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Quantum oscillations and the Fermi surface of 2H-TaS2
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Quantum oscillations in the magnetoresistance and susceptibility of 2H-TaS, have been used to determine
Fermi-surface cross sections. Eleven frequencies in the range from 0.04 to 6.44 MG have been observed
corresponding to sections arising from the charge-density-wave transition at 75 K. Comparison to the
frequencies observed in 4Hb-TaS, shows that the Fermi-surface cross sections are similar in both the 2H
and 4Hb phases indicating relatively little charge transfer between octahedral and trigonal prismatic layers
in 4Hb-TaS, . The angular dependence observed for a number of sections in 2H-TaS2 shows a sec8
dependence characteristic of cylinders while others show a more three-dimensional behavior in contrast to
4Hb-TaS, where all of the lowest frequencies show a sec8 dependence. Comparison to results on 2H-TaSe,
and to band-structure calculations and band-folding models will also be made.

I. INTRODUCTION

The layer-structure dichalcogenides TaS, and
Tase, show a variety of charge-density-wave (CDW)
transitions that have been detected in transport' '
measurements and in x-ray, ' electron, ' and neu-
tron-diffraction' "experiments. All of the well-
studied phases, including 2H (trigonal prismatic
coordination), 1T (octahedral coordination), and
4Hh (mixed coordination), show one or more CDW
transitions in a temperature range from 20 to
500 K. A number of band-structure calculations" "
have been made for the high-temperature non-
CDW phases of these materials, and several re-
cent model calculations"" have considered the
band folding required to obtain the detailed low-
temperature band structure characterizing the
CDW phase. The latter calculations are extremely
sensitive to small adjustments of the band struc-
ture and fina. l determination of the CDW Fermi
surfaces will require systematic experimental
data on all of the different phases.

In this paper me report nem results on the
Fermi-surface sections in the CDW phase of 2H-
TaS,. Both Shubnikov-de Haas oscillations and de
Haas-van Alphen oscillations have been used to
determine the Fermi-surface cross sections and
to examine the dependence of these cross sections
on field direction. The results of these measure-
ments are also compared to previous measure-
ments on 4Hb-TaS, and 2H-TaSe, crystals in the
CDW state. In all of these cases the Fermi-sur-
face sections measured result from a commensur-
ate CDW of wavelength A.cD„3Qp in the trigonal
prismatic layers where ap is the lattice vector of
the high-temperature phase. The different phases
and materials show similar effects of the CDW on
the Fermi-surface topology, but distinct differ-
ences in detail are observed, and these mill be
discussed in terms of model calculations.

II. EXPERIMENTAL TECHNIQUES

The ac magnetoresistance, dc resistance, and
magnetic susceptibility measurements were made
on single crystals of 2H-TaS, . The crystals were
grown by the method of iodine-vapor transport
from stochiometric prereacted powders. 4Hb-TaS,
single crystals were grown in a temperature grad-
ient of 720-700'C for 4-6 weeks. The crystals
were then slowly cooled to room temperature over
a period of 3 days. This slow cooling procedure al-
lowed the crystals to transform into the 2H phase,
giving smooth grey polyhedra of relatively high
perfection. The top and bottom basal plane facets
had mirror surfaces, while the sides showed very
fine steps. The crystals were then cleaved or used
as grown for use in the susceptibility measure-
ments, and cleaved and cut into bar-shaped speci-
mens for the magnetoresistance and resistivity
measurements. Measurements of the residual re-
sistance ratio (RRR) p,« „/p~, „.were variable
ranging from 5 to 200 due to the large tempera-
ture-dependent anisotropy, which makes lead
placement a critical factor. This was demonstra-
ted by measuring the RRR on a single crystal,
cleaving it, and remeasuring the RRR. The RRR
varied from 15 to about 60 for one crystal, with
60 being the value for the thinnest section. The
strength of the magnetoresistance oscillations
seemed to be independent of the measured RRR.
Therefore we conclude that the RRR for the cUr-
rent along the layers is greater than 60.

The ac magnetoresistance and dc resistance
measurements were carried out with the crystals
mounted on a printed circuit block using solder or
silver paint contacts. All of the measurements
were made with the current parallel to the layers
unless otherwise noted. The magnetoresistance
and ac susceptibility measurements were made
using an ac field modulation technique' with sec-
ond-harmonic detection. For fields up to 70 ko, a
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superconducting magnet was used with a second
super conducting modulation coil providing a maxi-
mum modulation field of about 500 6 at 7.5 Hz.
The main field was swept through the field range
of 10-70 ko. Magnetoresistance measurements
were also made in fields up to 150 ko using a
Bitter solenoid with field modulation up to 5 ko.
The frequencies of the oscillations were analyzed
using a fast Fourier transform computer program.
The sample was maintained at about 1.1 K in a
pumped bath of liquid helium.

The ac susceptibility measurements were made
using a compensated pickup coil. The dc suscep-
tibility measurements were made using a Faraday
balance technique. " A single crystal was suspend-
ed in a quartz bucket by a 0.0005 -in. -diam tung-
sten wire with the c axis of the crystal either par-
allel or perpendicular to the wire. If the c axis is
parallel to the wire, the layers of the crystal will
be parallel to the field. If the c axis is perpendi-
cular to the wire, the crystal experiences a torque
which will align the layers perpendicular to the
field. We have determined this by rotating the
field direction around the axis of the wire and de-
tecting no change in the susceptibility.

III. EXPERIMENTAL RESULTS
I

Both resistivity and susceptibility as function of
temperature have been measured for the 2H-TaS,
single crystals .produced by thermal transforma-
tion of the 485-TaS, crystals. Data in the temper-
ature range 1-200 K are shown in Figs. 1 and 2.
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FIG. 1. Resistivity vs temperature for a 2H-TaS~ sin-
gle crystal in the range 4.2-300 K. p~ and p~, refer to the
resistivity measured for current parallel and perpendic-
ular to the layers. The resistive anomaly at - 75 K oc-
curs at the charge-density-wave transition.

In each case the data indicate the existence of a
CDW transition at -75 K as expected for the 28
phase. No evidence of CDW transitions resulting
from residual 4'-phase regions is observed. The
resistivity has been measured for currents both
parallel and perpendicular to the layers. The ra-
tio p, /p„ is approximately 200 at room tempera-
ture and approximately 2000 at 4.2 K. The ratio
at 4.2 K should be considered a minimum, since
the parallel resistivity at low temperature is a
sensitive function of lead attachment. The mea-
sured residual resistance ratios vary from 50 to
80 for current pnrallel to the layers. Tidman et
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FIG. 2. Magnetic suscep-
tibility vs temperature for a
2H- TaS~ single crystal in the
range '4.2-300 K. Measure-
ments were made in a mag-
netic field of 4 kG for field
orientations both parallel
and perpendicular to the
layers. The anomaly at
-75 K is characteristic of
the charge-density wave.
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and de Haas —van Alphen results. Table II lists
the frequencies measured for 2H-TaS, in the pre-
sent experiment, along with the frequencies ob-
served for 4Hb -TaS, and 2H-TaSe, using ac mag-
netoresistance.

The low frequencies observed in both 2H-TaS,
and 4'-TaS, suggest a close correspondence be-
tween the number and areas of the Fermi-surface

FIG. 4. (a) Fast-Fourier-transform analysis of Shub-
nikov-de Haas oscillations in Fig. 3(b). (b) Fast-Fourier-
transform analysis of de Haas-van Alphen oscillations
in Fig. 3(a). Both methods show three dominant frequen-
cies in the range 0.6—1.4 MG.

FIG. 5. Fast Fourier transform emphasizing the very-
low-frequency oscillations observed in the Shubnikov-de
Haas data. These are enhanced by increasing the field-
modulation amplitude.

cross sections in these two phases of TaS,. This
is consistent with general theoretical considera-
tions, and further discussion will be given in Sec.
1V.

The frequencies in 2H-TaSe, are observed to
have generally higher values than observed in both
phases of TaS„and several large orbits are ob-
served that are possibly connected with magnetic
breakdown of the CDW gaps. Such large orbits are
not observed in either of the TaS, phases, but this
may be due to lomer crystal quality. The very low
frequencies in the range 0.04-1.0 MG observed in
both phases of TaS, are clearly not present in
2H-TaSe, . In the magnetoresistance of 4Hb-TaS,
low frequencies in the range 0.04-1.0 MG in fact
contribute the dominant oscillatory amplitudes.

In all of these cases the magnitude and number
of the frequencies observed are consistent with the
Fermi-surface modifications that are expected to
result from the formation of the CDW superlattice.
A summary and discussion of the band-structure
information and existing model calculations mill
be given in Sec. IV.

IV. DISCUSSION

The frequencies measured for 2H-TaS, in the
present experiment arise from cross sections of
Fermi surface that are 50-1000 times smaller
thanthose expected for 2H-TaS, in the high-temper-
ature phase. For the high-temperature Fermi sur-
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TABLE I. Shubnikov-de Haas and de Haas-van Alphen frequencies measured for 2&-TaS2.

ac magnetoresistance
Frequency (MG) Area (10 2 A 2)

dHvA

Frequency (MG) Area (10 A )

1
2
3
4
5
6
7
8
9

10
11

1.80 + 0.06
1.40
0.87
0.67
0.40+ 0.01
0.32
0.24
0.17
0.08
0.04

1.69+0.06
1.32
0.83
0.63
0.38 + 0.0l
0.30
0.23
0.16
0.08
0.04

6.44 ~ 0.04

1.37
0.87
0.64

0.28

0.09

6.14+0.04

1.30
0.83
0.61

0.27
~ ~ ~

0.09

face the hole surface at K corresponds to -50 MQ
and the hole surface at I' corresponds to -40 MG.
The appropriate cross sections for 2H-TaSe, from
the calculations of %exler and Woolley" are shown
in Fig. 7. We therefore conclude that the observed
Fermi-surface sections are consistent with a CDW
superlattice resulting from the formation of triple
CDW's in the plane of the layers with Xc» = 3a,.
The superlattice zone will have a cross-sectional
area perpendicular to the c axis which is equal to
—,' of the original zone cross section. The required
band folding into this reduced zone can then gener-
ate the many small sections observed in the ex-
periment. In this respect, the results on 2H-TaS,
follow the same general pattern as observed for

4Hb-TaS, and 2H-TaSe„and the model calcula-
tions and band folding will be similar.

Band-structure calculations for the high-temper-
ature 2H phases of TaS, and TaSe, have been car-
ried out by Wexler and Woolley, "by Mattheiss, "
and by Myron and Freeman. ' Wilson" has con-
structed a folded version of the Wexler and Wool-
ley band structure for 2H-TaSe, in order to ana-
lyze frequencies observed in the CDW phase. The
CDW produces gapping of the Fermi surface and,
by adjustments of the band structure in these re-
gions, Wilso'n has been able to generate Fermi-
surface sections corresponding to the experimen-
tal frequencies observed in 2H-TaSe, . The sec-
tions generated by Wilson's folding scheme are
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FIG. 6. (a) Angular dependence of the frequencies in the range 0.6-2.0 MG observed in 2H- TaS2 for field directions in
a range from the c axis to 60' from the c axe.s. Solid curves represent a plot of co~ a~ sec 8, where ar, is the frequency
for H ~( c. (b) Angular dependence of the frequencies below 0.3 MG observed in 2H- TaS2. Several of these branches show'

frequency minima for fie$d directions 20'-30 off the c axis. (8 is measured from the c-axis direction. )
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TABLE II. Shubnikov-de Haas frequencies measured
for 2H- TaS2, ~-Ta82, and 2H-TaSe2.

2H- TaS2
Frequency (MG)

4M- TaS2 2H- TaSe2 Theory (RS)

6.44 +0.06

1.80

1.40

0.87
0.67
0.40 + 0.01-

0.32
0.24
0.17
0.08
0.04

8.20 + 0.06

4.9
3.6
3.2
2.07
1.90
1.78
1.56
1.30
1.15
0.89
0.49
0.38 2 0.01
0.35
0.27
0.15

0.044 + 0.005

44.60 ~ 0.06 '
25.80
15.80

12.73
12.13
10.23
7.67

4.84
4.00
2.62
2.21"

1.68

1.37

36.9
23.9

13.8

7.2

3.63

C

0.91
0.51
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Orbits from magnetic breakdown.
Orbits associated with undulating cylinders along the

c axis.
From Rice and Scott (RS) calculations including mag-

netic breakdown (unpublished) .

A

~C
8

shown in Fig. 8. These sections are drawn re-
preseriting the average cross sections of the undu-
lating cylinders parallel to the c axis. Each undu-
lating cylinder will contain two extremal areas and
will therefore give paired sets of frequency
branches as observed" for 2H-TaSe, .

The Shubnikov-de Haas and de Haas-van Alphen
frequencies observed in 2H- and 4Hb-TaS, follow
the same general pattern as observed in 2H-TaSe, .
However, the extremely low frequencies observed
in both of the TaS, phases are not present in 2H-
TaSe, . For field directions parallel to the c axis
the low-frequency range in both 2H- and 4Hb-TaS,
is approximately 0.04-1 MG (see Table II}, and
indicates that for the 4Hb phase little change in the
trigonal prismatic band structure has occurred
due to. charge transfer from the 1T layers. This
is consistent with preliminary theoretical results
of Nexler and Woolley, "which predict a charge
transfer from the octahedral to trigonal prismatic
sandwiches of -2%

The angular variation of the low-frequency

2 H- TaSe~

FIG. 7. Cross sections of Fermi surface perpendicular
to the c axis for the high-temperature 2H phases of Ta82
and TaSe2 from Wexler and Woolley (Ref. 11). Sections
labeledA, B, and C correspond toA, k~=0; B., k~=2m/c;
C, k~= m/c. The cross sections indicate a small differ-
ence in the size and phase of the undulations in the two
materials. The hole surface centered at K (H) corre-
sponds to - 50 MG. The hole surface centered at I cor-
responds to -40 MG.

branches in 2H- and 48b-TaS, do, however, show
a substantial difference. As measured by dc mag-
netoresi. stance and confirmed in the present ac
measurements, the low frequencies in 4Hb-TaS~
follow almost exactly the ~, sec8 dependence ex-
pected for cylinders and shown in Fig. 9. In con-
trast, as shown in Fig. 6(b), the very low frequen-
cies observed in 2H-TaS, show minima off the c-
axis field direction and suggest a substantial c-
axis dependence of the energy-band regions con-
tributing to these small sections in the 2H phase.
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FIG. 8. Fermi. -surface cross sections generated for
the charge-density-wave phase of 2H- TaSe2 by Wilson,
using a band-folding scheme (Bef. 15). Average cross
sections perpendicular to the c axis are shown.
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FIG. 9. Angular dependence of the low-frequency os-
cillations observed in 4Hb- TaS2 by Fleming and Coleman
(Bef. 20). The solid curves represent plots of co = co~/

sin&, where &u~ is the frequency for H )) c. (0 is measured
from the plane of the layers. ) This is equivalent to ~
= w~ sece with 8 measured from the & axis.

The more extreme two-dimensional behavior ob-
served in 4'-TaS, is, of course, consistent with
the extreme conductivity anisotropy and the expec-
ted decoupling of the trigonal prismatic layers due
to the intervening octahedral layers in the 4Hb

phase.
Rice and Scott'~ have made a preliminary calcu-

lation of the band structure in the CDW phase of
TaS, using their saddle point mechanism of CDW
formation. Using the high-temperature band
structure of Mattheiss, and a triple CDW of wave-
length X= Sa» they obtain cross sections corre-
sponding to the frequencies listed in column 4 of
Table II. The calculation is strictly two dimen-
sional, and might be expected to apply best to the
4Hb phase. Although, as seen in Table II, fre-
quencies down to 0.81 MG are predicted and ap-
proximate magnitudes are in agreement with the
observed intermediate frequencies, the very low
frequencies are not predicted. These very low fre-
frequencies are connected with fine detail in the
band structure, and the above model calculations
have not included interactions such as spin-orbit
coupling. The initial effect of spin-orbit coupling
would, as, for example, in Wilson's model for
2H-TaSe, in Fig. 8, open gaps at the crossing
points and generate additional frequencies in a
range down to 0.6 MG. For TaS, a band-folding
scheme starting with the high-temperature band
structure of 2H-TaS, and following Wilson's pro-
cedure might, by suitable adjustment, produce the
much lower frequencies. However, the two high-
temperature band structures for 2H-TaS, and 2H-
TaSe, are very similar, as shown in Fig. 7, and
whether or not the small differences connected
with the difference in undulations along c would
generate the additional frequencies in TaS, cannot
be predicted without carrying out the detailed

.folding procedure.
The existence of sum and difference frequencies

should also be considered. Within the accuracy of
the low-frequency measurement, a number of fre-
quency combinations in both 2H- and 4Hb-TaS, are
numerically close enough to be considered. How-
ever, the lowest frequency of -0.04 MG does not
fit a sum or difference and in 4Hb-TaS, the lowest
frequencies also show the largest amplitudes,
which ordinarily would not follow for sum and dif-
fererice frequencies. Schlottman and Falicov"
have considered nonlinear effects in CDW systems
that could enhance the amplitudes of sum and dif-
ference frequencies, but the amplitudes should
still be lower by approximately an order of magni-
tude than those of the two fundamental frequencies
involved. Magnetic-breakdown effects might play
a role in enhancing the magnetoresistance oscilla-
tions, and this possibility needs further investiga-



18 QUANTUM OSCILI ATIONS AND THE FERMI SURFACE OF. . .

tion. Previous data on the dc magnetoresistance"
of $Hb-TaS, suggested the presence of magnetic
breakdown involving the 0.044-MG frequency, and
measurements of the Hall effect also confirmed
possible magnetic breakdown. A similar behavior
in 2H-TaS, has not yet been observed, but further
work on the highest quality crystals in higher mag-
netic fields is required. '

V. CONCLUSIONS

Crystal-growing procedures using the iodine-va-
por transport method have been used to obtain
highly perfect crystals of 2H-TaS» 4Hb-TaS» and
2H-TaSe, . The 2H-TaS, crystals were obtained by
thermally transforming crystals initially grown in
thy 4Hb phase. Oscillatory components of the mag-
netoresistance have been measured using ac field
modulation and harmonic detection. de Haas-van
Alphen oscillations have also been detected and
confirm the frequencies measured by magnetore-
sistance, although the magnetoresistance mea-
surements are more sensitive for the smaller
specimens and lowest frequencies.

All of the results reflect the existence of Fermi-
surface sections which result from the charge-den-
sity-wave gapping and the required band folding of
the high-temperature band structure. In compar-
ing 2H-TaS, and 2H-TaSe» the major difference
in Fermi surface appears to be the existence of
approximately ten frequencies in 2H-TaS, below
1 MG, while 2H-T3Se, shows no frequencies below
1.37 MG. Both materials show frequencies in the
range 1-10 MG, while 2H-TaSe, shows frequencies
well above 10 MG, some of which may result from
magnetic br eakdown.

Comparison of the observed frequencies in the
2H and 4Hb phases of TaS, shows that approxi-
mately the same range and number of frequencies

are observed, indicating that charge transfer from
the octahedral to trigonal prismatic layers in the
4Hb phase is relatively small. Comparison of the
angular dependence of the frequencies in 2H- and

4Hb-TaS, shows that the small sections in the 4Hb

phase are much more two dimensional than in the
2H phase. AQ of the data are generally consistent
with model calculations and band-folding proce-
dures, although the extremely low frequencies are
not predicted by present models. The present ex-
periments provide the numerical values for Fermi-
surface cross sections, and these can be used as a
guide to refinement of the model calculations. The
differences in Fermi-surface topologies for the
charge-density-wave states in two phases of TaS,
have been established experimentally and ean also
be used to develop the subtle differences between
the CDW phases of TaS, and TaSe, necessary for
accurate model calculations.

Additional work on the temperature dependence
of amplitudes. and more extended work at high mag-
netic fields should provide information on effective
masses and possible magnetic-breakdown effects.
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