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The electronic contribution to the heat capacity of Vy 4703, V7043, and Vy gWj,140, is very
large, withy=(130+3), (80+5), and (80+5) x10™ cal K-2/mole V, respectively, Comparison
of effective masses calculated from the heat capacity, magnetic susceptibility, and optical
properties suggests that the mass enhancement results mainly from spin fluctuations in a

strongly correlated electron gas. The magnetic contribution to the entropy of V,0; at 53 K

is 0.32 cal K~!/mole V.

Many temperature-induced metal-insulator tran-
sitions occur in oxides of vanadium! and titanium. 2
In V,04 the insulating phase is antiferromagnetic
(AF),! whereas in VO, the insulating phase does not
order magnetically down to 1.7 K.® In the Magneli
phases V,0,,.;, where 3<n<8, the metal-insulator
transitions and the magnetic ordering occur at dif-
ferent temperatures.* The available data are sum-
marized in Fig. 1.° It is clear that the properties
of the oxides containing (a) two d electrons per cat-
ion (V,0,), (b) one d electron per cation (VO,), and
(c) a mixture of cations with one or two d electrons
(V,0,,.1) are markedly different. By selecting ox-
ides with specific stoichiometries or appropriate
transition-metal impurities, it is possible to ob-
tain samples from each of the different classes
which are metallic or insulating at low tempera-
tures. Measurement of the heat capacity of these
oxides will provide insight into the nature of the
metallic states and also some information about the
magnetic contributions to the heat capacity and the

driving force behind the metal-insulator transitions.

In previous studies it was found that the AF insulat-
ing phase of V,0; could be suppressed by the ad-
dition of Ti,03 and a large linear term in the heat
capacity was observed in the metallic phase.® The
AF phase is also suppressed with excess oxygen, ’
and in the present work the heat capacity of metal-
lic V4,4;0; is compared with that of V,03. V;045
remains metallic down to 2.5 K (see Fig. 1), and
its heat capacity is compared with that of V,0;,
which is insulating at low temperatures. Finally,
the insulating phase of VO, can be suppressed by

the addition of WO,, and the heat capacity of metal-
lic Vy,86W0.140; is compared to that of VO,. In all
cases the metallic phases are found to have greatly
enhanced electronic contributions to the heat capac-
ity. Possible origins of this enhancement and
their relationship to the metal-insulator transitions
are discussed. The magnetic entropy of V,0; is
related to the crystal structure of the insulating
phase.

I. SAMPLE PREPARATION
Vl .97 03

A single crystal was grown by the vapor-trans-
port method using TeCl, ® and a powder sample of
V1.9:03. The powder sample was made by heating
the appropriate mixture of V,0z3and V,0; in an evac-
uated quartz tube at 600 °C for three days and then
at 1000°C for seven days. A Guinier x-ray powder
pattern taken on crushed crystals showed the corun-
dum structure with a=4.948(1) A and ¢ =13.989(2)
A. X-ray measurements were made relative to a
Si internal standard at 4.2 K using a Philips dif-
fractometer and an Air Products Cryotip attachment.
The lattice parameters at 4.2 K are a =4.932(1) A
and ¢ =14.002(3) A. As in previous studies on pure
and doped metallic V,04, the ¢ axis contracts on
warming.® This probably reflects an expansion of
the V-V interatomic distance with decreasing c/a
ratio as in the case of Cr-doped V,03.'° The elec-
trical resistivity was found to decrease smoothly
with decreasing temperature with pygs~ 2x10™3
Qcm and pygs/ps,z~ 3. No anomalous rise in re-



sistivity was observed at low temperatures in the
measurements on single crystals as opposed to
sintered ceramic samples.”

V,0,

A pressed powder sample was made. The appro-
priate mixture of V,0; and VO, was ground and
pressed into a pellet, and this was heated in an
evacuated quartz tube at 800 °C for 16 h and then at
1000 °C for 5 h. A Guinier pattern showed only the
diffraction lines of V,0,. " X-ray studies as a
function of temperature showed a first-order tran-
sition with no change in symmetry at the metal-in-
sulator transition (250 K) and showed no detectable
change at the Néel temperature (40 K). !

V;043

The powder sample was prepared by the usual
ceramic techniques. The appropriate mixture of
V,0; and V,05 was heated in an evacuated quartz
tube at 600 °C for three days and then at 1000 °C for
seven days. A Guinier pattern showed the sample
to be single-phase V;0;3 in agreement with the data
of Andersson and Jahnberg. 2

V0.86 w0.1402

The powder sample was prepared from mixtures
0ot WO,, V,0;, and V,0; by the same techniques used
for preparing V,0,5. X-ray studies at room tem-
perature and 4. 2 K showed an undistorted rutile
structure with @=4.583(2) & and ¢ =2.892(1) A at
298 K and @94 /@4,5=1.00076 and c,e5/c,,,=1.004 83.

II. HEAT-CAPACITY MEASUREMENTS

The heat capacity was measured by the pulsed
method of Morin and Maita.'® The heater and ther-
mometer were attached directly to a crystal of
V1,970 which weighed 0.16 g and to the pressed
powder cylinder of V,0; which weighed ~1 g. De-
spite the small noncylindrical shape of the crystal
of Vy,¢;0; and the porous nature of the pellet of
V,0;, the thermometer followed the heat pulses
with relaxation times of the order of 3 sec.

In contrast to V,0; only small quantities of loose
powder samples of V;0;5 and V;, 4,W,, 140, were
available. In order to make good thermal contact,
a mixture of sample-plus-copper powder was
pressed inapelletdie to 18 kbar to give a cylindrical
sample. Small amounts of pure-copper powder
were added to the top and bottom of the mixture to
give a smooth surface on which to attach the heater
and thermometer. The Cu powder was reduced in
hydrogen at 300 °C before use and had a particle
size <44 p. In the experiment on V,045, 0.16 g
of sample were mixed with 0.52 g of Cu, and in the
experiment on Vg _ggWy 14,0, the amounts were 0.23 g
of sample and 0.34 g of Cu. The Cu flows around
the harder oxide particles and is probably strained.
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It is well known that the heat capacity of Cu is in-
creased both by cold working'* and by annealing in
hydrogen.® In order to correct for these effects,
a pellet of pure Cu was made in the same way as
the samples and its heat capacity measured from
1.5 to 25 K. The results were compared with those
obtained over the same range on an annealed bulk
Cu control sample. It was found that the excess
heat capacity of the pellet was given within experi-
mental error by AC=0.1672x10™ cal K™}/mole Cu.
The heat capacity of V,0y5 and V ¢¢W, 140, was ob-
tained by subtracting the scaled measured heat
capacity of the copper pellet from the measured
heat capacity of the pellet of sample plus copper.
The error resulting from a combination of the nom-
inal 1% accuracy of the measurements on both
the sample and the copper pellets varies from 2%
at 2.5 K to 6% at 25 K for V;0,5, where the ratio
of sample to Cu in the pellet was the least favorable.
The results are shown in Figs. 2 and 3 for tem-
peratures up to 25 K. For comparison the heat
capacity of V,03; and VO, is included in Figs. 2 and
3, respectively. The heat capacity may be fitted
to the usual linear and cubic terms. There are
anomalies in the heat capacity of V,¢;03, V703,
and Vg g6Wy, 140, at low temperatures, and the ex-
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FIG. 1. Comparison of metal-insulator transition
temperatures and Néel temperatures for the vanadium
oxides. The dotted line is calculated from T y(%) =155n"2.
Metallic phases occur at low temperatures in V;Oy3 and
V.40, with x>0.03 (i.e., oxygen-to-metal ratio >1.53).
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FIG. 2. Heat capacity of several vanadium oxides
plotted as C/T vs T2 to show the large linear term in the
metallic phases. The errors in the data for V,0; and
Vy.9703 are 1%, but the error in the V;0Oy4 data is indicated
by bars. The V,0; data are from Ref. 6.

cess heat capacity over the calculated heat capac-
ity of YT + BT® is plotted in Fig. 4. These peaks
all appear at about the same temperature, which
leads one to suspect that they represent a transi-
tion in an impurity phase and that they are not in-
trinsic properties of the materials. No evidence
for a transition was observed in either the resis-
tivity or x-ray studies on V; ¢;0;. Finally, these
samples were all made from the same starting ma-
terial, whereas no transition was observed in sam-
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VO,
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4CI)O 6(1')0
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FIG. 3., Comparison of the heat capacity of metallic
Vo.86Wo.140y With that of insulating VO,. The latter data
are from E. J. Ryder, F, S. L. Hsu, H. J. Guggenheim,
and J. E. Kunzler (unpublished).

. 1
o] 200

ples of V,0, and (V,.,Ti,),0; which were made from
different starting materials.

V,0; and V,0; are insulators at low temperatures
and the apparent nonzero linear term probably re-
sults from a small amount (2-3%) of a second me-
tallic phase. A few percent of a second phase
would not be detected in the x-ray powder patterns
and is probably not outside the present control over
the stoichiometry during sample preparation. Re-
cent experiments on pure V,03 in the insulating
phase give y=0. 18 Neither the anomalies nor the
apparent linear terms will affect the conclusions
that will be made about the oxides in Sec. III.

The results for V,0, and V;0;5 up through their
respective Néel temperatures are shown in Fig. 5.
The observed peak in the heat capacity of V,0, oc-
curs at a lower temperature than the reported_Néel
temperature of 40 K, but this may reflect differences
in stoichiometry. The curve of V;0,; has been put
on the same scale by arbitrarily subtracting a con-
stant linear contribution to the heat capacity. For
comparison the heat capacity of VO, is included.
The lattice contribution to the heat capacity of V,0,
can be approximated by that of VO, if they are com-
pared for similar numbers of atoms or degrees of
freedom. Consequently the points for VO, are -
times the molar heat capacity of VO,. The mea-
surements on V,0,; at high temperature are only
qualitative because of the large contribution from
the Cu. The variation with temperature is reliable,
but the absolute values at 50 K are only good to
10-15%.
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FIG. 4. Excess heat capacity above that calculated
from YT +BT3. Solid triangles, 0.4AC for V 404; solid
circles, for Vi gWj,140y; solid squares, for V;0y3.



VRN
- . ) / N
. \..
L/ \

o0z} R T .
; R / Teager
) s/
© s/
£ — S/ —
o N4
lx _."//
f), 0.01 — ,_.'// ]
- ,.-"/
~N ol
&) &/

- s _

~
& s
I">
o = | \ | |
(o] 10 20 30 40 50
T(K)
FIG. 5. Heat capacity up through the Néel temperatures

of V,0; (closed circles) and V;0y3 (dashed curve). The
magnetic contribution to the heat capacity is approxi-
mately the difference between C/T for V,O; and an esti-
mated lattice contribution from VO, (solid curve with
points). The calculated magnetic entropy up to 53 K is
0.32 cal K*!/mole V in V,0;. The dashed curve for V;Oy3
is minus a constant linear term of 80x 10~ cal K2/mole
V. Because of the large correction for Cu, the dashed
curve is only indicative of the general trend.

III. DISCUSSION

The heat-capacity data at low temperature can be
separated into contributions which vary as C,=yT
+ BT® as shownin Figs. 2and 3, and the parameters
are compared in Table I. The metallic phases all
have very large linear terms y, whereas the insu-
lating phases do not. These values of ¥ are sub-
stantially larger than those found in transition met-
als or 4d and 5d transition-metal oxides where
y=1.7 (Cu), 23 (Pd), 14 (Ru0,), and 13 (IrO,)
(x10™ cal?K"2/mole), 7118

Values approaching those in the metallic vanadium
oxides are found in high-temperature superconduc-
tors such as V, Si (y=50x10"calK™?/ moleV), °
the itinerant ferromagnet ZrZn, (y = 90x10™ cal K2/
mole Zr), % and cerium intermetallic compounds
where the f levels are believed to be near to the
Fermi energy (y~100~500%10"),2!

The thermal effective masses compared to those
calculated on the basis of a free-electron model
are given by M, /mq=v/vy, Where y,=2.3x10"N
X(N/V)™2/3 cal K?/mole, where N is the number of d
electrons and V the volume per mole. The re-
sulting values are my, /m =52, 35, and 36 for
V1.97403, V7043, and VO,, respectively. Compa-
rable values have been observed in metallic phases
of V,03; which were obtained by suppressing the
antiferromagnetic insulating phase either by doping
with Ti® or by the application of pressure®s; m,, /m
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=38 and 31 for (V,g,Tig,08):05 and for V,0, at P=20
kbar, respectively.

Large effective masses can result from band-
structure effects, strong electron-phonon inter-
actions, or strong electron-electron interactions.
In order to choose between these different effects,
the thermal effective masses can be compared to
those obtained from optical studies and the magnet-
ic susceptibility. The ratio of the number of car-
riers per cm® to the optical mass, N/Vmg, is giv-
en by the plasma frequency w?=4rNe?/Vme.. In
VO, Barker et al. calculate a value m,,/m =0.4
from wp=3.6 eV and n=30x10% electrons/cm?, 2
The value of » was calculated assuming a one-band
model from measurements of the Hall coefficient
and the conductivity., Even in a multiband model
the number of carriers is not likely to exceed one
d electron per vanadium (z=3.4x10% cm™), and
this leads to m,, /m=4. In both cases the optical
mass of metallic VO, is about a factor of 10 small-
er than the thermal mass obtained for metallic
Vo.86Wo.1402- The optical data for V,03 do not lead
to a definitive value for w,. The optical conductiv-
ity shows some structure with increasing fre-
quency which may be due to interband transitions,
and it drops between 1 and 3 eV.2® The optical data
are not inconsistent with an optical mass in V,0,
of the order of that for VO, but it could be higher.
If the mass enhancement were due to band-struc-
ture effects, then the thermal and optical masses
should be similar. The observed difference in the
two masses suggests that the enhancement dies out
above some characteristic frequency and that it
results from a low-energy excitation such as po-
larons or spin fluctuations.

A theory of spin fluctuations in a highly correlated
electron gas near a metal-insulator transition has
been proposed by Brinkman and Rice.?* In this mod-

TABLE L Coefficients of heat capacity C,=vT +BT?
%10 cal K™ (mole V)1,

Oxide L% B
(V9.5 Tig.08)205™° 96 +3 0.163+8
V,05™" 3°, 0d 0.096 + 4
Vi.9703 13043 0.079+7
VO 2 0.187+3
V704" 80+5 0.138+24
Vo, 0 0.068 + 4
Vo.56Wo.1402" 80+5 0.127+10

3Reference 6.

bSample in Cu.

°Nonzero value may reflect small amount of V,_,O4
with x>0, 025,

dReference 16.
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el, the number of doubly occupied sites and the
discontinuity in the single-particle occupation num-
ber at the Fermi surface approach zero with in-
creasing intra-atomic Coulomb repulsion. Conse-
quently, the effective mass appropriate both to the
electronic heat capacity v and to the spin suscepti-
bility X diverges as m*/m =[1 - (U/U,)*]™, where
U, is the critical value for the intra-atomic Cou-
lomb interaction at the metal-insulator transition.
iThe ratio of the density of states calculated from
iX and y [N(ez) states/eV molecule =1, 77x10%
1=3.10x10%, where y is in calK?/mole and x in
emu/mole] should be close to 1. This is in con-
trast to paramagnon theory where X is exchange
enhanced and v is mass enhanced so that the ratio
of the densities of states, X/y, diverges as the
onset of itinerant ferromagnetism is approached.?®
On the other hand, strong electron-phonon inter-
actions lead to an enhancement of the electronic
specific heat but, to first approximation, are in-
dependent of spin so that X is not enhanced. These
simple models suggest that with a large v, X/y<<1
.implies strong electron-phonon interactions, x/y=1
implies spin fluctuations, and X/y > 1 implies para-
magnons. Although these models are oversimpli-
fied and the different effects are not likely to be
completely separable, a comparison with experi-
ment may give a qualitative idea of the dominant
interactions. In practice, the magnetic suscepti-
bility of most of the vanadium oxides is not tem-
perature independent as expected for simple Pauli
paramagnetism. However, between 0 and 300 K
the variation is of the order of 20% for V,0; and
VO,, so the qualitative conclusions will not be af-
fected. Comparing X; and vy in the limit of 7- 0 K,
the value of the ratio for (Vg g,Tig,08)203 i8 X/v =
=1.8.% For V;,4,0; both y and X are 40% larger than
for (Vy,92Tig,08)203, but X/¥=2.0. In VO, a ratio
of X/y=1.3 is obtained by comparing pure VO,
(Xg ~0.6x10™° emu/mole®®) and V,_ gW,,140;
(y=80%10" cal K?/mole). Thusnear V,0; and VO,
both X and y are enhanced by about the same amount
as suggested by the spin-fluctuation model. If the
electron-phonon interaction were the dominant one,
then it is surprising that superconductivity is not
observed at low temperatures.

On the other hand, there is substantial evidence
that the electron-phonon interaction does play a
role in the metallic state in VO,. First, the Raman
spectra show that the phonon spectrum in the me-
tallic phase is apparently heavily damped.?’ Sec-
ondly, the Debye—Waller factors, which reflect
the atomic vibrations, are anomalously large
(large mean atomic displacements) in the metallic
phase of Vj_g;6Cry, 0240, Wwhen compared with the
insulating phase® and neighboring dioxides such
as Ti0,% and CrO,.%° It appears that a successful
model for VO, will have to include both electron-

24
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electron and electron-phonon effects.

The phases V,0,,.; between V,0; and VO, present
a different problem. The electronic heat capacity,
as exemplified by metallic V;O,3, is enhanced like
V,03 and VO,. On the other hand, the magnetic
susceptibility appears to follow a localized model
with a Curie-Weiss law X =C(T - 6)™ + Xo with a
Curie constant close to that calculated for the ap-
propriate number of localized V**(d?) and V*(d")
ions with C,,4=0.53 and C_;;.=0.55 and with a
Weiss temperature close to the observed Néel tem-
perature (6=-48 K and T =53 K)."* The value of
Xo, is also large such that Xo/y=1.1. There is a
strong experimental similarity between V,;0,; and
some rare-earth intermetallic compounds con-
taining Ce. Their heat capacities are in the range
y~100-500%10"* cal K/mole and the suscepti-
bilities follow Curie-Weiss relations correspond-
ing to localized Ce*(f!) ions.?! These materials
are considered in terms of a model with a conduc-
tion band crossing a localized 4f level. It has been
argued that there is no convincing evidence for very
narrow d bands in vanadium oxides, and that if the
conduction was via broad vanadium 4s bands, then
it is not clear what causes the metal-insulator tran-
sitions.® On the other hand, in recent nuclear-mag-
netic-resonance studies of V,0, and V;0,4, reso-
nances corresponding to distinct V®* and V** sites
were observed.® X-ray-diffraction studies show
a slight localization of charge in metallic V,0, and
a rapid increase in localization and metal-metal
bonding below the metal-insulator transition. !
These experiments suggest the presence of local-
ized d states on a microsecond time scale. The
present heat-capacity data cannot distinguish be-
tween this two-band model and a highly correlated
single-d-band model and further experimental and
theoretical studies are needed.

The large electronic contributions to the heat
capacity strongly suggest the importance of elec-
tron-electron interactions in driving the metal-in-
sulator transition. The electronic entropy in the
metallic phase (S, =y7) at the observed transition
temperature is remarkably close to the experimen-
tal value for the entropy change at the transition.
In V,0;the Clapeyron equationgives AS=1. 3 cal K™/
mole V, % and values of 1.4°% and 2.0 are calculated
from the heat capacity of (V, g,Tig,0):03 and Vy, g;0s,
respectively. In VO, the direct measurement of
the latent heat of the transition gives AS=3.0,
whereas using y for V, gsW,, 140, gives S,;=2.7 at
340 K. This correlation is quite good, but it does
not exclude the possibility that v will fall off with
increasing temperature and that perhaps part of the
observed entropy change results from differences
in lattice entropy. There is some evidence for this
in the (V,.,Ti,),0, system, ® and the presence of
lattice contributions in metallic VO, was discussed
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above.

Turning to the magnetic ordering found at low
temperatures in the phases V,0,,.;, it is clear
from Fig. 1 that the Néel temperatures of the dis-
crete phases decrease to zero as the average num-
ber of d electrons decreases from two in V,0; to
one in VO,. In fact, the Néel temperatures of the
stoichiometric oxides V,0;,.; follow a relation of
the form Ty(n)=1551"2 asillustrated in Fig. 1. The
Néel temperature of V,0,; is above this curve, but
it is metallic below Ty, unlike the other oxides.
Introducing disorder as in V,.,O; also leads to a
departure from this curve and a rapid suppression
of the antiferromagnetic state. The x-ray-diffrac-
tion studies on insulating V,0, show a structure
containing strings of V* and V** ions running par-
allel to the pseudorutile ¢ axis.' The V** sites
and half of the V* sites are paired with short met-
al-metal distances. There are several possible
magnetic states for the V*-V* pairs, but if it is
assumed that all the pair bonds are nonmagnetic,
then there is one V* ion left to order magnetically.
The magnetic entropy can be estimated by taking
the area up to 53 K between the curves for V,0,

and the scaled curve for VO, in Fig. 5. This en-
tropy of AS=0.32 calK™ per vanadium seems for-
tuitously close to that calculated for one magnetic
V* out of four vanadium atoms per mole, i.e.,
AS=1R1n2=0.35 calK™, This model is highly
speculative and will have to await more micro-
scopic evidence.

In conclusion, heat-capacity measurements at
low temperatures on insulating and metallic vana-
dium oxides show greatly enhanced thermal ef-
fective masses in the metallic phases. Compar-
ison with optical and susceptibility masses and
current theories suggests that the enhancement
results mainly from spin fluctuations in a strongly
correlated electron gas. As suggested previously,
the strong electron correlations must play an im-
portant role in driving the metal-insulator transi-
tion not only in V,0, but also in VO,. %
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Measurements have been made of the low-field magnetic susceptibility of the ferromagnet
GdNi, in the reduced temperature interval 10~ <e = (T —T,)/T,<4. The study focuses on the
transition from Curie—Weiss behavior for T>> T, to critical behavior for T'=T,. A phenomen-
ological model based on Landau’s theory of second-order phase transitions is presented which
fits the experimental data in this interpolation region. The viability of a Landau model for
predicting microscopic exchange interactions (from an analysis of the high-temperature sus-

ceptibility) is discussed critically.

The success of the high-temperature Ising and
Heisenberg expansions has been well documented!
and has recently been extended to include next-
nearest-neighbor interactions.?®* However, in the
presence of long-range forces, these expansions
become cumbersome and present severe conver-
gence problems* for 7' near T,. To deal with the
case of long-range forces, we have developed a
phenomenological model based on Marcelja’s®
first-order correction to mean-field theory. It
will become evident herein that GdNi, has an un-
usually long interspin force range® and as such is
particularly well suited for a study of this type.

As a starting point we take the phenomenological
model of Landau™® which suggests that the free-
energy density at a second-order magnetic transi-
tion can be expanded in a power series of even
powers of the magnetization:

F= fdaafEF(r)
= [ @ {n,0r)M,0r)+ a(T)[M,(r)]?
+é‘b[M,(’V)4]+"'+C[VMz('V)]2+”.}’ (1)

where %,(r) is the applied magnetic field. The
term 3b[M,(r)]* represents’ the first-order (two-
body) interaction between order-parameter excita-
tions. Neglecting this term in F leads (through
standard techniques®) to a mean-field form® for the
susceptibility [i. e.

X7 = Xar = 20o(T = TYF)/ TYF =2 a0e™™

where T¥F is the mean-field transition tempera-
ture].

Recent work by Mar(’felja5 has suggested a self-
consistent technique for inclusion of the first in-
teraction term. Following his ideas within the
framework of the Hartree— Fock approximation®

yields
30[M,(r)]* = 26(M2(r)) M2(v). 2)

Keeping only terms explicitly shown in Eq. (1), the
Fourier transform of F in zero magnetic field be-
comes

F=X el)M?, &)
k
where
e(k):a+2b<Mg('V)>+Ck2 . (4)

Using classical statistics, we obtain for the static
correlation function

kpT/2¢
2y _ B
(o) = la+26Q005(r))]/c+ P ®)
Note that in Eq. (5) the correlation function has
the Ornstein—Zernike (0Z) form** with £4(T)=c/ [a
+2b(M%(r))]. [Note also that
c £2(0)

ror, G(T=T8)/Ty &

£2(T)

as required. ] Equations of the OZ form have the
difficulty that they are only valid in the long-wave-
length (i.e., small-%) limit. Thus macroscopic
averages over all 2 values such as

M)y o [ @ (| M,|2) ®6)

are divergent and require ad hoc cutoffs of the
momentum integrals, This problem arises be-
cause the magnetization is strongly dependent on
the behavior of (k) for » large. Thus, the small-
k approximation generated by keeping only one
gradient term in the free-energy expansion leads
to a susceptibility which is dependent on the choice
of the upper cutoff for the momentum integrals.



