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A first-order metal-insulator transition with no change in long-range order occurs in the
mixed oxides (Vy.,Cr,),0; with increasing x (x~ 0,01 at 1 atm and 298 °K) or decreasing pres-
sure (at= 10 kbar for x = 0. 04 at 298°K). In a preliminary letter it was shown that the transi-
tion had all the qualitative features expected of a Mott transition, i.e., a transition from band
to localized behavior. The present paper reports the detailed experimental results. Single
crystals of mixed oxides have been made by reaction of Cry0;3, V,05, and VN in molten KF.
Electrical resistivity and powder x-ray diffraction measurements made as a function of tem-
perature and pressure in oxides with 0 =x =0.12 establish a temperature-pressure-composi-
tion phase diagram with three clearly defined phases: metal (M), insulator (I), and antiferro-
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magnetic insulator (AF).

The I-M transition is marked by a drop of over two orders of mag-

nitude in the electrical resistivity and a discontinuous decrease in volume of = 1.2% with no

change in crystal structure.

For x~ 0.01 the sequence AF— M— I is observed with increas-

ing temperature at 1 atm. At 4.2 K an AF— M transition occurs with increasing pressure

(P=41+6 kbar for x=0. 04).

The phase diagram is compared with other transition-metal ox-

ides, and the differences between the transition in V,03 and VO, are discussed.

INTRODUCTION

It has been known since the 1930’s that there are
two classes of solids.' One class can be described
using Bloch-Wilson band theory, and the second
class, consisting of magnetic insulators, can be de-
scribed using a localized or Heitler-London ap-
proach. These two classes are qualitatively differ-
ent in the nature of the wave functions used to de-
scribe them. The transition from the band class to
the localized class does not require a change inlong -
range order, and it is of interest to determine the
nature of this transition. In 1949, Mott argued that
the long-range Coulomb interaction would cause the
transition to be discontinuous as a function of vol-
ume.? In a subsequent paper, Mott proposed a phase
diagram for a first-order transition between a de-
generate electron gas and a localized antiferromag-
netic insulator at low temperatures.® The qualita-
tive idea of such a sharp, possibly first-order tran-
sition in the nature of the electronic wave function
is often called a Mott transition. Since that time
serious questions have arisen about the possibility
of observing a Mott transition and about being able
to identify the actual driving mechanism in metal-
insulator transitions. A discussion of these prob-
lems can be found in Ref. 4.

There are metal-insulator transitions which are
clearly not related to the Mott transition. For ex-
ample, materials such as Si and Ge have first-or-
der insulator-metal transitions with increasing
pressure. 5 However, these transitions are associ-
ated with a change in crystal structure and both the
insulating and metallic phases are describable by
band theory. Another type of transition which has.
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been discussed theoretically results from a change
‘in band overlap without a structure change. If two
bands either cross or uncross as a function of an ex-
ternal variable such as pressure, thenina pure sys-
tem a metal-insulator transition will occur. In this
casethe weak coupling theory for the Coulomb inter -
action between electrons and holes predicts the ex-
istence of an occluded excitonic phase between the
metal and the insulator at low temperature.® There
are several materials such as Yb and Bi in which a
band uncrossing does occur with increasing pres-
sure. However, no evidence for an excitonic phase
has been found. "'

Attempts to find examples of a Mott transition in
crystalline solids have not beentoo successful. For
example, pressures of 400 kbar have not produced
a transition to a metallic state in NiO.® Disordered
systems such as doped semiconductors do show con-
tinuous changes from insulating to metallic conduc-
tivity as a function of doping. These are related to
a Mott transition and are believed to be associated
with a change from localized to band impurity
states, 2% ]

In 1946 Fdex found that V,0; has a sharp tempera-
ture-induced insulator-metal transition. ! A simi-
lar transition was also found in VO, 11 and these re-
sults were confirmed using single-crystal samples
by Morin. !**3 In each case there are lattice distor-
tions associated with the insulating phase. In addi-
tion, V,0; is antiferromagnetic below the transi-
tion. *-'® These complications make it difficult to
tell if the principal driving force in these transitions
is of the type suggested by Mott. Since V,0; is me-
tallic at room temperature but Cr,O; is insulating,
it is reasonable to ask how the metal-insulator

3734



2 METAL-INSULATOR TRANSITION IN (V,.,Cr,),0,

transition will occur in the mixed oxide system (V;_,
Cr,),0;. Unpublished x-ray diffraction studies of
this system show that there is a smooth variation

in the volume and the c¢/a ratio of the lattice pa-
rameters as x varies from 1.0 to 0.02.'" However,
pure V,0; is markedly different. Also the addition
of small amounts of Cr;O5 to V,03 results in a rapid
increase in the resistivity.!® These studies suggest
that there is an anomalous region in the mixed oxide
system at the V-rich end.

In a preliminary paper19 the existence of a first-
order insulator-metal transition, with no change in
crystal structure, was established in the (V,_Cr,),
O; system, both with increasing pressure and de-
.creasing Cr concentration. It was shown that this
transition has all the qualitative features of a Mott
transition and that it was difficult to explain on other
grounds. A more detailed comparison with the dif-
ferent theories for the metal-insulator transition
has been given elsewhere. 2°

The present paper reports the detailed experimen-
tal results, and it is divided into four sections. In
Sec. Ithe preparation and characterization of sin-
gle-crystal samples of the different mixed oxides is
discussed. X-ray diffraction studies and electrical
resistivity measurements are presented in Secs. II
and III. The different experiments were designed
to establish the general features of a pressure-tem-
perature-composition phase diagram for the (V,_,
Cr,);0; system. Three regions are clearly sepa-
rable: metal (M), paramagnetic insulator (I), and
antiferromagnetic insulator (AF). The electrical
and crystallographic properties of each region are
markedly different, and the different phase bound-
aries can be detected independently by the x-ray and
resistivity measurements. In Sec. II the structural
properties of each region are determined by powder
x-ray diffraction measurements. The AF-M, AF-I,
and M-I transitions are established as a function of
temperature for several different compositions.

The I-M transition was determined as a function of
pressure at room temperature for a sample with 4%
Cr. In addition, the compressibility of V,0O; was
determined. In Sec.III resistivity measurements
were used to determine independently the M-I tran-
sition at room temperature as a function of composi-
tion. Next, the AF-M, AF-I and M-I transitions
were determined by resistivity-versus-temperature
measurements. Finally, measurements at high
pressures were used to establish the pressure-tem-
perature phase diagram for (V ¢Crg,04)203. In Sec.
IV the data are used to construct a three-dimension-
al pressure-temperature-composition phase diagram.
This diagram is discussed in the context of transi-
tion-metal oxides in general, and it is suggested that
M-I boundaries exist in the monoxides, sesquioxides,
and dioxides. Finally, some of the differences be-
tween the temperature-induced transitions in V,O3
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and VO, are discussed. In the Appendix, a tempera-
ture-volume phase diagram for (Vg ggCry, o4)205 is
constructed to show the volume excluded in the dif-
ferent transitions.

In conjunction with the present work, a series of
related studies have been carried out on the metal-
insulator transition. In order to present as com-
prehensive a picture as possible the results are
being published together as a series of six papers
of which this is the first. The second paper reports
measurements which establish that the metal-insula-
tor phase boundary terminates at a solid-solid criti-
cal point for a given Cr concentration.?' The third
reports the magnetic susceptibility as a function of
temperature and Cr concentration.? The fourth
gives the results of NMR experiments on V,03 which
were performed at 4.2 °K as a function of pressure
up to ~ 65 kbar.? The fifth reports measurement
of the nuclear specific heat of V,03 at low tempera-
tures. 2* In the sixth paper a refinement of the crys-
tal structure of the AF phase of V,0; is presented. %
In a separate paper, Brinkman and Rice present cal-
culations on the Hubbard model and discuss the role
of Hund’s-rule energies in the metal-insulator tran-
sition, %

I. PREPARATION AND CHARACTERIZATION OF
CRYSTALS OF V,0; AND (V, .,Cry),0;

V;0; is usually prepared in powdered form by
heating mixtures of V,05+V in sealed tubes or by the
reduction of V,05 by H,. Most of the measurements
reported in the literature on single-crystal samples
were made on crystals grown by the technique of
flame fusion, from a melt of V,05 in a controlled re-
ducing atmosphere, or by hydrothermal methods.
Stoichiometry is difficult to control in these synthe-
ses, In an attempt to overcome this problem a ser-
ies of experiments were performed to test the fea-
sibility of growing crystals out of solution at high
temperatures. Attempts to use VF; as a flux and
grow crystals of V,03 by solution of V,03 in molten
VF; under a protective atmosphere of Ar were un-
successful. Sublimation of the VF; could not be con-
trolled.

Another high-temperature solvent was then sought
and KF was chosen on the basis of its convenient
melting point, its limited reaction with the nutrient
materials, and its high solubility in cold water (a
necessary prerequisite for crystal extraction). It
was also believed that potassium would be excluded
from the lattice of V,05 because of its large size.
The envisioned reaction required a room-tempera-
ture stable compound of vanadium that would then re-
act with V,0; at elevated temperatures to form V,0;.
The V,0; was expected to be transported through the
molten KF and subsequently crystallized by nuclea-
tion and growth at the cooler regions in the crucible.
VN was selected as the vanadium reactant, and it is
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believed the reaction proceeds as follows:

950 °C
KF

2VN + 3V,05 4V,0; + 2NO,, 4.

In practice, we found it necessary to use an ex-
cess of V,05 above that required for the reaction
with VN to produce V;O0;. Some reaction with KF
does seem to occur, producing a transparent green
product which is slightly less soluble in H,O than
KF. We did not identify the green product, although
we presume it to be a potassium vanadium oxyfluor-
ide. A typical run was made by weighing the follow-
ing components (in grams) into a 100-cm?® platinum
crucible. VN=1, 25, V,0;="7.50, and KF =90. 0.
The crucible is placed in an atmosphere controlled tube
furnace, flushed with Ar, then with a small argon
flow the furnace is heated to 950°C. This tempera-
ture is maintained for a period of 72 h. The furnace
power is then turned off and the system allowed to
cool to room temperature maintaining the Ar flow.
The crucible is immersed in cold distilled H,0,
whereupon the flux is rapidly dissolved, leaving the
crystals of V,0;. We found that single-crystal V,04
prepared by this method dissolved extensively when
kept in boiling H,O for a period of hours. Well-fac-

- eted rhombohedral prisms of V,0; 5 mm across
and 1 mm thick could be prepared in this way. The
mixed oxides were prepared by adding Cr,O3 to the
mixture. A distribution coefficient of ~ 2.8 was
calculated for the ratio of Cr to Cr plus V in the
crystals divided by the ratio in the starting mixture.
The size of the crystals in the mixed oxides de-
creases rapidly with increasing Cr content, and the
crystals are less than 0.1 mm for (Vg gCrg,12)20s.

The main problem with this technique of crystal
growth is that the resulting crystals contain small
amounts of occluded VN. The VN is observed both
in x-ray diffraction powder patterns and in *v
NMR. 2" (At low temperatures the resonance from
V203 is shifted to much higher frequencies by the
magnetic ordering, but a resonance corresponding
to VN is still observed.) By increasing the tem-
perature of the crystal growth, the amount of oc-
cluded VN is reduced so that it is no longer detected
by x-ray diffraction methods but it is still observed
by NMR techniques. However, the size of the re-
sulting crystals also decreases with increasing tem-
perature and the growth temperature of 950° C rep-
resents a compromise between crystal size and VN
content.

Attempts to obtain reliable analyses of the crys-
tals have not been completely successful. Typical
analyses by atomic absorption and emission spec-
trographic techniques in weight percent are vanadi-
um 68. 3%, oxygen 30.9%, and nitrogen 1.0%. Stoi-
chiometric V,0; would be vanadium 67.8% and oxy-
gen 32.2%. Because of the presence of VN as a sec-
ond phase, it is not clear what the stoichiometry of
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the oxide is. I all the nitrogen formed stoichio-
metric VN, then the oxide would be V;03, 5. If there
are vacancies in the VN as are always found, for
example, in VO, where 0. 75 < x <1. 30, 2® then the
vanadium-to-oxygen ratio would be more or less than
2:3.05. The over-all cation-impurity content, as
determined by emission spectrographic analysis, is
less than 10 ppm. Since the crystals are of high
purity and since they were all prepared under simi-
lar conditions, a comparison between the properties
of crystals with different Cr concentrations is con-
sidered justified.

In additiontoanalysis of the Cr content, the mixed
oxides were characterized by powder x-ray diffrac-
tion methods. At room temperature all the samples
showed powder patterns compatible with the a cor-
undum structure. The lattice parameters of the
hexagonal unit cell were determined from a least-
squares refinement of the high-angle x-ray diffrac-
tion data obtained from crushed crystals using Cr
Ka radiation and standard Norelco 114, 6-mm pow -
der cameras. The results are plotted as a function
of Cr concentration x for (V,_Cr,),0;in Fig. 1. The
earlier measurements on ceramic samples are
shown for comparison.'” A two-phase region exists
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FIG. 1. Lattice parameters and volume of hexagonal

cell versus Cr concentration at room temperature. Cir-
cles are this work and triangles are from Ref. 17. Inset
shows fraction of expanded corundum structure (I) versus
Cr as estimated from x-ray diffraction powder patterns.
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near x =~ 0. 01 between two corundum structures of
different density. The ratio of the two phases was
estimated from the powder films and it is plotted as
the percentage of the lower density or I (insulating)
phase versus x in the inset in Fig. 1, The two-phase
region suggests the possibility of differences in Cr
content in a given batch of crystals, However, re-
sistivity measurements reported below show a
broadening of the different transitions as a function
of temperature and pressure with repeated cycling.
This suggests that sample strains may be more im-
portant than concentration fluctuations, but this is
by no means clear.

II. X-RAY DIFFRACTION MEASUREMENTS
A. Crystal Structure of Low-Temperature Phase V, 03

V,0; has the trigonal a-corundum structure at
room temperature but distorts to a monoclinic one
at 150-160°K. The x-ray diffraction data were
originally interpreted in terms of a monoclinic dis-
tortion of an orthohexagonal cell?®; subsequently a
c-centered monoclinic cell was suggested. *® Ex-
amination of the corundum structure shows that the
correct conventional monoclinic cell is obtained
from the hexagonal by the matrix

24 N />
Ay 33 3 ay
> | -
by {1 0 OJf 3,].
- 1 2 1 ->
Cu 3 3 — 3 Cy

The most symmetrical space group corresponding
to this cell is I 2/a (space group No. 15%!), Posi-
tional parameters for the distorted structure are

generated from the corundum structure as follows:

a corundum R3c
V(12¢): = (00u; 0,0, u+3)+7h,
0(18¢): (v, 0, 3 0,9, %; v, 0, 3) +7h,
distorted structure I 2/a
V(Bf)- ES (x) Y, 25 é‘ -X% 9, E)*‘ bC,

with x=u, y=0, z=-2u
o(8/):

O(4e): (3, 9,0 +bc, y~3~v.

~1410/2, yx-0/2, zx3+0/2,

Using the positional parameters for the corundum
structure the powder pattern for the monoclinic
phase was generated, and this was used to index the
powder pattern of the low-temperature phase. Pow-
der x-ray diffraction data were obtained at 77 °K
using filtered Cu K radiation and a Materials Re~
search Corp. cryostat attachment for a General
Electric diffractometer. The lattice parameters,
obtained from a least-squares refinement using the
resolvable high-angle reflections, are
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ay=".255+0,003 A, b, =5.002+0.002 A,

cy=5.548+0,002 A, B=(96.75+0.02)°,

The observed and calculated d spacings are listed

in Fig. 2 and the orientation of the monoclinic unit
cell is compared with that of the corundum structure
in Fig. 3.

The nature of the distortion was confirmed by tak-
ing precession photographs of a single crystal which
was mounted with * as the spindle axis. The crys-
tal was cooled by blowing nitrogen gas of the appro-
priate temperature over it. Photographs of the 0%,
hk0, hk2, and hk4 layers of the reciprocal lattice
were recorded using Mo K radiation and Polaroid
film. The spots in the %k0 layer only broadened on
cooling through the transition, and comparison with
films taken 10 °K above the transition showed that
both reciprocal axes were ~ 0, 9% smaller in the
low-temperature phase. In the hk2 and hk4 layers
each spot split to form an equilateral triangle which
was oriented with the corners in the a* directions.
In the 0l projection each lattice row parallel to ¢*
split to form an X (with single spots on one diagonal
and multiple spots on the other), and ¢* was =0. 2%
larger in the distorted phase. A model compatible
with the precession data is one in which the basal
plane tilts with respect to the € axis. As the distor-
tion could equally well occur in any of the equiva-
lent directions perpendicular to the 3 axis, the k&2
and k4 layers show spots corresponding to each
possible ¢* axis. The monoclinic angle can be de-
termined from the size of the triangle and also
from the Okl layer. The parameters calculated
from the single-crystal data (a="7.28, b=4.98,
c=5.55, and B=96.7°) are in agreement with the
more accurate results given above and they con-
firm the unit cell. The expansion of the lattice and
the tilting of the basal plane with respect to the
corundum structure is shown in Fig. 3.

A preliminary least-squares refinement of the
positional parameters was made using the powder
data. The observed and calculated intensities with
I..=1 are given in Fig. 2. Recently, a refinement
using single-crystal data has been done and it is
reported in Ref, 25.

What appears to be a strong piezoelectric re-
sponse is observed on single .crystals of V,0; and
(V0,96Cr0,04)205 in the low-temperature phase using
a Geibbe-Schiebe apparatus. The intensity of the
piezoelectric signal decreases smoothly to below
the limit of detection at = 100 °K. If this represents
a continuous transition to a nonpiezoelectric phase
then the space group at 77 °K could still be centric

(12/a).
B. Variation of Lattice Parameters with Temperature

Powder x-ray diffraction measurements were
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and 02, 16 reflections). The diffraction-angle varia-
tions with temperature were fitted to straight lines,
and the resulting average coefficients of thermal
expansion were a,=20.4 and 19.9x107° and a,
=—8.9 and —8. 31078 using Cr and Cu radiation,
respectively. The average coefficients for V203

made as a function of temperature on samples of
(V,_,Cr,);05 with x=0, 0. 01, 0. 04. Comparison with
Fig. 1 shows that these samples lie on each side of
the discontinuity in the lattice parameters at room
temperature and as close to the discontinuity as
possible. In addition to determining the volume

change at the corundum-to-monoclinic transition at 25 °C are
and the coefficients of expansion in each phase, a 1 /da 6 ount
region of anomalous change was found at high tem- == (ﬁ) =(20.2%0,3)x10"° °K™",
peratures in V;0,, and a temperature-induced tran-
sition similar to that observed with composition was 1 /de 6 ot
found in the sample with x=0. 01. Q=7 (ﬁ) =(~8.6+0.3)x107° °K"".

The x-ray measurements on the samples with
x=0 and 0. 04 were made using the Materials Re- These are in reasonable agreement with the litera-
search Corp. low- and high-temperature attach- ture values of a,=22x10"%and a,= - 5.8%107%.%
ments for a General Electric diffractometer. For No shift of the diffraction angles with temperature
pure V,0,, several diffraction angles were scanned was detected in the monoclinic phase from 77 to
sequentially as the sample drifted up from 170 °K 160 °K. This sets an upper limit on the coefficient
to room temperature using Cr Ka radiation (214 of thermal expansion in the low-temperature phase

and 300 reflections) and Cu K a radiation (054; 300; of <2x10"8°K"1,

d I

h“uex h”uono dnbs dcalc Iobs It:alc il_uex hk)'Mono doba 9eale Iobs Icgl_ﬂ r'M!-lex r‘“Mono obs r’czlc obs cale
101 110 4.109 'R’ 220 422 1.245  1.263 101 11,1 140 613 0.9382 0.9380 5.1 5.1
o1l 3.703 3.703 8.0 87.2 204 1.239 0.9 ou8 oul 0.9259 z.7
012‘<zoo 3.609 3.602  46.4  51.2 033 1.235  1.234 4.2 3.3 0.9192 0.9193 16.0 7.2
002 2.756 2.755  80.5  96.4 3 1217 1.215 1.6 4.6 0.9167 0.9160 5.6 2.5
m“<§n 2.693 2.691 100.0 126.4 300" 323 1.210 1.9 0.9143 0.9143 4.6  10.€
020 2.501 67.5 2237\, 024 1.208  1.207 2.1 1.3 0.9123 0.9124  4.E 2.1
u°<211 2491 [2.&86 178.0 1115.3 <6oo 1.201 2.0 [0.8986 5.7
128 ; 0.897 9.7

206 202 2.325 2.324 7.5 9.2 233 1.197 1.3 0.8969 [3.“
12 2.221 2.220 25.5  20.4 223 521 1.192 1.4 0.6914 9.4
113<Tm 2.204 2.202 26.6  25.7 240 1.181 3.7 0.8674 2.5
310 2.168 2.165 17.5 18.8 312<’22h 1.18 1.181 15.6 10.9 0.8800 {o.eaou 1.3 [5.u

o021 121 2,133 2.142 1.4 3.2 02,10 431 1.175 2.9 0.8801 5.7
202 2.089 2.074 * 1.5 00, 12—\~7%04 1.163  1.162 2.3 3.2 0.8784 0.8785 5.0 4.4
202< 220 2,055 2.054 . 6.2 Bo2 1.153  1.151 3.7 5.2 0.8715 [0.8715 5.3 [5.7
022 1.852 1.852  77.2  69.3 233 1.4 8.5 0.6714 1.3
02“<noo 1.805 1.801  16.0  23.0 13u<ou2 1138 {1.139 13- {u.s 0.8694 0.8705 1.4 1.3
013 1.725 1.724  68.3  58.9 611 1119 117 2.2 3.7 0.8675 0.6
ue<§22 1.706 1,702  54.0  54.9 224 1,110 1.110  10.4 8.1 0.8664 0.8661 19.0 2.2
m 1.675 1.673  43.3  61.2 226<’2'42 1.101  1.101 9.9 9.7 0.8652 0.8658 6.3 4.k

018 213 1.626  1.627 5.0 6.3 620 1.084 1.082 140  10.7 0.8601 7.3
211¥321 1.614 2.7 015 1076 [1.076 10.8 [10.6 0.860 {0.8600 22.2 2.9
Toz 1.596 2.1 21,10 _2u2 1.071 1.9 10,16 811 0.8596 9.7

202 1.597 41.596 5.8 0.5 oue <\ W33 1.057 1.058 1.5 7.8 12,14 \:Eﬁ 0.8534 0.8534 5.0 5.2
)22<031 1,59 2.8 \602 1.056 1.8 515 0.8516 0.8514 4.2 4.8
511 1.573  1.572 4.3 8.0 622 1.048  1.046 4.6 7.5 Im‘“ 0.8512 0.3

213 1.492  1.492  33.0  24.4 aou<“°b 1.038  1.037 4.7 3.0 ‘B2 0.8475 0.8471 6.9  13.0
21u<§31 1.479  1.478  18.5  22.5 440 1.028  1.027 2.6 1.9 /\,253 0.8425 0.8427 7.6 8.5
420 1.463  1.462 16.3 21.4 318 215 1.000 2.4 //813 0.8370 0.8370 1.9 4.9

231 1.481 49,4 32— 150 0.9909 1.5 22,12{L 822 0.8363 1.0
3°o<u02 1439 [1.uge w7 [27.h 01,14—T5 0.9743 0.9744 6.4 4.9 osu {60 0.8334 0.8337 5.6 4.7
125 132 1.419  1.416 1.8 3.5 229 ——\—343 0.9731 1.0 330\ 633 0.8289 0.8287 14.3 13.9
208 oot 1.377  1.377 0.8 1.8 232 —\-622 0.9730 1.3 0.8270 ©0.8278 4.2 2.5
_Eou 1.381  1.3%0 6.8  10.6 Gou 0.9629 1.8 0.8179 0.8182 9.8 8.1
10,107 Ti4 1.33 1.333 2.7 3.2 42y 0.9580 0.9578 12.2 8.0 32,10 0.8149 1.3
T3 1.321 1.320 13.4  24.5 324 251 0.9551 0.9546 8.5 6.7 02,16 S\~T%26 0.8131 [0.8133 13.2 8.3
119<323 1,317 1.317 LR 1.0 251 0.9446 0.9445 6.7 6.9 419 {0‘8133 [LS
312 1.300 1.297 2.4 2.5 631 0.9442 4.6 0.8079 [0.8077 13.7 7.1

220 olo 1.251  1.251 4.8 5.3 140 4u2 0.9423 0.9420 3.6 5.2 422 [o.aoeg [B.a

*Cu 111 from holder interferes

FIG. 2. Comparison of observed and calculated powder x-ray diffraction data for the antiferromagnetic phase of V,0s.
The splitting of the diffraction lines which result from the distortion from trigonal (hexagonal setting) to monoclinic is
shown between the first two columns. The o, and a, peaks are resolved below the hexagonal 134 reflection, and the d
spacings for Cu Ka; (\=1,54051 &) are listed.
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CORUNDUM STRUCTURE OF V, O3

RELATION BETWEEN HEXAGONAL
AND MONOCLINIC UNIT CELLS

METAL (M)— INSULATOR (I)
TRANSITION.
COMPARISON OF V503 (M)
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FIG. 3. Structural relations between different phases
in (V4.,Cr,),03 system. Projection of part of the corundum
structure along the hexagonal ay axis (top). Relation
of the unit cell of the low-temperature phase to that of
the hexagonal unit cell (bottom left). Note the effective
tilting and expansion of the basal plane which results
from the monoclinic distortion. Change in interatomic
distances on going from the collapsed (M) to the expanded
(I) corundum structure with the addition of Cr (after Ref.
53; on bottom right). Note that cy decreases as the V-V
distance along cy increases.

The volume of the rhombohedral unit cell just
above the transition is 98. 61+ 0. 05 ﬁﬁ, and the vol-
ume of the primitive monoclinic unit cell (i.e., %
the body-centered unit cell) is 99.97+0.08 A®.
The percent change in volume at the transition from
the rhombohedral to the monoclinic phase is (1.4
+ 0, 1)% which is between the literature values of
0.6 and 3.5.%

There is an anomaly in V,03 between 500 and 600
°K which is marked by a rise in the resistivity and
a change in the thermal expansion. !!'3® The dif-
fraction angles for the 054; 300; 02, 16; and 32, 10
reflections were measured at different fixed tem-
peratures up to ~'700°K and the lattice parameters
were obtained from a least-squares refinement.
The results are plotted in Fig. 4. The different
symbols are for data taken with increasing and de-
creasing temperature and on recycling through the
high-temperature range. The reproducibility of the
results and the lack of an anomaly in the sample
with x=0. 04 strongly suggest that the anomaly does
not result from a change in stoichiometry and that

METAL-INSULATOR TRANSITION IN (V,.,Cr,),0,

3739

it is an intrinsic property of V,0;. Pseudohexagon-
al axes are shown for the monoclinic phase to em-
phasize the change at the transition. The average
coefficients of expansion were used with the room-
temperature lattice parameters to draw the curves
from 170 to 298 °K and smooth curves were drawn
through the high-temperature points.

Similar measurements were made at low and high
temperatures on (Vg ¢6Crg,04)203. The thermal ex-
pansion is much smaller as can be seen in Fig. 4.
The coefficients of expansion were obtained by fit-
ting the high-~temperature data to straight lines, and
the coefficients at 25 °C are

a,=(8.8+1,0)x10"°K"1,
a,=(3.5+1.0)x10"6°K"?,

The lattice parameters of the monoclinic phase
of the 4% Cr sample at 77 °K are a="7.277+0. 007,
b=4.997+0.005, c=5.540+0.005, and 3=96.74
+0, 05, and they are very similar to those of pure
V;0;. The change in volume at the transition from
the rhombohedral to the monoclinic phase is - (0.1
£0.1)%. This is substantially smaller than the val-
ue of + (1. 4% 0.1)% found for pure V,0s.

Measurements on a sample of (Vg ¢Crg,01)20;5 Te-
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vealed a temperature-induced first-order transition
with no change in crystal structure but a change in
volume. At lower temperatures a second transition
to the monoclinic structure (AF) occurred. In this
experiment the sample was mounted on a copper
disk which was suspended by three thin stainless-
steel wires in a Philips diffractometer. The tem-
perature was varied from 150 to 350 °K by blowing
nitrogen gas of the appropriate temperature over
the sample, and the temperature monitored with a
thermocouple mounted on the back of the disk (the
gradient across the disk was determined in a sepa-
rate experiment). The 300 and 214 reflections were
recorded using filtered Cu K radiation. The volume
calculated from these reflections is compared with
that calculated for V,0; (M phase) and for (Vg4
Crg.04)205 (I phase) in Fig. 5(a). With increasing
temperature a transition occurs and the intensities
of the reflections corresponding to the M phase de-
crease and those of the I phase increase. The hys-
teresis in the transition is shown in Fig. 5(b) where
the fraction of the sample in the V,0;3-like phase,
I(M)/[I(M) +I(1) + I(AF)], where I is the intensity of
the diffraction peak, is plotted versus temperature
for both cooling and warming. The broadness of
the transition may reflect inhomogeneities in com-
position and variations in strain produced in the
sample by powdering and repeated cycling through
the transition. The volume change observed in the
temperature-induced M-I transition is the same
within experimental error as that observed as a
function of composition at room temperature.

C. Variation of Lattice Parameters with Pressure

A transition between corundum structures of dif-
ferent density was found with changes in Cr concen-
tration (Fig. 1) and in (Vg,gCrg,01):0; as a function
of temperature. Resistivity measurements re-
ported in Sec. III show a sharp drop of over two
orders of magnitude at =11 kbar in (Vg gCr,04)203.
In order to determine if this drop in resistivity is
associated with the same type of transition, powder
x-ray diffraction measurements were made on V,0,,
(V,06C%0,04)203, and Ti,0; at room temperature as
a function of pressure up to 50 kbar. Similar mea-
surements on the other sesquioxides with the corun-
dum structure have already been reported. ! Un-
fortunately, the expected volume change is 1-2%
and the experimental error is ~$% so that an un-
ambiguous result is unlikely.

The measurements were made in an opposed an-
vil geometry where the sample in the center of a
crushable boron-filled Epoxy disk is compressed
between anvils, ®® This assembly forms the center
of a Debye~Scherrer camera, Mo Ko radiation was
used and the camera calibrated by comparing the
diffraction pattern at a nominal applied load with a
pattern calculated from the known lattice para-
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meters at 1 atm., The lattice parameters at each
pressure were obtained from a least-squares re-
finement using 6 to 11 observable reflections, and
the results are summarized in Fig., 6. Pure V,04
and TizO3 show smooth variations in lattice param-
eters with pressure. However, the & parameter of
(V0.98Cr,04)205 starts at an intermediate value and
drops to a value close to that of pure V,0; with in-
creasing pressure. The scatter in the T parameter
is much worse than that in E, but each run (open or
closed triangles) does appear to show a rise in €
associated with the drop in 3. The direction and
magnitude of the changes are in agreement with the
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other x-ray measurements reported in Sec. IL
Thus, the transition observed in the resistivity
measurements as a function of pressure is associ-
ated with a volume discontinuity but no change in
crystal structure.

From the data on pure V,03 and Ti,O; one can
calculate the volume dependence of the c/a ratio
and a rough value for the bulk modulus. The pres-
sure scale was obtained by assuming the transition
in the Cr-doped sample at 11 kbar as a fixed point
and by assuming a linear relation between applied
load and true pressure. In one run, NaCl was
added as an internal standard and this gave a max-
imum pressure of 63 kbar instead of the value of
47 kbar given above. However, in a mechanical
mixture of NaCl and V,0; both materials are not
necessarily subjected to the same pressure®*” and,
therefore, the second (NaCl) pressure calibration
is less reliable.

The bulk modulus was calculated using the one-
parameter Birch equation

P=3By [(Vy/ V)3 = (vy/ V)*/3),

where By is the bulk modulus at 1 atm.*® This
equation assumes that the pressure derivative of
the bulk modulus is 4, and it is known to fit a large
body of P-V data. The results are

d1n(c/a)/d InV==0.7 (V,05) and - 0. 3 (Ti,0s),
By=—dP/d InV= 2140+ 500 kbar (V505)
and 1860 500 (Ti;05).

The pressure calibration based on NaCl would
make B, even larger so the error is more likely to
be on the plus side. The values for B, given above
are not unreasonable since By= 2505 kbar® and
2027 kbar? for Al,0; and Fe,0;, respectively.

The values of d In(¢/a)/d In V can be compared
with those for Cr;0; (-0.3), FeO3 (0.0), and
A1,04 (+0.1).** The c/a ratio is much more pres-
sure sensitive in V,0; than in any of the other ses-
quioxides.

III. ELECTRICAL RESISTIVITY MEASUREMENTS

A. Resistivity versus Temperature

The dc resistivity of several mixed oxides was
measured from 100 to 500 °K. The samples were
as-grown single-crystal rhombohedral prisms
which averaged ~3 mm thick (paralled to the T
axis) and ~2 mm across. The resistivity perpen-
dicular to the hexagonal T axis was measured by
attaching four probes to the sample with silver
paste. The temperature was controlled by blowing
heated or cooled nitrogen gas over a block to which
the sample and an Au-0. 07 at. % Fe versus Chromel
thermocouple were attached with General Electric
7031 cement. The constant current used varied

from 0.01 mA in the insulating phases to 10 mA in
the metallic phase. The samples were heated to
500 °K and data collected on cooling at a rate of
~1° per minute, The results depend on the sample
history and are especially difficult to reproduce in
the monoclinic phase. After the crystal distorts,
the lead contact resistance often exceeds the sam-
plesresistance by several orders of magnitude. The
effects of cracks are also difficult to estimate so
that the resistivites in the monoclinic phase are
subject to errors which could be as large as a fac-
tor of 2 to 5. Average area/length ratios were
measured with a filar micrometer and the resis-
tivities are plotted as a function of Cr concentration
at room temperature in Fig. 7. The estimated
errors in the room-temperature resistivities are
~20%. The size of the crystals decreases to <3
mm at the higher Cr concentrations so only a two-
lead measurement was made for samples with
x=0.08 and 0.12. A two-phase region was found
in the x-ray diffraction studies reported in Sec. I,
and this is indicated in Fig. 7. A sharp drop in
resistivity is observed with decreasing Cr concen-
tration as the percentage of the higher density co-
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rundum or pure V,03-like phase increases.

The results of typical resistivity-versus-re-
ciprocal-temperature curves are shown in Fig. 8.
Samples with x>0. 01, i.e., above the two-phase
region in Fig. 7, show large negative tempera-
ture coefficients of resistivity above room tem-
perature with an activation energy of =0. 32 eV.
There is a change in slope above room tempera-
ture which may reflect the onset of intrinsic be-
havior. The sample with x=0. 04 shows an anomaly
on cooling at 180 °K associated with the transition
to the monoclinic antiferromagnetic phase. At lower
temperatures the activation energy for conduction
is considerably smaller (~0.1 eV) than that ob-
served at high temperature. The x-ray diffraction
studies summarized in Fig. 5 show that the sam-
ple with x= 0. 01 transforms to the higher-density
corundum phase, and that a second transition to the
monoclinic phase occurs at lower temperatures.

As shown in Fig. 8, the transition to the high-den-
sity corundum phase is accompanied by a sharp
drop in the resitivity to a value approaching that of
pure V,0;. With repeated temperature cycling the
transitions from one corundum phaseto another tends
tobecome less sharp. Thetransitiontothe mono-
clinic phase is qualitatively different in the sample
with x= 0, 04 from that observed in samples with
x<0.02. In the former case there is no observable
hysteresis, and the transition is continuous. Also
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the sample appears to deteriorate much less on re-
peated temperature cycling. The hysteresis and
sharpness of the transition both increase as x de-
creases from 0.02-0.0. Finally, it should be
noted that the high-temperature anomaly in pure
V;0s is in the direction of approaching that of the
Cr-doped samples with x>0.01. Infact, the ear-
lier work on ceramic samples shows an initial rise
in resistivity near 500 °K followed by a region at
higher temperatures with a negative temperature
coefficient of resistivity.® This maximum at high
temperatures was not supported by measurements
on a single crystal of V,03 which were reported
later, 3
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A temperature-composition phase diagram was
constructed from the x-ray diffraction and resis-
tivity measurements, and it is shown in Fig. 9.
The bar indicates the two-phase region in Fig. 7.
The closed and open circles were obtained from
resistivity measurements on heating and cooling,
respectively. The triangles represent the midpoint
of the transitions as observed by x-ray measure-
ments (Fig. 5). The metal-insulator boundary is
not well determined by resistivity measurements,
as can be seen by comparing Figs. 5 and 8. A
small percentage of the metal phase results in a
large drop in the resistivity. Also, as the M-I
phase boundary is a strong function of concentra-
tion, any concentration gradients or variations in
strain in a crystal would smear out the observed
transition. In contrast to this the M-I and I-AF
phase boundaries are not as strongly dependent on
concentration and on strain and these transitions
are much sharper. Presumably a hypothetical uni-
form, unstrained crystal would show a sharp M-I
transition. A decrease in resistivity suggesting an
I-M transition in at least part of the sample was
observed on cooling in samples with x as high as
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0. 02. Reasonable average curves were drawn
through the data points to suggest the phase bound-
aries. The spread in the different points indicates
the size of the hysteresis that is actually observed.
The results of Fig. 9 are in good agreement with
the M-I surface determined in studies of the solid-
solid critical line as a function of pressure and tem-
perature, 2! and also with magnetic susceptibility
measurements made on the same samples. %

B. High-Pressure Experiments

These experiments were performed to establish
an I-M transition as a function of pressure and to
determine the pressure-temperature phase diagram
of (V,06Crg,04)203. Preliminary experiments using
a standard Bridgman anvil geometry confirmed the
existence of sharp transitions in the resistivity of
over two orders of magnitude in samples with x
=0, 02 and 0.04. Measurements were then made on
the sample with x=0.04. A girdle die with a~0.4-
cm?® sample volume was used to produce pressures
up to =50 kbar in conjunction with a cryostat cap-
able of transmitting applied loads of 300 tons to
a chamber at 4,2 °K."* The M-AF transition in
pure V,0; is very anisotropic in its stress depen-
dence with d7/dS,= - 6.8 K/kbar and dT/dS,= -0.5
K/kbar, where S, and S, are uniaxial stresses along
the 3 and ¢ hexagonal axis of the corundum struc-
ture. ¥ In order to estimate the size of spurious
effects which might be caused by the quasihydro-
static high-pressure apparatus, two crystals were
mounted in the cell; one with the € axis parallel
with the axis of applied load and one with the € axis
perpendicular to the load. Pressure contacts were
made to the samples with platinum ribbons so as to
form a series circuit with the constant current sup-
ply and the voltage drop between the Pt ribbons
measured by separate sets of voltage leads. In the
resulting geometry the resistivity perpendicular to
the T axis was measured in the crystal with the €
axis parallel to the axis of applied load and vice
versa for the other crystal. Disks of the AgCl
pressure transmitting medium were cut out to just
fit the sample and lead assembly. Finally, a Bi
wire was mounted axially in the center of the cell
between the two crystals but insulated from them.
A two-lead resistance measurement was made be-
tween the anvils which contacted the Bi in order to
calibrate the apparatus. A linear relation was as-
sumed between applied load and pressure using the
Bi I-II transition at 25. 4 kbar as a fixed calibra-
tion point.

The experiment was carried out in five steps.
First, the resistivity was measured as a function
of increasing pressure at room temperature up
through the I-M transition as shown in Fig. 10.
Second, the resistivity as a function of temperature
was measured from 77 to 298 °K at 13 kbar (above
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ature for (V, g¢Cr.04)203. Dashed curves are for crystals
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p, was measured. Solid curves are for a second crystal
with ¢ perpendicular to load and p,. Closed symbols are
for first cycle with increasing pressure. Open symbols
are for a complete cycle through the transition after re-
peated cycling through M-AF transition and they show the
general reproducibility of the I-M transition.

the I-M transition) and these results are compared
with those obtained at 1 atm in Fig. 11, Third,
after warming to room temperature the pressure
was increased through the Bi I-II calibration point
and then the M-AF phase boundary was determined
by cycling through the transition with increasing
and decreasing pressure while slowly cooling from
77 to 4.2 °K. The boundary was retraced while
warming and all the results are shown in Fig. 12,
The quasihydrostatic nature of the pressure trans-
mitting medium is evident at low temperatures
where the AF-M transition occurs at a higher pres-
sure for the crystal with the less stress sensitive

¢ axis parallel to the axis of applied load. The crit-
ical pressure for the suppression of the AF phase
is 41+ 6 kbar. For comparison, the dashed curve
is the average M-AF phase boundary for pure

V0;. 2 In the fourth step the reproducibility of the
I-M transition at room temperature, after repeated
cycling through M-AF transition, was established
and the results are compared with the initial cycle
in Fig. 10. The assumption of a linear relation be-
tween applied load and pressure becomes question-
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able at low pressures and this may account for part
of the observed 3—4-kbar hysteresis. The I-M
transition is slightly broader and appears to be
shifted to lower pressures (~10%) by the previous
treatment. In the final step the resistivity was
measured up to 47 kbar (Fig. 10), and the metallic
nature of the samples at these pressures confirmed
by measuring the resistivity from 4. 2 to 298 °K as
shown in the inset of Fig., 12. It must be empha-
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at different pressures for (V;, ¢,Cr, 04203 The symbols
are the same as Fig. 10, The dotted curve with open
circles was obtained at 1 atm after unloading the high-
pressure apparatus, and it shows the deterioration of

the sample from cycling through the transitions and from
the quasihydrostatic nature of the pressure. The inset
shows the resistivity versus temperature above the criti-
cal pressure for the suppression of AF phase.
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sized that these results were obtained on crystals
that are severely strained and cracked from cycling
through the M-AF transition, and that a true four-
probe method was not used (i.e., contact resistance
between sample and Pt foil is included). Conse-
quently, they are only meant to show the qualitative
features of the resistivity above the critical pres-
sure and are not to be compared with earlier mea-
surements on pure V,0; which were done on fresh
crystals using a four-probe method. ¥ More ex-
tensive measurements of the transport properties
are planned.

A few preliminary measurements were made to
establish the existence of an I-M transition at
higher Cr concentrations. The size of the crystals
with x=0.12 was very small and, therefore, a
Bridgman anvil geometry was used. Five to ten
small crystals were placed in a hole in the AgCl
disk between two Pt foils which in turn contacted
the 1. 27-cm faces of the anvils. A two-lead re-
sistance measurement was made across the anvils.
An Isomica gasket was used to contain the AgCl.

In this geometry only sharp changes in the sample

resistivity can be detected and no attempt is made

to assign an absolute resistivity. As shown in Fig.
13, an anomaly does occur at high pressures for a
sample with x=0.12, No anomaly was observed
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FIG. 13. Approximate resistance-versus-pressure
curves at room temperature using Bridgman anvils,
Comparison of sample with x= 0,12 with pure V,0;3 (x
=0, 0) shows transition at ~ 34 kbar relative to Bi in &
=0.12 sample. Resistance normalized to 1 at ~ 6 kbar.

under the same conditions for pure V,03. A rough
estimate of the pressure was made by running a Bi
wire in the same geometry, and the pressure at
which the anomaly occurs in (Vg ggCro,15)205 is es-
timated to be 34 +5 kbar.

IV. DISCUSSION

In this section the different transition-metal ox-
ides are compared, and it is shown that M-I transi-
tions appear to occur in the monoxides, the ses-
quioxides, and the dioxides with increasing atomic
number. A pressure-temperature-composition dia-
gram for (V;_Cr,),03 is constructed, and it is
shown that the lattice and various physical proper-
ties are affected as the transition region is ap-
proached. A comparison of the transitions in V,04
and VO, reveals striking differences. A detailed
comparison of the results with the various micro-
scopic theories has been presented elsewhere. 2

In Fig. 14 the trend in electrical properties is
summarized for (a) the MO compounds with the NaCl
structure, (b) the M,0; compounds with the a-co-
rundum structure, and (c) the MO, compounds with
the rutile structure. In many cases the structures
are slightly distorted as indicated by the shading of
the boxes. The trend in electrical properties is
also indicated by the shading., The electrical re-
sistivity at room temperature is given in the upper
right of each box, but only order-of-magnitude val-
ues are quoted, since the resistivity is very insen-
sitive to impurities. The different temperature-
induced transitions found in the oxides are sum-
marized in the bottom of each box with the type of
transition on the left and the transition temperature
on the right,

In the monoxides there is a change from metallic
to insulating behavior with increasing atomic num-
ber. ¥ All those to the right in Fig. 14 are anti-
ferromagnetic insulators, whereas on the left they
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SC - superconducting, I~ M — continuous insulator-metal
transition, M-I — sharp metal-insulator transition, M~AF —
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are metallic with TiO being a superconductor. %

At one time it was thought that VO had a tempera-
ture-induced metal-insulator transition, but recent
studies have failed to find this transition in well-
characterized material. ?'* In fact, VO changes
continuously from a metal for V,,,0 to a semicon-
ductor for VOy,,.

Turning to the sesquioxides, there is a region of
metallic behavior at the beginning of the series.
Ti,0; is a semiconductor at low temperatures and
changes to metallic behavior in the 400-500 °K
range. > This is not a transition in the thermody-
namic sense. Rather, a model involving continuous
changes in band structure has been proposed to ex-
plain the observed properties. ¢ The addition of a
few percent of V,0;3 to TizO3 produces metallic be-
havior at room temperature which persists to pure
V,0;. 84" The present work shows that a first-order
M-I transition occurs at room temperature at x
=0.01 in (V,_Cr,);03. Since the M-I and M-AF
transitions occur both as a function of Cr concen-
tration and pressure, they should be represented
by surfaces in a temperature-pressure-composition
phase diagram. Combining the curves in Figs. 9
and 12, a three-dimensional diagram was construct-
ed as shown in Fig. 15. If the M-I surface is ex-
trapolated to pure V,03, an M~ I transition should
be expected at 500-600 °K. In fact, the resistivity
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does show a region of anomalous increase in the
direction of approaching the resistivity observed in
insulating samples (Fig. 9). The lattice parameters
also show regions of anomalous change in the direc-
tion of approaching the parameters of insulating
(Vo.06Crg.04)203 (Fig. 4). Finally, the magnetic sus-
ceptibility shows an anomaly as a function of tem-
perature, and it is indistinguishable from the sus-
ceptibility of (Vg ¢6Cro,04)203 above this temperature
region. # The change from metallic to more in-
sulating behavior is continuous and is not a transi-
tioninthe thermodynamic sense. Onthe other hand,
a first-order transition is observed (i) as a function
of temperature in (V, gCrg, 01):05 (Figs. 5 and 9),
(ii) as a function of pressure in (Vg g5Cro,0s)20s
(Figs. 6 and 10), and (iii) as a function of composi-
tion (Figs. 1 and 7). This suggested that the first-
order M-I transition for a given Cr concentration
might terminate in a solid-solid critical point?®
similar to that observed in Ce metal. ** Experi-
ments on several mixed oxides as a function of tem~
perature and pressure have given strong evidence
for a critical line as a function of Cr concentration,
and the M-I surface in Fig. 15 terminates at the
experimentally determined line. 21 Extrapolation to
pure V,05 gives a critical point at — 1.6 kbar and
474 °K and is in agreement with a continuous M-I
transition at 1 atm around 500-600 °K.

1t is worth speculating on the extension of the
phase diagram to higher Cr concentrations and also
to mixed oxides containing Ti. The I-M critical
temperature decreases with increasing Cr concen-

600 L
(Vi.x Crx), 04

400 -

INSULATOR

Temperature (K)
T

 ANTIFERROMAGNETIC
_INSULATOR

FIG. 15. Temperature-pressure-composition phase
diagram showing M-I, M-AF, and I-AF surfaces. M-I
surface terminates at a solid-solid critical line after
Ref, 21. Other boundaries are from Figs. 9 and 11 and
Ref. 42,
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tration and, assuming a linear dependence on x, the
predicted critical temperature for x¥=0. 12 is =200
°K.?' At 300°K, a rather broad transition was
found at =34 kbar in (Vg gCrg,12):0;5 so the critical
temperature may decrease more slowly with in-
creasing Cr concentration. As a sharp I-M transi-
tion occurs at the V-rich end of (V,_Cr,);0; as a
function of pressure, it is reasonable to expect a
similar transition at the Cr-rich end but at a much
higher pressure. Another I-M surface should then
exist as a function of V,03 in Cr;0z. It is not clear
at what pressure and composition the surfaces from
the Cr-rich and the V-rich ends would intersect.

It may be that near the middle of the (V,_Cr,);0;
system the atomic disorder broadens the I-M
transition into a continuous rather than a first-order
transition. In this case the two surfaces will not
meet. At low temperatures it is difficult to predict
the transitions in the pressure-composition plane.
At 1 atm both V;0; and Cr;O;3 are antiferromagnetic,
but they have different crystal structures. The
transition from one structure to the other appears
to be near x= 0.25-0. 30, 2 but an intermediate
phase with a different spin structure may exist as
in the Cr,05—Fe,0; system. *

Figure 15 suggests that the area in the 7-P plane
enclosed by the M-AF boundary is decreasing with
decreasing Cr concentration. This leads to the
speculation that the antiferromagnetic insulating
phase will be completely suppressed in the (V,_,
Ti,);0;. Measurements of the electrical resistivity
on ceramic material support this idea.®'*" We have

1 T T T 1T T T 1
28 |-
(d
>
27
26 TR TN W (R NN T N |
T v Cr Fe Ga
(M;-xMx)203
FIG. 16. c/a ratio for pure and mixed sesquioxides

(M., M’,),04: circles, this work; open squares, Ref. 47;
squares, Ref. 18; triangles, Ref. 17; open circles, Ref.
49; open diamonds, Ref. 50; and diamonds, Ref. 51.
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not yet grown crystals of these mixed oxides in
order to establish the details of the suppression of
the AF phase.

The general picture that emerges from this work
is that a boundary does exist between the two clas-
ses of materials, i.e., those described using a band
or a localized approach. This transition is not,
however, from a good metal to a good insulator.
The properties on each side of the critical com-
position or pressure are affected by the impending
transition. This is clearly seen in the ¢/a ratio of
the lattice parameters. The c/a ratios for pure and
mixed oxides of the form (M;_M’,);0;, where M-M’
are Ti-V, %% y_Cr,!" Cr-Fe, *® V-Fe, *° and
Fe-Ga, *! are plotted against the average atomic
number of M and M’ in Fig. 16. A sharp peak oc-
curs at V,03 and an equally dramatic drop occurs
at Ti;O,. Starting at the right in Fig. 16, there is
a gradual rise in ¢/a ratio with decreasing average
M. There is a clear change in slope between FeyOg
and Cr,0,;, and the c/a ratio increases much more
rapidly until the discontinuity at the transition to the’
metallic state is reached. The discontinuity occurs
at a lower vanadium concentration in the V-Fe sys-
tem than in the V-Cr system.

The increase in the ¢/a ratio as the metallic state
is approached is also seen in the x-ray measure-
ments at high pressure. At the insulator-metal
transition in (Vg ¢6Crg 04203, Fig. 6 shows that c/a
increases sharply. Also with increasing pressure
V;03; becomes more metallic and the antiferromag-
netic-insulating phase is completely suppressed
above 26 kbar. The x-ray measurements show that
¢/a increases with increasing pressure in V,Os.

In contrast, in materials which are not near the
critical region, c¢/a is much less pressure or vol-
ume sensitive; dIn(c/a)dInvV=-0.7 (VQ,), -0.3
(Tiy04), —0.3(Cr;0;), 0.0(Fe,05), and +0.1(AL;05). **
An increase in c/a accompanied by an increase in
metallic character is also observed in Ti;03 at 1
atm with increasing temperature.

These changes in c¢/a indirectly reflect changes
in interatomic distances in the crystals. Refine-
ments of the crystal structures of the corundum
phase of V,0; and (V,9sCr, 04)205° and of the mono-
clinic phase of V,0,%° have shown that the V -V
distances in the metallic phase are shorter or equal
to the distances in both insulating phases. (A
previous speculation that vanadium atoms paired in
the basal plane at the M- AF transition is not sup~
ported by the recent crystal structure refine-
ments. 2°5%) The nature of the changes in inter-
atomic distances on going from V,0; to (V4 ¢6Crg.04)2~
O, at room temperature is shown schematically in
Fig. 2. The V -V distance parallel to the € axis
(across the face of the oxygen octahedra) increases
but the V —O distances remain almost unchanged. *
This results in an expansion of the triangles of oxy-
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gen atoms on the top and bottom of the face-shared
octahedra and a contraction of the triangle in the
middle (see Fig. 3). This in turn results in the
expansion in @ and the contraction in € which is ob-
served in Fig. 1,

In addition to the lattice, many physical proper-
ties show marked changes both at the transition and
over a wide range of concentration and pressure
near the critical region. All the experimental evi-
dence points to a system with strong interactions,
whence reliable theoretical calculations of different
physical properties in this region are very difficult
to perform. Metallic V,0; lies very near to the
critical region for the Mott transition and some of
its physical properties are summarized in Table I,
It is clear that most of the properties are highly
anomalous. All the volume derivatives are large
showing that with decreasing pressure V,0; be-
comes a poorer and poorer metal as the critical
region is approached. Physically it seems reason-
able to expect that as the critical region is ap-
proached both the metallic and the insulating states
would exhibit fluctuations toward the other state.
On the metallic side this might take the form of
spin fluctuations'®2® or on the insulating side the
virtual formation of V2*-V** pairs. It has also
been emphasized by Mott that V,0, is a polar crys-
tal and that electron-phonon interactions might
greatly modify the nature of the transition. 5

Returning to Fig. 14, a comparison should be
made of the transition in (V,_Cr,),0; with those in
the dioxides. VO, is one of the few materials re-
ported in the literature which has as dramatic a
temperature induced M-I transition as V,0;. There
are many materials which show changes in the re-
sistivity of one or two orders of magnitude, 2 but
only V,0; and VO, and perhaps some of the Magneli
phases have sharp changes of >10°. The entropy
changes at the transition in V,03 and VO, are also
similar, but there are also striking differences.
The transition in V,0; is to an antiferromagnetic
phase which, as shown in Fig. 16, is associated
with the M-I transition and the ordering of the re-
sulting local moments in the insulating phase, The
low-temperature phase of VO, is not magnetically
ordered, but there is a lattice distortion associated
with the transition. *® However, the crystal struc-
ture of the insulating phase of VO, is the same as
that of the metallic oxides MoO,, WO,, and ReO,.*’
Figure 14 suggests that the type of M-I transition
which occurs in the (V;_.Cr,),0; system will occur
in the dioxides in the Mn,_,Cr,O, system. In fact,
an anomaly does occur in the c¢/a ratio of MnO,
with increasing pressure. 3* Also a two-phase re-
gion of rutile structures of different densities has
been reported in this system, °® but the Mn-rich
phase was more dense which is surprising. It
should be mentioned that the control of oxidation
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states in these systems is difficult.

Distortions of the rutile structure occur in sev-
eral dioxides (see Fig. 14); however, the mixed
oxides show extended regions where the undistorted
rutile structure is stable.® This suggests that the
interaction that causes the distortions is destroyed
by the disorder in the mixed oxides.

The crystal chemistry of VO, is anomalous
among the dioxides since there are two monoclinic
distortions. At room temperature the addition of
impurities of the form V,_,M,0,, where M=Ti, Cr,
or W, results in a transition from one monoclinic
distortion to another and then to undistorted rutile
with increasing x.%® There is also evidence for
an intermediate distorted phase in VO, between the
monoclinic and the rutile phases as a function of
temperature.®%8! At present, the different phase
boundaries have not been studied in detail, but it
appears that the large change in resistivity accom-
panies the transition from the rutile phase to the
intermediate monoclinic phase in VO,.% As the
temperature range over which the intermediate phase
is stable decreases with decreasing impurity con-
tent, pure VO, may show a single transition.

The monoclinic phase stable at room temperature
is de_rive*d from the tetragonal rutile structure by
4=2Cp, b=A, and =4+ Cx and involves a pairing
of V atoms along the Cj direction. The intermedi-
ate phase involves a distortion of the lattice in the
basal plane of the rutile structure and not along

TABLE I. Properties of metallic V,0;.

Resistivity (uf cm):

1 atm: p=227+1.4T
26 kbar: p=182+0.7T
p=31+0, 04272

(150 < T <350) 2
(200<7T'<300) ®
(T'<50).,P

dlnp/d1InV =30 (basal plane) and 16 (Il ¢ axis) .?
Hall coefficient Ry=2.3%10-% cm®/C (p type) & no change
in Ry at anomaly at 500—-600 °K.
Seebeck coefficient 12 p¥ /°C.°
Magnetic susceptibility ¢ (cgs/mole):

X=2.1%x10"%+1.40/(T +600) (180< T<350)
X=2.1X10"%+1,78/(T +600) (580< T <1000),

Knight shift®f (%):
k=+1,52 - 18.1/(T +684);
no change in %2 at 500-600 °K anomaly:

k=(—=1,0+0,2) +(0,01+0, 005)P
(26 < P<65 kbar and T=4.2 °K).

2Reference 33 value is smaller than given in Ref, 42
because experimental value of bulk modulus is used.

PReference 42.

°Austin and Turner [Phil, Mag. 19, 939 (1969)].

dReference 22.

°Reference 16.

fReference 23.
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(Vy.96CTg.04)205. Shaded area is the volume excluded at
the different transitions. Dashed curves are thermal ex-
pansion at 1 atm of 4%-Cr sample and pure V;05. The
latter is plotted as if it were the 4% sample under a pres-
sure of ~ 13,5 kbar after Ref. 19.

Cz. Choosing the unique monoclinic axis as ¢,

then 3, ~by ~A; and T, ~ ¢ and the monoclinic angle
y is slightly larger than 90° (90.3°-90. 6°). % This
suggests that the traditional interpretation of the
transition in VO, must be modified to account for
the occurrence of one monoclinic phase nested in
another one.

At present there does not appear to be a defini-
tive microscopic theory of the Mott transition. It
is not clear why V,0; and VO, appear to have dif-
ferent mechanisms for their respective transitions.
Also, the Mott transition has been observed with the
addition of Al,O3, Sc;0;, and Fe,O3 to V,0; as well
as Cr,0,. % It is not clear why these ions cause
an expansion of the lattice and an M -1 transition.
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APPENDIX: TEMPERATURE-VOLUME-PHASE DIAGRAM
FOR (V;.96Cr0.04)203

Theoretical calculations are usually done as a
function of volume rather than pressure. An ap-
proximate temperature-volume phase diagram can
be constructed from the temperature-pressure
phase diagram for (Vg eCrg,04)203- The volume at
1 atm as a function of temperature [Fig. 5(a)] is
used as a starting line, Assuming a Birch equa-
tion with By=2140 and assuming that B, is indepen-
dent of temperature, the transition pressures in
Fig. 12 can be converted to changes in volume.
This establishes half of the phase diagram. In or-
der to estimate the excluded volume at the transi-
tion, the observed volume change at the M-I transi-
tion at 1 atm as a function of Cr concentration is
used.?! This is extrapolated to zero at the experi-
mentally determined critical temperature and also
extrapolated smoothly to 77=0.%! The volume
change at the M-AF transition in V,04 is found to
be within 0. 2% of this curve. The resulting phase
diagram is shown in Fig. 17, It was shown that the
effect of increasing pressure and decreasing Cr
could be scaled with a factor of 3. 6-kbar/% Cr.'®
Using this factor the volume-versus-temperature
curve for V,0;3 at 1 atm can be plotted as if it were
(V.06Crg,04)203 under a pressure of ~13. 5 kbar.
One notes that the high-temperature anomaly does
follow the phase boundary and bears a striking
similarity to supercritical behavior in a liquid-gas
system. Also, although at a constant pressure the
sequence AF-M-I can be observed for certain con-
centrations, this is not observed at constant vol-
ume.
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