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Measurements of the angular dependence of the upper critical field H,, in the transition metal dichalco-
genides TaS,, TaS,-(pyridine), TaS; Se,, TaS,Se,-(pyridine), Ta$, ,Se, 5, and TaS gSe, , have been made
in magnetic fields up to 150 kOe. The observed angular dependence has been compared to simple
theoretical models in.order to estimate the anisotropy of the coherence length £ in these materials. The
values of the &, /£, calculated from the data were 20 for TaS,-(pyridine) and approximately 7 for the Ta$S,,
TaS,Se, , and TaS,Se,-(pyridine). The alloys with different ratios of sulfur and selenium showed no major
change in behavior as compared to TaS,;Se, . The results are also discussed in relation to a generalized
effective-mass model of anisotropic electronic conduction. The resistive transitions in the intercalated
materials for field orientations less than 10° from the parallel orientation are extremely broad and also
exhibit unusual structure connected with enhanced flux-flow resistance. The magnetoresistance behavior in
the normal state of the pure and intercalated layer compounds has also been measured and the changes in

anisotropy due to intercalation are discussed.

I. INTRODUCTION

Transition-metal dichalcogenides formed from
the 5d transition-metal series contain a number of
layered structures which exhibit a superconducting
phase transition. Superconducting properties of
these materials such as critical field, critical cur-
rent, and magnetization all show a high degree of
anisotropy, anddata on these anisotropies have been
reported by a number of authors.!~® In addition,
several of these compounds can be intercalated by
diffusing an organic material into the vander Waals
gap between the layers. Such intercalation sub-
stantially increases the distance between the suc-
cessive layers of metal atoms, and large increases
in the anisotropy of the electronic properties are
observed upon intercalation,

A convenient method for studying the supercon-
ducting anisotropy in both the pure and intercalated
materials consists of measuring the resistive tran-
sition which occurs as a magnetic field is applied
to the specimen., This method allows one to make
a reasonably accurate measurement of the critical
field as a function of angle and such measurements
on pure NbSe, have been reported by us in a pre-
vious paper. ®

In the present paper we report similar measure-
ments on a number of layer structures including
several intercalated with pyridine (CgH;N).

II. EXPERIMENTAL PROCEDURE

The dichalcogenide compounds were fabricated
by heating stochiometric amounts of the appropriate
elements in sealed quartz tubes to a temperature
of 600 °C in the case of NbSe, and 925 °C for all
of the tantalum compounds. Starting materials of
purity 99.9% or better were used. Crystals of NbSe,,
TaS,, TaS;Se,;, TaS; ;Sey.q, and TaS; ¢Se, ,were pre-
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pared by the method of iodine-transport reaction
according to well-established procedures.® All
crystals grew in platelet geometry. The prepara-
tion and characteristics of the NbSe, crystals have
been previously described.® The TaS, crystals
were probably less perfect than those of NbSe,,
since the surfaces were rather wrinkled in appear-
ance in contrast to shiny mirrorlike surfaces ob-
served on the NbSe, crystals. The TaS,Se, crys-
tals were apparently of somewhat better quality
since they had fairly smooth surfaces. Samples
were prepared by slicing the crystals into bar-
shaped samples with widths of 0.2 - 0.5 mm and
lengths of 2~ 6 mm. The thickness perpendicular
to the layers was in the range 0.05- 0.3 mm.
Electrical connections were made using lead-tin
solder and conducting paint. Resistance measure-
ments were made using a standard four-lead ar-
rangement.

Intercalated samples of TaS, and TaS;Se; were
prepared by first cutting the crystals to the desired
sample dimensions and then heating in an excess
of pyridine. A temperature of 200 °C was used for
the intercalation of TaS,, while intercalation of
Ta$S, Se; required temperatures of around 300 °C.
The crystals of TaS,-(pyridine) which were mea-
sured in the present experiments showed expan-
sions of about 98% in the c-axis direction upon in-
tercalation, and this is in good agreement with
other reported experiments.” However, there
were some crystals which showed less expansion
in the range down to 70%. These crystals tended
to have lower and more smeared temperature tran-
sitions as wellas electrical behavior which deviated
from the more perfectly intercalated crystals.

The TaS;Se; showed a considerable variation in
the expansion occurring upon intercalation with
values ranging from 30 to 140%. No direct correla-
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tion was made between the electrical properties
and the amount of expansion, but the experiments
indicated that a larger expansion produced a lower
transition temperature.

For the TaS,Se, crystals the a-axis resistivities
at 4.2 °K were all around 5 X 10" Qem. For the
TaS, and TaS,-(pyridine) crystals used in the ex-
periments the a-axis resistivities at 4.2 °K were
both on the order of 10" Qcm, in good agreement
with previously reported values.* In a few cases
the intercalated TaS, crystals showed considerably
higher calculated resistivities which we associate
with conduction by only a fraction of the layers due
either to crystal imperfection or imperfect current
contacts, Current densities were kept relatively
low for most measurements and were on the order
of 10 A/cm?,

The experiments were performed by rotating the
samples in magnetic fields generated by supercon-
ducting solenoids for fields up to 80 kOe and by
Bitter solenoids for fields up to 150 kOe. The
samples were mounted with the current always
transverse to the magnetic field and the rotating
sample holders used were capable of an angular
alignment to an accuracy of + 0,1 °,

III. EXPERIMENTAL RESULTS
A. TaS, and TaS,-(Pyridine)

The perfect as-grown form of 2H-TaS, has a
superconducting transition temperature of 0. 8 °K,
and magnetic field experiments in the supercon-
ducting phase have not yet been carried out in de-
tail. However, in this paper we do report data on
one specimen of TaS, with a T, above 1°K. As
originally reported by Gamble et al.,” the transi-
tion temperature of TaS, can be raised to approxi-
mately 3.5 °K by intercalation with pyridine.

Intercalation with pyridine changes the spacing
between the layers of tantalum atoms from 6 A
to approximately 12 A as reported in Refs. 4 and 7.
The resistivity in the c-axis direction increases
by as much as four orders of magnitude upon inter-
calation* while the resistivity parallel to the layers
increases only slightly. This behavior is consis-
tent with the idea that the intercalated material
should show physical properties approaching those
of a two-dimensional conductor. With this idea in
mind we have examined the resistive transition in-
duced by magnetic fields up to 150 kOe. We have
also studied the resistive transition occurring as
the current is increased to the critical current for
various values of the magnetic field applied parallel
and perpendicular to the layers.

We have made detailed measurements of the
field-induced resistive transition in TaS,- (pyridine)
for five separate specimens and the exact shape
and width of the transition appears to be quite
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specimen dependent, This behavior suggests a
strong correlation with the perfection and unifor-
mity of theintercalatedlayers, and this is partic-
ularly evident for transitions observed at field
orientations less than 10 ° from the direction par-
allel to the layers. For these field orientations the
resistive transition becomes very broad and the
resistance rises very slowly toward the normal-
state resistance as the field is increased. In addi-
tion, structure in the resistive transition which
appears to be connected with flux flow becomes
pronounced at the lower angular orientations of the
field. The flux-flow structure is, in fact, so broad
that it is difficult to select a unique value of H,, at
the lower angles. For the parallel field orienta-
tion, H,, is greater than the maximum field of 150
kOe used in the experiments. The general behav-
iors of the field-induced resistive transition, the
width of the superconducting transition as a func-
tion of temperature, and the magnetoresistance
rotation curves appear to allow a selection of the
crystals on the basis of perfection and we there-
fore present data that we estimate to be character-
istic of the more perfect TaS,-(pyridine) crystals,
A typical curve of resistance as a function of tem-
perature at H=0 for a more perfect intercalated
crystal is shown in Fig. 1(a). This crystal

had an initial resistivity parallel to the layers at
4.2°Kof p,=1Xx 10 Qcm. After a number of
experiments and cycling from room temperature
to helium temperature, the resistivity was re-
measured and had increased to p,=6 X 10°° Qcm
at 4.2 °K. These resistivities compare quite well
with the value of p,=6 X 10°® Q cm measured at
4,2 °K by Thompson et al.* for TaS,-(pyridine).

Figure 1(b) shows data on the field-induced re-
sistive transition at 1.4 °K measured in fields up
to 150 kOe. For this temperature the parallel ori-
entation of the field shows no resistance induced
up to 150 kOe even from flux flow. There is, how-
ever, marked flux flow at higher angles which pro-
duces broad maxima and minima at angles between
1° and 10° from the parallel orientation. At higher
temperatures approaching 7, this flux-flow struc-
ture becomes more pronounced and resistance tran-
sitions measured at 2. 8 °K are shown in Figs. 2(a)
and 2(b).

The two sets of curves show positive and negative
angles measured on either side of the parallel ori-
entation. The asymmetry of theflux-flow resistivity
between these two equivalent orientations suggests
that the resistive structure is connected with a
specific crystal defect. The positive angles of
Fig. 2(a) correspond to the same positive angles
measured in Fig. 1(b) at the lower temperature.
An interesting behavior at the higher temperature
is observed for the 4 ° orientation where the maxi-
mum resistance rises considerably above the nor-
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FIG. 1. (a) Resistance vs temperature for TaS;-
(pyridine) sample around T,. (b) Resistance transition
in a magnetic field. Angles refer to field directions rela-
tive to the plane of the layers of the crystal.

mal resistance. A resistance maximum followed
by a resistance minimum is the type of structure
seen in other type-II superconductors and is often
referred to as the “peak effect.” However, the
present structure is very broad and not character-
ized by an abrupt rise of resistance after the mini-
mum as is usually observed in the “peak effect,
The magnetoresistance rotation curves observed
for this sample at temperatures of 1.5 and 2. 8 °K
correlate with the field-sweep curves justdescribed
and are shown in Figs. 3(a) and 3(b). These again
show the maximum-minimum resistance structure
at the appropriate angles and also show the same
increase in magnitude at the higher temperature.
For fields at angles greater than 10 ° from the par-
allel orientation the transitions are smooth and
occur over a fairly narrow field range with the
resistance reaching a uniform normal value. In
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this respect the transitions above 10 ° are similar
to the behavior in the unintercalated layer struc-
tures and allow a reasonably consistent interpreta-
tion of H,, from the construction indicated by the
dotted line in Fig. 1(b).

One of the'as-grown TaS, crystals measured was
entirely superconducting at temperatures below
1.1°K. The angular dependence of the critical
field was measured for this crystal at 1.03 °K and
the resistive transitions for all angles were smooth
and typical of the other as-grown layer compounds.
The higher transition temperature of this particular
sample may be associated with the presence of
additional phases quenched in upon cooling from
high temperature, and this may also account for
the 2 °K width of the temperature transition in zero
field. Although this crystal may not be typical of
a more perfect TaS, crystal, the data are inter-
esting for comparison to the data on intercalated
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(a) corresponds to same field orientations shown in Fig.
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TaS,, and this comparison is made in Fig. 10(a).
In the case of TaS, and TaS,-(pyridine) we have
also measured the magnetoresistance behavior at
4.2 °K where both specimens are in the normal
state, and data on field dependence and magnetore-
sistance anisotropy are shown in Fig. 4. Both the
anisotropy of the rotation diagrams and the field
dependence of magnetoresistance show a marked
difference between the as-grown specimen and the
intercalated specimen. The as-grown specimen
shows a monotonically increasing magnetoresistance
for both the H, and H, orientations and the rota-
tion curve shows a broad smooth anisotropy. Both
of these features are generally characteristic of
an anisotropic three-dimensional metal., On the
other hand, the intercalated specimen shows an
unusual negative magnetoresistance for the H, ori-
entation and much sharper anisotropy in the rota-

.tion curve near the H, orientation. This major
change in the normal-state magnetoresistance

observed upon intercalation may be evidence that
the electrons are being more closely confined with-
in the individual layers than for the as-grown ma-
terial, since limitation of the mean free path along
the ¢ axis could be responsible for such a change.
This normal-state magnetoresistance behavior is
typical of all of the intercalated specimens mea-
sured.,

The current-induced resistance transitions for a
TaS,- (pyridine) crystal are represented by the
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current-voltage curves shown in Fig. 5 for increas-
ing values of the magnetic field parallel to the lay-
ers. At zero magnetic field the voltage rises very
slowly as the current is increased up to the critical
value and then jumps abruptly to approximately the
voltage corresponding to the normal-state resis-
tance as represented by the Ohmic I-V curve ob-
tained in a perpendicular field of 4 kOe. The cur-
rent-voltage transitions for intermediate-field
values parallel to the layers show a more rapid in-
crease in resistance and successively smaller dis-
continuous voltage jumps as the field is increased.
The increased resistance observed before the
abrupt transition to the normal state suggests a re-
sistance contribution from flux flow, although the
current and field dependence do not sgem to follow
the usual models.

'B. TaS,Se,,TaS, ,Seys ,TaS,3Se, ,,and Ta$, Se, -(Pyridine)

We have also examined several alloys composed
of tantalum, sulfur, and selenium since these have
transition temperatures considerably above 1 °K
for the as-grown materials. For the specimens
reported here the transition temperatures were
TaS,Se,, 3.7°K; TaS, ,Seq3,3.9°K; and
TaS,s5€;.2, 3.9 °K. The behavior of the critical
field and the magnetoresistance were essentially
the same for all three alloys so we will present
principally the data on TaS;Se, as representative.
The resistance transitions induced by the magnetic
field for various angles between the magnetic field
and the layers are shown in Fig. 6(a). For the as-
grown TaS;Se, these are smooth and fairly sharp
even at the lowest angles, The behavior is quite
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FIG. 5. I-V curves for superconducting TaS,-(pyri-
dine) for different applied magnetic fields parallel to
layers. Ohmic curve is for perpendicular field such that
sample is in the normal state.
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similar to that observed in the layer structure
NbSe, previously reported.® The critical fields

for the field orientations parallel and perpendicular
to the layers are linear functions of the tempera-
ture below T, as shown in Fig. 7. This is similar

60 T l T l T 'I T r T I T I
TaS,Se, -2
50 Hep —1

FIG. 7. H_ for TaS;Se; as a function of temperatures
for fields parallel and perpendicular to the layers.
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to the behavior reported for other superconducting
layer compounds. °

The TaS;Se, specimens were also intercalated
with pyridine and the resistive transition as a
function of field angle was again measured. The
results are shown in Fig. 6(b) and indicate a much
broader resistive transition in the intercalated
material particularly at lower angles. The tran-
sition temperature 7, was lowered from 3.7 to
1.5 °K upon intercalation and indicates that a fairly
large change in the electron-phonon interaction has
taken place. The critical field ratio versus angle
for all of the compounds TaS,Se,, Ta$S,Se,-(pyridine),
TaS,,s Se;,;, and TaS,; ,Se g shows a similar be-
havior, and examples are plotted in Fig. 8 and give
a value of (H,y/H,5)? of between 40 and 50 for all
of the specimens measured. The normal-state
magnetoresistance curves taken at 4.2 °K for both
the as-grown and pyridine-intercalated TaS;Se, are
shown in Fig. 9 and indicate a similar anisotropy
in both cases, in contrast to the TaS, case where
the intercalation had a marked effect on the anisot-
ropy of the normal-state magnetoresistance. The
critical-field data for all of the specimens mea-
sured in the present experiments are summarized
in Table I along with data on the critical tempera-
ture T, and the reduced temperature ¢= T/ T,
corresponding to the critical-field measurement.

1V. DISCUSSION
A. Elliptical-Fluxoid Model

In the case of a layered superconductor, one of
the simplest models which can be used to explain
the anisotropy observed for the upper critical field
is to assume an elliptical fluxoid and to use the
straightforward result of Ginsburg- Landau theory!?
for type-II superconductors which relates H,, to the
fluxoid through the following expression:

ch = ¢0/2ﬂ§a gb ’ (1)
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FIG. 8. Experimental curve of H%(6)/H%(90°) vs

angle of magnetic field with plane of layers for TaS; 38,5
and TaS;Se;-(pyridine) samples.

where ¢, is the flux quantum and £, and £, are the
two principal coherence lengths in the plane per-
pendicular to H.

The model assumes that ¢ is isotropic within the
layers and is described by an ellipsoidal surface
for other directions.® The generalized coherence
length is then represented by the tensor

& 0 O
0 ¢ O ,
0 0 et

where £, =€£,=€£. For H perpendicular to the
layers the fluxoid is therefore circular in cross

TABLE 1. Summary of critical-field data for specimens measured in present experiments as well as data on the
critical temperature T, and reduced temperature ¢ corresponding to critical-field measurements.

T, T t Hp, Hc2 ] HcZJ./Tc
°K) °K) (kOe) (kOe) (kOe/°K) (H g1/ H 3))*

NbSey-2 7.0 4.2 0.60 22,1 74.1 3.16 11.2
NbSey-5 7.0 4.2 0.60 19.5 71.4 2.79 13.4
TaS;Seq~1 3.7 2.2 0.60 9.0 53.9 2.43 35.9
TaS;Seq~2 3.7 2.2 0.60 11.0 73.8 2.96 45,2
TaS;,,Seg,g-1 3.9 2.34 0.60 11.5 75. 2 2.96 42.8
TasS;,,Seq, g2 3.9 2,34 0.60 12.8 92.1 3.28 51.8
TaS,, gSeq,o-1 3.6 2.9 0.74 6.7 45.0 45.4

2.34 0.60 10.4 2.67
TaS;Sey(pyridine)-2 1.5 1.1 0.73 2.6 19.1 52.4

0.9 0.60 4.0 2.64
TaS,(pyridine)-3 3.25 2.0 0.61 1.4 >66 0.42 >2000

1.4 0.43 4.9 >150 >940
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section, while for other field directions it is ellip-
tical in cross section with the greatest ratio £,/&,

=£/et=¢, /&, obtained for H parallel to the layers.
The ellipsoidal model with H,, given by (1) results
in the following expressions for the angular depen-
dence® of H,,:

- )
H, ©) “27£% (sin®6 + €2 cos?h) V 2 @
or
Ho(0) 1 )
HZ,(90°) sin®% + €’ cos?6 ’ &

where 0 is the angle between H and the layers. The
physical idea expressed by Eqs. (1) and (2) is that
the superconductivity is destroyed when the hard
cores of the fluxoids begin to overlap and that the
elliptical variation of the fluxoid cross section
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allows for a higher packing density of hard cores
at lower angles and consequently higher critical
fields as expressed by Eq. (2).

The upper critical field of course depends on
the details of the fluxoid packing and on the com-
plete structure of the fluxoid, The accuracy of the
above simplified model may therefore vary from
material to material and may depend on the anisot-
ropy and how it affects the detailed structure of
the fluxoid. In particular, when the coherence
length perpendicular to the layers is on the order
of the layer spacing, the validity of the model may
be questionable.

B. Effective-Mass Model

Various theoretical models of superconducting
layer structures have introduced the idea of an
effective mass to describe the electron conduction
parallel and perpendicular to the layers. In such
models the effective mass can be represented by a
tensor of the form

m, 0 0
0 m, 0 )
0 0 mll

and the coherence length in the direction perpendic-
ular to the layers is then related to the coherence
length in the plane of the layers by

§1= (mn/mx.)ll 2 Ene (4)

Lawrence and Doniach!! have developed such a
model based on the idea that the superconducting
order parameter in adjacent layers is coupled by
Josephson tunneling and that the z dependence of
single-particle states is described by a tight-bind-
ing form. The highly anisotropic effective mass
represented in this case is a generalized one and
can include contributions from the band effective-
mass anisotropy as well as anisotropy in the elec-
tron-phonon interaction.

The critical-field experiments described in the
present paper can be fitted to Eq. (3) in order to
determine a value of €2, The generalized effective-
mass ratio can then be determined from the rela-
tion

2_ M _ £
€ m, Zﬁ- o (5)

C. Critical Fields in NbSe,

Data on the angular dependence of the upper
critical field measured in pure single crystals of
NbSe, were compared to the model represented by
Eq. (3) and details have been reported in Ref. 5.
The model gave a reasonably good fit to the data
and the best value of the adjustable parameter €
was determined to be 0.09+0.01. Using 1/e=£,/%,
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we therefore obtain an estimate of 3.3 for the
ratio £, /£, in NbSe,. The effective-mass ratio
calculated from Eq. (5) gives m,=1lm,,, as re-
ported in Ref. 5.

In the case of NbSe,, Bachmann et al. 2 have
used optical-absorption measurements at 2 °K to
determine the plasma frequency and can therefore
determine the bare electron mass from the expres-
sion w=4me?/m*. They obtain a value of m*
=9, 7m,, where m, is the free-electron mass.
These authors also estimate the value of the elec-
tron-phonon coupling constant A in NbSe, by using
the relation 2, =m*(1+X) and adjusting A to give
the thermal-mass value determined from specific-
heat measurements.'® The estimated value was
A =0. 36 which is the range of a BCS-type super-
conductor. These estimates could not take into
account any anisotropic effects, but the plasma
edge determined in the optical experiment might
be expected to be more characteristic of electronic
response in the plane of the layers. The estimate
of m, =11m, would therefore indicate a very large
effective mass for conduction perpendicular to the
layers in NbSe,, although an exact value cannot be
estimated until more is known about the anisotropy
in the electron-phonon interaction.

D. Critical Fields in TaS, and TaS, -(Pyridine)

As pointed out previously, the pure perfect TaS,
crystals have a T, of 0.8 °K while some of the
crystals with either imperfections or slight phase
admixtures have a T, above 1 °K. Critical-field
data for one of the crystals with a high 7', are
shown by the triangular points in Fig. 10(a). The
dashed curve indicates the theoretical curve cal-
culated from Eq. (3) with a value of €2=0.022.

The approximate coherence-length ratio is there-
fore given by £,/£,=1/€=v45~6.7, while the ef-
fective-mass ratio m,/m,=1/€ gives m, = 45m,,.

The angular dependence of the critical-field
ratio H2, (6)/H2 (90°) for TaS,-(pyridine) is also
plotted in Fig. 10(a). The dashed lines again show
the values of HZ, (8)/H>,(90°) calculated from Eq.
(3). The data follow a 1/sin?@ dependence for
most of the angular range. Deviations occur for
values of 6 less than 10° and data for these angles
are replotted on an expanded scale in Fig. 10(b).
The values of the ratio HZ, (8)/H%, (90°) measured
from the resistance transitions at 2.86 °K show a
small deviation from 1/sin®0 below 3°, while the
data measured at 1.4 °K deviate from 1/sin%0 below
10° as shown. The 1.4 °K data fit fairly well to the
values calculated from Eq. (3) with €=0.00242 or
1/€%=413 as indicated by the dashed curve so la-
beled in Fig. 10(b). In terms of the coherence
lengths this number gives a ratio &, /&, =v413= 20
while the effective-mass relation gives w2, =~ 400m,,.
The values of H,, used for the above model com-
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FIG. 10. HZ%(6)/H%(90°) vs angle 6 of the magnetic
field with plane of the layers for TaS,-(pyridine) sample
and TaS, crystal. Part (a) shows entire angular range
and dotted lines show curves of 1/sin’6 and 1/(sin6 + €2
xcos’0) with €2=0.022. (b) Data on TaS,~(pyridine) for
angular range below 10°. Curves for 1/ sin%0 and
1/(sin®6+ € cos?6) with €2=0.0024 are shown for com-
parison.

parison were calculated using the construction
shown by the dotted extrapolation indicated in Fig.
1(b).

The reason for the difference in the behavior of
the critical-field ratios below 6 =10° for the two
temperatures just discussed is not certain at pres-
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ent. One possibility is that the flux-flow resistance
structure is considerably different at the two tem-
peratures and introduces differences in the construc-
tion used to obtain H,,, particularly below angles
of 10°. The temperature modification of the flux
flow is clearly evident for the 4° orientation where
the resistance maximum observed moves down in
field by as much as 80 kOe as the temperature is
raised from 1.4 to 2.8 °K. The construction for
H, used here represents a minimum value for H,
at low angles since it assigns most of the apparent
flux-flow resistance structure to fields greater than
H_ . On the other hand, if larger values of H, are
picked at low angles, one must conclude that H,
rises much faster than 1/sin?@ at low angles since
the high-angle transitions are too narrow to allow
sufficient upward adjustment of H, in order to
maintain the 1/sin?6 dependence. The resolution
of this point will have to await a more exact under-
standing of the resistance structure at low angles
as well as a more refined model of the critical-
field behavior expected near the parallel orienta-
tion of the field.

E. Critical Fields in TaS, Se, and Ta$; Se, -(Pyridine)

The critical-field data on TaS;Se, are represented
by the solid circles in Fig. 11. The best fit of the
function in Eq. (3) is represented by the open cir-
cles and gives a value of €=0.022. This is the
same value as determined for the pure TaS, and
gives an approximate coherence-length ratio of
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FIG. 11. Experimental curve of H2(6)/H%(90°) vs
angle of magnetic field with plane of layers for TaS;Se;
and NbSe,. Theoretical curves for 1/ sin®6 and for €
=0.022 are shown for comparison.
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£,/£,=6.9 and m, ~46m,. The results on all of the
pure-tantalum compounds therefore show approxi-
mately the same anisotropy in coherence-lerigth
and effective-mass ratio within the accuracy of the
present model. The triangles in Fig. 11 represent
the data on pure NbSe, for comparison and clearly
show the smaller anisotropy exhibited by this com-
pound.

As previously shown in the experimental data of
Fig. 8, intercalation of TaS;Se; did not appreciably
change the critical-field ratios and consequently
the generalized effective-mass ratio is essentially
unchanged. However, in the intercalated material
the resistive transitions at low angles were spread
over much larger field ranges indicating that ap-
preciable layer separation had occurred. The layer
separation would be expected to increase the band
mass perpendicular to the layers due to less over-
lap of the wave functions, and the fact that no
change in effective-mass ratio is observed is not
readily explainable. Incomplete or nonuniform in-
tercalation may be the explanation since the be-
havior may be very sensitive to the presence of
filaments of pure material along the c-axis direc-
tion. The electron-phonon interaction is obviously
influenced by the intercalation as evidenced by the
change in T, but no information is available on its
role in the basic anisotropic behavior.

Further information on the relative anisotropies
in electron band mass and electron-phonon inter-
action will have to await further experiments such
as Fermi-surface measurements and independent
measurements of the superconducting anisotropy.
Fermi-surface determination by such methods as
cyclotron resonance or de Haas—van Alphen effect
would be useful, but may be complicated by the fact
that the cyclotron mass is enhanced by the factor!*
(1+1) and this enhancement factor itself will be
anisotropic. Direct measurements of the super-
conducting energy gap such as tunneling in layer
structures would also be useful for obtaining a more
complete picture of the anisotropy.

V. BAND STRUCTURE AND FERMI SURFACE IN NbSe,

AND TaS$,

A number of papers!® have considered the possible
band structures of the transition-metal dichalco-
genides. Huisman et al.'® have considered those
with trigonal-prismatic coordination in terms of
crystal field and simple molecular-orbital calcu-
lations. The electronic properties will depend
mainly on the ligand-field splitting of the metal d
orbitals and the molecular-orbital calculations in-
dicate that the nondegenerate a;* level has the low-
est energy of the d levels in trigonal-prismatic co-
ordination. In the Nb and Ta dichalcogenides the
atoms have a d' configuration and this leads to a
partially filled narrow band arising from the a*
level as shown in Fig. 12. Additional electronic
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FIG. 12, Possible band structures for TaS; and NbSe;
[after Huisman et al. (Ref. 16)].

states, derived from outer s and p orbitals of metal
and ligand atoms, give rise to a valence band and
this is also indicated in Fig. 12. Thompson et al.*
have concluded that in 2H-TaS, at helium tempera-
tures the heavy-electron d band does not overlap
the light-hole valence band as shown in Fig. 12(b),
but that at room temperature the bands do overlap
as shown in Fig. 12(a). The case of NbSe, is very
similar except that the band-overlap question is not
as clear. Both compounds show phase transitions
below 100 and 40 °K with a change of sign in the
Hall resistivity at 56 and 40 °K for TaS, and NbSe,,
respectively. Marezio ef al.'” have connected this
behavior with a structural transformation, and
Ehrenfreund ef al.'® suggest that an associated con-
duction-electron redistribution occurs.

In the case of NbSe,, Bromley'® has recently con-
sidered the possible effects of interlayer bonding
and this can cause a splitting of the two-dimensional
energy levels considered in all of the previous cal-
culations. The Fermi surface of the 2H-NbSe,
could then have additional pieces arising from this
splitting and these could be partially holelike due
to cutting of the prism faces of the hexagonal zone
by the Fermi surface. In any event, all of the
models would suggest a substantial contact of the
Fermi surface with the hexagonal faces of the zone,
and therefore the Fermi surface would be of the
undulating cylinder type and this would lead to a
generally anisotropic band mass.

Geilikman and Kresin®® have considered the an-
isotropy of the energy gap in superconductors for both
an elliptical and cylindrical model of the Fermi
surface and the anisotropy in A(%) derived by them
for the cylindrical model depends on the ratio
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k,(max)/k,, where k, is the radius of the cylinder.
However, the expressions would require consider-
able evaluation in order to arrive at any quantitative
conclusions applicable to the present experiment.
At present the correlation between the energy-gap
anisotropy, the suggested Fermi-surface anisot-
ropy, and the associated effective-mass anisotropy
is difficult to sort out without additional experiments.
The generalized effective-mass anisotropy mea-
sured in the critical-field experiments contains
quite a bit of information on the anisotropic elec-
tronic properties, but too many assumptions are
required to separate the various terms contributing
to the anisotropy. Some model of the anisotropic
electron-phonon interaction would be useful as well
as direct measurements of the Fermi-surface
anisotropy.

VI. SUMMARY AND CONCLUSIONS

Measurements of the critical-field anisotropy in
the layer compounds NbSe,, TaS,, TaS,-(pyridine),
TaS,Se,, TaS;Se,-(pyridine), TaS,,¢S;.; and
TasS,,,5eq,s have been compared in order to obtain
estimates of the anisotropy of the coherence length
in these materials. The anisotropy varies by a
factor of 10 between the various compounds and as
expected is largest for the more perfectly inter-
calated specimens of TaS,. This behavior, as well
as the magnetoresistance anisotropy in the normal
state, suggests that the TaS,-(pyridine) crystals
are approaching a behavior characteristic of a two-
dimensional conductor. The intercalated crystals
also show very broad resistance transitions for
fields applied at angles less than 10° from the
orientation parallel to the layers and for certain
orientations strong resistance maxima and minima
are observed in the transition region. The transi-
tion behavior suggests that an enhanced flux flow
may play a role in the intercalated material, but
no satisfactory model has as yet been worked out.

The measured critical-field anisotropy gave an
estimate for the coherence-length ratio &,/£, of
approximately 7 for all of the pure tantalum
compounds measured, as compared to the ratio
3. 3 previously measured for pure NbSe,. Inter-
calation of TaS, with pyridine increased the ratio
£,/&, to approximately 20. In the case of the tan-
talum compounds with both S and Se present, in-
tercalation did not appreciably change the anisotropy.
This is most likely to be connected with imperfect
intercalation although a change in the anisotropy of
the electron-phonon interaction may also play some
role. Estimates of the effective-mass ratios based
on an elliptical model were m,~ 46m, for the pure
tantalum compounds and #, ~ 400m, for TaS,-
(pyridine), while the previous estimate for pure
NbSe, was m, = 11m,.
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The magnetic field dependence of the microwave absorptivity of superconducting aluminum
single crystals has been determined in the frequency range 15-100 GHz, covering the spec-
trum near the superconducting energy gap. Measurements were made on samples of varying
purity, from the purest available alumimum to aluminum doped with 3-at. % silver. In the
pure case, the energy of the absorption edge was found to shift with static magnetic field by
an amount of the order pv, where p is the Fermi momentum and v is the drift velocity asso-
ciated with the Meissner current. The addition of impurities was found to reduce the shift in
the absorption edge as expected. Furthermore, the impurities coupled with the static field
to induce an unexpected effect, namely, an absorption peak near the energy of the zero-field
absorption edge. The amplitude of the absorption peak was found to increase monotonically
with both magnetic field and with concentration of the silver impurity. A suggestion is made
that impurities and magnetic field induce a change in the BCS coherence factors (from case II

to case I) which, in turn, is responsible for the absorption peak.

I. INTRODUCTION

For some years we have been making measure-
ments of the effect of a static magnetic field on the
microwave absorptivity of superconducting alumi-
num at photon energies 7w near the energy gap 2A.
Some of our early results have already appeared in

abbreviated form!™ and there have been several
papers dealing with the theory. ™" It is the purpose
of this paper to present a complete account of our
experiments,

The study of the microwave absorption of super-
conductors in a static magnetic field has consis-
tently caused difficulties in fitting the existing theo-



