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Physical properties of V7Qt3 single crystals
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Heat capacity, resistivity, thermoelectric power, and magnetic susceptibility studies are report-

ed for single crystals of V70i3 obtained by chemical-vapor-transport techniques. The entropy

change accompanying magnetic ordering effects at 43.5 K is well below the values calculated on
the basis of charge differentiation. Electrical and susceptibility anomalies are in accord with

theoretical predictions for the prevalence of antiferromagnetic order below 43.5 K. A change in

sign of the Seebeck coefficient as well as sharply dropping resistivity with decreasing tempera-

ture below the Neel temperature suggests the presence of two bands at the Fermi energy.

I. INTRODUCTION

V70]3 is a member of the homologous series
V„O2„ t(n )3), termed Magneli phases, which lie

between V203 and VO2 in the vanadium-oxygen
phase diagram. The V„O2„ i Magneli phases are
composed of VO2-like blocks, separated by crystallo-
graphic shear planes. At the shear plane, one VO2
block is shifted with respect to the next and a layer of
oxygen atoms is left out. The distance between shear
planes varies with n, and provides the means by
which the V/0 ratio changes through the series. An
alternative point of view is that the approximately
hexagonally close packed oxygen lattice is fixed and
that only the filling of octahedral centers with vanadi-
um atoms varies with n. The average valence of the
vanadium varies from 3d for V203 to 3d' for VO2.
In the Magneli phases, the distribution of vanadium
atoms in the lattice is nonuniform. The average
vanadium density is higher at the shear planes than
between shear planes.

Most of the Magneli phases display a metal-
insulator transition at higher temperatures as well as
an antiferromagnetic transition at lower tempera-
tures. ' V70i3 differs from the rest in that no metal-
insulator transition takes place in the range 1.2—1100
K.' The compound nevertheless undergoes a mag-
netic ordering transition near 43 K.'

In agreement with earlier workers we observed a
very large linear contribution to the low-temperature
specific heat. If this term is attributed to electronic
degrees of freedom, then it corresponds to a density
of states at the Fermi energy of 17/eV vanadium and
the Fermi level would then intersect the V 3d band.
On the other hand, NMR and magnetic susceptibility
measurements provide evidence for localized mo-
ments in the high-temperature (HT) phase. These
localized moments would normally be associated with
the V 3d electrons; however, a difficulty arises be-
cause, as noted above, 3d states occur at the Fermi

level. In rare-earth metals this problem is resolved
because the local and itinerant properties are due to
the f and s electrons, respectively. An analogous s-d
assignment for the vanadium oxides runs into prob-
lems. Band-structure calculations for the end
members of the series (VO2 and V203), as well as ex-
perimental evidence indicate that the V 4s levels are
energetically well separated from the d states. NMR
experiments on V70i3 (Refs. 9 and 10) show that the
fractional s character of electrons at the Fermi level is
quite small, if not zero. We suggest this problem
can be resolved by attributing both the localized and
itinerant properties to the V 3d electrons. While the
coexistence of localized and itinerant d electrons in
oxides is not a new concept, " it was not clear wheth-
er or not this idea could be applied to V70i3.

II. EXPERIMENTAL

A. Sample preparation

The V70i3 crystal was prepared in the Purdue
Central Materials Preparation Facility following the
procedure specified by Nagasawa et al." The batch
which was ultimately found to contain the single
"good" V70i3 platelet was originally intended to be
V60ii instead of V70i3. The low-temperature specific
heat of this whole batch was measured by Khattak
et al. '3 and designated by them as sample V60ti (B).
They concluded that this sample was not representa-
tive of pure V60ii due to the large linear term
present at low temperature, which they attributed to
impurities. Later investigation showed that this sam-
ple actually was mixture containing approximately 20
mole'/0 V70i3, 4 mole'k VSOi5, and 76 mole'/0 V60ii.
Several of the platelets were found to be mixtures of
two adjacent phases, as determined by specific heat
and susceptibility experiments done on individual
pieces. One platelet was identified that showed no
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FIG. 1. Plot used to determine the linear contribution to
the specific heat of V70]3.

FIG. 3. Specific heat of V70i3 in the 0—60-K range.

evidence of any phases other than V70i3 in suscepti-
bility, specific heat, and resistivity measurements.
All of the experiments reported here were made on
pieces of this 90-mg platelet.

B. Specific heat

Specific heat (C) measurements in the tempera-
ture ( T) range of 4—380 K were carried out using a
relaxation calorimeter; the experimental details have
been described elsewhere. " A plot of C/Tvs T' in
the 0—16-K temperature range is shown in Fig. 1.
The linear term in the specific heat, as determined by
this plot, has a value of 4.8 && 10~ J/g K . This is in
reasonable agreement with the result of McWhan
et al. who reported a value of 4.2 x 10 J/g K for a
powdered sample embedded in copper dust. To
within our limits of accuracy, '5 we do not observe the

"extra" peak at 9 K which McWhan and co-workers
attributed to impurities. " Figure 2 is the plot of C/T
vs T used to compute the entropy change AS~, asso-
ciated with the Neel transition at 43.5 K. Due to the
large linear term in the specific heat, it is difficult to
provide an accurate estimate of hS~. While the cal-
culated AS~, 1.9 J/K mole V70i3, may be slightly
low, no reinterpretation of the data could be made to
obtain a result even moderately close to the value
calculated on the basis of complete charge differentia-
tion:

AS~ = R (2 ln3 +5 ln2) =47 J/K mole V70]3, (l)

The specific heat versus temperature is plotted in
Figs. 3 and 4 in the 5—380-K range to illustrate the
absence of features at all measured temperatures,
other than the magnetic ordering at 43.5 K. This
suggests that the sample is relatively free of contam-
ination from adjacent Magneli phases.
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FIG. 2. Plot used to determine hSN, the entropy change
associated with the Neel transition at 43.5 K. FIG. 4, Specific heat of V70~3 in the 0—400-K range.
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FIG. 7. Susceptibility of V70~3 in the 0—120-K range.

the number of magnetic ions, z is the number of
nearest neighbors, and p,~ is the Bohr magneton. It
then follows for the effective exchange constant that
zJ/k = —69 K. A comparable value of the exchange
constant (zJ/k = —61 K) follows also from the
Weiss constant using the relation 0 = 2zJS (S + 1)/

3k, where S(S +1) is the value of 1.11 calculated
from the chemical formula.

Figure 8 contains a plot of susceptibility versus
temperature and dX/dT versus temperature in the
critical temperature range. The temperature depen-
dence of dX/dTis similar to the temperature depen-
dence of the specific heat in this region. Both varia-
tions are in accord with the predictions of Fisher~4 for
an antiferromagnetic system of completely localized
moments.
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FIG. 8. Susceptibility and temperature derivative of sus-
ceptibility in the critical temperature range.

The qualitative differences between the susceptibility
and resistivity reported here and those of previous
workers may be attributed to the relatively higher
quality of our crystals.

For the localized moment model, the constant sus-
ceptibility below 38 K can be understood if the crystal
is antiferromagnetic with a very low anisotropy field.
In that case the magnetic moments are always per-
pendicular to the applied magnetic field, so that the
measured susceptibility is Xq, which is constant below
the Neel temperature. The molecular-field approxi-
mation yields Xj = N(g ps)'/4z~ J ~, where g =2, N is

E. Seebeck coefficient

The Seebeck coefficient for a metal depends sensi-
tively on the electronic structure of the metal (the
Fermi surface) and on the manner in which conduc-
tion electrons are scattered when temperature gra-
dients are present. The interpretation of Seebeck
measurements is more obtuse than that of thermal
and electrical conductivities. However, such mea-
surements can be a valuable addition to other data in
understanding the band structure of a metal.

Measurements of the Seebeck coefficient (n) of
+70/3 in the temperature range 30—200 K were car-
ried out in the same dip-tube cryostat as used for
resistivity measurements. The heat winding on the
top end of the copper sample block, previously used
for feedback temperature regulation, was used to es-
tablish the temperature gradient (hT) that generates
the Seebeck voltage (6&). ATwas measured by two
copper-Constantan thermocouples indium-soldered to
the two ends of the sample, mounted so that the ap-
plied gradient is parallel to the natural temperature
gradient in the cryostat. The (mean) temperature of
the sample was measured by a calibrated silicon
diode.

The processing of the 6 T and 4 V signals was done
using an electronic circuit patterned after the one
described by Keem and Honig. The differential
temperature signal was obtained by subtracting the
thermocouple voltages in an analog subtractor con-
structed with low-noise operational amplifiers. The
Seebeck voltage was measured across the sample with
its colder end grounded. Both the ATand 5 Vsignals
were amplified and filtered in closely matched low-

pass continuous averaging filters, The filtered 6 T
and 5 Vsignals were fed into the Land Yaxis,
respectively, of an XYrecorder.

To measure the Seebeck coefficient n, the sample
temperature was allowed to stabilize at a desired
value; power was than applied to the heater. As a
temperature gradient develops and subsequently re-
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III. DISCUSSION

The band structure of oxides is often discussed in
terms of the tight binding approximation. In V70$3,
the V cations are in sites which are roughly oc-
tahedrally coordinated by oxygen anions. The five
degenerate atomic 3d levels are shifted and split by
an octahedral crystal field into t2~ and e~ levels,
which then broaden into bands. Distortions from the

laxes, the XI'recorder traces a narrow loop. (If the
filters in the 6 T and 5 V arms were matched perfectly,
the loop would be of zero width, i.e., a straight line
would be obtained. ) For small applied gradients, n is
given by the slope of the straight line joining the two
ends of the loop.

Seebeck coefficients versus temperature for V70]3
are shown in Fig. 9. The sample used was the one
designated A in Fig. 5, i.e., cut parallel to the plane
of the grown platelet. Anisotropy in n could not be
measured because of the very smal1 dimensions of
sample C. The results shown are at variance with
those of Okinaka et al.27 who reported n =—10
p,V/K in the measured range of 110—300 K. Our
measurements show that o. changes from positive to
negative at about 50 K (TN =43.5 K). The tempera-
ture at which this change of sign occurs is rendered
somewhat uncertain due to the use of copper leads in
measuring the Seebeck voltage, because the phonon
drag effects leads to a peak in the Seebeck coefficient
of copper at about 50 K. Measurements could not
be made below —35 K, both because the thermocou-
ple used lost their sensitivity and because the cryostat
design was not suited for such low temperatures.

octahedral site symmetry further split the degenerate
atomic 3d levels, which subsequently form bands.
This approach correctly predicts the metallic nature of
V70$3 but fails to provide a mechanism for the ob-
served localized moments. Others ' have suggest-
ed that there is presently no theory to account for ei-
ther the metal-insulator transitions or the localized
moments (in the metallic state) of the V Magneli
phases. NMR studies of the metallic state9'o of
several Magneli phases provide evidence for charge
localization at least on the microsecond time scale.
The susceptibility above TN has previously been dis-
cussed' in terms of complete charge localization and
Curie-gneiss behavior. Our susceptibility data also
support the predominantly localized (—87%) delec-
tron picture. Nevertheless a serious discrepancy ex-
ists between this localized moment model and the
results of the specific heat, as the magnetic entropy
change (b S~) is extremely small when compared to
that expected for localized moments. From the mag-
netic point of view the metallic states for all the
Magneli phases have common features and appear to
exhibit well-localized magnetic moments with strong-
ly temperature dependent susceptibility. However,
our experimental results for V70~3 indicate that the
localized magnetic behavior does not imply a large
magnetic entropy. Stated differently, the susceptibility
data fit well to a completely localized moment model
with 87% of the sites participating, while the entropy
of transition suggests that only 4% of the sites are
magnetically active. NMR ' experiments show no
evidence for singlet pairs states, which might other-
wise explain the discrepancy. The large density of
states at the Fermi energy, as measured by both
specific and susceptibility, suggests the presence of a
narrow d band, That this single band could be
responsible for the observed Seebeck coefficient,
low-temperature electrical conductivity, large y, and
localized moments seems unlikely. Indeed, the
change in sign of the Seebeck coefficient suggests the
possibility that at least two bands intersect the Fermi
energy. Since no structural changes occur over the
temperature range in which these effects occur, the
reversal is most probably due to changes in electron
scattering, rather than band structure (effective
mass) shifts. Because this apparent shift in scattering
occurs near the antiferromagnetic ordering tempera-
ture, the scattering mechanism is most probably mag-
netic in origin. While the picture of two or more
bands at the Fermi energy seems to fit most of the
experimental data, the question of entropy in the
Neel transition is left open in this picture, due to lack
of a theoretical model describing such a system. The
coexistence of d electrons in both itinerant and local-
ized states at the Fermi energy represents a case
which is not treated by conventional band theories.
A quantitative understanding of these data awaits
further theoretical work.
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