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A detailed study of the critical magnetic fields of the superconducting layered compounds is
reported and used to investigate the quasi-two-dimensional nature of these superconductors.
The compounds studied include TaS; and TaS, ¢Se 4 intercalated with collidine, pyridine, or ani-
line and the unintercalated compounds TaS; ¢Seq 4 and NbSe,. The parallel critical fields of the
intercalated compounds are found to be extremely high, rising faster with decreasing tempera-
ture (up to 200 kOe/K in the case of the TaS, ¢Seg 4 intercalation complexes) than for any other
known superconductor. Ginzburg-Landau coherence lengths derived from the data indicate that
the intercalated compounds should behave two dimensionally at low temperatures. It is found
that the critical-field behavior is in qualitative agreement with the theoretical predictions of
Klemm, Beasley, and Luther, based on the model of layered compounds as two-dimensional su-
perconducting layers weakly coupled via Josephson tunneling. However, not all features of the
data can be explained by this model. In addition, it is found that the observed critical fields are
too high to be consistent with the conventional theory of Pauli paramagnetic limiting of the criti-
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cal fields in superconductors.

I. INTRODUCTION

Following the discovery' of superconductivity in
layered transition-metal dichalcogenides intercalated
with organic molecules, a number of fundamental
questions have arisen regarding the nature of the su-
perconductivity in these compounds and the effect on
their superconducting properties of the quasi-two-
dimensional character of these materials.>* Initially
the greatest interest revolved around the finding by
Gamble et al.! that intercalation of organic molecules
into the layered compounds could increase the transi-
tion temperature 7, of the material dramatically, pos-
sibly suggesting a novel mechanism for the supercon-
ductivity.> It is now generally agreed, however, that
the observed increase in T, results from suppression
of charge-density wave formation in these com-
pounds* rather than some exotic mechanism of su-
perconductivity or even quasi-two dimensionality per
se.> The effects of quasi-two dimensionality on the
other superconducting properties of these materials
remain, however, of considerable interest.

In an earlier study’ we have shown that, in the par-
ticular case of TaS, (pyridine),,, the fluctuation su-
perconductivity just above T, is three dimensional in
nature, contrary to earlier speculation. Two-
dimensional fluctuations are expected well above T,
where the layers decouple, but according to theory®
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this regime is beyond the temperature range within
which reliable measurements could be made at that
time. On the other hand, the quasi-two-dimensional
nature of these materials is expected to manifest it-
self directly in the behavior of the upper critical field,
H.,. In fact, H,, has been predicted® to exhibit rath-
er unusual behavior (including a kind of dimen-
sional-crossover phenomenon) on the basis of the
two-dimensional, Josephson-coupled superconductor
model originally introduced by Lawrence and
Doniach.’

In order to explore this possibility and to attempt
to understand the extremely large critical fields exhi-
bited by the intercalated layered compound supercon-
ductors, we have undertaken an extensive study of
the upper critical fields of a series of intercalation
complexes of TaS; and TaS; ¢Seq4. For comparison
the unintercalated compounds TaS; ¢Sep4 and NbSe,
have also been studied, but to a much lesser extent.

Experimental studies of the critical fields of unin-
tercalated layered compound superconductors have
been reported previously by various researchers. The
material most extensively studied®® is the uninter-
calated metal NbSe,. This compound has the highest
superconducting transition temperature of all the lay-
ered compounds (7, =7.1 K) but only a moderate
critical-field anisotropy (approximately a factor of 3
between applied fields parallel and perpendicular to
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the layers.) Somewhat larger anisotropies, but quali-
tatively similar behavior, are seen for the layered
compounds of MoS; intercalated with alkali and
alkaline-earth metals.!”

Studies of the critical fields of organic-intercalated
compounds have been made by Foner et al.,!' Morris
and Coleman,'? Schwall et al.,'* and Muto et al.'*
These studies, along with the more extensive results
reported here, show that the organic intercalation
complexes have both much larger critical-field aniso-
tropies than the unintercalated compounds and also
extremely large critical fields parallel to the layers
(see Fig. 1) H.y, rising faster with decreasing tem-
perature than any other known superconductor.
Moreover, the values of H,y, for these intercalated
compounds considerably exceed the so-called Pauli
paramagnetic limiting field, H, = Ao/(~2uz)
=18.6T.(kOe), resulting from the Pauli paramagne-
tism of the conduction electrons.'®

The present work covers a much broader range of
intercalated compounds and undertakes far more
thorough measurements and interpretation than has
been attempted previously. Specifically, H,, has been
measured as a function of temperature and orienta-
tion for TaS,(collidine) s, TaS,(pyridine) /2,
TaS;(aniline) 34, TaS) ¢Seo4(collidine) /s, TaS1¢Seo.4
(pyridine)/,, and the unintercalated compounds
TaS; ¢Seo4 and NbSe,. From our measured values of
H.,(T), we determine the Ginzburg-Landau coher-
ence lengths and other superconducting parameters
for these materials and use this information to estab-
lish the extent of their reduced dimensionality. The
data are also compared with the predictions of the
two-dimensional, Josephson-coupled model of the
layered superconductors as worked out by Klemm,
Beasley, and Luther (KBL).

We find that several of these materials should be
quite two dimensional in their superconducting prop-
erties at low temperatures, and that the KBL theory
accounts rather well for the systematics of the ob-
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FIG. 1. Schematic of the structure of the intercalated lay-
ered compounds, and the definition of field orientations
used in this paper. M represents the transition-metal atoms,
Ta, or Nb and X the chalcogenide atoms, S or Se.

served critical-field behavior within the class of inter-
calated compounds taken as a whole. Certain
features of the critical-field results, in particular an
anomalous curvature in H.,(T) near T, and the
linearity of H.,,(T) observed at low temperatures,
are not explained by this theory. Also, on the basis
of the conventional theory of Pauli paramagnetic pair
breaking, very large spin-orbit scattering rates are re-
quired to account for the absence of Pauli limiting in
the materials at high fields, and these spin-orbit
scattering rates are comparable to or larger than the
estimated fotal scattering rates. Some new elements
to the theory thus appear to be required.

This paper is organized as follows. In Sec. Il we
discuss the relevant theoretical calculations of the
critical fields of superconductors appropriate to the
layered compounds. In Sec. III we discuss sample
preparation, the experimental techniques, and the
procedures used to analyze the data from such
unusual and difficult materials. The critical-field
results are presented in Sec. IV. The results are dis-
cussed and compared with theory in Sec. V. Conclu-
sions are presented in Sec. VI.

II. THEORETICAL CONSIDERATIONS

Before presenting our experimental results we
briefly review the available theories of the critical
fields in layered superconductors. This review is in-
tended to provide a general framework for interpret-
ing the data and also to give the reader a physical pic-
ture of the results of the more formal theoretical cal-
culations. Although the results of microscopic theory
are required for comparison with experiment, we be-
gin with the phenomenological Lawrence-Doniach
theory because of its simplicity and because of the
physical insight it provides into the results of the mi-
croscopic theories.

A. The Lawrence-Doniach theory

1n the Josephson-coupled model introduced by
Lawrence and Doniach (LD),” layered compounds
are pictured as a stacked array of two-dimensional su-
perconducting layers which are weakly coupled via
Josephson tunneling between adjacent layers. It is
essentially the Ginzburg-Landau (GL) theory of a set
of weakly coupled two-dimensional superconductors.
This model has proved to be a useful starting point
for describing the properties of layered compound su-
perconductors.

As shown by Lawrence and Doniach, as T — T,
the superconducting order parameter varies slowly on
the scale of the layer repeat distance, and their theory
reduces to the familiar anisotropic Ginzburg-Landau
theory.'® In this theory the pair motion is described
in terms of an effective-mass tensor in which the pair
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mass for propagation within the layers, m, differs
from the mass for motion in the z direction normal to
the layers M. In terms of the parameters of the LD
theory

M =k*2sy (1)

where s is the layer repeat distance (see Fig. 1) and

is an interlayer coupling parameter. Thus, M is in-

versely proportional to the coupling strength 7, and

we expect that M >> m for weak interlayer coupling.
Within the anisotropic GL theory the critical field

is given by

D,

27£2(T) [cos?0 + (m/M) sin?0)'/2 @

thg( T) =

where @)= hc/2e is the flux quantum, and £(7) is
the GL coherence length within a layer. Further, in
the anisotropic GL theory

EXT)=(m/M)E(T) , 3)

with &,(T) the coherence length perpendicular to the
layers. The coherence length describes the length
scale over which variations of the order parameter
normal to the layer may take place. From Eq. (2) we
may determine the mass ratio M/m experimentally as

Ho )
L. gu —ﬂ] @)

m Heyy

An important consequence of the reduction of the
LD theory to the anisotropic GL theory as T — T, is
that all superconducting properties of layered com-

w2 d?
T 2m ax?

|8m§2(0)k,n ]

wh?

For small fields (i.e., near T,) this equation reduces
to the anisotropic GL theory, as expected. For large
fields (i.e., lower temperatures) it predicts a diver-
gence to infinity of H,,,(T) at a temperature T* de-
fined by the relation

fz(r*)=5/\/i . (7)

The divergence predicted for H,, at T* is most
unusual. It can be interpreted® as an indication that
at low enough temperatures, 7 < T*, the normal
cores of the vortices, which are ellipsoidal in an an-
isotropic type-II superconductor, have shrunk suffi-
ciently to be able to "fit" in between the supercon-
ducting layers and thus no longer affect H.,. This
result also suggests that at lower temperatures
layered-compound superconductors which are suffi-
ciently weakly coupled should have properties similar
to a series array of coupled Josephson junctions.
From this point of view the divergence at T* corre-
sponds to the transition from Abrikosov-like vortices

pounds are expected to be three-dimensional in na-
ture sufficiently near T, despite the layered structure
of the material. Physically this arises because near T,
the order parameter varies slowly on the scale of the
layer repeat distance s and therefore effectively aver-
ages over the finer-scale layered structure. For the
more weakly coupled intercalated compounds, £&,(T)
defined by Eq. (3) can be smaller than s, and calcula-
tions based on the full LD theory must be con-
sidered. Also, at low temperatures, where the GL
and LD theories are no longer valid, microscopic
theory is required. These calculations are discussed
below.

B. Results of the full Lawrence-Doniach theory

Calculations of H.,(T) have been carried out by
several researchers®!” with the full LD theory. For
all field orientations except near parallel, the critical-
field curves are essentially those predicted from the
anisotropic GL model. With the field oriented paral-
lel to the layers, though, the LD theory predicts very
unusual new features for H.,( T) which are a conse-
quence of the layered structure of the materials.

For H parallel to the layers, the LD equation can
be reduced to the Mathieu equation, and H,y is
determined from the relation

E(H) =(4/m)ks(T, - T) , Q)

where kjp is Boltzmann’s constant and & is the lowest
eigenvalue of the equation®

ﬁ-Z
+W[1—cos(2'rers/¢o)] V=8V . 6)

-
to Josephson-like vortices, in which the normal core
has shrunk to a point.

The LD model neglects any effect of the magnetic
field on the superconductivity within the individual
layers, and this is what allows the unphysical diver-
gence at T*. To remove this divergence, the effects
of Pauli paramagnetism within the layers, as modified
by spin-orbit scattering, have been considered in the
calculations based on microscopic theory. These are
described below. The finite thickness of the layer is
not considered because the layers are too thin for this
to be a factor in limiting H,y.

C. Microscopic theories

Microscopic theories of the upper critical field
relevant to the superconducting layered compounds
have been developed from various points of view.
One approach has been to adapt the general theory of
the critical fields of anisotropic superconductors to
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the case of layered compounds.!® These calculations
assume both the energy gap and the Fermi surface
are anisotropic, and calculate H,, using the Gor’kov
formalism. This is a very complicated approach in
general and even relatively simple results are ob-
tained only in the limit of weak anisotropy. This ap-
proach is therefore presumably most useful for the
unintercalated layered compounds. The effects of
Pauli paramagnetism have not yet been included.

Another approach has been to develop the coupled
two-dimensional superconductor model starting from
microscopic theory and to use this theory to calculate
H_,. This approach has been developed independent-
ly by Klemm, Beasley, and Luther® and by Bulaevskii'®
in various limits. Because these theories presuppose
very strong anisotropy, they are presumably more ap-
propriate for the intercalated superconducting layered
compounds. These theories also provide a micro-
scopic justification for the LD model and establish
the relationship between the phenomenological
parameters of that theory (e.g., ) and the micro-
scopic properties of the material. The effects of Pauli
paramagnetic limiting and the influence of spin-orbit
scattering on the Pauli limiting field are readily incor-
porated in these models. The limits treated by KBL
seem to apply best to our materials and therefore are
discussed here in detail. Bulaevskii’s results are for
the limit of negligible interlayer coupling, and weak
spin-orbit scattering, and cannot be directly applied
for the materials studied here.

The KBL calculations of H,,,(T) for layered com-
pounds have been carried out using the microscopic
Gor’kov theory in the dirty limit, i.e., in the limit
where / << &, with / being the electron mean free
path within the layer, and &, the BCS coherence
length, also within the layer. Also, the KBL theory is
for the case in which the electrons scatter many times
within a given layer before tunneling to the next
layer. The result for H,,,(T) is the same as that
predicted for conventional dirty type-II superconduc-
tors.2 Near T, it reduces to the LD result.

The results for H,,,( T) have been calculated in the
limit of 7upH/E << 1, where 7, is the spin-orbit
scattering time. It this limit, the KBL calculation
reduces to the usual pair-breaking equation for a dirty
type-II superconductor
T

T

p
21kaT

In +y %+ —(3)=0, ®)

where ¢(z) is the digamma function, and the pair-
breaking parameter p is given by

p=8(H) +37,(upH)?*/2k , 9

with & given by Eq. (5). As in the conventional
theory, pair breaking is due to both the orbital mo-
tion of the pairs (i.e., the vortices) and to Pauli
paramagnetic limiting. The new physics for the lay-

ered compounds is contained in the unusual field
dependence of & (see Ref. 6) associated with the lay-
ered nature of the superconductor.

The theory employs a number of parameters that
are relevant to the data analysis given in Sec. V.
These are

_ d>o/27r§(0)§,(0) _ dchu/dT
T akgT.Jmns  18.95(kG/K)

(10)

which characterizes the relative strength of pair
breaking due to Pauli paramagnetism (assuming no
spin-orbit scattering) compared to that due to orbital
effects, and the parameter

s e
r=—|— ,

™ —
2S

aan

which characterizes the relative two dimensionality of
the material. Smaller r values indicate a greater de-
gree of two dimensionality.

Curves for H,(T) have been calculated by KBL
for a range of values of these parameters and spin-
orbit scattering times. The normalized spin-orbit
scattering time, 74,7, is related? to the spin-orbit
scattering parameter Ay, employed by Werthamer and
co-workers by

Tole =2/3mAo =21/3w(1.17&) , (12)

where /, is the electron mean free path for spin-orbit
scattering. (For this and similar equations,
F=k=1.) The curves for 74T, =0 calculated by
KBL have exactly the same divergent behavior as
that predicted by the LD theory, since for 7,7, =0,
Pauli paramagnetism has no effect in limiting H,,.
For the microscopic theory, this divergence occurs
near but just below T*, the temperature at which the
LD result diverges.

This divergence or upturn of H.5(7) is in fact a
signature of a dimensional-crossover effect, where
near T, the material behaves like an anisotropic
three-dimensional superconductor, while at low tem-
peratures the behavior is determined essentially by
the properties of the individual layers acting as a
series array of Josephson junctions. This crossover is
seen clearly in Fig. 2 for the curves with r =1. (For
all curves in the figure a=1 and 7,7, =0.015.) As
is evident in the figure, the width of the three-
dimensional region near T.[H.(T) <« (T.—T)] is
determined by the strength of the interlayer coupling,
becoming vanishingly small as r —0. In this limit
H_.2(T) approaches the result for a pure Pauli
paramagnetically limited superconductor, for which
H.(T) « (T.— T)Y2. At the other extreme, the
curve for r =10 is essentially identical to the usual
result for three-dimensional type-Il superconductors.
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FIG. 2. Parallel critical fields predicted by KBL theory for
various interlayer coupling strengths r =16£2(0)/s2.
Curve for r =1 shows upturn predicted by the LD result,
and is indicative of the dimensional crossover effect. Curve
for r —0 corresponds to Pauli limiting field in a very thin
film (from Klemm er al., Ref. 6).

Although in this figure 747, is not varied, KBL’s
results show that the dramatic upturn for r =1 is evi-
dent only for very small values of 74, 7,. Thus, the
dimensional-crossover effect will not always result in
such an upturn of H,y; this is relevant in our discus-
sions later.

A related dimensional-crossover phenomenon is
also expected® in the superconducting fluctuation ef-
fects above T.. In this case a three-dimensional re-
gion just above T, is predicted, with two-dimensional
effects expected well above 7.. For the compounds
whose fluctuation have been studied to date, only the
three-dimensional region has been experimentally ac-
cessible and the two-dimensional region has not been
seen in the fluctuation studies.

In summary, the KBL results show that for
T =T, H., is determined largely by the orbital
pair-breaking characteristic of bulk superconductors,
and is linear in (7, —T). For T < T*, H.y is deter-
mined largely by the destruction of the superconduc-
tivity within the individual layers. This crossover
from anisotropic type-II behavior near 7, to
individual-layer behavior at lower temperatures is ap-
parent in the H,, curves, however, only for very
small values of 747.

III. SAMPLE PREPARATION, EXPERIMENTAL
METHODS AND DETERMINATION OF H,,

A. Sample preparation and characteristics

The samples studied were as-grown single-crystal
flakes, with typical dimensions ~3 x 3 x 0.2 mm?.
Most of the crystals used were synthesized at Stan-
ford University by one of us (R.E.S.). Some Ta$,
intercalation complexes supplied by Dr. A. H.
Thompson of Exxon were also investigated.

The preparation and structural propeérties have al-
ready been reported" 2"~ in detail for the TaS, com-
pounds and NbSe;, and for the TaS, ¢Seg4 com-
pounds.?* Briefly, the growth procedure is the fol-
lowing. A powder of the unintercalated metal (e.g.,
Ta$,) is first grown by reacting the components at a

TABLE I. Sample parameters. s-collidine = (CH3)3CsH;,N, pyridine =CsH;sN, aniline =C¢HsNH,.

AT, (K)
(0.1 —0.9

8 =Layer
repeat distance  Stacking

T. (K) transition width) (A) polytype Comments

TaS;(collidine) /¢ 3.2 0.2 9.72 2H  Some wrinkling of crystals

TaS,(pyridine),° 3.47 0.2 12.02 2H Some wrinkling; 2 samples
measured in high fields

TaS,(aniline) 3, 29 0.2 18.12 2H  Some wrinkling; 2 samples
measured in high fields;
small crystals

TaS, ¢Seg 4 4.1 0.07 6.1¢ 4H Measured only to 12 kG

TaS, ¢Seg 4(collidine) /s 2.6 0.19 9.7¢ 4H

TaS, ¢Seg 4(pyridine);, 2.1 0.13 12.1¢ 4H

NbSe, 7.1 0.07 6.3¢ 2H Measured only to 12 kG

2See Ref. 1. ‘See Ref. 22.

®For TaS;(pyridine),;, excess sulfur was dissolved in the pyridine liquid (see text).  9See Ref. 25.
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temperature of 700—1000 °C in a sealed quartz tube.
Single crystals are then grown by iodine-vapor trans-
port. To intercalate the samples the single crystals
are sealed with an excess of the organic intercalant in
a quartz tube, and reacted at 150—200 °C for between
one and four weeks. The detailed preparation pro-
cedures followed for our samples, using TaS,
(pyridine),/, as an example, have already been sum-
marized by us previously.’ A list of the samples
studied and some of their material parameters is given
in Table L.

The samples used in this study were generally of
good quality as judged from the relatively narrow
zero-field transitions and the reproducibility of their
material properties. The most difficult problem en-
countered in our critical-field studies is that the inter-
calated TaS; crystals are slightly wrinkled. This com-
plicates measurement of the angular dependence of
H,, but not the strictly parallel value H,,, as we shall
see. The wrinkling appears to be present even in the
unintercalated crystals, and is believed to be caused
by strains resulting from a change in the volume of
the unit cell during cooling from the high-tempera-
ture 17 polytype, in which the crystal grows, to the
superconducting 2 H polytype, which is stable at low
temperatures. Smaller TaS; crystals would presum-
ably be less wrinkled. The TaS, ¢Seo4 crystals on the
other hand appear to be free of wrinkling, although
some twinning of the crystals is observed. Another
potential complication in the particular case of TaS,
(pyridine),/; is that two molecular stacking arrange-
ments of the pyridine are possible: one with a layer
separation of §=15.85 A the other with 5=6.01 A.
In our measurements we have used only single-phase
TaS,(pyridine),/; with 5=6.01 A. Such single-phase
compounds are obtained by intercalating with pyri-
dine containing dissolved sulfur.?

B. Experimental methods

Data for H,.,(T) were determined primarily from
measurements of the ac magnetic susceptibility of in-
dividual single-crystal samples with a mutual induc-
tance circuit. In some cases H,, was also determined
from the resistive transition.

Measurements for perpendicular and parallel field
orientations were carried out for all compounds listed
in Table I, and for intermediate angles in a few
representative cases. Two samples each of
TaS,(pyridine)/, and TaS,(aniline) s/, and one sam-
ple each of TaS,(collidine) s, TaS) ¢Seo4(pyridine)/,
and Ta$S; ¢Seg4(collidine) s were run in high fields (to
120 kOe). These were selected from a much larger
number of samples run in low fields, and had the
narrowest zero-field and parallel-field transitions.
NbSe, and TaS, ¢Seg4 samples were run only in low
fields to determine their behavior near 7.

Our choice of the ac susceptibility technique was

made in order to allow rapid acquisition of data for
even very small samples. Measurements were made
on samples as small as 1 X1 x0.1 mm?. In addition,
as discussed below, we find that the properties mea-
sured with the ac susceptibility technique appear to
be representative of bulk crystal properties.

To carry out these measurements, two cryostats
were constructed. One was used in a low-field iron-
core magnet, with a maximum field of 12 kG. This
cryostat was used to survey a large number of sam-
ples, to select candidates for study in high fields and
also to provide information on reproducibility of 7T,
and the critical fields. The second cryostat was used
with a high-field superconducting Nb;Sn solenoid,
having a maximum field of approximately 120 kG,
with a clear bore of 1.46 in. The cryostats were con-
structed on the same principles. The major differ-
ence in design is that in the high-field cryostat, the
sample and the coils surrounding it are rotated inside
the bore of the superconducting solenoid, using a
bevel gear drive with a control rod from outside the
Dewar. This is shown in Fig. 3. In the low-field cry-
ostat, the magnet is rotated outside the Dewar. Note
that in both cases the circulating ac currents flow in
the plane of the layers, and only the angle between
the sample and the applied dc field is varied. Mea-
surements were made mostly at 100 kHz, with a few
measurements at S kHz. The amplitude of the ap-
plied ac field ranged from 4 to 40 mG, and the mea-
sured transitions were found to be amplitude in-
dependent.

The samples in the form of single-crystal flakes
were glued onto the flat end of a single-crystal sap-
phire rod with GE 7031 cement. The sapphire rod

T0 VACUUM

oUMP ‘_ 10:1 TURNS

REDUCER COPPER POSTS

TO LIQ. He POT
(NOT SHOWN
'-CONTROL ROD BELOW PLATE)
RADIATION
SHIELDS '\
=)
N HEAT SINKS COPPER BRAID
FOR CONTROL THERMAL LINK
RCD, AND coepeR 4
A AL wires PLAT! NYLON SPACER
(VARIABLE TEMP)
HEATER +— BEVEL GEAR
, ROTATION DRIVE
PUMPED ' MOUN
LIQUID He —td h sAMPLE a colLs
POT (~11K) :I CAP. THERMOMETER—
1] HaLL PRoBE BELL”D
||
MAGNE T "
INSERT :‘
VACUUM ——— ! RCA 120 kG
CAN H/ superconoucTing CENTERING
L SOLENOID SPACERS
DETAIL OF CRYOSTAT TAIL

FIG. 3. Schematic diagram of the high-field ac susceptibil-
ity cryostat. The sample mount holds a sapphire rod onto
which the sample is glued. Nylon spacers isolate the
variable-temperature copper plate from the bevel gear drive,
which is held at 1.1 K.
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holds the sample in the pickup coil, with the face
normal of the sample parallel to the axis of the coil.
The sapphire rod is clamped to a copper stirrup on a
variable-temperature copper plate (see Fig. 3). A
layer of Apiezon N-grease was used to ensure good
thermal contact. The copper plate is supported by
nylon screws, and is weakly linked to the bath by a
copper braid. It rotates inside the magnet bore,
driven by a bevel gear arrangement. Also on this
copper plate are mounted a germanium resistance
thermometer, a capacitance thermometer?® (Lake
Shore Cryotronics CS-400GR) and a metal-film
heater resistor. The magnetic field of the supercon-
ducting solenoid is measured with a doped GaAs Hall
Probe, F. W. Bell BHA-921, mounted near the sam-
ple. This probe was calibrated in the iron-core mag-
net at 4.2 K against the Varian Fieldial controller.

During data taking the capacitance thermometer
was used because its characteristics are unaffected by
large magnetic fields. However, its characteristics can
shift by up to 0.1 K after cycling to room tempera-
ture,?’ so the resistance thermometer was used to
check the calibration of the capacitance thermometer
in low fields each day. The small day-to-day shifts in
the characteristics of the capacitance thermometer
were compensated by suitable adjustments of the
bridge circuit used to measure the capacitance. This
bridge circuit is described in detail elsewhere.?’ Other
than the need to reset the capacitance thermometer
for each day’s run, operation of either cryostat was
quite reliable and routine.

In operation the sample temperature is swept in a
fixed magnetic field since this minimizes helium
losses as compared with a swept-field measurement.
Also, the observed background effects and drifts are
far more field dependent than temperature depen-
dent. The two different types of sweeps yield the
same transition fields, however.

For a small number of samples, simultaneous mea-
surements of ac resistive and ac susceptibility transi-
tions were made in low fields. Resistance, defined as
V(w)/I(w), was measured with separate pairs of
current and voltage leads attached with conducting
silver paint to the exposed fact of the mounted sam-
ple. ac currents of 1 mA were used, at a frequency
of 1 kHz. Assuming uniform current flow, current
densities were 0.1—1 A/cm?.

C. Determination of H,,

Typical ac susceptibility data are shown in Fig. 4
for various perpendicular dc fields. We use TaS,
(pyridine),/, as an example. As seen in the figure,
the ac magnetic field is fully shielded from the sam-
ple volume at low temperatures. These curves are
reversible for the most part, although for NbSe, a
small amount of hysteresis on temperature cycling is
evident at lower temperatures. The determination of
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FIG. 4. ac susceptibility transitions for TaS,(pyridine),/,
in perpendicular applied fields. The identification of T,,(H)
is indicated by arrows. Measurement frequency is 100 kHz.

H.,(T) lor T.;(H) in our experiments] from ac sus-
ceptibility data requires the selection of some charac-
teristic point on the transition curve as H,,. The aim
here is to find a procedure for determining H,; which
is both self-consistent and which yields H., values in
accord with available data obtained by other measure-
ment techniques.

Our identification of T,.,(H) in Fig. 4 is indicated
by small arrows. So defined, T.,( H) corresponds to
the highest temperature to which shielding of the ac
field persists. The values of T.,(H,) which result
from this analysis are in good agreement with those
derived from measurements of specific heat in a
field"? on samples from the same TaS,(pyridine),/;
intercalation batch, /7. Similar agreement is found
for our measurements on NbSe,, TaS, ¢Seq4, and
TaS, ¢Seo4(pryidine) ;.

This procedure identifying 7., is quite straightfor-
ward for the perpendicular field orientation, since the
shape of the transition remains constant as the field
increases. Data for H parallel to the layers, on the
other hand, are more complicated. Typical parallel
field transitions are shown in Fig. 5 for the same
TaS,(pyridine) ;/, crystal shown in Fig. 4. In large
parallel fields, the transitions are significantly
broadened (width proportional to H), and identifica-
tion of T,,(H) is more difficult. This broadening in
high fields most likely results from these regions in
the sample whose crystallographic alignment with
respect to the applied dc field is not quite parallel.
Resistance measurements (see below) in fact show
that to some extent misalignments as large as 90° do
occur even in the best crystals. We have therefore
used the extrapolation procedure illustrated in Fig. 5
for the parallel field direction, as this procedure em-
phasizes the highest-temperature part of the curves
corresponding to those regions of the sample which
are aligned exactly parallel to the dc field. While
such a procedure should compensate for misoriented
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FIG. 5. ac susceptibility transition for TaS,(pyridine),/, in
parallel applied fields. The identification of T,,(H) is indi-
cated by arrows. Measurement frequency is 100 kHz. The
significant broadening seen is believed to be due to
misoriented regions within the sample. Rationale for choice
of T,, discussed in text.

regions, we expect the resulting H,, data derived at
the highest fields to be somewhat less reliable than
those derived at lower fields.

The amount of angular misalignment required to
explain the observed broadening of the transitions in
large parallel fields is approximately +6°—8° for the
TaS; intercalates and < +1.5° for the TaS, ¢Seq4 in-
tercalates. These misoriented regions have also been
seen?® in single-crystal x-ray precession photographs
of TaS,(pyridine),/,. They may well be a property of
the unintercalated metal, as discussed before. The
buckling in TaS, appears to have a length scale of a
fraction of a millimeter. For NbSe, and TaS, ¢Seq 4,
the much smaller misorientations may reflect the
twinned growth of the crystals.

In order to check the validity of the procedures
employed to determine H,, further, we carried out
some subsidiary measurements of the frequency
dependence of the data, and also measurements of
resistive transitions. Measurements of ac susceptibil-
ity were made at both 5 and 100 kHz. Values of H,;,
so derived depend only slightly on the measuring fre-
quency, and the values differ by less than the zero-
field transition width. The frequency dependence of
the results for H.,(7) is greater. This difference is
no doubt related to the severe transition broadening
observed for large parallel fields seen in Fig. 5. At
low frequencies, a fully connected superconducting
path is necessary for complete shielding, whereas at
higher frequencies inductive effects allow partially
connected superconducting regions to fully exclude
the ac field. In light of the significant misorientations
found in the Ta$S,; crystals, the critical-field values
derived at 100 kHz should represent more closely the
values of H,, for the regions with exactly parallel

orientation. These values will therefore be used in
the data presented in the next section.

Comparative measurements of resistive and ac sus-
ceptibility transitions were also made on a few sam-
ples. Resistive and ac susceptibility transitions for
TaS,(pyridine),/, are shown in Fig. 6 for dc fields of
zero and 3 kG. These are representative of the sam-
ples studied. The zero-field transitions are both rela-
tively narrow. The ac susceptibility transition begins
as the resistance goes to zero. This is the usual rela-
tionship between ac susceptible and resistive data.
The broadening of the zero-field resistive transition
above T, (3.47 K) may be due to fluctuation effects,
which are predicted to give an enhanced conductivity
of roughly the observed magnitude. In a finite field,
both transitions are broader but still roughly overlap.
However, a new feature shows up in the resistive
transition—a long, high-temperature "tail," extending
to —3.3 K, even though T,; is ~2 K for a perpen-
dicular field of 3 kG. It appears that this long tail is
due to regions of the sample with higher critical tem-
peratures which are substantially misoriented with
respect to the overall sample orientation.

Support for this interpretation comes from data for
resistive transitions for NbSe; in perpendicular dc
fields. Here the end point of the high-temperature
tail at the normal-state resistance corresponds quite
closely to the temperature 7, for the dc fields being
oriented parallel to the layers. Similar admixing of
the effects of misoriented regions has been noted
previously for NbSe,.” It is not clear why such badly
misoriented regions occur in the NbSe; crystals,
which appear visually to be of very high quality. In
any case, discernible effects due to badly misoriented
regions appear to be fairly common for these highly
anisotropic superconductors. Still, the correspon-
dence between the ac susceptibility and resistive tran-
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FIG. 6. Comparison of ac susceptibility and resistive tran-
sitions for perpendicular applied fields in TaS;(pyridine),,zA
Sensing currents flow in plane of layers in both cases. The
high-temperature tail of the resistance transition in a 3-kG
field appears to result from regions of the sample which are
misoriented (see text).
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sitions is satisfactory, once the origin of the long tail
above T.,(H) is recognized.

Reproducibility of the critical-field data was found
to be best within a given intercalation batch, typically
10 to 20% for H,,, and somewhat greater for H,y.
Different intercalation batches using crystals from the
same parent powder demonstrated comparable repro-
ducibility. The TaS,(pyridine)/; sample were found
to have the most reproducible properties, whereas
TaS;(collidine) /s was the least reproducible of the
materials studied.

IV. CRITICAL-FIELD RESULTS

In this section we present data for the best samples
of the intercalated compounds. Curves of H.,(T) for
TaS,(pyridine)/, are shown in Fig. 7 for various field
orientations. In this figure the data for each field
orientation have been scaled by a constant, and it is
evident that the scaled curves coincide in the tem-
perature range 1.6 K < 7 < 3.2 K. Thus, in this
range all curves have the same temperature depen-
dence and a temperature-independent angular depen-
dence, H,29(T)/H 5, (T) can be defined. The
critical-field anisotropy H.(7T)/H.,(T) is seen to be
25. Very near T., however, the anisotropy decreases.
Scaled curves of H,,4(T) for TaS,(aniline)s/4 are
shown in Fig. 8. In contrast to TaS,;(pyridine)/;,
here the data for the parallel orientation show a
marked deviation from universal scaling. The data
for TaS, ¢Seg4(collidine) /s are shown in Fig. 9 where
once again we observe universal scaling.

Beyond doubt the most striking feature of the
H.,(T) for all the intercalated compounds is how
large the parallel critical fields are for these supercon-
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FIG. 7. Critical fields at various angles for TaS,-
(pyridine) ;. For each orientation the curves can be scaled
to the perpendicular critical-field data. Scaling factors indi-
cated.
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FIG. 8. Critical fields at various angles for TaS,-
(aniline)3y4. Curves scaled as in Fig. 7. Note upward rise of
H,,, at low temperatures.

ductors, despite their low transition temperatures.
They are like no other bulk superconductors previ-
ously studied. The data in Figs. 7—9 are not plotted
so as to dramatize this particular feature, but note
that for all the intercalated samples the parallel criti-
cal fields at low temperatures exceed 100 kOe and
were too large to measure. Not surprisingly, the criti-
cal fields for the unintercalated material NbSe; are
not as large, but still substantial compared with con-
ventional type-Il superconductors. The perpendicular
critical fields for all the intercalated compounds are
by contrast quite low. Correspondingly, the anisotro-
pies in H., are very large as indicated by the scaling
factors shown on the figures and used in plotting the
data.

- o T T T
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® Hep (T),  8:=0°
OHce(T)/56, 8=78°
OHce (T)/11.7, 8=84°
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+ Hea(T)/42, 8=88.2°
A Hegy(T)/T0, 8290°
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L

1.0 15 20 25 3.0.
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FIG. 9. Critical fields at various angles for TaS, ¢Seg 4-
(collidine) 6. Curves scaled as in Fig. 7. The angular
dependence of H,, is plotted in Fig. 10.
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The data in Figs. 7—9 and the data for the other in-
tercalated compounds also show that, despite the
enormous anisotropy of these materials, to first order
the critical fields for all angles can be scaled onto a
single curve that depends only on temperature. For
some of the materials this scaling breaks down slight-
ly near 7T,. But as we discuss later below, the ob-
served behavior near T, is peculiar in some ways, and
may not reflect intrinsic behavior.

The one striking deviation from this apparent scal-
ing behavior is the data for TaS,(aniline); in the
parallel field direction (Fig. 8). Here at low temper-
tures H,y, rises markedly upward from the scaled
curve in a manner qualitatively like that predicted by
the Josephson-coupled models discussed in Sec. II.

A second sample of TaS,(aniline) s studied showed a
similar upturn, but unfortunately the data for this
sample do not extend to as high fields. This devia-
tion from scaling is perhaps not surprising, since this
compound has the largest layer separation (§=12.1
A) of all the compounds studied. On the other
hand, it is not as anisotropic as Ta$S, ¢Seg4 (colli-
dine) /s for which no upturn is evident. As we shall
see later, however, these facts are not necessarily in-
consistent.

Detailed measurements of the angular dependence
of H., were carried out for NbSe,, TaS; ¢Seq4, and
TaS, ¢Seq4(collidine) 5. Results for the angular
dependence of H., for TaS; ¢Seg4(collidine) /s are
shown in Fig. 10 along with the anisotropic GL pre-

80 | . r [ :
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ORIENTATION OF dc FIELD

FIG. 10. Angular dependence of the critical fields of
TaS) ¢Seg 4(collidine) 5, and the prediction of the anisotropic
GL theory, using Eq. (4) to determine (M/m). Only angles
near parallel are shown.

diction [Eq. (2)], which should be applicable at the
temperatures used. The mass ratio is defined from
Eq. (4). We see that the anisotropy is indeed very
large, (M/m)Y2=170. Apparent deviations above the
anisotropic GL prediction are evident near parallel.
This is very likely due to the extrapolation procedure
we have used to determine H,,, which near parallel
will tend to mix in contributions from regions of
higher H,; present that are due to misorientations
(~1.5° appear present), thereby broadening the ex-
perimentally determined H,,(8) curve. For com-
pounds with very large anisotropies, a precise deter-
mination of H,,(8) is thus clearly very difficult and
such data must be treated with some caution. How-
ever, while it is difficult to extract the true value of
H,,(0) for orientations near parallel, it is not as
problematic for the exactly parallel orientation, as H,,
is a maximum for that orientation.

For NbSe; and TaS, ¢Seq4 we find general accord
between the experimental values and the anisotropic
GL result. At intermediate angles, however, the ex-
perimental values fall slightly below those predicted
theoretically. Similar deviations for NbSe, have been
reported previously® and are presumably intrinsic.

An unusual feature of the critical-field behavior of
all the materials studied is their failure to show a
clearly defined linear dependence of H,, with tem-
perature as T — T,. On theoretical grounds such a
linear dependence is expected sufficiently close to 7,
in any bulk superconductor. In fact, to varying de-
grees the temperature dependence of the scaled criti-
cal fields for all compounds show a positive curvature
in the neighborhood of 7.. There is absolutely no
evidence in any of the materials for the (7, — T')1/2
temperature dependence of H.,; that is the theoreti-
cally expected signature for fully decoupled (i.e., in-
dependent) layers. In addition to the curvature near
T,, at lower temperatures the observed critical fields
increase with decreasing temperature faster than is
typical of conventional type-II superconductors.?
Positive curvature near T, is least pronounced (but
still present) for NbSe,, which is the least anisotropic
of the materials studied.

This positive curvature in H,; near T, has been
noted previously'® and is apparently a ubiquitous
feature in all reported data. Similar curvature is also
evident®® in the critical-field curves of the quasi-one-
dimensional superconductor (SN),. A much less
dramatic positive curvature has been observed?®! in
clean elemental type-II superconductors (Nb and V)
well below T, and has been explained as resulting
from Fermi surface and gap anisotropy. In that case,
however, H,, was still linear in (7, —T) close to T..
On the basis of our experimental results, it is impos-
sible to determine if the curvature near T, seen in
our data is intrinsic. Our analysis in the following
section will therefore concentrate on data for tem-
peratures below the region of curvature very near T,.
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V. DISCUSSION

A. Determination of the superconducting
material parameters

In order to establish the physical regimes (e.g., two
or three dimensional, clean and dirty) in which the
samples studied here belong, we use the results of
the anisotropic GL theory described in Sec. II. In
particular, using our data for H.,(T) and Eqs. (2)
and (4), we can determine both the GL mass ratio
M /m and the zero-temperature coherence lengths
£(0) and £,(0).

As a practical matter this involves using the critical
field slopes dH.,/dT at T, to determine the desired
parameters. However, because of the anomalous
curvature in H.,(T) near T, this procedure cannot be
applied in a straightforward fashion. Consequently, in
applying the GL results we have used the data in the
region of linear (or at least nearly linear) temperature
dependence of H.,(T) at lower temperatures. Under
the circumstances this seems the only sensible choice.
Of course the mass ratio is given directly by the scal-
ing factor between H,y and H,,, independent of this
curvature. A compilation of the mass ratios and
coherence lengths so determined are given in Table II
for all the compounds studied, along with the other
important material parameters r and « that can be
determined from them using Eqs. (10) and (11). In
surveying the properties listed in Table II we find
that the superconducting parameters of each group of
intercalation compounds are rather similar. The 7.
values are similar, as are the values of dH,,,/dT.

This is in accord with the model for the superconduc-

tivity of these compounds which starts with the pic-
ture of weakly coupled layers which have their own
superconducting properties such as 7, and £(0). The
dH_,/dT values obtained for these compounds are all
extremely large. Correspondingly the interlayer GL
coherence lengths £,(0) are very small, in some
cases less than the layer-to-layer spacing s. These
small coherence lengths are also reflected in the small
values of the interlayer coupling parameter (r <1)
indicating that these materials are candidates for ex-
hibiting quasi-two-dimensional superconductivity.
The unintercalated compounds included in the table
are far less unusual and have larger interlayer cou-
pling parameters (r > 1). Consequently they are ex-
pected to show three-dimensional-like behavior even
at the lowest temperatures.

A somewhat surprising result for the Ta$S, interca-
lation complexes is that the values of dH,,/dT and
the critical-field anisotropy, H.yy(7)/H.5,(T), are all
rather similar, even though the segara(ion between
metallic layers increasoes from 3.6 A for Ta$,
(collidine) 6 to 12.1 A for TaS,(aniline);. It is pos-
sible to understand this result in terms of a
Josephson-tunneling mechanism for coupling,
although a rather long tunneling length is required
(see below). For the TaS, ¢Segs compounds the
derived values of £,(0) are even shorter than for the
TaS, compounds. Significantly, the anisotropies for
both the intercalated compounds of TaS, ¢Seq 4 are
very much larger than for the unintercalated metal
TaS; ¢Seg4. With this result there can be little doubt,
if there was any, that the intercalation of organic
molecules causes the large critical-field anisotropy ob-
served for these compounds.

TABLE 1I. Critical-field and material parameters for the layered compounds.

dHey A (M)
e £0) £0)  r= . e-
° o 4 52(0) (dchu/dT)
(K) (kG/K) (kG/K) A (A g 18.95 kG /K
TaSz(colIigine)l/(, 3.2 33 ~100 30 180 6.0 1.95 53
5=3.6 A
TaS, (pyridine), 347 28 70 25 183 13 1.90 3.7
5=6.0 A
Ta$, (aniling) /4 29 26 9% 37 209 56 0.50 5.1
5=12.1 A
TaS, (Segs a1 80 44 55 100 182 4.53 2.32
TaSLéSeo_,, (collldme)w 2.6 34 240 70 193 2.8 0.41 12.7
5=36 A
TaS, (Segq(pyridine)y, 2.1 3.0 25 75 228 30 0.32 1.9
5=59 A
NbSe, 7.1 8.0 23 29 76 26 87 1.23
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Additional information about the material parame-
ters of these compounds can be obtained if we as-
sume that the intralayer behavior of these supercon-
ductors is approximately described by the convention-
al theory of type-II superconductivity.?’ We can re-
late £(0) and the BCS coherence length & to the
normal-state properties of the material using the rela-
tionships®2

£0=7.95x10""(n?S/SE) (yT) ™, 13)
1=1.27 x10*[ p(n?*S/Sp) 17", (14)
£(0) =0.74&[x(&/D 17, (15a)
0.74&, 1>>¢& , (15b)
T 10.85(&1)2=8.6x107"(pyT)™2, (150

1 << &

where / is the electron mean free path, » is the elec-
tron density (in cm™3), y the linear (electronic) coef-
ficient of the specific heat (in erg/cm?K?), p is the
normal-state resistivity (in Q cm), X is the well-
known Gor’kov function,® and S/Sr is a weighting
factor to account for the actual area of the Fermi sur-
face as compared with a free-electron Fermi surface.

In principle, then, knowledge of the normal-state
parameters n, S/Sr, v, p, and T, permits the deter-
mination of &, /, and £(0). Since the product
n?3S/Sr is not known for the layered compounds, we
can instead use the measured values of y, p, £(0),
and T, to determine &, /, and n?>S/Sr. If the values
of n?3S/Sr inferred in this way are physically reason-
able, we conclude that the observed ¢(0)’s are con-
sistent with the measured normal-state parameters
and the conventional theory. In addition this pro-
cedure allows us to estimate whether the intralayer
behavior is in the clean or dirty limit.

The results of this analysis are shown in Table III
for the materials where measurements of p and vy are
available. For the unintercalated compounds NbSe,
and TaS, ¢Seg 4 this procedure leads to the parameters
shown in Table III. For the intercalated compounds
TaS,(pyridine)/, and Ta$S; ¢Seg4(pyridine),/,, howev-
er, a self-consistent set of parameters cannot be ob-
tained. This is because the coherence lengths calcu-
lated using even Eq. (15¢) are smaller than the mea-
sured values. [£(0)cc=156 and 94 R, respectively,
for these two materials.] Note that since the dirty
limit [Eq. (15¢)] appears to apply for these materials,
this disagreement and the resultant failure to obtain
self-consistency is independent of our lack of values
for n*3S/Sr. Because of this problem the entries in
Table III for the intercalated samples were calculated
assuming the indicated values of n*3S /S, which
were obtained by assuming S/Sr=1 and one conduc-
tion electron per molar volume. (A similar assump-
tion for NbSe, and TaS, ¢Seo4 gives values of
n*38/Sr within 30% and 10%, respectively, of the
values inferred from the data and listed in Table III,
thus providing some justification for this procedure.)

Also shown in the table for use later in compari-
sons with microscopic theory are estimated minimum
values of the normalized spin-orbit scattering time
75T [see Eq. (12)] using the values of /and & in
Table III

1o TAM =21/37(1.17&) . (16)

We expect this to be a minimum value because the
total scattering rate must be larger than (or equal to)
the rate for spin-orbit scattering, so that the mean
free path /is always less than or equal to /g i.e.,
1<,

We conclude from this discussion and from Tables

TABLE III. Additional material parameters for the layered compounds. Parentheses indicate parameters are not completely

self-consistent. See text.

£(0)
Exopt. P Y §OO ! 50// ”2/3S/SF Tso/ Tc(min) Tso Tc
(A)  (Qcm)  (mJmole™'K™2)  (A) (A) (em™2) theory Expt.

NbSe, 82 3.5x10762 16.5° 120 810 015 62x10M" 112 Not determined
TaS; ¢Seg.4 100° 4.5 x1073¢ 11.2° 350 49 72 58x10™ 0025  Not determined
TaS,(pyridine) 180° 5.7 x1075¢ 9.1% (740) (53) (14) (4.2x10') 0.013 0.01
TaS, ¢Seq4(pyridine);; 230° 2.9 x 10749 9.3 (12000 (10) (1200 (4.2x10')  0.0016 0.01

ap_Garoche, J. J. Veyssié, P. Manuel, and P. Molinié, Solid State Commun. 19, 455 (1976). In this study of NbSe; both H,;
and resistivity were measured.

bReference 13. Lattice constants of layered compounds are given in Refs. 22 and 24.

‘From this work, Table II.

dReference 24.

¢A. Thompson, F. Gamble, and B. Koehler, Phys. Rev. B 5, 2811 (1972).
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Il and III that the intercalated compounds are in the
dirty limit (/ < &), and that the limits for which
KBL obtained results are appropriate for these com-
pounds. The unintercalated metal NbSe; is, in con-
trast, a relatively clean superconductor, and fully in
the three-dimensional limit.

B. Comparison with microscopic theory

In this section we compare our experimental results
with microscopic theory, specifically the predictions
of the KBL theory. Since the most interesting physi-
cal effects are expected to manifest themselves in the
parallel field orientation, we focus our discussion on
those data.

A comparison of the KBL theoretical predictions
with experiment for H.(T) are shown in Figs.
11-13 for TaS,(pyridine);, TaS,(aniline);/4, and
TaS; 6 Seg4(collidine) 5. (Note that experimental
data on additional samples not shown earlier are in-
cluded in these figures for completeness.) The
theoretical curves were generated by means of a com-
puter program which used simple analytical functions
to approximate the results obtained by KBL. Materi-
al parameters for each compound, r and «, are taken
from Table I, and T, values for this fitting procedure
only are determined from fitting the linear portion of
the H.,,(T) curves. The normalized spin-orbit
scattering time, 747, is treated as an adjustable
parameter.

For the TaS,(pyridine),/; samples only a fair fit can
be achieved with the theoretical curves, although rea-
sonable agreement is seen for one of the samples.

T
Tas,(pyridine),,  -17,4th;
17, 5th

120

THEORY-KBL

r=1.90

a=3.7 T
—e— EXPT.

100+
003

80
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(kG)
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T(K)

FIG. 11. Comparison of parallel critical fields of
TaS,(pyridine),;, with predictions of KBL theory for various
values of 74, 7,. Material parameters a and r taken from
Table II. For the theoretical curves only, 7, is determined
by extrapolating the perpendicular field curve to zero field.

T T
o Tasz(omlmo),,‘- 1134, Ist;
—— THEORY- KBL
100}~ r=0.5 b
a=5.1
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T(K)

FIG. 12. Comparison of parallel critical fields of
Ta$,(aniline) 34 with predictions of KBL theory for various
values of 74, 7,.. Material parameters « and r from Table II.

The curve for /7—5th (the fifth intercalation run
from batch /7 of reacted TaS,) shows some indica-
tion of an upturn, while the curve for /7—4th rises
more slowly. These uncertainties in the measured
critical field curves were discussed earlier and certain-
ly reflect the problem of extracting correct values of
H.5(T) from severely broadened transitions. Still,
the overall fit at intermediate temperatures is best for
both samples using 7,7, =0.01. Based on this fit-
ting procedure, a value of 0.01 is listed in Table III as

T

Tas|_55e°_4(collidine)|,s -1138,2nd

120~ \ -
T *O
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r=0.41
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40
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FIG. 13. Comparison of parallel critical fields of
TaS$, ¢Seq 4(collidine) ¢ with predictions of KBL theory for
various values of 74, 7.. Curve for r =10 indicates the pre-
diction for well coupled layers (i.e., three-dimensional-like
behavior). Material parameters taken from Table II.
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the experimentally determined value of 7 T,.

The experimental curves for TaS;(aniline);/4 shown
in Fig. 12 can also be fitted approximately by the
theory, again with 7,7, =0.01. The sharp upturn at
low temperatures for /134—1st, and /134—2nd, is
probably significant, as both experimental curves
show this upturn. Also, for TaS,(aniline);/4 the ma-
terial parameters are such that an upturn of H,y(7)
is definitely expected, even for the apparently canoni-
cal 7, T, =0.01. These data then qualitatively
demonstrate the effects of the decoupling of the
layers when &,(T) < s/v2. Theoretical fitting to the
critical-field curve for TaS;(collidine) s, not shown,
is less successful, though the best fit is still for
7 T. =0.01. This TaS;(collidine) s crystal looks,
under inspection in an optical microscope, to be the
poorest quality, most wrinkled sample.

The fit between theory and experiment for the in-
tercalated compounds of TaS, ¢Seg4 have been carried
out in a similar fashion. Here again the best fit is ob-
tained for 74,7, =0.01 as seen for the case illustrated
[TaS, ¢Seo4(collidine) 6] in Fig. 13. The theoretical
curve for a well-coupled system (r =10) is also
shown for comparison. The quality of the fit is
somewhat better than that in Figs. 11 and 12,
neglecting again the curvature near 7,. Note that for
both TaS; ¢Seo4 compounds, the temperature range
covered includes the temperature T* at which the
metallic layers are expected to "decouple." However,
there is no evidence of an upturn in the experimental
data. This can be understood from the theoretical
curves of Ref. 6 for various values of 7, 7,. We see
that upward curvature is expected to manifest itself

D. E. PROBER, R. E. SCHWALL, AND M. R. BEASLEY 21

only for very much shorter spin-orbit scattering
times. Therefore, the absence of an upturn in the
experimental data does not imply that the layers have
not decoupled.

The fit to the data exhibited in Figs. 11 to 13 is
semiquantitative at best. Given the problems with
the data and the simplicity of the theoretical model,
this is perhaps all one can expect. A more interesting
and perhaps compelling aspect of the agreement
between theory and experiment is that the theory
provides a very nice account of the observed sys-
tematics in the data, specifically which samples should
show the upturn in H,,, at low temperatures and
which should not. This point is illustrated in Fig. 14
where we have summarized the data by plotting nor-
malized experimental and theoretical critical-field
curves for TaS,(pyridine),;, TaS,(aniline) 34, and
TaS; ¢Seg 4(collidine) /¢, for the single best-fit value of
750l =0.01. Results are shown only for the best
samples. Comparing the group of experimental
curves with the group of theoretical curves, we find
that, considering all the problems encountered in
measuring H,5(T), the KBL results provide a fairly
good account of the systematic trends in the data.
We regard this as at least a tentative confirmation of
the KBL theory.

An interesting aspect of the above theoretical fits is
that in each case the best fit corresponds to 74,7,
=0.01. This is in accord with the general idea that
the properties of the individual layers in the inter-
calated materials, being two-dimensional-like, are re-
latively insensitive to the exact intercalation species.
The values of the spin-orbit scattering times required

T T T T T
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FIG. 14. Comparison of systematic trends in parallel critical fields observed in intercalated compounds with predictions of

KBL theory using best-fit value of 7,7, =0.01.

Parameters a and r as before are taken from Table II. Experimental curves are

shown with temperature normalization from fitting perpendicular-critical-field data. -
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are, however, very short (7, =2 x 107" sec) and
the question arises whether such short scattering
times are physically reasonable. Lacking any a priori
knowledge of 7, we can only insist that the spin-
orbit scattering rate 7o not exceed the total scattering
rate 7~'. Thus the total electron-scattering lifetime 7
can be used to put a lower limit on 74, and estimates
of 7, 7™ = 7T, are given in Table IIl. Based on
the estimated value of 74, 7{™" obtained for
TaS,(pyridine)/;, we see that the spin-orbit scattering
rate required to fit the data is comparable to this
maximum physically allowed rate. Since the spin-
orbit scattering rate is usually significantly less than
the total scattering rate,2® our results suggest that ad-
ditional mechanisms for reducing Pauli limiting in the
dirty limit are operative in these layered materials.
Some new mechanisms for reducing Pauli limiting in
layered compounds have recently been proposed,?’
but all appear to be applicable only in clean materials.

An alternative possibility is that electron-phonon
strong coupling effects may partly reduce the effects
of Pauli paramagnetic limiting, so that the proper in-
clusion of strong-coupling effects in the theory would
lead to larger, and more acceptable experimental
values for 74, Recently this has been shown’? to be
the case for NbsSn. None of the present theories for
layered or strongly anisotropic superconductors has
incorporated these strong-coupling effects explicitly,
however. This is clearly a question which deserves
further theoretical and experimental study.

C. Dependence of the interlayer coupling on
layer separation

In the Josephson-coupled model of the supercon-
ducting layered compounds (or in the tight-binding
approximation to which it can be related), the inter-
layer coupling parameter m is expected to fall off ex-
ponentially with layer separation & [n =g x
exp(—58/8¢) 1, all else being equal—that is, if we as-
sume for any given intercalation series the charac-
teristic tunneling length &, is independent of the par-
ticular intercalation species. Using Eqgs. (1), (3), and
(11) and the fact that £(0) is nearly independent of
intercalation species, we have

2
gt B &0 a7
2sM  2s’m | £(0) '
Thus we can use the dependence of r or & to estimate

So.

From Table II we see that the values of r for
TaS,(collidine) /s and TaS,(pyridine),;; are roughly
equal while the value for TaS;(aniline) s, is substan-
tially smaller even though ig this series & progresses
from §=3.6 t0 6.0 to 12.1 A. The data for TaS,
(collidine) /s and TaS,(pyridine),;, are not consistent
with an exponential decrease of n with 8, and since

the data for TaS,(collidin€) /s appear to be less reli-
able than that for the other compounds, we exclude
them from this analysis. Assuming an exponential
dependence for 7, the data for TaSz(pyrigine)m and
TaS,(aniline) s/, yield a value of 8,=4.6 A. Compari-
son of the two TaS; ¢Seq 4 intercalates yields §,=9.3
A. These tunneling lengths are large compared to
t})ose typical of oxide-layer tunnel junctions (8, =1.5
A) but perhaps not unreasonable for organic
molecules. We have not investigated the electronic
structure of these molecules to estimate what the
height of tunneling barrier is likely to be. Finally, we
should point out that we do not rule out the possibili-
ty that microshorts between layers might be contri-
buting to the interlayer coupling. If such shorts were
dense on the scale of the in-plane GL coherence
length £(T), the Josephson model used to analyze
the data should still apply, but then an exponential
dependence of n» on & would not be expected.

VI. SUMMARY AND CONCLUSIONS

In this paper we have presented measurements of
the upper critical fields of a series of intercalated lay-
ered superconductors, and of two unintercalated com-
pounds. We find that the intercalated compounds
should behave two dimensionally at low tempera-
tures, while the behavior near 7, is three dimensional
in character. Furthermore, for the intercalated com-
pounds, the layers themselves are in the dirty limit
(1 << &p). In contrast, unintercalated NbSe; is a re-
latively clean, three-dimensional (though anisotropic)
superconductor.

To investigate the dimensional-crossover effect in
the intercalated compounds, extensive comparisons
were made between the experimental data and the
microscopic theory of Klemm, Beasley, and Luther,
which is based on the Josephson-coupled two-
dimensional superconductor model. These compari-
sons show semiquantitative agreement between
theory and experiment, allowing for the known diffi-
culties with the parallel-field data. Evidence for the
crossover to two-dimensional behavior at low tem-
peratures is seen most clearly in the data for
TaS,(aniline)ss4. Further support for the theoretical
model is seen in the overall comparisons between
theory and experiment, shown in Fig. 14, where the
systematics of the theoretical predictions match well
the experimental trends.

An unresolved question raised by the analysis is
the origin of the very short spin-orbit scattering times
required. These times appear to be at the lower limit
of that possible for random spin-orbit scattering. Ad-
ditional mechanisms for reducing Pauli limiting of
H,, thus appear to be required to account for the
critical-field data. Resolution of this and other ques-
tions will require further experiments, and likely
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better quality samples.

This study, therefore, in combination with our pre-
vious study of the fluctuation-induced diamagnetism
of layered superconductors, provides substantial evi-
dence confirming the essential predictions of the
Josephson-coupled two-dimensional superconductor
model. The quasi-two-dimensional nature of these
compounds is seen to lead to their novel supercon-
ducting properties.

The effects of reduced dimensionality may also be
important in other superconducting compounds, such
as the filamentary (quasi-one-dimensional) com-
pounds (SN),,3" and the Chevrel compounds,** of
which PbMo¢S; is an example. These latter com-
pounds have been described as zero-dimensional
units coupled in three dimensions.>* It appears, how-
ever, that while the notion of reduced dimensionality
may be relevant to understanding the large critical
fields of these other compounds, the interunit cou-
pling is not sufficiently weak for dimensional-
crossover effects to be evident. In this respect, the
intercalated layered compounds differ and appear to
be unique. The intercalated compounds thus serve as

model superconducting systems of reduced dimen-
sionality.
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