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The addition of Ti** and Mg?* to V,0; leads to the suppression of the antiferromagnetic insulating phase;
whereas the addition of Ti*t, Zr**, and Fe®* results in a first-order transition from a metallic to an
insulating state. The effect of impurity ions is discussed in terms of the changes they cause in the bandwidth
in analogy with the effect of pressure. The Hall coefficient of metallic V,0; at 4.2 °’K and 20 kbar is
Ry = +(3.540.4) X 10~* cm?/C which is close to the value measured at 150 °K and 1 atm. The residual
resistivity of metallic V,0; is strongly impurity dependent (140 uQ cm/at.% Cr and 35 uQ) cm/at.% Ti).
These results are not completely consistent with current theories for the metal-insulator transition in V,0;
but the best available model still seems to involve a localized-to-nonlocalized transition within the d band

primarily involving orbitals in the basal plane.

1. INTRODUCTION

Vanadium sesquioxide has a sharp first-order
transition from an antiferromagnetic-insulating
phase to a metallic phase at 150-162 °K and a re-
gion of continuous change back to an insulating
state around 500-550 °K. Experiments on the
mixed-oxide system (V,_.Cr,),0; using both tempera-
ture and pressure as variables have shown that the
two temperature-induced changes are related and
that they are part of a more general phase dia-
gram,!-% This diagram, which is illustrated in
Fig. 1, has three clearly defined regions; metal
(M), insulator (I), and antiferromagnetic insulator
(AF). It has been argued that the available experi-
mental results are consistent with a transition from
a highly correlated metallic phase to a phase which
is localized but has polar fluctuations,.* This type
of transition as a function of pressure was origi-
nally proposed by Mott, 58

The generalized phase diagram shown in Fig. 1
shows that there is an empirical scaling of the ad-
dition of Cr®* and a negative pressure. The scal-
ing also appears to hold for the addition of Ti%* and
a positive pressure. In an attempt to understand
the origin of this correlation a series of doping ex-
periments has been carried out with Ti, Zr, Mg,
and Fe. The preparation and characterization of
the different samples are described in Sec. II. In
Sec. III the physical properties of each system are
summarized and in Sec. IV these results are re-
lated to the current theory for the metal-insulator
transition in V,0s.

It is clear that the metal-insulator transition
represents a boundary between sesquioxides which
are good insulators and those which are metallic,
i.e., it is a Mott-type transition. However, a de-
tailed understanding of the transition requires as
a minimum the parameters of a paramagnetic band-
structure calculation and some understanding of
how these parameters change with volume. At

=3

present, we have only qualitative speculations as
to the nature of the band structure,

Even without this information one can make sev-
eral predictions for the properties of the metallic
state near the transition due to the large local spin
fluctuations. With these predictions in mind we
have made a series of measurements of the trans-
port properties of the metallic state. These are
reported in Sec. V. The Hall coefficient in pure
V,0; was measured at liquid-helium temperatures
above the critical pressure necessary to suppress
the antiferromagnetic phase. Also, the residual
resistivity and the coefficient of the 7% term as a
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FIG. 1. Generalized phase diagram for the metal-in-
sulator transitionin V,0;3 as a function of doping with Cr or
Ti and as a function of pressure (after Ref. 3). The
closed and open symbols are for increasing and decreas-
ing pressure or temperature. The metal-insulator
boundary terminates at a critical point which is tempera-
ture and pressure dependent.
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(i METAL-INSULATOR TRANSITIONS IN PURE AND DOPED V,0, 1921
function of doping were measured. These results 1150 °C for 2 h prior to use in order to remove any
are discussed in terms of current speculations on traces of water. Increasing the time of growth to
the nature of the metallic state of V,04 in Sec. VI. 120 h apparently results in dissolution and regrowth
It is concluded that none of the current theories is leading to a crystal 1 cm in the largest dimension
completely consistent with the available experi- and with much less occluded VN, As in the
mental results. V30;~Cr,05 system an appropriate amount of the
IL. PREPARATION AND CHARACTERIZATION oxide of the dopant is ‘added to the starjcing mixture.
OF DOPED V, 0, SAMPLES The actual concentration of the dopant in the crys-
tals is then measured by emission-spectrographic
The methods used to grow crystals of V,05 and techniques. A few representative samples are
also to make ceramic samples have been de- listed in Table I.
cribed.®” The crystals are grown in molten KF by The conditions used to prepare the ceramic sam-
reduction of V,05; with VN. It has been found that ples are also shown in Table I.” The uniformity of
the reproducibility and quality of the crystals is the sample is greatly dependent on the care taken
substantially improved if the KF is premelted at in preparing as homogeneous as possible a starting

TABLE I. Characterization of doped vanadium sesquioxide samples.

Lattice parameters Transition Temperatures
Metal Insulator M-AF
No. Concentration Synthesis Analysis® a(A) c(d) a(A) c(d)  I-AF(K) M-I(°K)
Single-crystal samples
1 0 900°C, 120h M>>>VN 4,951 14,003 150-1628
2 Ti 0.015% TiO,, 950°C, 72 h® M >>>V;30; 4.957 13.997 124-134°
3 Ti 0.025 TiO,, 975°C, 336 h M>»>VN 4,962 13.997 104
4 Ti 0.038 TiO,, 875°C, 102h M>» V304 4,967 13.994 74—-83% None <10008
5 Ti 0.040 TiO,, 975°C, 336h M>VN 4,968 13.994 63 None <650
6 Ti 0.049 TiO,, 950°C, 168 h M>»>VN 31
7 Ti 0.051 TiO,, 930°C, 275h M>»>VN 4,967 13.995 NONE
8 Ti 0.081 TiO,,  950°C, 336h M 4.973  13.993 NONE
9 Zx 0,001 ZrO,, 1000°C, 72h M>»VN
10 Zr 0,002 ZrO,, 950°C, 72h M>»VN 4,951 14,000 150-162°
11 Zr 0.003 ZrO,, 950°C, 72h M>»VN 4.957 14.000 150-164°% 340~4008
12 Zr 0.007 ZrO,, 950°C, 72h M,I»VN 4,960 14,008 5.003 13.952 320~370"
13 Zr 0.013 Zr0O,, 950°C, 72h M,I>»VN 4,961 14,006 5.004 13.925 260~—400"
Ceramic samples
14 1% TiOy® 1000°C, 16 h% M>1 4.954 13,999
15 5% TiO, 1000°C, 16 h M<I 4.956  13.991 4.997 13.925
16 20% TiO, 1000°C, 16 h M>I>» V304 4,960 13.987 4,993 13.916 150-160" <373}
17 2% ZrO, 1300°C, 16 h I>»7ZrO,
18 4% ZrO, 1300°C, 16h I>» ZrO, 4,997 13.912 160 —180" None <670"
19 2% MgO 1000°C, 16 h M>>>V304 4.958 13.945
20 4% MgO 1000°C, 16h M 4,959 13.948 20 — 808
21 6% MgO 1000°C, 16 h M >>>Spinel 4.958 13,986
22 6% MgO 1350°C, 16 h M=~I>>>Spinel 4.960 13.967 4.998 13.891
23 10% MgO 1000°C, 16 h M >Spinel
24 10% MgO 1350°C, 16 h I> Spinel
25 16% Fe,03 1350°C, 16h M> FeyOy 4,975 13.959 <121  190-210%?

#Analysis of metal ion impurity by emission spectrographic techniques. Values are y in (V1 Ti)y0;5 or (V;_Zr,)205.9,.

’In ceramic samples the mole% dopant was taken as the starting ratio.

°Samples 1-13 grown in KF median by reaction of V,03+ VN in argon atmosphere. Dopant added to melt as listed.

dSamples 14—25 fired in Pt boat under argon (No. 25-under nitrogen).

°M-metal, I-insulator. In multiphase samples, proportions indicated by >, <, and ~. Estimates were made from x-
ray powder patterns.

fparameters determined either from Guinier or Debye—Scherrer powder patterns and accuracy is =0.02%.

£Determined from resistivity and/or magnetic susceptibility measurements.

PApproximate range observed in x~ray diffraction measurements.

iOnly 1 observed at 373 °Kbut only ~80% conversion to M before 150 °K.

iIn 16-mole% Fe O3 samples there is M -~I transition on cooling which is opposite to other dopants. At the transition—
a: 4.968—4,997 A, ¢: 13.972—13.924 &, giving AV/V~0.8%.
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TABLE II. Comparison of lattice parameters in
monoclinic phase.

Sample a(d) b(R) c(A) B
x=0.00 7.255(3) 5.002(2) 5.548(2) 96.75(2)
0.038 Cr 7.277(7) 4.997(6G) 5.540(5) 96.74(5)
0.01 Al 7.272(2) 5.002(2) 5.538(2) 96.73(2)
4-mole% ZrO, 7.278(2) 5.003(2) 5.532(2) 96.70(2)
20-mole% TiO, 7.292(3) 5.001(2) 5.536(2) 96.76(2)

mixture before pressing it into a pellet for subse-
quent heattreatment. As discussedbelow, the tem-
perature at which the samples are made has a
marked effect on the properties of the product.

The different samples are characterized in terms
of their position relative to pure V,04 in the gen-
eralized phase diagram shown in Fig. 1. Powder
x-ray diffraction measurements at room tempera-
ture are used to detect a discontinuous change in
lattice parameters which would indicate a M-I
transition as a function of doping with a particular
ion. These results are summarized in Table I and
Fig. 2. Powder x-ray measurements were made
on some samples as a function of temperature using
a Phillips diffractometer and either a platinum-
strip heater or a temperature-controlled stream of
nitrogen gas. Some of the results are shown in
Fig. 3. The temperature range covered was
120-650 °K. One or more of the M-I, M-AF, and
I-AF transitions were detected in several samples
and the observed transition temperatures are re-
ported in Table I. The lattice parameters for sev-
eral samples in the AF phase are compared in
Table II. In addition, the coefficients of thermal
expansion in the M and I phases were determined
during the course of this work and they are listed

in Table III.
The phase diagrams for different dopants and the

character of the different phases can also be
checked independently by magnetic susceptibility
and resistivity measurements as a function of tem-

TABLE III. Coefficients of thermal expansion at 298 °K.

1 (!12.) x106°g L (EL) % 108 K-

Sample No. a \dT c \dT
Metallic phase

x=0,00 20.2+0.3 -8.6+0,3

0.04 Ti 20.4 -5.6

4-mole% MgO 25.56+2,0 -9.5+£2,0

16-mole% Fe O3 15.0+1.0 —-4,4+2,0
Insulating phase

0.038 Cr 8.8+1.0 3.5+1.0

4-mole% ZrO, 8.8+1.0 3.5+1.0

4-mole% ZrO, 11.3+ 2.0 ~0+2
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ferent dopants M at room temperature. The closed sym-
bols are this work; open symbols, Ref. 8. The dashed
curve is for M= Cr after Ref. 2.

perature. These measurements were made as de-
scribed in Refs. 2 and 7 and typical results for the
M-AF transition in the (V_,Ti,),05 system are
shown in Fig. 4. The high-temperature suscep-
tibility of samples, some of which exhibit and some
of which do not exhibit a M-I transition, are com-
pared to that of pure V,0; in Fig. 5. Similar re-
sults for the electrical resistivity as a function of
temperature are plotted in Fig. 6. The generalized
phase diagram (Fig. 1) shows that pressure tends
to make all samples more metallic. Resistivity
measurements versus temperature and pressure
were made for both Ti- and Zr-doped samples in
the apparatus described earlier.?

The results for a sample with x=0.038 Ti and
x=0.003 Zr are shown in Figs. 7 and 8, respec-
tively. The critical pressure for the appearance
of the AF phase with decreasing pressure at 4.2 °K
wags determined by measuring the resistivity;
some results are shown in Fig. 9. The critical
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FIG. 3. Lattice parameters vs temperature for sam-~
ples of doped V,03 showing the M-I transition in a Zr-
doped sample and the absence of a high-temperature
anomaly in a Ti doped sample. The dashed curves are
for pure V,03 after Ref. 2.

pressures observed in both the Ti- and Cr-doped
systems are summarized in Fig. 10.

III. PROPERTIES OF DOPED SAMPLES
A. Titanium

MacMillan made ceramic samples by firing mix-
tures of V,05 and Ti,O; in hydrogen.® His mea-
surements of the resistivity as a function of tem-
perature showed essentially no change in the M-AF
transition temperature but a large decrease in the
resistivity of the AF phase. In a recent prelimi-
nary report it was shown that the M-AF transition
temperature decreased rapidly with increasing Ti
content in our crystals shown by the appropriate
open and closed circles in Fig. 1.® This is clearly
seen in the magnetic-susceptibility measurements
shown in Fig. 4 and the transition temperatures
are given in Table I. According to Fig. 1, if the
addition of Ti moves a sample to the more metallic
side then the anomalies observed in the physical
properties of pure V,03 in the 500-600 °K range
should be absent. The lattice parameter (Fig. 3),
magnetic susceptibility (Fig. 5), and electrical
resistivity (Fig. 6) measurements show a smooth
variation through this region, in contrast to V,0;.

Previous studies established a three-dimension-
al phase diagram for the (V,_Cr,),0; system® and
presented data showing the suppression of the AF
phase in the (V,_,Ti),0; system.® Coupled with the
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data given above, the three-dimensional diagram
can be extended. In Figs. 9 and 10 the critical
pressure for the M-AF transition with decreasing
pressure is 19. 5 kbar for V,03. It should be noted
that P, is lower in crystals grown by our technique
than was found earlier for the crystals grown by
flame fusion (23 kbar).’ This is in agreement with
the difference in Ty ,y at 1 atm for the two differ-
ent materials—150 and 164 °K. In other words the
zero of pressure in Fig. 1 moves to the right or
left as the stoichiometry changes but the over-all
shape of the phase boundary remains essentially
constant. The variation of T)_,y at 1 atm for the
Ti-V-Cr sesquioxides is shown in Fig. 1 along with
the scaled pressure experiments. The different
critical pressures at 4.2 °K are shown in Fig. 10,
As this is a first-order transition, there is a 2-3
kbar hysteresis observed between the transition
with increasing and with decreasing pressure (see
Fig. 7, for example). Part of this hysteresis is
probably experimental in origin and results from
friction in the high-pressure apparatus. The true
thermodynamic-equilibrium-transition pressure is

2.5 I T
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Xy, (107%) (emu/mole)

0.5

(o] 100 200 300
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FIG. 4. Magnetic susceptibility vs temperature for
several samples in the (v, Ti,);03 system. The curves
show the suppression of the metal-antiferromagnetic~
insulator transition temperature with the addition of Ti.
The small drop in X in the sample x =0, 038 at 150 °K is
probably due to a second phase.
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pressure with composition. The experimental er-
rors are fairly large, as shown by the scatter of the
points, so that some curvature or a small change
in slope at pure V,0; is not ruled out. There are
errors arising from the quasihydrostatic nature of
the experiment and this is illustrated in Fig. 10
where the observed P, is dependent on the orienta-
tion of the crystal in the high pressure apparatus.
In addition, the pressure calibration is based on

an assumed linear relation between true pressure
and applied load which is scaled to the transition

in Bi at 25,4 kbar., This assumption is open to
question at low pressures and in fact the M-I tran-
sition observed in the Cr sample with x=0,019 is
1.5 kbar higher than that previously observed in the
piston cylinder apparatus.'

Combining the earlier data and that shown in
Figs. 1 and 10 leads to the three~dimensional
phase diagram shown in Fig. 11. The AF phase
closes out smoothly as one moves from Cr to Ti
doping.

The behavior of the Ti-doped single crystals is
markedly different from that reported by Mac-
Millan.® In growing the crystals it is assumed that
the reaction mixture is sufficiently reducing so
that Ti®**is formed and goes into the lattice sub-
stitutionally. However, both Ti and V can exist
as 3+ or 4+ ions as evidenced by the existence of
both the sesquioxides and the dioxides. 1t is diffi-
cult to prove how the Ti goes into the lattice or
how it is compensated. Chemically, Ti%* is more
stable than Ti®*, and as shown below the addition
of Zr* has a markedly different effect on V,0,
than the addition of titanium to the crystals. It is
known that excess oxygen, like the addition of Ti

200 150 100

T (°K)

1000 400

FIG., 6, Comparison of the electrical resistivity per-
pendicular to the ¢ axis vs temperature for doped samples
of Vy03. The dashed lines for V,0; and the Cr-doped
sample are from Ref. 2. Note presence or absence of
high~temperature transition as in Figs. 3 and 5 and the
low resistivity in the AF phase of the Zr-doped sample.
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FIG. 7. Electrical resistivity parallel to the ¢ axis vs
temperature for (V g6,T1iy, 030)203 at several pressures
showing the suppression of AF phase. Note deterioration
of sample after cycling through the M~AF transition.
Dashed curves are the resistivity at 4.2 °K vs pressure

(upper scale) showing the hysteresis in the M-AF transi-
tion.

to the crystals, suppresses the M-AF transition.
Therefore, it is reasonable to assume that if the
addition of TiO, to V,05 results in an M-I transi-
tion, then the Ti* ion is responsible. Ceramic
samples were made from different mixtures of
V,0; and TiO,. The x-ray studies at room temper-
atures reveal a discontinuous expansion of the lat-
tice with increasing TiO, content similar to that
found for the addition of Cr. X-ray measurements
as a function of temperature in a sample of 20-
mole% TiO, and 80-mole% V,0; still show a M-AF
transition in the range 150-160 °K similar to pure
V.03 and a transition to the I phase somewhere be-
low 373 °K. This strongly suggests that the addi-
tion of Ti%* stabilizes the M phase but that the addi-
tion of Ti** stabilizes the I phase. The present
measurements suggest that the absence of any
large change in the M-AF transition temperature
in MacMillan’s samples may have resulted from
the presence of Ti** instead of Ti%.
The addition of TiO, to V,0; is limited. A phase
isostructural to V305 has been reported for the ap-
propriate mixture of TiO, and V,0,.1 Above the
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limit of solubility a two-phase region will exist and
the x-ray patterns of the 20-mole% TiO, sample
show both a corundum and a V305 phase. A de-
tailed study was not made but the solubility limit
appears to be between 10- and 20-mole% TiO,.

B. Zirconium

Titanium can exist both as a 3+ and a 4+ ion.
In order to establish more clearly the effect of a
4+ ion on V,0; some samples containing Zr** were
made. Zr* is very stable and it is unlikely that the
ZrQ, is reduced in the reaction mixture. Single-
crystal samples do show a shift to the insulating
side as shown in the x-ray (Fig. 3), magnetic-
susceptibility (Fig. 5), and resistivity (Fig. 6)
measurements. In all cases a temperature induced
M-I transition is observed in addition to the M-AF
transition, Unlike the results for the addition of
Cr or excess oxygen, the resistivity in the AF
phase is drastically reduced relative to that in pure
V,0; (Fig. 6) due to a decrease in the activation
energy. The M-AF transition temperature is es-
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0.1

I
« - M

[¢]
108}~ J

(V.997 270.003)293.006

102

10'

RESISTIVITY (Q cm)

100

107

1072

1073

M 7

1074 1 | 1 1 | 1 | |

| [ N B
100 200
TEMPERATURE (°K)

FIG. 8. Electrical resistivity perpendicular to the ¢
axis vs temperature for (V, ggr2r,, 403)203, 005 8t several
pressures showing the suppression of the AF phase. The
resistivity vs reciprocal temperature (upper scale) is .
shown for the two lowest pressures. The anomaly at low
temperatures in the 28-kbar curve may be due to the pres-
ence of superconducting VN as discussed in the text.



1926
104
T T T4 T T
T=4.2°K
103 f— —]
V203
102 }— W ]
10" |- —
—~ 100} 0.019 Cr_|
€
S 0.038 Ti
=
£ o1 0.003 Zr ]
=
14}
(2]
&
1072 }— —
1073 |— —
1074 — -
1075— x -
10-8 N L | 1 | |
0 10 20 30
PRESSURE (kbar)
FIG. 9. Electrical resistivity perpendicular to the ¢

axis (closed symbols) vs pressure at 4.2 °K for doped

Vy03. All curves are for decreasing pressure, the curve
for Ti (open triangles) is from Fig. 7. The two Ti

curves are from two crystals mounted in the high~pressure
apparatus together but with different orientation thus
showing deviations from true hydrostatic conditions in the
experiment.

sentially unchanged similar to the samples con-~
taining Ti**. In agreement with the idea of a com-
mon P-T phase diagram, the critical pressure for
the Zr doped samples is also similar to that of
pure V,0, (Fig. 9). It is interesting to note that
the Zr-doped resistivity data indicate some evi~
dence for a collapsing gap in the insulating phase.
This effect can be seen both in the temperature
dependence of resistivity and the fact that the dis-
continuity at the critical pressure becomes smaller
as the temperature is lowered (Fig. 8). Such an
effect is not seen in pure V,0;.

The resistivity of the metallic phase above the
critical pressure has an anomaly at low tempera-
tures as shown in Figs. 8 and 12. This break was
observed in all three curves taken in the metallic
phase. Since all the crystals are grown under
similar conditions, a sample of pure V,0O; and one
with x=0.003 Zr were run together in the high-
pressure apparatus, A warming curve was re-
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corded at 29 kbar (Fig. 12). The 28-kbar curve
from the previous high-pressure experiment is also
shown in addition to curves from the Ti experi-
ment and a Cr experiment described in Sec. IV.
As can be seen, pure V,0; does not exhibit an
anomaly at low temperatures whereas both the Zr
and Ti samples do. The temperature of the anom-
alies is similar to the superconducting transition
temperature of VN (7.5 °K)!? which is known to be
a trace occluded second phase. The magnetic
susceptibility of many of our single-crystal sam-
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surface terminates at a solid-solid critical line after
Ref. 10,
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FIG. 12. Electrical resistivity perpendicular to the
¢ axis vs temperature for samples of doped V,03 ob-
tained in the metallic phase above the critical pressure
for suppression of the AF phase. Note the large increase
in the residual resistivity with doping. The reproduci-
bility of the experiment is shown by the two curves for Zr
samples from different experiments (open and closed
squares).

ples show a diamagnetic shift near 7 °K which is
indicative of a superconducting transition. This
suggests that the anomalies result from occluded
VN and are not intrinsic properties of the doped
crystals. Further experiments are needed as the
pure V,03 and Cr-doped crystals do not exhibit the
phenomena (see Fig. 12).

The results on ceramic samples are similar to
the single-crystal samples and show a shift to the
insulating side of V,0; in the generalized phase
diagram. In making the ceramic samples of Zr-
doped V,03, a reaction temperature of 1300 °C re-
sulted in a change to the I phase with only a small
residual to ZrO,. However, the work of Foex!'®
and also that of MacMillan® shows that V,03 be-
comes deficient in oxygen at temperatures much
above 1000 °C. It is not known whether this is
also true of the Zr-doped ceramic samples.

C. Magnesium and Iron

It appears from the experiments reported in
Secs. IIA and III B that 4+ ions such as Ti* and
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Zr* stabilize the insulating phase. A few experi-
ments were done on the addition of a 2+ ion in the
form of Mg?*, but the results were not conclusive.
MacMillan made ceramic samples by firing V,05
and 2- and 4-mole% MgO at 1360 °C under hydro-
gen.? His magnetic-susceptibility measurements on
these samples show a sharp reductioninthe M-AF
transitiontemperature which suggests a metallic
shift. Our ceramic samples whichwere prepared at
1000 °C also show a reduction of Ty, (Table I)
and coefficients of thermal expansion (Table III)
which are compatible with the other metallic
phases. With increasing percentages of MgO a
small amount of a spinel phase (probably MgV,0,)
appeared, indicating limited solubility of Mg in
V50, at this reaction temperature. Ceramic sam-
ples (6-10-mole% MgO) made at higher tempera-
tures showed less of the second-spinel phase but an
expanded-corundum or insulator phase was pres-
ent. It seems reasonable that at the higher tem-
peratures more Mg should be soluble in V,05 and
that the resulting sample would be more oxygen
deficient. The observed differences in samples
suggests that both the cation dopant and the oxygen
stoichiometry influence the metallic and insulating
properties of V,0; and that much more detailed ex-
periments will be required to determine the chem-
ical nature of the different impurity centers.

A discontinuity in the lattice parameters in the
(v,.,Fe,);0; system was observed at x»=0. 16 by
Cox, Takei, Miller, and Shirane. This would
suggest an insulating shift and recent Mdssbauer
studies by Wertheim, -Remeika, Guggenheim, and
Buchanan confirm the nature of the transition.®
X-ray diffraction measurements on one of their
samples with ¥x=0. 16 show that there is a tempera-
ture-induced transition (Table I). However, in
contrast to the Cr-, Al-, or Zr-doped samples, the
collapsed-corundum or metallic phase is stable
above the transition for Fe instead of below as with
the others. This shows that the slope of the phase
boundary in a T-P phase diagram has the opposite
sign., Note that in a T-V phase diagram the metal-
lic phase is always the high-temperature phase
even in (V(,'s,(;Cr,,,o.i)QOs.2 Finally, another differ-
ence in the iron system is that the transition oc-
curs at a much higher concentration, namely, x
~0.16 instead of x <0.02 for the other dopants.
The transition is still a sharp function of concen-
tration and temperature, which argues against
giant cluster being responsible for the transition.

IV. DISCUSSION OF DOPING EXPERIMENTS

Considerably more work must be done before
firm theoretical conclusions can be drawn about
the effect of the various dopants on the electronic
structure of V,0;. We shall separate the discus-
sion of the various dopants according to valence,
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since it appears that this rather than ionic size is
the controlling factor. In the case of the Ti* and
Zr** it is not clear how they enter the lattice. It
is possible that the 4+ ions enter the lattice in such
a way as to create random-rutile-type crystallo-
graphic shear planes similar to the corundum
shear planes observed in the Magnéli phases.® 17
These planes would allow the 4+ ion to be compen-
sated locally and may represent planes that hinder
metallic conduction, thus driving the system more
insulating. Random-rutile shear planes offer an
attractive alternative to having V vacancies in the
experiments mixing TiO; and V,03. If such shear
planes existed in metallic V,0,,, one must assume
that the VO, planes are metallic, whereas TiO,
and ZrO, are insulating.

In those cases in which the ion is believed to be
3+, it is reasonable to assume they enter the lat-
tice substitutionally. Some evidence that Fe®* en-
ters substitutionally can be obtained from the fact
that the M8ssbauer data!® show no structure that
can be attributed to local differences in environ-
ment, Assuming that Cr® and Ti®* enter substitu-
tionally, one still can only speculate on the nature
of their effect on the electronic structure of V,0s.

A number of models have been proposed for the
electronic band structure of V,0,'%-%%; at this time
we will limit our discussion to a few minimal state-
ments that can be made. First, it is quite clear
that there is a strong coupling of the electrons in
the bonding orbitals between the c-axis pairs. In
the isostructural compounds Ti,O; and Cr,O; the
experimental evidence is clear. Bonding between
the Ti%* c-axis pairs gives a reasonable explana-
tion of the metal-insulator transition in Ti,04.%
On the other hand, in Cr;Og, while it is clear from
the magnitude of the moment that intra-atomic
Hund’s-rule coupling has broken down the bonding,
there is a large residual interaction between the c-
axis pairs. This shows up in the exchange inter-
action which is anomalously large for /£, orbitals.?
There is likely to be considerable cancellation be-
tween the interaction through the anions and direct
cation overlap so that the magnitude of the total
interaction will be a sensitive function of position.
This sensitivity is seen in Cr® pairs where the
nearest-neighbor exchange integral changes by a
factor of 2 on going from Cr®* pairs in AL,O, 2 to
Cr;05. Thus we conclude that in the paramagnetic
state of V,0, the band associated with the a”
(Goodenough?®) bonding orbitals along the ¢ axis
will probably be lower in energy than the ¢” bands
which come from orbitals which lie in the plane.
Second, judging from the soft-x-ray work of
Fischer? the occupied d bands are several eV
wide. The presence of the crossover transition
from the oxygen 2p levels to the Iy, 111 levels of the
vanadium indicates a sizable covalent mixture of

McWHAN, MENTH, REMEIKA, BRINKMAN,

AND RICE

[~

the d bands with the cation 2p orbitals. Band-
structure calculations on the transition-metal ox-
ides support the view that the 2p-3d covalent mix-
ture leads to bandwidths several eV wide.? In the
AF phase alternative models have the 47 bands
either above®® or below!®!® the ¢ bands. In the
latter model the low value (1.2 ) of the ordered
moment in the AF phase is caused by the trapping
of one electron per V in a filled a¥ band split off
from the ¥ bands. We believe that it is unlikely
that bands several eV wide are crossing one
another in a phase transition below room tempera-
ture as Goodenough®® has suggested. We find it
most reasonable to assume that a substantial over-
lap of the a¥ and e” bands is present at all temper-
atures in V,0;. '

It is difficult on the present evidence to be very
definite about the role of the a”-¢T overlap at the
transitions. The localized-to-itinerant transition
that occurs in V,0, is probably primarily in the 7
band which then induces localization in the o bands
which becomes more complete as one goes from
V503 to Cry0;. This interpretation is consistent
with the expansion in V-V distances in the plane
and along the ¢ axis when Cr is added. The rela-
tionship between the general ideas of the Mott tran-
sition and the detailed nature of the first-order
transition in V,04 and its alloys is not as yet under-
stood.

The simplest explanation of the doping experi-
ments then is that the Cr®* ions are a localized
impurity and that they delete a state from the e”
and a7 bands. It can be shown that deleting a state
from an almost localized band is equivalent to a
band narrowing. Since it is well known that the
Mott transition depends on the ratio of the band-
width to the intra-atomic Coulomb interaction, the
band narrowing will cause a transition to the in-
sulating phase.?® Similar considerations would
hold for AI** and Sc3*. Likewise, Ti%* adds a
slightly larger ¥ orbital to this band and there-
fore causes an increase in the bandwidth and a
movement away from localization. This is con-
sistent with the data but why such a mechanism
leads to the smooth variation as one crosses
through pure V,0; at x=0 in Fig. 10 is not clear.
Finally, assuming the major effect of Cr and Ti
is on the bandwidth gives rise to a natural explana-
tion of the scaling of pressure and doping since
pressure undoubtedly increases the bandwidth.

It has been suggested® that the inhomogeneities
and randomness introduced by the Cr3* ions may
be responsible for the metal-insulator transition
observed at room temperature. This seems to
us unlikely since the phase-diagram studies! 2%
show that the high-temperature anomaly in pure
V.05 is clearly associated with the phase transi-
tion induced by the Cr. For this reason we prefer
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the explanation that the Cr® ions are acting es-
sentially in a uniform fashion and induce a Mott
transition®?! by narrowing the conduction band.

V. TRANSPORT MEASUREMENTS AT LOW TEMPERATURES

A. Residual Resistivity and T* Term

A large T? term was found in the electrical re-
sistivity of the metallic phase at low temperature.®
The original measurements were made on crystals
grown by flame fusion, and they have been re-
peated using the crystals grown by our technique.
The results of four different experiments are sum-
marized in Fig. 13, The top curve is from the
earlier work and the bottom curve is from the ex-
periment discussed in Sec. III and is the same one
shown in Fig. 12, In both these experiments the
sample was surrounded by AgCl to provide a quasi-
hydrostatic-pressure-transmitting medium. In the
two experiments shown in the middle, the samples
were placed in the girdle die in a miniature Teflon
cell containing a mixture of n-pentane -isoamyl al-
cohol. " In this way, a truly hydrostatic pressure
is applied at room temperature and then the pres-
sure-transmitting medium freezes around the sam-
ple on cooling. The only nonhydrostatic stress re-
sults from the differential-thermal contraction on
cooling. The leads were attached to the sample by
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FIG. 13. Electrical resistivity vs T? for different
samples of V,03. The reproducibility of the experiment
is shown for two separate experiments in the center
(open circles and closed squares).

evaporating four chromium-gold dots and soldering
the leads to the dots using tin. The two middle
curves were from completely independent experi-
ments on different crystals from the same batch
and show the over-all reproducibility of the ex-
periment. The quality of the different crystals is
markedly different and the resistivity ratios (paeg/
p4,2) for the curves are, from bottom to top, 65,
39, and 13. Fitting the middle curves below 25°K
with a straight line gives p(uf2 cm)=10+0. 05472,
At higher temperatures, the temperature depen-
dence decreases as seen in Fig. 12, In one of the
hydrostatic experiments a warming curve was also
taken at 24 kbar and the percent decrease in the

_coefficient of the 7% term (B) per percent change

in pressure was dInB/d1nP~0.4. In the earlier
work on the crystal grown by flame fusion, the co-
efficient B decreased by a factor of 2 on doubling
the pressure.®

The residual resistivity p, of the different sam-
ples of “V,05” varies over a factor of 6, and p, in
doped samples (Fig. 12) varies over two orders of
magnitude. It is clear that the residual resistivity
is an extremely strong function of impurity content.
In order to determine the concentration dependence
of py, two Cr-doped samples with x=0,008 and
0.019 [(V,.,Cr,),0;] were run together in the high-
preséure apparatus. The pressure was increased
to 41 kbar at room temperature and then the resis-
tivity measured on a warming cycle from 4,2 K
[the samples were recooled to 4.2 K and p vs P
measured to determine P, (Figs. 9 and 10)]. Even
at these concentrations the resistivity has a T2
term at low temperatures with a coefficient similar
to V,05 as shown in Fig, 14,

The residual resistivities are plotted as a func-
tion of impurity concentration in Fig. 15. The
point for x=0,038 Cr is taken from the earlier
studies. In that work a true four-probe measure-
ment was not made, and an estimate of the correc-
tion for the contact resistance between the Pt con-
tacts and the sample was made from an experiment
on a Zr-doped sample where the correction was
measured directly. Also included in Fig, 15 are
points for x=0,038 Ti and 0.003 Zr. The slope of
po vs Cr is 140 uQ cm/at.% Cr. For Ti an average
of points at x=0.038 and 0. 080 (Ref. 3) gives ~ 35
uRcm/at.% Ti. The point for Zr corresponds to
1000 pf2cm/at.% Zr. These values are much
larger than one finds for typical transition metals
(~10 pQcm/at.%). %

B. Hall Coefficient

The Hall coefficient of V,0; was measured at
20 kbar and helium temperatures in fields up to 9
kG. The nonmagnetic high-pressure die was the
same as the one used in the nuclear-magnetic-
resonance measurements on V,03, and the calibra-
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FIG. 14. Electrical resistivity vs T2 for two Cr-doped
samples. Curves show that T term is unchanged but the
residual resistivity increases rapidly on doping x=0,008
Cr, left scale and x=0.019 Cr, right scale. Both sam-
ples were run together at 41 kbar.

tion of the split-coil superconducting magnet was
based on the 2’Al NMR frequency,?® Two potential
probes were attached to each side of the sample
with silver paste and ultimdtely pressure contacts
were made. Platinum-current leads covered the
ends of the sample. Both dc and ac Hall measure-
ments were made reversing the current and the
field. Similar results for the Hall coefficient were
obtained from both sets of probes and two entirely
different preparations of crystals of V,0;. In the
dc measurements a slight dependence of current
results from sample heating. The average of all
measurements gives Ry =+ (3.5+0,4)x10™ cm?/C.
This value is only slightly larger than that reported
for V,0, at 150 °K and 1 atm, namely, +2,4x10™
cm?®/C, 332 and this shows that the Hall coefficient
is not a strong function of temperature and pres-
sure,

V1. DISCUSSION OF TRANSPORT MEASUREMENTS

Several properties of the metallic state of V;0;,
namely, the large values of the specific heat, the
susceptibility, and the T2 term in the resistivity
have been shown to be consistent with a model of
highly correlated electrons such as would be ob-
tained if the e band of Sec. IV were assumed to be
nearly localized.® In these circumstances each
atom would exhibit localized spin fluctuations which
give rise to the large values of the above proper-
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ties. It has also been argued that although the num-
ber of low-energy spin excitations is large, the
density of charge fluctuations is greatly sup-
pressed® so that even though a Fermi surface ex-
ists the system will act very much like a semimet-
al. This statement has been verified by calculating
the frequency-dependent conductivity in the pure
metal via a Landau-type theory in which the pa-
rameters are obtained from the Gutzwiller ap-
proach to electronic correlation,? However, if one
attempts to calculate the dc conductivity in the lim-
it of weak scattering one finds that ¢=e?Sy L/127°,
where L is the mean free path and Sy is the Fermi-
surface area. The mean free path L is proportion-
al to the inverse of the concentration times the
scattering cross section per impurity. If one as-
sumes the cross section is not larger than the lat-
tice constant squared then the residual resistivity
per percent impurity would not be greater than ~ 10
u cm, contrary to the experimental data in Fig.
14, Tt has been suggested®® that the very large val-
ue of the residual resistivity in the Cr®* samples
can, however, be explained by assuming that an
“insulating” cluster develops around each Cr® ion,
The Cr®* ion then acts resistively in a fashion simi-
lar to the giant magnetic-moment behavior of Fe in
Pd.® In contrast to this, doping with Ti%* would
not lead to insulating clusters and the increase in
residual resistivity is a factor of 4 less than that
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FIG. 15. Residual resistivity vs Cr concentration.
The slope is 140 uQ cm/at.% Cr. The point at x=0.038
is discussed in the text. For comparison, points for Zr
and Ti are included from Fig, 12.
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found for Cr®*,

If one takes the above view then the residual re-
sistivity on doping with Cr®* is consistent with the
abovementioned model of the highly correlated me-
tallic state of V,0;. The measurement of the Hall
constant, however, is much more difficult to un-
derstand since at low temperatures the Hall con-
stant can simply be related to the volume contained
by the Fermi surface. One would then expect that
above the characteristic spin-fluctuation tempera-
ture the Hall effect would be proportional to the in-
verse of the true number of charge carriers and
therefore increase considerably,? The measure-
ments indicate a small temperature dependence to
the Hall constant so that this idea is not consistent
with the data. Clearly, however, in a system as
complicated as V,0; the band structure is probably
sufficiently complex that a proper interpretation of
the Hall constant will have to await a better calcu-
lation.

It should be pointed out that the transport data
are consistent with a model in which an s band or
some other band crosses a localized band and
causes a Kondo-type reduction of the localized mo-
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ments. The localized moments could give the large
susceptibility and specific heat and the 72 resis-
tivity due to their scattering of the conducting elec-
trons. 3¢ Such a model appears to us to be quite un-
likely since the d bands themselves are not expected
to be narrow in V,03 and the 4s bands of the V are
probably a few eV above the occupied ¢,, band. The
latter statement is inferred from the optical data
on AlL,O; which places the oxygen-2p-to-Al-3s
transition edge at 10 eV while the separation be-
tween the oxygen-2p band and the occupied 3d band
as measured by soft-x-ray emission in V,0, is 6
eV. One does not expect the 4s band to move down
appreciably in V,04 since there is not a large dif-
ference in lattice constants.

In conclusion then we feel that a localized-to-
nonlocalized (i. e., Mott) transition primarily with-
in the ¢” band is still the best available model for
V203 .
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