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New Phase Boundary in Highly Correlated, Barely Metallic U203

S. A. Carter,

'

T. F. Rosenbaum,
3. M. Honig,
and 3. Spalek
"The James Franck Institute and Department of Chemistry, The Unicersity of Chicago, Chicago, Illinois 60637
'T-he James Franck Institute and Department of Physics, The University
of Chicago, Chicago, Illinois 60637
"'Department

' 'Department

of Chemistry,
of Physics,

Purdue University, West Lafayette, Indiana 47907
Purdue University, West Lafayette, Indiana 47907
(Received 12 September 1991)

%e compare the magnetic and transport properties of the low-temperature metal in nonstoichiometric
and compressed vanadium sesquioxide. Antiferromagnetic
order is robust for the full range of vanadium
vacancy concentrations, but it can be suppressed with modest hydrostatic pressures. The temperaturepressure phase diagram for U203 thus includes a new T=O boundary between antiferromagnetic
and
paramagnetic metals. Furthermore, analysis of the T
0 diAusive metallic conductivity at the approach to the insulator-metal
transition indicates a difIerent role for correlations depending upon the
means employed to eAect the transition.
PACS numbers:

71.30.+h, 72. 15.—
v, 75. 30.Kz

Vanadium sesquioxide has served as the prototype for
both the Mott-Hubbard
model of the metal-insulator
transition [1,2] and the Brinkman-Rice picture [3-5] of
the correlated metal. Pure Vq03 undergoes a first-order
metal-insulator
(MI) transition at a temperature TM~
150 K with drastic changes in the electrical resistivity
and antiferromagnetic
ordering of the vanadium spins,
and a structural transition. The application of hydrostatic pressure, the adjustment of the oxygen stoichiometry,
and alloying with titanium sesquioxide serve to depress
TM1, and, in sufficient degree, can stabilize the metallic
phase at all temperatures [6,7]. This variation of the TMt
with internal (chemical) and/or external pressure gives
rise to a generalized phase diagram [8,9] for V203 which
has provided the framework for some of the original studies of highly correlated insulators and metals.
More recently, it was found that the metallic phase
also undergoes an antiferromagnetic
transition at low
temperature [10,11], with Ttv
10 K. In this paper, we
demonstrate that antiferromagnetic ordering in the metal
can be suppressed completely. In so doing, we show that
changing the oxygen stoichiometry and applying hydrostatic pressure give rise to very diAerent magnetic phase
diagrams for metallic V~03. Finally, we use the diffusive
nature of the transport in the T
0 limit to probe the
role of the electron-electron interactions as the insulatormetal transition is approached from above. We find that
the role of correlations depends on the process by which
the metallic phase is stabilized.
Single crystals of V203 were grown using a skull melter
[12]. Thin plates were then annealed in a suitable COCO2 atmosphere at 1400 C for approximately 2 weeks to
adjust the stoichiometry
uniformly
[13]. Four-probe
resistivity measurements
on oriented samples of typical
dimensions
1 x 1 x 3 rnm
were made using a standard
lock-in technique at 16 Hz for 0.02 K
T 300 K. All
results were obtained in the Ohmic and frequency-independent regimes. Pressures up to 7 kbar were achieved
using a BeCu hydrostatic pressure cell which was designed to fit into the top-loading chamber of a dilution re-

—

frigerator. We used silicone oil as the pressure medium
and a small piece of (V099Tioo~)203 for pressure calibration; its TMt changed by 5.8 K/kbar [8, 14]. Magnetic
susceptibility measurements were made in a commercial
SQUID magnetometer for 1.8 K T 300 K.
The antiferromagnetic
transition
in the metal
is
marked by a classic hard-axis-easy-axis
response in the
susceptibility [15]. We plot in Fig. I the ac magnetic
susceptibility parallel to the a axis for a series of metallic
, )03 crystals.
Increasing the number of vanadium
V(p —,
vacancies pushes the system toward the more metallic
state, with a critical concentration for the T=O metalinsulator transition of V~ 9qq03 —
=V203023. We show in
the inset to Fig. 1 the magnetic susceptibilities of the five
metals to higher temperature.
All the curves deviate considerably from Curie-gneiss behavior below T=50 K,
with an increasing enhancement in the peak magnitude of
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FIG. 1. Magnetic susceptibility vs temperature in the vicinity
of the antiferromagnetic
transition in the metal. V(2 —,
.)O~
stoichiometries vary from just above the insulator-metal transition to well into the metal, but Tv changes only slightly. Data
are shown for vacancy concentrations y =0.016, 0.018, 0.021,
0.026, and 0.033. Inset: Overview of the magnetic transition.
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FIG. 2. Resistive temperature minimum accompanies the
peak in the magnetic susceptibility at the metallic antiferromagnetic transition.
Data are shown for y =0.018, 0.021,
0.026, and 0.033. Inset: Overview of the temperature dependence of the electrical resistivity.

FIG. 3. Resistivity data corresponding to Fig. 2, but here as
a function of hydrostatic pressure for a V] 9«03 crystal. The
minimum, denoting T/v, moves quickly to lower T with increasis completely suppressed by
ing P. Metallic antiferromagnetism

P =6 kbar.

g with increasing y. By contrast, the Neel temperature
changes very little with vanadium vacancy concentration.
The small decrease of T/v with increasing y requires the
blown-up temperature scale of the main part of the figure
to be discerned.
The cusp in the magnetic susceptibility is accompanied
by a minimum in the electrical resistivity. As shown in
Fig. 2, the resistivity minimum tracks the slight movement of T/v with changes in the sample stoichiometry.
The occurrence of a minimum at the antiferromagnetic
phase transition has been explained in terms of wavevector-dependent
critical scattering of electrons by spin
fluctuations [16], and has been observed in a host of other
antiferromagnetic
metals (e.g. , dysprosium [17], Cr:Mo
alloys [18], and higher-order members of the Magneli
series [19], V„O2„—().
We provide in the inset of Fig. 2 a global perspective
on p(T) for the oriented metallic crystals. At highest
temperatures, the resistivity is eAectively linear in T. At
lower temperature, there is a crossover in p to a superlinear temperature dependence, which is cut oA at low T
associated with the antiferromagnetic
by the minimum
ordering of the spins. In the temperature range 10 to 25
K, the resistivity approaches the form paindicative
of a large electron-electron scattering term within the
Brinkman-Rice [3] framework for a strongly correlated
metal [20]. At the lowest temperatures
(T & 1 K),
a form characteristic of electron-electron inp~
teractions in the presence of disorder, as discussed in detail below.
We show in Fig. 3 the metallic resistivity data analogous to Fig. 2, but this time for a series of hydrostatic
pressures.
The measurements
were made on a single
crystal of VI 9qt 03, which at P =0 is just insulating
35 K), and requires a pressure P 0.5 kbar to

T,

T',

(T«=

—

T. Here we see again the
marking the opening of the antiferromagnetic gap. Now, however, the resistivity minimum
moves rapidly down in temperature
as the metal is
traversed with increasing pressure.
For P 6 kbar,
0 and the low-temperature metal is no longer magT/v
become

minimum

metallic
in

at all

p(T)

—

netic.
The data of Figs. 1-3 indicate that it is no longer appropriate to map nonstoichiometric and compressed V203
onto the same generalized phase diagram. We contrast in
Fig. 4 the phase diagrams as functions of y and P, where
the latter now includes the additional boundary at T=O
between antiferromagnetic
metal and paramagnetic rnetal. We have set the relative scales of the abscissas using
the relationship y/P =0.015/(20 kbar), derived from apon the insulator [6-9, 14]. As
propriate measurements
one check on this relationship, we have repeated our pressure experiments from deeper within the insulator and
find that a crystal with T M t
70 K maps onto the bottom half of Fig. 4 with the expected pressure ofIset
2
kbar.
The discovery of a new phase boundary in the canonical Mott-Hubbard system raises a number of questions:
(1) Why has it not been seen before? One reason is apparent from the phase diagram itself: the narrow slice in
pressure and the low temperatures required to access the
antiferromagnetic
metal. (2) Why is the antiferromagnetic order stable against both changes in the oxygen
stoichiometry
[10] and Ti substitution [11], but not
against hydrostatic pressure'? Neutron-scattering
studies
would be most helpful in answering this question, but it is
not unreasonable
to expect that wave-function overlap
forced by pressure could more profoundly alter nesting
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FIG. 5. Square-root temperature dependence of the conducof electron-electron interactions in the presence of disorder. (a) Nature of the metallic diffusive transport
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FIG. 4. Contrasting phase diagrams for vanadium vacancy
concentration y and hydrostatic pressure P. PI,I is the sum of
the internal chemical pressure and the applied pressure P, using
correspondence established in the inthe stoichiometry-pressure
insusulator (Ref's. [6-9, 1 4]). AFI denotes antiferromagnetic
metal; and PM, paramagnetic
lator; AFM, antiferromagnetic
metal. Up (down) triangles are from resistivity (susceptibility)

appears essentially independent of vanadium vacancy concentration, y =0.0lg, 0.021, 0.026, and 0.033. (b) Slope of' the
T' ' term (proportional to carrier effective mass) markedly depends on pressure, P =2.2, 2. 8, 3.2, and 4. 1 kbar, with a concomitantly faster change in a(0) at the approach to the metalinsulator transition.

data.

conditions on the Fermi surface than either the introduction of vacancies or on-site disorder. (3) Is the new lowtemperature paramagnet in the high-pressure regime of
Fig. 4 the true ground state? A superconducting transition might occur in metallic V203 in light of its close
insulator (cf. rare-earth
proximity to a Mott-Hubbard
oxide superconductors) and the important role of correlaWe find no
superconductors).
tions (cf. heavy-fermion
on either side of the antievidence of superconductivity
boundary for T 0.02 K.
ferromagnetic-paramagnetic
It may be, however, that our nonstoichiometric samples
are su%ciently disordered to preclude superconductivity
0 phase diaeven at low T [21]. (4) Given that the T
V
for
vacancies
and presfor
metal
is
different
the
gram
0
sure, one should raise the question of whether the T
insulator-metal transition also differs for the two cases.
In order to help answer the last question, we have com0 charge transport for the two cases as the
pared the T
insulator-metal transition is approached from above. We
plot in Figs. 5(a) and 5(b) the conductivity rr vs T' for
a series of stoichiometries and pressures, respectively.
The T ' dependence is characteristic of electron-electron interactions in the presence of disorder in the diffu',
sive metal [22]. In such a case, a (T) = o (0) + a( —
—2F)T'~, where a=[TF(m*D/6)]
Tr. is the
mi temperature, m* is the eA'ective mass, and D is the
diAusion constant for charge carriers subject to random
~alks. The dimensionless term F is a function of the Fer-

~

',

mi and screening wave vectors ranging from 0 to 1, thereby permitting the T'~ correction to cr(0) to be either
positive or negative.
The slope of the T' term remains essentially un[Fig.
changed as a function of oxygen stoichiometry
5(a)], even to within 0.3% of the transition in y. A simple eAective-mass enhancement from electron correlations
should show up as a change in slope. We note that heat[23] on these same samples do
capacity measurements

lead to a large Sommerfeld constant y, but, in accord
with the transport
data, show little change at the
transition.
y(T 0),
approach to the metal-insulator
which is proportional to m*, actually decreases from 145
m3/mol K for Vf 96703 to 118 m3/moi K for Vf 9s403 following the behavior of T/v.
contrast to the results of adjusting
I n marked
the diff'usive conductivity prefactor
the stoichiometry,
changes rapidly with hydrostatic pressure in the antiferromagnetic metal, with a concomitantly faster change in
cr(0) [Fig. 5(b)]. The T'~ slope is metalliclike at the
paramagnetic-metal-antiferromagnetic-metal
boundary,
order develops,
switches sign as the antiferromagnetic
and becomes more and more insulating as the metalinsulator transition nears. The larger negative slope at
lower P is consistent with a simple efT'ective-mass enthe elecAlternatively,
hancement from correlations.
tron-electron
interactions in the presence of disorder
could be modified by the magnetic order, perhaps through
changes in the diff'usion constant D or in the screening
process.
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Our results show for the first time that there are profound differences in the properties of the low-temperature
metallic phase of nonstoichiometric
and compressed
vanadium sesquioxide.
Hydrostatic pressure can completely suppress antiferromagnetic
order, introducing an
additional T=0 phase boundary between antiferromagnetic metal and paramagnetic metal. Moreover, characterization of the T
0 diffusive conductivity indicates
that electron interaction effects enter differently into the
physics of the metal-insulator transition in the two cases.
In Anderson transitions, dominated by disorder, contrasts
in the diffusive metallic transport reflect different critical
exponents at the transition. For Si:P [24], the T' slope
changes rapidly near the metal-insulator transition (like
compressed V203), and the critical exponent for o(0) is
v= —,' . For amorphous Nb:Si [25], the T'I slope is constant at the approach to the transition (like nonstoichiometric V203) and v=1. A determination of whether
there are different universality classes at the T =0 MottHubbard transition awaits a more complete characterization of the present mix of charge, spin, lattice, and localization effects.
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