
PHYSICAL REVIEW B VOLUME 41, NUMBER 7 1 MARCH 1990

Unifying trends found for the VNO2iv —1 series by the application of hydrostatiC pressure
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The application of hydrostatic pressure to V7Oi3, V&015, and (VossCrvQ2)s015 leads to the for-

mation of prcssure-temperature phase diagrams for each of thcsc materials. Analysis of these di-

agrams allows unifying trends, not apparent at atmospheric pressure, to emerge. Examination of
these trends and thc nature of the low-temperature antiferromagnetic ground state will be

presented.

start to risc again for N )7. The N 7 compound V7013
remains metallic to 0.5 K, but undergoes an antiferromag-
nctic (AF) transition at TgF 45 K. In V20s TMt is ac-
companied by AF ordering, 2 s while in VQ2 there is no
long-range magnetic order in the insulating state. s In the
Magncli series, anomalies in the magnetic susceptibility
assctciated with AF ordering appear for T~F(TMt.
Mossbauer measurements on V407 and Vs09 (Refs. 2 and
3) indicate that for Ts,F(T (TMb there is no long-range
magnetic order and the ground state is similar to what is
seen in V02. The MI transition in the Magneli series is

then one from a paramagnetic metal (PM) to a paramag-
netic insulator (PI).

The samples for this study were prepared in a two-step
process similar to the method used by Nagasawa, Bando,
and Takada. All measurements of the resistivity were
carried out via the four-probe technique, and hydrostatic
pressure was applied to the sample by use of a self-
clamping pressure cell.

Figure 1(a) shows the resistivity versus temperature
curves for V70)3 and VsO|s. The MI transition seen in

VsO|s at TMi 67 K is typical of the MI transitions seen
in other members of the series. 2 The jump in resistance
that is the hallmark of this firstwrder, MI transition is ac-
companied by a drop in magnetic susceptibility [Fig.
l(b)) and an increase in unit~ll volume. ' V7013
remains metallic to the lowest temperatures; it undergoes
a sctAsndwrdcr paramagnetic metal (PM) to antiferro-
magnctic metal (AFM) transition at TAF 45 K [note on-
set of anisotropic magnetic susceptibility seen in Fig.
1(b)I. This PM-AFM transition can bc determined resis-
tively by de5ning T~F as the temperature of the maximum
in the logarithmic derivative of p(T). "'2 Below 7 K,
V7013 has p(T)tnaT, with a 0.6 ttQcm/K . Figure
1(b) shows the magnetic susceptibilities of V7O|3 and
VsO)g, as can be scen, V7Ol3 develops an anisotropic sus-

ceptibility below TAF. The values of TMi and TAF are
equally well determined from resistivity or susceptibility

The VN02N-1 Magneli series (N 4-8) has been of
considerable interest for several decades. ' s The structur-
al similarity of its members and the existcncc of mctal-
to-insulator (MI) transitions in most of the series2 make it
an appealing system for studying the eN'ccts of subtle
structural changes on phase transitions. But, despite great
eForts, the behavior of the mcmbcrs of thc series has
remained more a catalog of individual properties instead
of the hoped for unifie behavior anticipated for such a
series. In this communication we present thc results of an
examination of the eff'ects of hydrostatic prcssure on

V70is, VsO|s, and (Vo9sCroo2)sQis, which reveal an
overall systematics in the series that is not evident at at-
mospheric pressure. Thc earlier, anomalous features,
such as the low-tempcraturc metallic ground state of
V70 ) 3 are actually part of a larger, general pressure-
temperature phase diagram. We also find another mani-
festation of similarities betwccn members of the scrics
that appear under prcssure: a composite phase diagram
for the Ml transition in V40|i, VsO&s, and (Vo.ss-
«O.o2) sQ&s.

The Vg02iv-1 series is a group of mixed-valence com-
pounds which can bc described as having (N-2) V + iona
and 2Vs+ ions pcr formula unit. Thc two extremes of this
scrics, V20s (Rcf. 4) and V02 (Ref. 5) (corresponding to
N 2 and N oo), both undergo MI transitions on cool-
ing. In both cases the transitions arc accompanied by lat-
tice distortions and changes in magnetic susceptibility.
Whether these changes are driven by the Coulomb corre-
lations, lattice instabilities, or changes in magnetic ground
state is still controversial.

The crystal structure of the V~0~-1 series can be
thought of schematically as a derivative of the rutile V02
structure, where the VN02tv i structure is simply a rutile
block N octahedra in length separated by an oxygen poor, -
face-sharing shear plane. Along with this trend in crystal
structure, the series members have MI transitions at
TMt, which generally decrease to T«0 at N 7 and
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FIG. l. (a) Electrical resistivity vs temperature for V70]3
and V80~5 samples at atmospheric pressure; (b) magnetic sus-
ceptibility of V70» and VSO» at atmospheric pressure. V70/3
data are from a single crystal shown for three mutually perpen-
dicular field orientations with respect to the single crystal. The
single crystal has not been oriented with x rays, therefore, the
three mutually perpendicular directions are arbitrarily chosen
with respect to the triclinic unit cell. The inset shows inverse
susceptibility vs temperature for one of the V70» data sets. (c)
Resistivity vs temperature curves for VSO» at five representative
pressures. Curves are shifted slightly along the y axis for clarity.
Note: small jumps in the data seen in the 10.8- and 12.6-kbar
plots are experimental artifacts.

measurements. It should be noted that the anisotropy of
V70» is unusual in that the powder Z is quite high, "'3
with the three single-crystal z's bunching so closely to it.
[Griffing et al. "measured the susceptibility of a polycrys-
talline sample of V70~3 as being similar to the middle of
the three single-crystal measurements shown in Fig.
1(b).] VsO~s shows a large drop in Z at TM~, and remains
isotropic throughout the measured temperature range. ' 's
The inset to Fig. 1(b) shows 1/z versus temperature for
one of the V70~3 data sets. Z(T) can be fitted by a Curie-
Weiss temperature dependence: Z(T) C/(T+B)+Zp
where the Curie constant C p,g/3k', B is the Curie tem-
perature, and zp is the temperature-independent suscepti-
bility. For V70~3, p,s 2. Ilgwu per vanadium site, B 38
K, and Zp 0.5 @emu/g. It is interesting to notice that the
effective moment p,s that would be associated with a
purely ionic V70~3 structure, 5(V +) and 2(V3+) per for-
mula unit, is p,s 2.13pn per vanadium site. This nearly
ionic susceptibility is also a generic feature of the Vz-
Os~-~ series for T & TM~ or T & TAF.

Since V70~3 appears to be anomalous in the VNO2~
series, we deemed it probable that either V70~3 or its
neighbor VsO~s (having the lowest TM~ in the series at
TM~ 67 K) may show interesting behavior when placed
under hydrostatic pressure. Figure 2(a) is the pressure-
temperature phase diagram for V70~3. Application of
pressure simply suppresses TAF in a linear manner with a
slope of -0.75 K/kbar. The extrapolated pressure at
which TAF(P) 0 is P=70 kbar.

Figure 1(c) shows p vs T plots for VsQ~s at five
representative pressures. Initially, application of pressure
simply suppresses TM~, as scen in other members of the
series, 's and ultimately, for pressures greater than 13
kbar, TM~ is fully suppressed. Since the jump in the resis-
tivity is quite discontinuous, even at 12 kbar, the MI tran-
sition is probably still a first-order phase transition. But
lacking either x-ray or specific-heat measurements under
pressure, this assumption should be noted.

The surprising feature of VsO~s under pressure is that,
for pressures greater than 9 kbar, a resistive anomaly
identical to that seen in V70~3 appears as TM~ is sup-
pressed through this more slowly decreasing transition.
Due to (i) the qualitative similarities of the p vs T plots of
V70)3 and high-pressure VsO&s, and (ii) the fact that
V70) 3 and VsQ& are so structurally similar, we tentative-
ly identify the transition seen in VsO~s under high pres-
sures as a PM-AFM transition.

Figure 2(b) is the pressure-temperature phase diagram
for VsO~s. As in V70~3, TAF drops with a slope of —0.75
K/kbar. In the range of pressures 9 (P & 13 kbar there
is a series of transitions PM-AFM-PI. This may be the
first observation of such a series of transitions as a func-
tion of temperature, specincally, the loss of long-range
magnetic order on going from an AFM to a PI state.

In V203 the addition of small amounts of Cr can be
thought of as an application of negative, "chemical" pres-
sure. In order to further examine the pressure depen-
dence of the VsO~s phase diagram, a sample of nominally
2% CrMoped VsO~s was prepared. Figure 2(c) is the
pressure-temperature phase diagram for (Vp9sCrpp2)s-
0~5. As seen in V80~5 under high pressures, there is a
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FIG. 2. (a) Pressure-temperature phase diagram for V70I3.
(b) Prcssure-temperature phase diagram for V9OI3. (c) Pres-
sure-temperature phase diagram for (V099Cr002)9OI3.

series of transitions, PM-AFM-PI. Both the MI and
PM-AFM transitions have been shifted due to the addi-
tion of the Cr, but the phase diagram is fundamentally
similar to that for pure VsOI5. The rate of suppression of
TAF is again -0.75 K/kbar, and TMI falls at a greater
rate, so that the two transitions separate as pressure is in-
creased.

By examining the phase diagrams for these three ma-

terials it becomes clear that the PM-AFM transition seen
in V7OI3 at atmospheric pressure is not anomalous. The
PM-AFM transition clearly appears in VsOI5 at pressures
above 9 kbar and in (V09sCroo2)sOI5 at all pressures. In
all cases this magnetic transition has the same pressure
dependence: —0.75 K/kbar. It is possible that other
members of the VIv02N I series will have this transition
as part of their high-pressure phase diagrams, although
none of them show it up to an applied pressure of 20
kbar. '

The nature of the low-temperature metallic state is in-
triguing. V7OI5 has an electronic specific heat" of 40
mJ/K2molV and has p(T)~T2 for T&7 K. Both of
these measurements are consistent with a narrow band of
correlated electrons. While there is an AF transition at
TAP 45 K (for atmospheric pressure), it is unlikely that
all of the moments involved in the high-temperature Curie
tail, p, Ir 2.11@aper vanadium site, are ordering. This is
indicated by the fact that the change in entropy, d,S,
through the transition is less than 10% of what would be
expected for the loss of spin degrees of freedom for a fully
ionic crystal. " The possibility of only a fraction of the
moments ordering is also borne out by the curious nature
of the anisotropic g in Fig. 1(b). Not only is the /5Z(T

0) small for the three mutually perpendicular orienta-
tions, but the fact that the powder susceptibility is so
highII I5 indicates that there exists a large paramagnetic
moment that is not involved in the AF ordering. There
are initial indications from neutron scattering' that the
static susceptibility (for T) TAF) derives, at least in part,
from ferromagnetic correlations in the conduction band.
A rough estimate of the magnitude of the ordered mo-
ment, based on the specific heat and magnetic susceptibili-
ty measurements, would be 1@a/formula unit.

Another feature that is apparent from the phase dia-
grams is that TAF and TMI have different pressure depen-
dencies. While TAF drops linearly in all three diagrams,
TMI drops at a much faster rate. In both VsOI5 and
(VQ 9sCro o2)sOI 5 the pressure dependence is closer to
quadratic than linear, with T«dropping the fastest in the
pure VsO». By looking solely at the pressure dependence
of the MI transition in VsOI5 (VQ9sCrpp2)sOI5, and
VsOII (Ref. 16) we find another unifying feature: by
shifting the pressure scale for VsOI I and (Vo9sCroo2)soIs
so as to allow the matching of TMI(P), we find a compos-
ite phase diagram for the MI transition (Fig. 3). The
shifts in pressure relative to pure VsOI5 are -20 kbar for
(Vp9sCroo2)sOI5 (this is the negative chemical pressure
mentioned earlier ), and —40 kbar for VsOII. While
V407 can also be included as part of this even-N phase di-
agram, ' the shift in pressure in that case would be more
arbitrary, 's since applied pressures of up to 20 kbar fail to
suppress the MI transition sui%ciently to allow an overlap
of TMI(P) with VsOII.

The existence of this unified pressure-TMI phase dia-
gram for VsOII, (Vp9sCroo2)sOI5, atld VsOI5 is precisely
the behavior that has been sought in the VNO2N-~ series.
While ongoing single-crystal x-ray measurements of the
crystal structure of VsOI I and VsOI5 (Ref. 11)both ahorse
and below TMI will hopefully shed some light on whether
the 1V dependence of T«can be correlated to any
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FIG. 3. Composite pressure-MI temperature phase diagram
for VpO~~, (VpgeCrpp2)gO~g, and V80~5. Squares are unshifted

V80~5 data, circles are (Vp.98Crp.p2)80~5 data shifted by —20
kbar, and triangles are V&0& ~ data shifted by -40 kbar.

in both Vs0~5 and (Vo9sCroo2)s0~5 when appropriate
pressures are applied, and the pressure dependence of TAF
is the same, —0.75 K/kbar, in all three materials. The
nature of this low-temperature metallic ground state is
still somewhat unclear, but analysis of the anisotropic
magnetic susceptibility, and the change in entropy at TAF
indicate only a partial ordering of moments, I-2Ittt/
formula unit, and the remaining isotropic susceptibility at
low temperature, the large electronic specific heat, and the
low-temperature resistivity point to a narrow, correlated
band existing in the ground state. The application of pres-
sure also allows the formation of a composite phase dia-
gram for TMt. The pressure dependence of TMt for
Vs011, (VQ9sCroo2)s0~5, and Vs015 can be united into a
single phase diagram by simply shifting the relative pres-
sure scales so as to allow the overlap of TMt(P) for each
material. While these initial results are encouraging, an
overall picture of the N and pressure dependencies of TMt,
as well as a clear model of either the low-temperature me-
tallic or insulating ground states, are still lacking. '

structural features, it will probably be the structural
analysis of these materials under hydrostatic pressure that
will reveal what structural parameters, if any, effect
TMt(P, N).

In summary, the long sought after unifying behavior of
the VNO2N-1 series starts to appear when hydrostatic
pressure is applied. The previous, apparently anomalous,
low-temperature metallic ground state of V7013 appears
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