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Studies of the temperature dependence of the electrical resistivity, Hall effect, and magnet-
ic susceptibility indicate that the crystallographic distortion apparent in metallic layered chal-

cogenides at low temperature is absent after intercalation,

In the quasi-two-dimensional su-

perconductor TaS,(pyridine);;, the measured c-axis resistivity is 10°~10° times the a-axis
resistivity, However, since the temperature dependence of the c-axis resistivity may be rep-
resented by a constant times the a-axis resistivity, we believe that the c-axis resistivity is
significantly reduced by shorts and that the intrinsic anisotropy is greater than the measured

value of 105,

INTRODUCTION

The superconductor TaS, (pyridine);, , is a stoi-
chiometric crystalline-intercalation complex in
which metallic planes of TaS, 6-A thick are separat-
ed by pyridine (py). Our study of this complex has
been stimulated by the two-dimensional nature of the
layered dichalcogenides and by the fact that one can
increase the electrical anisotropy of these materials
by intercalation of organic molecules between the
layers.! The discoveries of a metal-insulator tran-
sition in pure 17-TaS,? and of superconducting fluc-
tuations far above T, in intercalated 2H-TaS,® show
that this class of. compounds should be a rich sub-
ject for continued investigation. Previous studies
of 2H-TaSe,, 2H-NbSe,, and 17-TaS, !' % * suggest
that the group-Vb-layered chalcogenides might all
undergo a low-temperature phase change. The in-
terpretation of these data in terms of magnetic or-
dering has been shown by NMR studies to be incor-
rect.® X-ray crystallographic studies show that the
singularities in the resistivity and magnetic suscep-
tibility in NbSe, are accompanied by a change incrys-
tal structure, ® perhaps the result of an electronic
instability in a half-filled band and a high density of
states at the Fermi level.

Here we report on a comparative study of the re-
sistivity, magnetic susceptibility, and Hall Effect
in 2H-TaS, and in the intercalation compound TaS,
(py)12- These measurements reveal a phase tran-.
 sition in 2H-TaS, at 70 °K that is not present after
intercalation. The similarity between our results
for TaS, and those on NbSe, and TaSe, is remarkable
and therefore we believe that the transition we have
observed in TaS, is accompanied by a distortion of
the hexagonal array that is common to these group-
Vb dichalcogenides.
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DESCRIPTION OF MATERIALS

TasS, crystallizes in a number of polytypes that
differ in the sulfur-tantalum coordination symmetry
and in the number of layers per unit cell.? Theelec-
tronic properties of pure and intercalated 2H-TaS,
will be compared here. The 2H polytype of TaS, is
stable at room temperature. Large black wrinkled
platelike crystals of it are produced by iodine vapor-
phase transport followed by slow cooling from the
growth temperature.! In each layer of the crystal
the sulfur atoms lie on the corners of a trigonal
prism with a tantalum atom at the center of the
prism. However, since each layer is rotated 60°
with respect to the previous layer, the repeat dis-
tance is two layers. This polytype is metallic and
superconducting below 0. 8 °K. TaSa(py)l,z is pre-
pared by treating TaS, with pyridine in a sealed
Carius tube at 470 °K. The insertion of the py-
ridine spreads the layers by 6 A making the Ta-

Ta distance 12 A along the c axis. The exact struc-
ture of this complex is notknownbut it seems likely
that the pyridine molecules lie in bilayers parallel
to the TaS, layers.” TaS,(py),,, is metallic, at
least along the layers, and superconducts below
3.5 °K.

EXPERIMENTAL TECHNIQUES AND RESULTS

The electrical resistivity has been measured on
single crystals of TaS, and TaS;(py),, , both parallel
and perpendicular to the layers. The a-axis (paral-
lel to the layers) measurements were made via the
van der Pauw technique® while the ¢-axis measure-
ments were made by soldering two contacts to each
side of the planar samples using solder with a low
melting point. The accuracy of both measurements
is limited by the accuracy with which the thickness
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FIG. 1. Resistivity vs
temperature for 2H-TaS,
and TaS,(py);/s. The curves
are normalized to the room-
temperature values of the re~
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can be measured, and since the single crystals are
often of nonuniform thickness the accuracy of this
measurement could not be better than 10%. However,
on a single crystal the resolution of the measure-
ment as a function of temperature is limited by noise
which is approximately 1% of the signal. These
considerations, combined with the importance of the
temperature dependence of the resistivity, dictated
that the resistivities be compared on a scale normal-
ized to the room-temperature resistivity, as shown
in Fig. 1.

In Fig. 1 we compare the temperature dependence
of the resistivity parallel and perpendicular to the
layers, both before and after intercalation. The
room-temperature values of p, are 1. 5x10™ @ cm
for TaS; and 3.0%107* Qcm for TaS,(py);,,. These
values reflect the fact that the intercalation doubles
the c-axis lattice dimension, i.e., the change in re-
sistivity appears to be dominated by the geometrical
factor introduced by spreading the metal layers
apart. This result was substantiated by monitoring
the a-axis resistance on a single crystal duringin-
tercalation. It was found that the resistance was
constant within 5% of its starting value. Thus, the
change in the conductivity of the metal layers that
would be expected to occur on intercalation must be
small compared to the effects of spreading the lay-
ers apart. In contrast to this result, the resistivi-
ty along the ¢ axis, which was initially 2x10°% cm,
increased to values as large as 20 § cm after inter-
calation, Various values for p, were obtained be-
tween 2 and 20 Q cm. This spread in results is
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probably caused by shorts inside the crystal between
the layers and by uncertainty as to the true thick-
ness of the crystal,

Despite these very large changes in c-axis resis-
tivity, the temperature dependence of the c-axis
resistivity appears to be insensitive to intercalation.
The a-axis resistivities before and after intercala-
tion have the same temperature dependence between
70 °K and room temperature. In this temperature
range the resistivity is not exactly linear but tends
to flatten off near 70 °K. Below 70 °K the g-axis
resistivity of the unintercalated sample rapidly
drops, indicating the presence of the phase tran-
sition, The c-axis cooling curves show a similar
behavior: a metallic temperature dependence with
a slope near that of the a-axis curve. The similar-
ity of the a- and c-axis curves for the intercalation
compound is surprising and probably results from
interlayer shorts since the room-temperature val-
ues of the resistivity differ by four to five orders of
magnitude. Hence, we feel that the intrinsic anisot-
ropy of the resistivity and the correct temperature
dependence for p, in TaS,(py),, ; have not yet been
observed. The heating curves reproduced the cool-
ing curves for both the unintercalated and the inter-
calated samples. Yet, while measuring the uninter-
calated c-axis resistivity a number of samples
cleaved parallel to the planes near 70 °K. This
cleaving appeared to be due to internal stress build-
up near the transition temperature.

The Hall effect has been used to verify the exis-
tence of the phase transition and togive some insight
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into the origin of the transition. As with the resis-
tivity measurements, the accuracy could not be bet-
ter than 10% because of variations in sample thick-
ness. Relative values are noise limited and are
reproducible to approximately 2%. The data plot-
ted in Fig. 2 were taken on pure TaS, during both
heating and cooling cycles and no hysteresis was de-
tected. The most striking features of these data
are the change in sign at 56 °K and the broad tran-
sitionbetween 20 and 70 °K that joins regions of near-
ly constant magnitude. Indeed, the Hall data give
the clearest evidence for the phase transition and
indicate that the change in slope of the resistivity
curve is due to a transition taking place continuous-
ly between 20 and 70 °K.

Hall data were taken on the intercalated material
at room temperature. Inallof the samples measured,
the Hall constant was positive and approximately
three times larger than that for the unintercalated
material. However, this value must be treated with
some care. The Hall constant for the configuration
used in these experiments is given by Ry =dV,/BI,
where d is the sample thickness, V, is the Hall po-
tential, I is the current, and B is the magnetic
field intensity. It was shown above that the resis-
tivity along the a axis changes by a factor of 2 on
intercalation, so that only the metal planes should
be considered in the contribution to the ¢-axis re-
sistivity., This means that the effective thickness
in the expression for the Hall coefficient is just one-
half the measured value. The use of this scaling
factor is at best an approximation but one that seems
justified in light of the resistivity results. Inserting
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this scaling factor gives the effective Hall coefficient
as +4.1x10™ cm® C-! for the intercalated samples
at room temperature. This value is the average for
a number of samples measured but the spread in
values was within the experimental error, limited
by the uncertainty in the thickness measurement.
The Hall constant for the unintercalated TaS, at
room temperature is +2.5X10™ cm® C"1 The See-
beck coefficient measured at room temperature
was found to be —7+ 0. 5x10°¢ V/°K for both the
pure and intercalated materials. The negative sign
for the thermoelectric power combined with the pos-
itive Hall constant suggests an overlapping two-band
model in which the number of electrons is greater
than the number of holes but with the hole mobility
larger than the electron mobility. The insensitivity
of the Seebeck coeffecient to intercalation means
that the fractional changes inthe number of electrons
and their mobility must be small on intercalation,
Measurements of the magnetic susceptibility have
confirmed the presence of the transition in 2H-TaS,
and the absence of one in TaS,(py);,,. These data
were taken using a Faraday balance system in fields
to 7kG. Three calibration points were taken at 300,
77, and 4.2 °K followed by a continuous plot of x vs
T from 4.2 to 300 °K. The data are shown in Fig.
3. In the unintercalated material the presence of
the transition is indicated by the peak in the suscep-
tibility at 80 °K. This peak is removed on intercal-
ation, the susceptibility is reduced by 50%, and, ex-
cept for a slight drop near 4 °K probably associated
with the onset of superconductivity, the curve is
flat. Deintercalating the sample returns the peak
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and the behavior of the unintercalated material.
These data on the intercalated material agree with
those taken by Geballe et al.® on TaS,(py),, , when
the magnetic field is parallel to the crystal planes.
Our measurements were made on powders and
pressed pellets in which the preferred orientation is
with the layers parallel to B.

DISCUSSION

In the data presented above we have shown that
the phase transition in 2H-TaS, at 70 °K is removed
by intercalation with pyridine. Previous work on
phase transitions in17-TaS,, and 2H-NbSe, shows
that these transitions are accompanied by a change in
crystal structure.? ® The present case is remark-
ably similar to 2H-NbSe, and TaSe,* and, hence, is

quite likely also accompanied by a crystal distortion.

Our data suggest that at room temperature in
2H-TaS; a heavy electron d band overlaps the light-
hole valence band. The number of holes at room
temperature calculated from a one-type-of-carrier
model for Ry is 2.5%10%% em™®, This number is
double the atomic density of tantalum in TaS, and
hence is much too large. Also, the hole mobility
calculated from p, and R, is 1.7 cm?/V sec, which
is even smaller than would be expected for d-band
conduction in TaS,. These results indicate that a
single-band model for conduction at room temperature
is not appropriate. Two-band conduction is further
suggested by the opposite signs for the Hall and See-
beck coefficients. Since the sign of the Hall voltage
is dominated by the carrier of higher mobility, the
positive sign for Ry and the negative sign for S lead
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one to the conclusion that a heavy-electron d band
overlaps the light-hole valence band at room tem-
perature.

On the other hand, a similar calculation for the
electrons in the temperature region below 20 °K
gives n=1.5%10% cm™% and y, =46 cm?/V sec for
the carrier concentration and mobility, respectively.
These are reasonable values for single-carrier con-
duction since the number of carriers that would be
predicted from a calculation of the density of TaS, is
1.7x10%2 cm™3, Furthermore, the mobility of d
electrons at room temperature would be expected
to be approximately 10 cm?/V sec. A value of 50
cm?/V sec is reasonable at 4.2 °K because of the
reduced lattice scattering at low temperature.

Thus, a single-band model describes the low-tem-
perature conduction. The transition from the high-
to low-temperature phases may be then accompanied
by a changing band overlap. An overlapping-band
model has been proposed by van Maaren and Harland®
for TaS, at room temperature. In that model it is
not clear which d band might be involved. However,
in Ref. 10 it is shown by means of a molecular-or-
bital calculation that the nondegenerate A;* level,
derived from the metal d,» orbital lying along the
prism axis, should be the lowest lying of the d lev-
els and from the experimental data it is concluded
that this band overlaps the valence band in 2H-TaS,.
It is further shown that the relative positions of the
d bands are a sensitive function of the bond anglesor,
equivalently, of the ¢/a ratio. Thus, a crystal dis-
tortion in which ¢/a is changed could produce an up-
ward shift in the energy of the lowestd level because
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FIG., 4. Schematic energy bands for TaS, at room tem-
perature and 4 °K (after R. Huisman et al., Ref. 8). At
300°K, the Fermi level lies below the top of the valence
band.

of increased overlap with the ligand orbitals. For
the observed transition the valence band must either
remain stationary or move down relative to the d
band so that the Fermi level, lying close to the top
of the valence band at room temperature, can cross
the top of the valence band.

The band-overlap model described above is sup-
ported by the magnetic susceptibility data. The
temperature dependence of the magnetic suscepti-
bility is similar to that for an antiferromagnetic
transition. Previous NMR studies® and the small
values for y suggest that the peak in y is associated
with a change in the electronic density of states and
not with magnetic ordering. This peak can be under-
stood from the band scheme shown in Fig. 4. At
room temperature the d conduction band overlaps
the sp valence band such that the Fermi level lies
below the top of the valence band. Some electrons
from the valence band are donated to the d band so
that the d band is more than half-full. Then, assum-
ing a triangular model for the d band, the electronic
density of states is less than the maximum density
in the d band. Since the density of states at the
Fermi level in the d band is much greater than the
density in the valence band, the total density of
states is less than some maximum value. Similar-
ly, if the d band lies higher at lower temperature
so that the Fermi level is above the top of the va-
lence band, the total density of states is just that
in the d band and is less than the density when hole
states contribute to N(Ep).

After intercalation the Seebeck coefficient is
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approximately the same as before intercalation
while the Hall constant increases. Preliminary
electron-spectroscopy-for-chemical-analysis data’
suggest that the nitrogen atom in the pyridine con-
tributes about one-fourth an electron to the TaS,.

It is also known that Lewis bases (electrondonors)
preferentially intercalate. ” Thus, itappears tobe
established that electrons are donated to the TaS,by
the intercalate. Butif electrons are added atthe Fer -
mi level of a two-band conductor, one would expect
that the positive Hall constant would decrease.
However, it is also known that on intercalation the
a axis increases by as much as 1% so that the c/a
ratio and the bond angles may also change on inter-
calation. Thus, referring to the molecular-orbital
calculation in Ref. 10, one would expect the d con-
duction band to be shifted relative to the valence
band and intercalation would cause a redistribution
in the number of electrons and holes, making the
Seebeck and Hall results acceptable.

If, in fact, the d conduction band is depressed by
intercalation, then intercalation could affect the
low-temperature transition through both a realign-
ment of the relevant bands and through a donation
of electrons to the metal. Depression of the d
band relative to the valence band could prevent the
appearance of the transition in the electrical mea-
surements even if it occurs crystallographically,
since then the change in carrier type would not
occur. The distortion of the lattice in the case
of NbSe, is of the same order® (approximately a
1% change in lattice dimensions) as that caused by
intercalation in TaS,, so that it is not unreasonable
to expect the transition to be removed by intercala-
tion. The absence of the transition in the intercala.
ted material should, however, be checked by an x-
ray analysis.

In addition to removing the transition by inter-
calation we have found that certain pure TaS, crys-
tals do not have the transition. A correlation has
been made between the rate at which crystals are
cooled from the growth temperature and the pres-
ence of the transition. Crystals cooled too rapidly
donotgo through the transition, are difficult to in-
tercalate, and have a higher superconducting crit-
ical temperature. These crystals are a mixed
phase, consisting of the low-temperature 2H phase
and one or more of the high-temperature phases.
Several different superconducting critical tempera-
tures have been reported for 2H-TaS, ! and may be
related to the presence or absence of the phase
transition.

Perhaps the most serious criticism of the above
model for the phase transition in 2H-TaS; is that
it does not seem reasonable that a transition result-
ing from a sensitive band overlap should be found
in all of the group-Vb dichalcogenides. However,
two comments can be made that make the band-over-
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lap model more acceptable. First, the transitions
in the various materials are not identical. In nio-
bium and tantalum diselenides either single- or
double-band conduction is consistant with the data.
It is not necessary to assume that the same band
overlap or the same bands are involved in the ob-
served transitions. For example, in TaSe, over-
lap between the metal d band and the anion conduction
band may be important below 40 °’K. The second
relevant comment is that, if the low-temperature
transitions are the result of an instability in a half-

- filled band that is characteristic of the group-Vbd
hexagonal layered crystals, then the observed dis-
continuities in transport properties are necessary
and not accidental. The temperature-sensitive
overlapping bands in 2H-TaS, are then a result of
the instability and not the cause of it.

A number of important characteristics of the inter-
calated materials are evident in the resistivity-vs-
temperature curves. The similarity in the slopes
of the four curves in Fig. 1 is striking. Between
70 °K and room temperature the a-axis resgistivities
follow essentially identical curves. This similarity,
despite the fact that the resistivity of the intercalat-
ed material is double that of the unintercalated
material, suggests that the Debye temperature of
the metal lattice does not change appreciably on
intercalation. This result is consistent with a mod-
el in which conduction takes place in covalently
bound layers separated by the intercalated molecule
weakly bound to the metal. Perhaps the most sur-
prising result in Fig. 1 is that the c-axis resistivity
as a function of temperature is roughly proportional
to the a axis both before and after intercalation even
though the resistivity values differ by as much as
10°. We believe that this is the result of shorts.
These shorts might be crystalline imperfections
in which some layers run perpendicular to the
layers of the majority of the material, excess metal
atoms trapped between the layers, or perhaps screw
dislocations that are formed when the crystal is
grown, The existence of screw dislocations in these
materials has been confirmed by optical microscopy.
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Electrical shorts must be eliminated before the in-
herent anisotropy and temperature dependence of
the c-axis resistivity can be measured. The effects
of superconducting fluctuations on the low-tempera-
ture resistivity have recently been studied and will
be reported elsewhere, *2

CONCLUSION

We have reported the observance of a phase tran-
sition in TaS, that appears to be associated with a
crystallograhic distortion of the type common
among the layered chalcogenides of group Vb. This
distortion is removed by the intercalation of an or-
ganic base that is thought to donate electrons to the
conduction band and influence the overlap between
the d and valence bands. The enhancement of the
critical temperature from 0. 8 to 3.5 °K produced
by intercalation is then most likely due to both the
absence of the distortion and to the added electron
density.

In view of the interest in the two-dimensional as-
pects of the superconductivity in TaS,(py),,s, We
have examined the temperature dependence of the
electrical conductivity of 2H-TaS, and TaS,(py)y,»
in the direction perpendicular to the layers. In both
cases, the resistivity perpendicular to the layers is
much greater than that parallel to the layers. But
hoth before and after intercalation with pyridine we
find that the resistivity in the two directions is re-
lated reasonably well at all temperatures by a sca-
lar factor, suggesting that the measured conductance
is along the planes and that paths parallel to the
planes provide coupling through the crystal.
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