visible at low temperature. They
cannot appear at high temperature due to
formation of a metallic behavior.

Then, W-dopped VO, transmittance has
been investigated as a function of x (x €
[0; 0, 02]. An optical transition is observed

when the structural transition occurs. Using
the experimental values obtained for trans-
mittance above and under the transition, it
is possible to compare the various switching
effects for one wavelength (2.5 um).

In Fig. 6, the relative variation law is then

AT(x) = T{LT, x) — T,(HT, x)

= 0.14 exp(—105x). (9)

II1. Discussion

HI.1. Substitution by W°* Cations

In order to characterize the structural in-
fluence of the tungsten substitution, we have

0.20
® ATix) {mes}

o aT(x} {cal)

0.16

0.12

0.08

ATp(x)

0.04

0.00 T
¢.00 0.01

x/mol

0.02

FiG. 6. Variation of transmittance with x at A = 2.5
pm. A comparison of T, is given, for each x value,
between the monoclinic {(L.T) and rutile (HT) phases.



THERMOCHROMIC YANADIUM DIOXIDE, 1 89

Fig. 7. Modeling of the cell volume for the solid
solution. The best fit is represented under the model
2 {curves 2 and 3); it is compared to the model | calcula-
tion using the uncorrect hypothesis of the sole substitu-
tion by W** cations (curve [ or (A) chemical formula).
The experimental ¥ (x) function has been obtained
from both literature data and our own results (large
black circles).

plotted the relative cell volume variation in
Fig. 7 with

AVe _ Vel -V,

1% Vo ’

(11)

where Vi(x) is the experimental volume ob-
tained from both literature data and our own
results for the tetragonal high-temperature
phase and V, the hypothetical volume of
pure VO, described in a pseudo-rutile form
at 300 K. A clear change is observed in the
slope of the curve AVy/V = f(x). 1t can
be easily explained, in full agreement with
previous works (30), using simple geometri-
cal considerations.

For our approach, we must suppose that,
along the V,_,W.0, solid solution, all dy_g
metal-oxygen distances are quite similar for
a given x value. This proposal is correct
in rutile pure VQ, where each vanadium is
surrounded by six oxygen atoms, four at
d, = 192.4 pm and two at ¢, = 192.9 pm,
giving a mean value of d; = 192.6 pm). So
it is possible to consider a linear relation
between the average value dy_p and the ex-
perimental  values corresponding to the
VH_0 (dye = 192.6 pm), V’T-0 (dy3 =

200.0 pm), WT_Q (dys 193.0 pm),
W*"—0 (dy+ = 199.0 pm) bonds included in
the solid solutions.

For x < 0.333 one can use the linear re-
lation

dy_g = (1 — 3x) dy

+2x-dys + x-dys. (12a)
For x > 0.333 the relation is
3x -1
dyg = T'dw
1 —x
+(1 _x)'dvl+—'dwf‘ (lzb)

2

The HT-phase parameters can then be
written in connection with the O-V-0O
angle, called ¢, {taken equal to 90°) in the
(110}, plane,

ar(x) = V2dyq- [‘ * sin @]

= kl.dV-O! (133)

cplx) = 2dy_q - cos (%) = ki dy_g. (13b)

giving the general expression of a tetragonal
cell volume:

Ve(x) = Bk, d3 . (14)

For the evaluation of the mean M- bond
length as a function of x, we have to consider
two kinds of oxidation states for cations:

1. The normal oxidation states of vana-
dium and tungsten cations which are present
in the rutile compounds might be +4; if this
is true, the electronic formula of the solid
solution should be written as follows (with
an (A) chemical formula):

Vit W03,

i—x

(A)

2. However, the above oxidation states
cannot remain constant (see the chemical
relation (1)). In our case, the typical elec-
tronic transfer is
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2V + WO = WA 4 2V (1V)

which corresponds to the (B) chemical
formula,

v%.:r v?tixw,?+0%_s (B)
the possibility of which being limited to an
x = 0.33 domain. Above this border limit
vatue W'* and W¢&* jons are both present,
giving the (C) chemical formula

iz Wi WiLoi,

l—x

(€)

2 2
which can be written as (D) chemical
formula
(D)

Wi Vit w05,
2 2

where V,W clusters are supposed to be pres-
ent: such a notation is supported by the fact
that a phase V,WO, has already been pre-
pared (3/).

It is possible to obtain the expressions of
Eq. (14) for each chemical formula (A), (B),
and (C) and to plot them in Fig. 7 (respec-
tively represented by curves 1, 2, and 3). In
Fig. 7 a quite good agreement is obtained
between the experimental function and a
modelized one based on redox reactions be-
tween vanadium and tungsten cations
(curves 2 and 3}. Such conclusions are in
full agreement with recent publications (30,
32, 33) in which the authors gave evidence
of W¢*~0 bonds and W"—V>* pairs.

IIT.2. Prevision of the Influence
of Stresses

Influence of the interfaces. In the case of
VO, thin layers, the stresses at the inter-
faces have generally been considered as
high enough (34). A simple approximation
for such stresses o can be obtained from the
relation

{15)

with E being the appropriate elastic constant

ag=¢FE,

and ¢ the deformation due to the difference
in interatomic distances between VO, and
the substrate after cooling (or quenching)
from synthesis temperature to room temper-
ature.

A good value of ¢ can be evaluated from
the «; thermal expansion coefficients of the
two materials (substrate and coating)

acou)' [Tup - Tlow]’ “6)

where T, is the high temperature reached
by the materials during deposition (T, =
773 K)and T, is the low temperature after
cooling or quenching (under these condi-
tions, ¢ € [0.04-0.08]).

An indication of the E value can be ob-
tained from the compressibility measure-
ments considering that it is approximately
of the same order as the reciprocal com-
pressibility coefficients of the crystal. In our
case, E will be taken equal to x ! = 2.5 x
10" Pa.

So we can consider that the interface
stresses are about § = 10-20 kbar. They
might affect the transition by decreasing its
amplitude and thus damaging the efficiency
of the material. For VO,, previous data
show a pressure dependence of T, (35):

€ = (asuh -

8T,

e — —4
P 5% 10

(K-bar™h. (17
So, for a finite increase of pressure equal to
the E minimum value (AP = + 10 kbar), we
have to expect a decrease in the transition
temperature A7, = -5 K.

Influence of atomic size. A tentative ap-
proach is now possible again to understand
the complex influence of pressure and sub-
stitution on switching optical properties. In
the case of stable 4 + cations (i.e., Ti**) the
role of the cation size can be compared to
an internal pressure effect.

When the radius of the substituting cation
is larger than that of the host cation, the
pressure changing is positive (8P > 0}. So,
as 87./8 P is negative, it is possible to predict
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that the transition temperature will be
lowered.

For unstable cations (W**, Nb**, .. .} the
role of the cation size is negligible: that of
the electron transfer (doping level) is promi-
nent, at low temperature, with formation of
V3* and Wb (or Nb**) ions (36, 37). In that
case, the substitution of 1% of V by W atoms
in the VO, lattice corresponds to 3% of
global defects. With our own determination
of the transition temperature decrease in the
case of a W substitution, the composition
dependence of T, has been given by Eq. (2).

Using elastic approximations it is now
possible to distinguish the influences of size
effects and electron doping. For a W substi-
tution, and taking into account that both V3*
and Wb cations are present, the local stress
o can be given by the approximate relation

Ad

7’
where C represents a local elastic data.

Using the hypothesis that the C value has
to be identified to the Eone, and considering
simultaneously our compressibility mea-
surements (E = 2.5.107'" Pa), the mean
bond length in the HT phase (¢ = 200 pm)
and its variation due to foreign cations
(Ad = 5 pm), the local o value might be
about o = 120 kbar. However, the o value
resulting from this approximation has to be
corrected to involve the mean composition
in W. For a composition x = 0.010 (1% W),
the AP = ¢ value would only be [.2 kbar:
the resulting (ransition temperature change
should be AT, = —0.6 K instead of AT, =
—27 K as observed here.

This well illustrates the prominent role of
electron transfer in the transition tempera-
ture variations.

og=C (18)

L3 Modeling of the Transition

Wilhin the classical model proposed by
Goodenough (25), the five & orbitals of V4*
cation can be considered as bound to oxygen
ones in the following couplings:

—o and 7 couplings are generated respec-
tively from the 4,, + 4. orbitals and from
the d., and d,, orbitals of V**,

—one V-V coupling noted d|| (or #,, band)
is generated using the last d,:_ 2 orbital of
the next neighboring V** cations along the
chains of octahedra parallel to the rutile cg

axis.

This last coupling is directly at the origin of
the metal behaviour of the rutile phase.

In the monoclinic phase the distortions of
chemical bonds V-O and V-V are illus-
trated in Fig. 8 by an irregular environment
of the V, atom with very different bonds
(16, 38):

—single bonding with V —-0O] = 205 pm,
V-0, = 201 pm, V-0, = 203 pm

—twofold bonding with V,—O, = 176 pm

—mixed bonding with intermediate dis-
tances V-0, = 187 pm and V-0O; =
186 pm.

In the crystal, there is a 7 delocalization
centered on four atoms V,-Q,-V|-0; in
Fig. 8, it is represented by dotted circtes.

As a consequence, alternate zones noted
{+) or (=) clearly appear: the symbol (+)
permits to visualize the 7 delocalization. In
the neighboring chain, the same alternative
(+) and (—) zones are present: however,
due to the rutile structure, a shift clearly
appears along the ¢p rutile axis.

Such a representation gives a direct evi-
dence for two possible sequences of distor-
tions in the rutile structure:

1. Along the rutile cg axis, alternative
(+) and {—) zones and direct V-V bonds
induce the 2-X superstructure vector:

aM = 2CR'

2. In the (a, + bg) direction, i.e., in
the plane perpendicular to cg axis, such al-
ternative {+) and (—) zones induce a new
period corresponding to two vectors:

by = uag and €y = dp — CR.
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FiG. 8. Chemical bands in the rutile type related structure of VO, at T < T,. Plane representation
of chemical bond arrangements with (+} and (—) zones. The (+) zones are those in which double
bonding can occur. The superstructure is then evidenced using the dotted circle periodicity. Distances
are given in pm.

Such a model is in full agreement with the
experiments. It can be applied to all our
present observations.

When thermal activation occurs with in-
creasing temperature up to 7., the change
in electron distribution may correspond to
a delocalization of the V-V bonds along the
cg axis (in fact the splitted 7| and #* bands
are changed into a single band which leads
to metallic behavior).

If it is assumed that the double bonds as-
sociated with the covalent V-V bonds in-
duce a distortion of the oxygen octahedra
in the cg direction (change in V-O=V
angle), the strong decrease in the ¢y, param-
eter and the strong increase in by, corre-

spond to vanishing of such distortions in the
metaliic state.

In other words, in the chains along the
rutile ¢, axis, some octahedra are abnor-
mally elongated at T << 7., thus involving
direct contact between oxygen in the [101]g
rutile structure directions; for T > T, the
octahedra are regular and no short 0-0 dis-
tance is present,

Such a description allows better under-
standing of the present experimental vari-
ation,

AUM - _2 AbM,

which is mainly due to the angular modifica-
tion of octahedra.
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In addition it is possible to interpret the
variations of the elastic properties:

1. The pseudo-rutile ¢y axis is more
compressible in the low-temperature phase
than in the high-temperature phase, because
some oxygen octahedra (those of the ()
zone) are abnormally elongated in the insu-
lating phase.

2. As a consequence of these distor-
tions, the rutile {100}, directions are less
compressible because of the existence of
short O-0 and V-V distances.

3. In the metal state, octahedra are reg-
ular: no abnormal repulsive short O-0 dis-
tance is observed. Thus the average com-
pressibility coefficients of the rutile lattice
may be expected to exceed those of the insu-
lating phase.

IV. Conclusion

In this investigation, it was clearly shown
that the switching properties of the vana-
dium dioxide could strongly be modified by
certain substituting cations. However, the
substitution of V4~ by W®* cations does not
affect the cell parameter jumps at T_, at least
inthe compositionrange 0 < x < 0.02. More-
over, pressure effects including interface
stresses or size effects due to substituted
cations themselves are expected to be quite
negligible.

The main feature observed in this study
is the significant switching infrared transmit-
tance of the 19 substituted samples (x =
0.010). In those conditions thermochromic
substituted samples having a transition tem-
perature T, of 313 K, seems to be quite
worthwhile for coating applications.

Another interesting feature must be now
clarified: what is the exact origin of the addi-
tional satellites observedjust below the tran-
sition temperature in pure VO, samples?
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