VOLUME 36, NUMBER 26

PHYSICAL REVIEW LETTERS

28 JUNE 1976

Grant No, DMR72-03276 A01,

1G. Deutscher and P. G. De Gennes, in Superconduc-
tivity, edited by R. Parks (Marcel Dekker, New York,
1969), p. 1005.

An authoritative review article on the application of
tunneling to the determination of the electron-phonon
interaction is W, L, McMillan and J. M. Rowell, in Sy -
perconductivity, edited by R. Parks (Marcel Dekker,
New York, 1969), p. 561. A more general review of the
electron-phonon interaction in strong-coupling is D, J.
Scalapino, ibid. p. 449.

3J. M. Rowell, W. L. McMillan, and W, L. Feldman,
Phys Rev, 180, 658 (1969).

43, G. Adler, Solid State Commun, 7, 1635 (1969).

5J. Klein, A, Léger, M. Berlin, and D, Défourneau,
Phys. Rev. B 7, 2336 (1973).

83, Bermon, University of Illinois, Urbana, National
Science Foundation Grant No, 1100, 1964, Technical
Report No, 1 (unpublished).

'D. H. Douglass, Jr., and R. Meservey, Phys. Rev.
135, A19 (1964).

83, M. Rowell and W. L. McMillan, Phys, Rev. Lett,
16, 453 (1966).

J. M. Rowell, in Tunneling Phenomena in Solids, ed-
ited by E. Burstein and S. Lundqvist (Plenum, New
York, 1969), p. 273.

105, w. Lynn, H. G. Smith, and R. M. Nicklow, Phys.
Rev. B 8, 3493 (1973).

R, Stedman, L. Almqvist, and G. Nilsson, Phys. Rev.
162, 549 (1967).

In this context the term “same shape” implies that
the phonon density of states may be obtained from Fy(w)
=wy lgw/wy.

BBy, L. McMillan, Phys. Rev. 175, 537 (1968).

“Numerical integration of the second derivative curves
in the region of the LA phonon frequency gives greater
accuracy than measuring the first derivative and trying
to subtract the background.

155, M. Rowell, W. L. McMillan, and R. C. Dynes, “A
Tabulation of the Electron Phonon Interaction in Super-
conducting Metals and Alloys, Part 1” (unpublished).

16y, L. McMillan, Phys. Rev. 167, 331 (1968).

5, P. Carbotte and R. C. Dynes, Phys. Rev. 172, 476
(1968). This paper contains all the necessary data for
the calculation of Ax;. We would like to thank R. C.
Dynes for performing the calculation and bringing it to
our attention.

8, G. Das, Phys. Rev. B 7, 2238 (1973).

%), Nowak, Phys. Rev. B 6, 3691 (1972).

20p B, Allen, Phys. Rev. B 5, 3857 (1972).

2R, F. Hoyt and A. C. Mota, Solid State Commun. 18,
139 (1976).

Oscillatory Magnetoresistance in 4Hb-TaS, *¥ :

R. M. Fleming and R, V. Coleman
Physics Department, University of Vivginia, Chavrlottesville, Vivginia 22901
(Received 20 November 1975; revised manuscript received 5 February 1976)

Oscillations with frequencies in the range 0.04 to 3 MG have been observed in the mag-
netoresistance of 4Hb-TaS,. The low frequencies observed are consistent with sections
of Fermi surface resulting from band folding due to the charge-density-wave superlattice,
and the angular dependence of the frequencies suggests cylindrically shaped pieces of the
Fermi surface. For particular lead geometries the oscillatory portion of the experimen-
tal voltage displays an unusual current dependence in that it scales linearly with |I| but

does not depend on the direction of I,

Shubnikov—-de Haas oscillations have been ob-
served in the magnetoresistance and Hall resis-
tance of the layer compound 4 Hb-TaS, in the tem~-
perature range 0.62—4.2 K and in magnetic fields
up to 220 kG. Five frequencies in the range 0.04
to 3 MG have been identified and correspond to
sections of Fermi surface containing from 107
to 10”2 electrons per atom. These correspond
to very small cross sections and are consistent
with a Fermi surface broken up by the charge-
density-wave (CDW) superlattice. - The angular
dependence for field orientations between paral-
lel and perpendicular is consistent with that ex-
pected for cylindrically shaped sections of Fermi

surface. Measurements for particular lead and
crystal geometries show an unusual and novel be-
havior of the oscillations in that they appear as
terms which depend only on the magnitude of the
current |T| and not on the direction of T,

The crystals were grown by iodine vapor trans-
port in a gradient of 720-700°C for four weeks
following the method of Wattamaniuk, Tidman,
and Frindt.! Polyhedral crystals several milli-
meters in diameter have been mounted with the
current flow parallel to the layers in the [1010]
direction. Because of the geometrical variation
of the crystal cross section and the large anisot-
ropy of conductivity the current may be quite non-
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FIG. 1. Shubnikov—de Haas oscillations observed in
4Hb-Ta$, at 0.62 K for magnetic field perpendicular to
the layers.

uniform. On the as-grown specimens, potential
leads have been placed on the finely stepped side
surfaces or on a single basal-plane facet form-
ing the top surface. Four-lead measurements
have also been made on thin cleaved sections
where the geometry favors more uniform cur-
rent flow. Copper contacts attached with silver
paint or indium have been used.

The field dependence of resistance for a mag-
netic field perpendicular to the layers at a tem-
perature of 0.62 K is shown in Fig, 1. The oscil-
lations are periodic in 1/B and are observed
over most of the angular range of B between B,
and By as shown in Fig. 2. The detailed angular
dependence of two of the frequencies is shown in
Fig. 3 and both follow a dependence of the form
w, /sind, as represented by the solid lines, where
w, is the frequency observed for field perpendic-
ular to the layers. The oscillatory structure ap-
pears to scale with orientation as 1/sin6, al-
though the higher frequencies are difficult to
track since at lower angles of B only a few peri-
ods are observed before reaching the maximum
field of 220 kG. At field angles near perpendic-
ular, the individual high frequencies can be sep-
arated and values of 0.9, 1.2, and 3 MG have
been observed in addition to those shown in Fig.
3. For B less than 10° from the parallel orienta-
tion, no oscillations are observed although struc-
ture develops in the high-field magnetoresistance
rotation curves. Sharp peaks suggesting the
presence of open orbits on the Fermi surface
parallel to the basal plane are observed, but the
field dependence of magnetoresistance does not
approach the expected quadratic dependence in
the available field of 220 kG. The field depen-
dence of the Hall resistivity shows changes in
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FIG. 2. Field dependence of magnetoresistance for
four field orientations in plane perpendicular to the bas-
al plane. Curve for 9 =50.5° shows sweeps for B,
Dashed curves show asymmetry in the dc magnetoresis-
tance due to Hall component.

slope which suggest the presence of magnetic
breakdown.

Magnetoresistance measurements on thick as-
grown specimens display an anomalous oscillato-
ry voltage component which does not reverse with
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FIG. 4. Separated components of the voltage obtained
by appropriate summing of the four terms (1) =V (+1,
+B), (2)=V(~I,+B), 3)=V(+I,-B), and (4 =V (-I,
—B) plotted against 1/B. Lead configurations are
shown in insets. (a) Dominant oscillations occur in the
term (1) +(2) — (3) — (4) which is odd in B and dependent
only on |I|. (b) Dominant oscillations occur in the
term (1) +(2) +(3) +(4) which is even in I and B.

current direction. Depending on specific lead
geometries, this anomalous oscillatory compo-
nent can show either an odd or an even depen-
dence on the field direction. In both cases the
amplitude of the oscillatory component scales
linearly with the magnitude of |[T|. These effects
are illustrated in the four-term analysis of Fig.
4. These curves show the conventional terms ob-
tained from a combination of measurements ob-
tained for +7 and + B. The major amplitudes of
oscillation occur in the terms that are even in T
as opposed to the usual magnetoresistance and
Hall terms which are odd in I. Figures 4(a) and
2 correspond to the lead configuration with leads
on the finely stepped side surfaces of the crystal
in the same plane as the current leads. In this
case the dominant oscillations are even in I and
odd in B. Figure 4(b) corresponds to the lead
configuration with the leads on the top surface of
the crystal. In this case the dominant oscilla~-
tions are even in I and even in B as well. In both
lead configurations the dc magnetoresistance be-

comes fairly smooth in the four-term analysis.

If the three-dimensional crystals are cleaved
into thin specimens so that a uniform cross-sec-
tion and a more standard lead configuration and
current distribution can be achieved, the oscilla-
tions revert to an odd dependence on current and
appear in the magnetoresistance and Hall terms.
If in this same thin crystal one rearranges the
leads so that the current flows only in the first
half of the specimen and the potential is mea-
sured over the second half using separate leads,
the same anomalous oscillatory voltage is ob-
served as in the three-dimensional case illu-
strated in Fig. 4(b). The measured frequencies
are the same for both the anomalous and normal
oscillatory terms.

These results tend to confirm the conclusion
that a voltage not associated with the usual dis-
sipative terms of the resistivity tensor is being
observed. An unusual voltage of this type has re-
cently been reported by Egorov? for measure-
ments on a single crystal of beryllium; however,
he reports that the emf shows a nonlinear cur-
rent dependence. He has suggested a possible
mechanism based on a nonequilibrium effect pro-
duced in the electron gas by open orbits result-
ing from magnetic breakdown. Our experiments
certainly give preliminary evidence of open or-
bits and magnetic breakdown in 4 Hb-TaS,, but
the anomalous terms in the oscillatory compo-
nent show no dependence on angle except for the
frequency variation reported above.

The low frequencies observed in the present
experiment indicate the existence of sections of
Fermi surface 10-100 times smaller in cross
section than expected from the band-structure
calculations for either the 2 H polytype or the 1T
polytype without the CDW superlattice. The Fer-
mi-surface cross sections constructed by Wilson,
Di Salvo, and Mahajan® from the augmented-
plane-wave band-structure calculation of Mat-
theiss®* for 2 H-TaS, give frequencies in the range
30 to 150 MG. In the CDW state one must recal-
culate the band structure in the reduced Brillouin
zone. This would be expected to produce pieces
of the Fermi surface much smaller than those
for the non-CDW state.

In the case of 4 Hb-TaS, no specific band-struc-
ture calculations exist; however, it is generally
thought that the CDW transitions occur indepen-
dently in the octahedral and trigonal prismatic
layers®S at 315 and 21 K, respectively. Because
of this the conductivity at low temperature should
be dominated by the trigonal prismatic layers
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separated by insulating octahedral layers. The
Fermi surface at 1.1 K would result from the
octahedral-layer superlattice with xcpy=13q,
and a transition in the trigonal prismatic layer
similar to that occurring in the 2 H polytype
where a 3a, superlattice results. A detailed mod-
el will require folding the band structure into the
reduced zone in the presence of the triple CDW,

Rice and Scott® have carried out a preliminary
band folding for a two-dimensional model of a
triple-CDW state based on their saddle-point
mechanism.” This results in a Brillouin zone re-
duced to % of the original area, and the Fermi
surface resulting from their band folding results
in a number of small-area sections of Fermi sur-
face consistent with the frequencies observed in
the present experiment. Although such a com-
parison should be considered as only qualitative
at this time, the many small frequencies ob-
served in the present experiment are clearly
consistent with a Fermi surface divided into sec-
tions by the gapping which results from the for-
mation of a commensurate CDW superlattice.
Preliminary de Haas—van Alphen measurements
show oscillations at the same frequencies as ob-
served in the transport measurements and these
will be discussed in a later publication.

The novel behavior of the oscillatory voltage is
a new effect and may be associated with the ex-
treme anisotropy of the 4 Hb phase where nearly
insulating layers separate the metallic layers.
For the various geometries this may introduce
unusual boundary conditions with little or no cur-
rent flow in the region of the potential contacts.
However under these conditions large anomalous
oscillatory voltage components are observed.
The existence of tunneling' conductivity across
the octahedral layers may also have to be con-
sidered. The effects are clearly coupled to the
Landau levels and produce macroscopic voltages
that indicate a coherent coupling over macro-
scopic lengths in the crystal. The magnitude of
the oscillations are extremely large considering
the measured residual-resistance ratios of ~200
for the best crystals. The two-dimensional char-
acter of the 4 Hb phase could be playing a role in
enhancing the oscillatory amplitude, or magnetic
breakdown effects® can also contribute to ampli-
tude enhancement. An interesting speculation
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concerns any possible role that the CDW state
may play in either the large amplitude or the un-~
usual current and field dependence of the oscilla-
tions.

This is the first observation of Shubnikov-de
Haas effects in the magnetoconductivity of a lay-
er-structure dichalcogenide although Graebner
and Robbins® have been able to observe magneto-
thermal and de Haas-van Alphen oscillations in
2 H-NbSe,. They have observed a frequency of
1.4 MG for H,, and the angular dependence fol-
lows a 1/cosf curve. They conclude that a pan-
cake piece of Fermi surface is being observed
with an average diameter of 0.344 A™! and thick-
ness 0.054 A"!, Further experimental observa-
tions of Fermi-surface effects in any of the phas-
es of the layer-structure dichalcogenides would
be most useful.
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