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The pressure dependence of the metal-to-insulator (MI) transition in BaVS; has been studied up to ap-
plied hydrostatic pressures of 16 kbar. There is a substantial decrease in the transition temperature, with
14.8 kbar suppressing Ty from 69 K at ambient pressure to about 12 K. This behavior is discussed on
the basis of the crystal structure of this quasi-one-dimensional compound. We argue that the ratio of the
lattice constants parallel and perpendicular to the vanadium chains is the key parameter for understand-
ing the pressure dependence of the MI transition. Thermal-expansion and magnetization measurements
at ambient pressure show no additional phase transition below 69 K. Our results indicate that the
metal-to-insulator transition may be a continuous isomorphic transition from the insulator with low sus-
ceptibility due to a gap in a band of extended states to a metal with a Curie-Weiss susceptibility due to

correlations in the vanadium d band.

I. INTRODUCTION

BaVS; has a P6;/mmc hexagonal crystal structure at
room temperature with the barium and sulfur atoms
forming nearly close-packed layers perpendicular to the ¢
axis.! The vanadium cations occupy octahedral sites en-
closed by six nearest sulfur anions. The octahedra are
elongated along the c axis and are face sharing, allowing
the direct overlap of vanadium d orbitals with a V*4*-v4*
intrachain distance of 2.81 A compared to 2.61 A in
vanadium metal. The direct interaction between the
vanadium ions along the c¢ axis and the large separation
of the V chains of 6.73 A (Ref. 2) strongly influence the
electronic and magnetic properties of this compound.
BaVS$; undergoes a second-order structural phase transi-
tion at about T¢ =250 K, where the symmetry is lowered
from hexagonal to orthorhombic.!’3 Below this tempera-
ture the dynamically disordered zigzag of the vanadium
ions [observed via anisotropic thermal parameters above
T (Refs. 2, 4, and 5)] becomes static and ordered parallel
to the c axis. The point symmetry of the vanadium atoms
changes from 3 to m in the orthorhombic phase. No
change of physical properties other than structure has
been reported to occur at the transition temperature T.
The orthorhombic splitting d =a,—(b,/V'3) increases
continuously with decreasing temperature from 0 at 250
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K to 0.13 A at 80 K, where a sudden change of slope has
been observed. This has been interpreted as a first-order
phase transition, including a volume change of 0.089%.*
The V-V intrachain distance in the orthorhombic phase
of 2.84 A, however, seems not to be related to the ortho-
rhombic splitting and remains constant down to 5 K.
The space symmetry of the orthorhombic phase is Cmc2,
for all temperatures between 250 and 5 K.>*

At high temperatures, stoichiometric BaVS; behaves as
a poor metal with a room-temperature resistivity of a few
mQcm. The resistivity versus temperature shows a
minimum at about 130 K and a steep increase below
Tya =80 K,! where a metal-to-insulator (MI) transition
takes place. The logarithmic resistivity shows an
inflection at about 40 K in sintered powder,*® and a pro-
nounced plateau in single crystals with current I|jc.” The
metal-to-insulator transition has been associated with a
magnetic transition. In particular, Takano® and Massenet
et al.% observed a peak in the magnetic susceptibility at
70 K, and interpreted the peak as the onset of antiferro-
magnetic ordering. Inelastic spin-flip scattering of neu-
trons in BaVS; showed no evidence of magnetic order on
the V sites for 31 <7 <70 K, but showed magnetic order
below 31 K where less than half of the V#™ sites seem to
be magnetically ordered at low temperature.® Similarly,
Nishihara and Takano®° concluded from NMR measure-
ments that no magnetic order occurs between 74 and 35
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K, but that order occurs below 35 K. They interpreted
the decrease of susceptibility below 74 K as due to a
gradual formation of nonmagnetic pairs of V atoms,
comprising 81% of the total. These authors associate the
two inequivalent sites observed in the spin-echo spectrum
at 1.3 K, with the remaining 19% nonpaired vanadium
ions which order (antiferro)magnetically below 35 K.
However, no reflections of magnetic origin, either sharp
or diffuse, have been detected down to 5 K by neutron
powder diffraction.? Therefore, the magnetic transition
at 31-35 K is either not long range or is due to ordering
of moments sufficiently small that they cannot be detect-
ed by neutron diffraction. In addition, profile
refinements of neutron diffraction data as well as powder
x-ray-diffraction experiments are not consistent with
pairing of vanadium ions below 70 K, even short range.>*
In view of these observations, it is difficult to understand
the NMR and inelastic neutron-scattering results which
suggest structurally inequivalent V sites and magnetic or-
dering.

The Seebeck coefficient of BaVS; at 300 K is about
—50 uV/K.! It changes sign at 70 K and increases
below this temperature.! This indicates that the majori-
ty of the charge carriers are holes below the metal-to-
insulator transition. Massenet et al.” proposed a two-
band model comprising a narrow e(#,,) band responsible
for the paramagnetic behavior of the metallic phase and
centered on the large conduction band formed by the d ,

orbitals. The Fermi level is situated close to the bottom
of the e(#,,) band. This model can explain the electronic
and magnetic properties of BaVS; at high temperature,
but it is not compatible with the photoelectron spectros-
copy studies by Itti et al.!' This group observed a very
low density of states at the Fermi level at room tempera-
ture which is in contrast to what one would expect from
the above model. Examination of the Fermi edge in their
ultraviolet photoemission spectroscopy (UPS) spectrum,
however, suggests that the resolution may be poorer than
the 0.15 eV which the authors claim. Assuming a some-
what poorer resolution could accommodate Massenet’s
model. The x-ray photoemission spectroscopy (XPS)
data suggest further that the actual valence state of the
elements in BaVS$; is between 3+ and 4+ for vanadium,
more than 2+ for barium, and less than 2— for sulfur.
As a consequence, the vanadium d orbital contains more
than one electron.

Although the sulfur stoichiometry drastically affects
the electronic and magnetic behavior of the samples,® it
can only in some cases explain the disagreement between
different observations. From previous work, two major
issues remain unresolved: the nature of the MI transition
in BaVS;, and whether there are additional phase transi-
tions below T';. To help clarify controversies surround-
ing these questions, we have performed magnetic-
susceptibility and thermal-expansion measurements at
ambient pressure as well as resistance measurements un-
der hydrostatic pressure. Our samples are polycrystalline
BaVS;, which tend to be purer! than single crystals
grown from BaCl, flux. In the following sections we
present and discuss results of our measurements in more
detail.
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II. EXPERIMENT

High-purity powders of BaCO; and V,05 were mixed,
pressed into pellets, and calcined at 650°C for 10 h in a
H,S gas flow. The pellets were ground, repelletized, and
sintered at 900 °C for 24 h, again in a H,S gas flow. The
specimens were cooled at the rate of 20°C per hour after
the final sintering. X-ray analysis at room temperature
showed that our samples were phase pure to a detection
limit of 1% for a single impurity. A determination of the
hexagonal cell parameters ygelded the values
a=6.714(10) A and ¢=5.610(10) A. The magnetic sus-
ceptibility was measured with a superconducting quan-
tum interference device (SQUID) magnetometer (Quan-
tum Design), and electrical resistivity was measured us-
ing a four-lead ac resistance bridge (LR-400) operating at
17 Hz. Platinum leads were attached with silver paint to
the sample, which had dimensions of 3X2X0.5 mm?.
Cooling and warming rates during the measurement of
the electrical resistivity were typically 1 K per minute.
Since the sample was a polycrystalline pellet, the absolute
value of the resistivity is only reliable to within roughly
20%. Hydrostatic pressures were applied using a self-
clamping cell with C¢F,, (Fluorinert FC-75) as the pres-
sure medium. The pressure was determined at low tem-
peratures from the shift in the superconducting transition
of high-purity lead. Corrections were made for the
known temperature dependence of the pressure in this
cell’” when estimating the pressure dependence of high-
temperature parameters. Thermal expansion was mea-
sured with a capacitance dilatometer!® after faces of the
pellet were polished to be parallel to each other.

III. RESULTS

A. Ambient pressure measurements

The resistivity as a function of temperature is com-
pared to the susceptibility in Fig. 1. The inset focuses on
the temperature range where the behavior of BaVs,; is
metallic. The existence of a well-defined minimum in
p(T) at 147 K indicates the high quality of the sample
studied here.! The high-temperature structural transition
Ts=242 K manifests itself by a change in slope dp /0T
and is indicated with a circle in the inset of Fig. 1. This
value of Tg agrees well with that determined by x-ray
diffraction.»*%!* The susceptibility follows a Curie-
Weiss law between 90 and 200 K, with slight deviations
from it between 200 and 350 K. In particular, no anoma-
ly can be detected at the temperature of the hexagonal-
to-orthorhombic transition. The Curie constant C ob-
tained by fitting the data to the formula y=C/(T+®)
between 90 and 200 K is 0.22 emu/mole, which corre-
sponds to an effective magnetic moment of p =1.33u,,
and ®=—9 K. The effective magnetic moment p is
somewhat greater than the values reported in the litera-
ture [pe=1.17up,% 1.2up,° 1.27u, (Ref. 10)] but still is
significantly smaller than 1.73u expected for a spin-J lo-
calized on each V** ion. This reduced p. has been at-
tributed to the existence of delocalized electrons in the
dzl band which contributes very little to the magnetic sus-
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FIG. 1. Resistivity (solid line, left axis) and magnetic suscep-
tibility at a field of 1 T (open squares, right axis) as a function of
temperature. Both measurements are at ambient pressure. In-
set: Resistivity at 1 bar and high temperature. The circle shows
where the structural transition occurs.

ceptibility.” From measuring several different samples we
found that a smaller p.; is also associated with samples
having a lower sulfur content. Massenet et al.® showed
that T is suppressed from 240 K for BaVS,; g74¢ o3 to 150
K for BaV$, g5 3 and Gardner, Vlasse, and Wold' mea-
sured a positive temperature-dependent resistivity of a
sample found to be stoichiometric by chemical analysis.
Given our observation of T¢=242 K and of metallic
resistivity, we believe our sample is nearly stoichiometric.

The magnetic susceptibility and the thermal expansion
vs temperature are plotted in Fig. 2(a) and the thermal-
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FIG. 2. (a) Temperature dependence of the magnetic suscep-
tibility at a field of 1 T (crosses, left axis) and the linear thermal
expansion (open squares, right axis). Both curves are taken on
warming the sample at ambient pressure. (b) Thermal expan-
sion coefficient B=(3/L) (3L /0T) as a function of tempera-
ture.
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expansion coefficient =(1/V )(3V /3T ), which for poly-
crystalline samples should be equivalent to
(3/L )AL /9T), is shown in Fig. 2(b), also as a function
of temperature. A transition is observed centered at 69.2
K which nearly coincides with the maximum of the mag-
netic susceptibility at 70 K. Differences in the transition
temperature of 0.3 K between cooling and warming data
(for cooling and warming rates varying between 2 and 6
K per hour) can more probably be attributed to the ther-
mometry than to intrinsic hysteresis. A slight volume
contraction can be observed upon heating the specimen
through the transition. We obtained for the volume
change the value AV/V=3AL/L=0.019% by simply
subtracting the value of L at the local minimum from
that at the local maximum. A value of 0.04% was ob-
tained by extrapolating both the high- and low-
temperature data to 69.2 K. Comparison of our data
with the low-temperature x-ray measurements of Sayetat
et al.* is very intriguing. These authors found a positive
volume change of 0.089% upon heating. The resolution
for the length change of our experiment is higher than
with x-ray diffractometers (AL /L =10"" compared to
3X107° relative resolution*), but we determine the
thermal expansion of the bulk sample containing pores,
grain boundaries, etc. To rule out a sign error due to
preferential orientation, we measured the sample a
second time but rotated by 90°. The two curves are iden-
tical. As we will discuss further below, our observation
of a volume contraction on warming is consistent with the
pressure dependence of T'y;.

A minimum in the magnetic susceptibility occurs at 23
K. In past work, this minimum was observed to be corre-
lated with the inflection in log(p(T)), and was believed to
signal the onset of a third phase transition.' We ob-
served, however, that the low-temperature tail and the
temperature of the minimum in the susceptibility curve
are considerably sample dependent, and furthermore that
the inflection in log(p(T)) of the sample presented here
does not correlate with the minimum in the susceptibility
but occurs near 45 K. Isothermal magnetization mea-
surements on our sample at 5, 40, and 80 K indicate the
presence of a ferromagnetic contribution to the suscepti-
bility which is barely detectable at 80 K. In addition, we
observed hysteretic behavior of the Curie tail below 15 K
when the susceptibility was measured in fields of 100 and
500 G. We believe that the gradual (and irreproducible)
increase of x(T) below 23 K, the ferromagnetic contribu-
tion, and the hysteresis reflect the presence of a second
phase (possibly sulfur deficient), rather than a phase tran-
sition. If we assume that the second phase has a saturat-
ed moment comparable to that reported by Massenet
et al.,” then our sample contains less than 1% of this
phase. Finally, we note that aging at room temperature
does not modify the sulfur content of the samples. We
obtained an identical y(T) curve one year after the first
measurements.

B. Pressure dependence of the phase transitions

Figure 3 shows the electrical resistivity for BaVS; at
four applied pressures as a function of temperature taken
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FIG. 3. Temperature dependence of the resistivity of BaVS,
under various hydrostatic pressures. Values of P indicated are
those at low temperature, determined by the superconducting
transition of lead. Each data set represents cooling and warming
curves; hysteresis is negligible. Inset: p(T) upon cooling at the
same applied pressures shown on a limited resistivity scale.
Near room temperature the pressure is higher than at low tem-
peratures, as explained in the text. The circles indicate the

change of slope due to the hexagonal-to-orthorhombic transi-
tion.

on cooling and warming the sample. As mentioned ear-
lier, the high-temperature structural transition 75 can be
identified by a weak change of the slope dp/dT near 250
K. Circles in the inset of Fig. 3 mark this transition. The
hexagonal-to-orthorhombic transition occurs at 242 K
under ambient pressure and increases with increasing
pressure to 272 K at 7 kbar, 285 K at 13.1 kbar, and to
over 300 K at P> 16 kbar. (Note that these pressure
values differ from those indicated in Fig. 3 because they
have been corrected for the temperature variation of
pressure in our cell,!?> which causes the pressure to be
higher at higher temperatures.) Although not obvious in
the inset of Fig. 3, the change of slope at the transition
becomes more pronounced at high pressure. The room-
temperature resistivity for the different pressures is be-
tween 2.1 and 2.9 mQ cm, which is slightly lower than
the value originally reported by Gardner, Vlasse, and
Wold.! The samples become better metals with increas-
ing pressure, as evidenced by an increase in dp/37T. Ex-
trapolated residual resistivity ratios p(300)/p(0) vary
from 1.2 at 1 bar to roughly 8 at 14.8 kbar. Below the
metal-to-insulator transition the log of the resistivity in-
creases monotonically as shown in Fig. 3, and has an
inflection at a temperature well below Ty (P). Figure 4
plots the logarithmic derivative of the temperature-
dependent resistivity (cooling and heating data). The
peaks provide a means of defining the value of Ty,!° as
opposed to simple inspection of the p(T) plot. The tran-
sition is sharper for the intermediate pressures, which is
manifested in the width of the peak in (1/p)(8p/3T). As
pressure is increased, T’y decreases, which is opposite to
the evolution of T¢(P). A small hysteresis of about 1.5 K
can be detected for the 1-bar data below 75 K. We have
established that this behavior is not intrinsic but is due to
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FIG. 4. Logarithmic derivative of the temperature dependent
resistivity of BaVS; under hydrostatic pressure. The pressure
values indicated are corrected at the MI transition temperature.

a small thermal gradient between the thermometer and
the sample which subsequently was minimized. Plots of
In(p) vs 1/T (characteristic of a semiconducting gap, im-
purity level, or thermally activated hopping) or 1/7'/*
(such as found for variable range hopping!'®) have no
significant region of linearity. However, a temperature-
dependent activation energy can be estimated from the
formula p=p ,exp(A/T) to be A=~560 K at 25 K and
ambient pressure (see below). The evolution of the
metal-to-insulator transition as a function of pressure is
shown in Fig. 5. The sensitivity of T, to pressure is
—3.4 K/kbar, on average, and a linear extrapolation sug-
gests that the MI transition would be totally suppressed
at 20 kbar. Hints for a total suppression can already be
detected in Figs. 3 and 4. The MI transition clearly
broadens under 14.8 kbar and the resistivity increase
below Ty is smaller than at lower pressure. A negative
pressure derivative of Ty also follows from the thermal-
expansion change AfB at Ty [Fig. 2(b)] and Ehrenfest’s
relation for a second-order phase transition,
dT,/dP=VT,AB/AC. Because AC must be positive at
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FIG. 5. Pressure dependence of Ty and T(p=min).
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the transition, dT,/dP must be negative. (This result
provides further support for our finding that the volume
change on cooling through T is positive.) The tempera-
ture of the minimum in resisitivity is also plotted as a
function of pressure in Fig. 5. T(p=min) decreases with
increasing pressure from 147 K at 1 bar to 34 K at 14.8
kbar. The value of the resistivity at the minimum also
decreases.

IV. DISCUSSION

The metallic behavior at high temperature, the large
magnetic moment associated with the existence of the
Curie-Weiss law above 90 K, and the weak increase of
Xx(T) below 20 K [Figs. 1 and 2(a)] indicate that the sam-
ple studied is close to stoichiometric BaVS,.'¢ From
Figs. 2(b) and 4 we estimate a transition width of 8 K for
the metal-to-insulator transition, which we believe to be
intrinsic and which attests further to the high quality of
this sample.

With applied pressure the MI transition drops rapidly
to lower temperatures, while the high-temperature
structural transition moves up. These trends can be in-
terpreted by considering the ratio of lattice parameters
c/a, where c is the lattice parameter along the V-chain
direction, and a is the hexagonal basal plane lattice con-
stant that is related to the orthorhombic cell parameters
by a=(agby/V'3)"?, as shown by the inset in Fig. 6.
The main part of Fig. 6 shows that experimentally this
ratio is always greater than the value 0.8165 that corre-
sponds to perfect octahedral symmetry of the six sulfur
ions surrounding a vanadium cation,*’ so that the mea-
sured c¢/a ratios reflect the distortion of the octahedra.
The c/a ratio increases with decreasing temperature in
the hexagonal phase to a critical value at the structural
transition at 242 K. Below this temperature the tempera-
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FIG. 6. Evolution of the ratio ¢ /a with temperature. This
ratio is taken as ¢, /a; and colaghy /V'3)12 for hexagonal and
orthorhombic symmetries, respectively. The solid line is x-ray
data at ambient pressure from Ref. 4; the dashed line is the pro-
posed behavior under pressure (see text). Also shown is the
vanadium sublattice in the ab plane with the crystallographic
unit cells outlined.
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ture dependence of c¢/a changes sign, and decreases on
cooling to a critical value where the MI transition sets in.
A reasonable expectation is that application of hydro-
static pressure should increase c¢/a due to anisotropic
compression parallel and perpendicular to the vanadium
chains. This can be understood by simple inspection of
the crystal structure with its strong metallic bonds along
the ¢ axis, which should be relatively incompressible, or
by the anisotropy of the thermal vibrations of the vanadi-
um atoms.>*> Since pressure increases ¢ /a, the critical
value needed for the hexagonal-to-orthorhombic transi-
tion is reached at a higher temperature, i.e., pressure
pushes the maximum in ¢/a and Ty to higher tempera-
tures, as observed by experiment (inset of Fig. 3). By the
same mechanism, applied pressure weakens the decrease
of ¢/a(T) in the orthorhombic phase and T shifts to
lower temperature (see dashed line in Fig. 6). The more
metallic behavior of BaVS; under pressure then would be
due predominantly to the slightly better overlap of the
vanadium d orbitals along the c axis.

We consider next the issue of whether a third, magnet-
ic phase transition occurs at low temperatures (below 35
K). The monotonic evolution of the thermal expansion
between 4.7 and 60 K is a sensitive indication for the ab-
sence of such a phase transition in this temperature
range. [B(T) varies according to the Debye function
without any anomaly below 60 K (Fig. 2). We argued
above that the (irreproducible) Curie tail in the suscepti-
bility and the associated small remnant magnetization
and hysteresis reflect the existence of a second phase
(presumably sulfur deficient) comprising at most 1% of
the sample, rather than an intrinsic phase transition.
However, we note that the onset at 31 K of a magnetic
phase transition in BaVS; found by Heidemann and
Takano® is within the temperature range where we ob-
served susceptibility minima on different samples. In ad-
dition, Massenet et al.” reported ferromagnetic order
only below 20 K in their sulfur-deficient single crystal,
whereas we detected a (small) remnant magnetization at
substantially higher temperatures. Given these caveats,
we cannot identify unambiguously the source of the fer-
romagnetic contribution to the susceptibility observed in
our sample.

Finally, we turn to the nature and the order of the
transition at Ty;;. As discussed in Sec. I, the maximum of
the susceptibility at 70 K was originally taken to
represent the onset of antiferromagnetic order, but later
studies showed, at least between 35 and 70 K, that there
is no hyperfine field in NMR,’ Mdssbauer,® or neutron
spin-flip scattering,® and no magnetic reflections in neu-
tron diffraction.? Although it is possible that order takes
place, but with an ordered moment too small to be
detectable by these measurements (e.g., foq<<O0.1lug),
this seems unlikely since small-moment order should not
give rise to such a large reduction in the susceptibility
below Tyy. This quandary led to speculations that some
form of one-dimensional (1D) antiferromagnetism occurs
along the vanadium chains, e.g., the suggestion® that non-
magnetic V pairs form gradually below T',;. The negative
slope dp /0T which can be observed in the wide tempera-
ture range between T and the temperature T ;, of the



2042

resistivity minimum might be attributed to fluctuations in
the order parameter above Ty, as is commonly found in
low-dimensional phase transitions. A problem with this
interpretation is that such 1D order is typically unstable
against structural pairing, and no such pairing is detected
in neutron or x-ray crystallography.>* Furthermore, ex-
amination of Fig. 2(a) shows that the decrease in x(7) on
cooling below 70 K is more rapid than occurs in typical
examples of 1D antiferromagnetic compounds or in the
predictions from 1D antiferromagnetic models.!’

We propose an alternate explanation. Not only is no
magnetic order detected below Ty, but also no crystallo-
graphic change is observed by x-ray or neutron
diffraction.>* It could be that these experiments have not
been sufficiently sensitive to resolve symmetry breaking;
however, it is also possible that symmetry above and
below T is not broken. This suggests that the transi-
tion is isomorphic, i.e., there is no symmetry change, but
only a change in cell volume, which is the order parame-
ter for the transition. An isomorphic transition has been
found for certain RNiO; compounds (R= rare earth).
These are “charge transfer” compounds, growing in a
modified perovskite structure, where the MI transition is
accompanied by a 0.2% contraction of the unit cell on
heating into the metallic state.'® (The volume contraction
at Ty in these oxides and in BaVS; is linked to electron-
ic delocalization, i.e., metallic bonding.) For R =Pr and
Nd there is no structural symmetry change, but the insu-
lating phase is antiferromagnetic.!®* For R =Sm and Eu,
however, the MI transition is not accompanied by any
breaking of symmetry, structural or magnetic. The mag-
netic transition which occurs does so at a lower tempera-
ture than Tyy;.!° The qualitative shape of the logarithmic
resistivity in BaVS; is very similar to that of these com-
pounds, but the features in the latter are more pro-
nounced. In particular, the plateau below the jump in
log(p(T)) associated with the MI transition is very ex-
tended in RNiO;. Hence, except for the fact that the MI
transition in RNiO; is clearly first order and hysteretic,?
we argue that the MI transition in BaVS; is similar to
that of SmNiO; or EuNiO;, i.e., isomorphic, but this is
not to say that BaVS; is a charge-transfer system.

This brings us to the question of the order of the tran-
sition. In examples of isomorphic transitions such as the
a-y valence transition in elemental cerium?! or the
metal-to-insulator transition in V,_,Cr, 05,2 a line of
transitions in the P-T or x-T plane terminates at a criti-
cal point, beyond which the transitions become continu-
ous with rapid changes in thermodynamic quantities as
functions of temperature, but no true divergences. We
argue that the MI transition in BaVS; can be viewed as a
continuous transition that is taking place at ambient
pressure just beyond a first-order critical point as occurs
for x=0.005 in V,_,Cr,O;. Our reasons are as follows:
First of all, unlike the case of RNiO;, we observe no in-
trinsic hysteresis in the resistivity, susceptibility, or
thermal expansion. Furthermore, the volume change is
much smaller in BaVS; (0.02%) than in the oxides (where
it is 0.2%). Such a small change would indicate that even
if the transition were first order, it would be very close to

T. GRAF et al. 51

a critical point where the discontinuity in AV vanishes.
The third observation is the very broad peak in (1/p)
(8p/9dT) for P=14.8 kbar (Fig. 4). The shape of this
curve suggests a continuous transition from the metallic
to insulating states, and the trends shown in Fig. 4 evi-
dence that pressure moves BaVS; away from a well-
defined transition. Fourth, the broad region of negative
0p /0T observed between T and T, for all pressures
could not occur for a strong first-order transition. This
can be seen by comparison to the first-order transition in
RNiO;, where the resistivity in the metallic region is
monotonically increasing for all pressures.?’ The negative
9dp /9T in BaVS$; rather indicates a continuous transition
of the order parameter above T. Finally, we have at-
tempted an analysis of the critical behavior of the
thermal expansion which implies that the transition is
continuous. To accomplish this, we first estimate the
background thermal expansion by fitting the measured
expansion L, [solid line, Fig. 7(a) inset] to a single po-
lynomial L.,  (dashed line, inset) whose temperature
dependence is the same as that of the measured data well
away from the transition region. Subtracting to obtain
Lcit=Lmeas Lpacks Wwe then plot AL ;=L ;(T)

= — .
| B
_P[ Tm=69K )
Or 31 Ty, E
< g o
- 2 10 1
gor_é‘. log(Ty~T) &~ ]
?-‘ /
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0 . " L ]
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FIG. 7. (a) Critical behavior AL, /L, of the thermal expan-
sion near T;. The dashed line in the inset represents our esti-
mate of the background thermal expansion, which was subtract-
ed from the measured expansion (solid line, inset) to obtain L.
(See text for details.) (b) The quantity T*(T)=AL_,, /(3L /3T)
plotted vs temperature. This has the appearance expected for
an isomorphic transition located on the continuous side of a
critical point (see text). Inset: 10g(dAL ., /8T) vs log(T — Ty ).
The tick marks of the y axis are separated by 0.3. The lack of
linearity is as expected for a continuous transition, as opposed
to a first-order transition or a transition through a critical
point terminating a line of first-order transitions.
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—L ;,(Tyy) in Fig 7(a). Assuming that AL, /L, varies
as |e|® [where e=(T —Tyy)/Tyy and Ly=L (4.7 K)], in
Fig 7(b) we show the quantity

AL crit /

which should vary as |T— Ty |/8 above and below the
transition. We also plot [inset to Fig. 7(b)]
log(dAL ; /9T) vs log(T — Ty ), which should yield a
straight line with slope &—1. For second-order
symmetry-changing transitions or for an isomorphic
transition at a critical point, these plots are typically
linear over an extended range 0.001 <e<0.1.2! In Fig.
7(b), no region of linearity is visible for the two ways of
plotting the data. [In these plots we have fixed T as
the temperature of the maximum thermal expansion; oth-
er choices of T give asymmetrical curves in Figs. 7(a)
and 7(b). The absence of linearity holds independent of
choice of Ty and, as can be seen from Fig. 7(b), is not an
artifact of the statistics.] Indeed, the T* curve is similar
to those for Ce,;_, Th, alloys which have continuous iso-
morphic valence transitions for x >x,.2! It can already
be seen from Fig. 7(a) that there is no divergence in slope
of AL, at Tyy. For these five reasons we assert that the
transition is not first order or critical, but is continuous.
A continuous MI transition is not without precedent.
We have already mentioned the case of Cr-doped V,0;.22
Other examples are the MI transitions in FeSi and in the
recently discovered “Kondo insulator” Ce;Bi,Pt;.”* In
these latter compounds optical conductivity experi-
ments?*?> suggest that the semiconducting gap “renor-
malizes” (i.e., vanishes) continuously as the temperature
is raised. In Fig. 8 we use a simple model [where two
wide, equal mass, parabolic bands are separated by a
temperature-dependent gap A(7T) and the scattering rate
is assumed linear with temperature, i.e., electron-phonon
scattering dominates] to estimate the temperature depen-
dence of the gap in BaVS, from the resistivity data. The
model has been applied by Hundley ez al. to Ce;Bi Pt;.2
The energy gap A obtained from this model is essentially

aL

T*(T)=
(T) o7

500 T T T T

400

A==TIn(exp(Py, /P)—1)
300+

A (K)

200

100}

60 70 80 90 100

FIG. 8. The temperature dependence of the gap, estimated
from the resistivity using the model of Hundley et al. (Ref. 26):
A= —TIn[exp(p./p)—1]. The gap renormalizes continuously
to zero as temperature increases.
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the same as the one calculated with the formula
p~pexp(A/T), except at higher temperature (7T >70
K). Given the uncertainty in p,, the resistivity in the
limit of very high temperatures, and the simplicity of the
model, the curve of Fig. 8 has only qualitative
significance. It is merely intended to reinforce the analo-
gy to FeSi and Ce;Bi, Pt; and to suggest that the physics
of the transition in BaVS,; involves a continuous renor-
malization of the gap.

In FeSi the suceptibility is small at low temperature
due to the presence of a gap in a (highly correlated) d
band of extended states. At high temperatures the sus-
ceptibility exhibits Curie-Weiss behavior?” which arises
from strong Coulomb correlations in the 3d band.?® For
BaVs$, the behavior of y(T) can be understood in a simi-
lar way. The fact that the peak at Ty is much sharper
than in FeSi is consistent with BaVS; being closer to a
critical point. Figure 9 compares the derivative of Tx(T)
with the derivative —d(logp)/dT. Both curves peak at
69 K and have similar shapes, indicating that changes in
the electronic and magnetic characters are correlated
strongly.'>?® Combined with use of the formula
p~p.exp(A/T), the equality of these derivatives sug-
gests that Ty~ A in the vicinity of T (corrections are
of the order of 10%). An identical relationship is valid
for Ce;Bi Pt,;,2° which strengthens the case that the sus-
ceptibility of BaVS; can be understood in terms similar to
that of FeSi and Ce;Bi, Pt;.

To summarize, our argument is that the MI transition
in BaVs$; is a continuous isomorphic transition, involving
a smooth crossover from an insulator, with low suscepti-
bility due to a gap in otherwise extended states and with
no magnetic order, to a metal with Curie-Weiss behavior
arising from strong Coulomb correlations in the vanadi-
um d band. The gap renormalizes continuously to zero
as the temperature is raised. The situation is similar in
many respects to that of FeSi, but, due to close proximity
to a critical point, the continuous transition is sharper.
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FIG. 9. Derivative of yT with respect to temperature (filled
squares and line, on left axis), and the logarithmic derivative of
the temperature-dependent resistivity (open squares, on right
axis) at ambient pressure. Only warming data are shown.
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This does not mean that the microscopic physics is iden-
tical to that of FeSi. For unlike that material, the physics
of BaVS; clearly is determined by changes that the octa-
hedral distortion of the quasi-1D vanadium chains have
on the electron states. Indeed, the idea of Massenet
et al.”—that above 70 K a narrow correlated d,, band,
responsible for the magnetic behavior, overlaps a broad
d ; band, responsible for the metallic behavior—may be

applicable. It requires that a gap develops continuously
in the hybridized d band, and that the gap suppresses the
moment at low temperature. This would be similar to the
situation in Ce;Bi, Pt; where a narrow (4f) state is degen-
erate with a broad band of conduction states, and a small
energy gap separates a high-temperature conducting
local-moment regime from a low-temperature, nonmag-
netic insulator.

V. CONCLUSION

The resistivity of stoichiometric BaVS; has been mea-
sured as a function of temperature under applied hydro-
static pressure. A pressure of 14.8 kbar suppresses the
metal-to-insulator transition from 69 K at 1 bar to 12 K.
The pressure dependence of this transition is correlated
with changes of the ratio ¢ /a, and we propose that the
decrease of T is due to the anisotropic compression of
the unit cell. BaVS; has been studied at ambient pressure
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by resistivity, magnetic-susceptibility, and thermal-
expansion experiments. The measurements confirm the
existence of two phase transitions, a structural one at 242
K and one from a metallic-to-insulating state at 69 K,
which have opposite pressure dependencies. No evidence
for an additional intrinsic phase transition between 5 and
60 K has been found. Analysis of our data suggests that
the metal-to-insulator transition may be a continuous iso-
morphic transition from a low-moment band insulator to
a metal with Curie-Weiss behavior arising from strong
Coulomb correlations in the vanadium d band. Clearly,
spectroscopic studies (optical conductivity, photoemis-
sion, inelastic neutron scattering) on high-quality single
crystals are required to clarify the nature of the metal-
to-insulator transition in BaVS;.
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