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Analysis of the temperature and field dependence of the de Haas-van Alphen oscil-
lations in an organic superconductor §-(BEDT-TTF), I, is presented. The cyclotron
masses are estimated to be 2.0m, and 3.6m, for slow and fast oscillations, respec-
tively. The indication of magnetic breakdown effect is discussed in terms of the geo-
metry of the Fermi surface. The result is compared with those of the infrared reflec-
tance spectra and the empirical tight-binding band calculations.

BEDT-TTF, organic superconductor, de Haas-van Alphen effect, cyclotron
mass, magnetic breakdown, Fermi surface

Introduction

§1.

The recent advances in the Fermi surface
(FS) study in the molecular based organic con-
ductors, BEDT-TTF (bis (ethylenedithiolo)
tetrathiafulvalene) salts in particular, have
presented sophysticated physical pictures of
the electronic structures of these materials.”
This has been provided by the observation
of the magneto-quantum oscillation effects,
the de Haas-van Alphen (dHvA) and the
Shubnikov-de Haas (SdH) effects. The most
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outstanding trend is the experimental supports
for the geometry of the two-dimensional (2D)
FS predicted by the simple empirical tight-
binding calculations based on the frontier
molecular orbitals. For the complete analyses
of the band structures, however, not only the
geometry and topology of FS but also the
cyclotron mass should be examined.

A quasi-2D organic conductor 6-(BEDT-
TTF),I; is an ambient pressure superconduc-
tor with 7.=3.6K.>» The arrangement of
BEDT-TTF molecules in the donor sheets of
this salt® contains no distinct dimerization; it
should be distinguished from the dimer-based
structures of the B- and x-type salts. The
donor sheets of §-(BEDT-TTF),I; has approxi-
mately high symmetry so as to afford a con-
siderably simple band structure with a large
2D free-electron-like ~Fermi  surface.?
However, the situation becomes somewhat
complicated when the doubled periodicity
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stemming from the I; anion arrangement® is
taken account of. First, most crystals are
twinned.*® This may yield ambiguity in the
experimental study of this salt. Second, a
band structure calculated on the basis of the
detailed crystal structure gives complex fea-
tures in the FS geometry; the FS comprises
three types of closed portions on the boundary
of the first Brillouin zone (BZ).® One of such
portions has very small cross-section. Such a
feature is sensitive to the empirical par-
ameterization used in the band calculation and
should be checked by experiments.

In previous papers,’'? we have reported the
first observation of ‘‘saw-tooth’’> dHvA oscilla-
tion in §-(BEDT-TTF),I;. This directly shows
that a satisfactorily clean quasi-2D electron
system in fact exists in this salt. Two types of
dHvVA oscillations were recorded: the fast one
appearing above about 15 T and the slow one,
corresponding to about 100% and 20% of the
cross-section of the first BZ, respectively.”
The fast one is accompanied by the higher har-
monics up to the fourth.” The appearance of
the fast oscillation has been interpreted as a
result of magnetic breakdown (MB) effect.”'?
This supports the view that the FS of this salt
consists of a closed pocket and a pair of open
portions which are separated from each other
by a small gap; it is not likely to think of the
three well separated closed portions.

To understand what affords such a band
structure and how it is related to other observa-
tions, e.g. the angle-dependent oscillation of
magnetoresistance, ' the values of the cyclo-
tron masses are important. However, the
twinning nature of the sample have made it
difficult to analyze some of the data on the tem-
perature dependence of the oscillations. Never-
theless, we have separated of the contribution
from each twinned domain. In this paper, we
report the results of this analysis. In the light
of the MB effect and the cyclotron masses, we
discuss the geometry of the FS and the band
model of this salt.

§2. Experimental

Crystals of 6-(BEDT-TTF),I; were pre-
pared by the electrochemical method de-
scribed before.>'? The crystal does not always
exhibits superconductivity.>'® The sample was
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installed in a *He cryostat designed to operate
in high field magnets at Francis Bitter Na-
tional Magnet Laboratory at The Massa-
chusetts Institute of Technology. The mag-
netization of the sample was measured by the
small-sample force magnetometer.'® The resis-
tivity was measured by the standard four-
probe method with gold contacts using a lock-
in ac detection.

§3. Results

Figure 1 shows the magnetization as a func-
tion of magnetic field at the selected tempera-
tures.!” The data was recorded for the crystal
other than the one previously reported.”'® A
significant difference between these two sam-
ples is the appearance of the nodes at about
12, 15 and 20 T in the data in Fig. 1. The Fou-
rier tranform of the data displayed in Fig. 2.
shows that these nodes result from the beat of
the two close frequency components at
fi=4440T and f{ =4494 T. The coexistence
of such two fast oscillations, corresponding to
approximately 100% of the first BZ, in an ex-
actly single crystal contradicts to the basic
chemical architechture of the salt. As men-
tioned above, 6-(BEDT-TTF).,I; often crystal-
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Fig. 1. dHvA oscillations -(BEDT-TTF), I, as a func-

tion of field at selected temperatures. The curves for
T=0.89K and T=1.67 K are shifted up for clarity.
Twin effect can be seen as the nodes at about 12, 15
and 20 T.
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Fig. 3. dHvA oscillations and their Fourie tranform

lizes in a twinned form. Therefore, it is very
likely to think of the beat as a result of the
twinning in the crystal examined. If this is the
case, the nodes due to this beat should be ob-
served at the field, H,, satisfying,

cos [n(f{,——fll)/Hn]ZO’ (n:()y 1’2y “')
(1)
or,
(f{—fD/H.,=n+1/2. (n=0,1,2, --").
2

Corresponding to n=3 and 4, the fields
H,=15.4 and 12.0 T are respectively ob-
tained, which is consistent with the observa-
tion. The oscillation without such beat was
able to be observed for the other crystal”!?
(Fig. 3). On the other hand, beat behavior
may come from small warping of a single cylin-
drical FS. The beat having such origin should
give nodes at the field, H ;, satisfying,

cos [ (f{—f1)/Hr—n/4=0,
(n=0,1,2,---) (1"
or,
(f1—f))/H,=n+3/4, (n=0,1,2,--")

@")

(inset) of 6-(BEDT-TTF),I; showing no distinct beat.

where f{ and f{ correspond to the minimum
and maximum of the cross-sectional area of
the warped FS, respectively. For n=3 and 4,
we obtain H;=14.4 and 11.4 T, respectively.
These values are appreciably lower than those
observed for §-(BEDT-TTF),I;. Thus we con-
clude that the observed behavior are com-
posed of the contributions from two domains
in different orientations; each domain exhibits
the fast and slow oscillations, f; and f, at
about 4000 T and 800 T, respectively.

We derive the cyclotron mass values from
the data showing the twin effect (Figs. 1 and 2)
below, because only they are available for the
analysis of the temperature dependence. The
inset of Fig. 3 displays the Fourier transform
of the magnetization data without a remarka-
ble beat, showing the fast oscillation at
f1=4290 T. Assuming that the field direction
was parallel to the principal axis in this meas-
urement, we can estimate the inclination of
each twinned domain with respect to the field
from the deviation of f{ and f{ from f;. The
angles between the principal axes of the
domains and the field direction are 15° and
17°, corresponding to f{ and f{, respectively.
This misorientation may yield at most 6% of
error in our mass analysis for a cylindrical FS.
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In Fig. 4, the so-called mass-plot, the plot Fig. 5. Top: Field dependence of the oscillation ampli-

of A/T versus T, is shown, where A is the
amplitude of the Fourier component at each
frequency. From the slope of each plot, the
cyclotron masses are evaluated. For the fast os-
cillations, m;=3.6 m., and for the slow oscilla-
tion, m,=2.0 m..

Field dependence of the oscillation ampli-
tude is also analyzed in terms of the Lifsitz-
Kosevich (LK) formula.'® In the presence of
the MB effect, the tunnelling probability is ap-
proximately expressed as,

P=exp (—Hp/H), (€))

where Hp denotes the breakdown field. We
consider here the tunnelling junctions between
the closed pocket (orbit 2) and the pair of
open portion. Such a situation modifies the
original LK formula for a single orbit. The
results can be expressed as,'”

Si=M,(H)H"?sinh [K (m;/ m.) T/ H]
oc P*exp [—K (mi/me) Toi/ H], )]
and,
Sy=M,(H)H"?sinh [K (m»/ m.) T/ H]
< (1—P)?exp [—K (mz/ me) T2/ H],  (5)

tude. Bottom: The Dingle plot of the data in Fig. 3.
The solid lines stand for the calculations considering
the magnetic breakdown effect.

where K=2n’m.cks/eh=14.TT/K, M (H)
is the amplitude of the oscillation, and Tp is
the Dingle temperature; the subscripts, 1 and
2, denote the fast and slow oscillations, respec-
tively. By using m; and m, evaluated as above,
Tp1, Tp» and Hp can be estimated from the
slope of log (S) versus 1/H plots. Figure 5
shows such a plot of the data given in Fig. 3.
Too small amplitude of the oscillations below
15 T prevent us from evaluating the parame-
ters precisely. Nevertheless, the parameter set
TD1=0.8 K, TD2=2 K, and HB: 15 T seems to
reproduce the data well, as depicted by the
solid curves in Fig. 5. The overall field depen-
dence is thus explained by the MB effect.
Another evidence for the MB effect is the
overall field dependence of the resistivity.'”
Figure 6 shows the transvers magneto-
resistance of -(BEDT-TTF),I; at 0.7 K for
the field perpendicular to the basal plane. SAH
oscillation appears above about 15T.
Superconductivity was not observed for this
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Fig. 6. Transverse Magnetoresistance of 6-(BEDT-
TTF),1;at 0.7 K. The field was applied perpendicular
to the two-dimensional plane.

sample. The low field behavior is consistent
with that reported in ref. 11. Noteworthy is
the maximum around 6 T.

By taking account of the MB effect, the
decrease in resistance above Hn.x=6 T can be
qualitatively explained as follows. In the low
field limit, H« Hg, where the MB effect is
negligible, the resistivity is dominated by the
electron scattering. The resistivity should in-
crease quadratically until the MB effect
becomes appreciable. In the high field limit,
the dominant term in the resitivity can be
calculated by means of a path integral method
including the possibility of the magnetic

breakdown. This contribution is written
a'S’l7—19)

R=(H/nec)8(1—P)/nP, (6)

where n is the number density of the carriers.
This term takes the form 1 +Hg /2 H as H— ©,
so that the resistivity decreases with increasing
field. Hence, a maximum of resistivity should
appear at an intermediate field, Hpy.x, Which
depends on Hp and the scattering time. Such
behavior has been found also for (BEDT-
TTF),KHg(SCN),,22 which has FS topology
similar to that of 6-(BEDT-TTF),I;. Accord-
ing to the semiclassical model assuming a field
independent scattering time, Hpy.x lies be-
tween Hg/3 and Hg/10.'® Our results,
Hp=15T and H,.x,=6 T, can be qualitatively

de Haas-van Alphen Oscillations in §-(BEDT-TTF),1; 619

explained by this scheme.

§4. Discussion

The intermolecular transfer interactions in
the donor sheets of 8-(BEDT-TTF),I; can be
categorized into two groups; there are three
face-to-face ones and four face-to-side ones.®
The difference within each group is related to
the structural modulation on the uniform
packing of BEDT-TTFs arising from I3 ion ar-
rangement. Since this modulation is expected
to be small, we first consider only two types of
transfer integrals, #; and ., standing for the
two groups in desribing the band structure.
This simplification enable us to treat the Fermi
surface geometry and other physical proper-
ties exactly. In this picture, the open and
closed portions of FS stick together at the MB
junctions. The geometry of the FS is deter-
mined only by the ratio of the tranfer in-
tegrals, f;¢/tes.

On the basis of such approximation, the in-
frared reflectance spectra of this salt was first
analyzed and the band structure was de-
duced.?"® The ratio of the transfer integrals,
ti¢/ te.s, found to reproduce the optical results,
is 0.59.2Y From the reported band param-
eters,?V the cyclotron mass corresponding to
the orbit on each portion of FS can be calcu-
lated by use of the following equations,

m.=(h*/2n)(dA./d¢e); e=¢r @)
and,
(0A:/0€)=Spzp.(€);

where m. and A. are the mass and cross sec-
tional areas for the cyclotron orbit ¢, Spz the
area of the first BZ, and p.(er) density of
states per 2D unit cell per spin for the portion
of FS corresponding to the orbit c. It is also
possible to estimate the cross sectional areas.
The cyclotron masses thus calculated are,
my=2.2 m. and m,=1.0 m., with the cross sec-
tional areas, A; and A,, 100% (exact) and
14% of Ssz, respectively. Here, c=1 and ¢=2
denote the whole FS and the closed portion,
respectively (Fig. 7).

Equations (7) and (8) indicate that the cyclo-
tron mass for a 2D system is proportional to
the (partial) density of states of the relevant
portion of the Fermi surface. It follows from

E=¢&r ®
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Fig. 7. The Fermi surface topology concluded in this
study, together with the notation of the cyclotron or-
bits, 1 and 2. The directions, x and y, corresponds to
the b and a axes in the monoclinic lattice defined in
ref. 4, respectively.

this that the larger cyclotron mass value for
the fast oscillation arising from the MB effect
is the simple sum of the partial densities of
states of the portions to be coupled each other
by the breakdown; it is not an average along
the coupled orbit. Therefore, for a coupled
large orbit composed of a closed pocket and
open portions, we usually obtain cyclotron
mass value larger than that for the small
pocket only. The larger value of the coupled
orbit mass, as in the present case, is not sur-
prising and does not necessarily involve the
larger mass for the open portions. We have to
be careful in comparing the cyclotron masses
for different types of orbits. The enhanced
mass for the open portions of the FS larger
than that for the coupled orbit® cannot be
concluded.

The geometry of the FS concerns the two
ratios, m;/m, and A,/A;. The values, m;/
m,=2.2 and A,/ A;=0.14, are inferred from
the optical results, while the dHvVA oscillations
give m;/my,=1.8 and A,/A=f>/f1=0.18.
This comparison supports the picture shown
in Fig. 7, although there remains discrepancy
which probably comes from the simplification
introduced in the analysis of the optical data.
The MB effect clearly shows openning of a
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small gap at the junction of FS. This gap
should give rise to interband optical transi-
tions. However, the transition energy, i.e. the
gap width, is so small that this interband con-
tribution cannot be well separated from the in-
traband one in the observed spectra. In ref.
21, therefore, the band parameters were esti-
mated from the plasma frequencies including
the low energy interband contributions. Since
the FS is still connected along the x-direction
in Fig. 7 even in the presence of the gap, such
overestimation of the plasma frequency is ex-
pected mainly for the y-direction data. This
means that kg, in Fig. 7 is relatively underesti-
mated, which results in the underestimation of
m, and A, in the analysis of the optical data.
The discrepancy between the optical and the
dHvVA results can be qualitatively explained in
this way.

On the other hand, the values of cyclotron
mass, m;=3.6 m., deduced from the dHvA os-
cillations is larger than that calculated from
the optical results by the factor of about 1.6.
In order to remove this discrepancy, the trans-
fer integrals smaller than the reported
ones??? by the factor of 0.6 should be used.
Such difference cannot be ascribable only to ex-
perimental error. It is also difficult to explain
this by taking account of the difference in the
transfer integrals within each group. Mass en-
hancement near the Fermi level due to many-
body effect, such as electron-phonon interac-
tion, is thereby suggested. The optical spectra
probe the global structure of the conduction
band rather than the detailed features near the
Fermi level, so that the optical mass is insensi-
tive to the many-body effect on the quasiparti-
cle energy near the Fermi level.

Next, let us direct our attention to the gap
affording the MB effect. The breakdown field,
Hsg, is approximately related to the energy gap
near the junction, &, by the equation,'”*¥

Hy=(n/4)(c/ eh)(ez/vsvy), ®

where v, and v, are the components of the
Fermi velocity at the junction parallel and per-
pendicular to the zone boundary, respectively.
The simplified tight-binding model with the
parameters inferred from the optical results®”
yields »,=1.5%x10"cm/s and v,=1.1x10’
cm/s. From this, together with Hz=15T, it
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follows that ;= 1.5 x 1072 V. If the mass en-
hancement near the Fermi level is taken into
account, the gap should be about the half of
this value. A more popular formula,'”

Hy~(myc/eh)(e?/er)

with the cyclotron mass, m,=3.6 m,, results in
the same order of magnitude, i.e. g,~1x 1072
eV. The corresponding spacing between the
open and the closed portions of the FS at the
junction is as small as about 2% of n/b,
where b is the lattice constant along the x-direc-
tion. This justifies the application of the sim-
plified band model to approximate estimation
of the masses and ¢r.

In the framework of the tight-binding band
model, the origin of the gap at the zone bound-
ary is the difference of transfer integrals within
the groups, which reflects the small deviations
from the uniform packing of BEDT-TTFs. In
the present case, it seems difficult to predict
such a small energy structure accurately
enough. Nevertheless, the empirical tight-bind-
ing band calculations can provide a reasonable
estimation of the order of magnitude of the
gap.? Another problem which exists in the
present case is the failure in prediction of the
topology of FS by the calculations.® Even in
the presence of the deviations from the
uniform packing, the geometry of FS is basi-
cally determined by the ratio of the group
averages of the transfer integrals, {tw.)>/{t.s).
Since the modes and characters of the inter-
molecular contacts are entirely different be-
tween the groups, attention should be paid in
comparing #; with f,. The calculations®
yielded <{tis>/{trs»=1.7, while the optical
and the dHvA experiments support {fe.;)>/
{t1s7=0.59. The former one is sensitive to the
details in the parameterization in the extended
Hiickel molecular orbital & calculations, and
can be suppressed down to about 0.2 by taking
account of the contributions of sulfur 3d or-
bitals.?® Therefore, the contradiction between
the experiments and the calculations is ex-
pected to be removed, when moderate weight
of the sulfur 3d contributions is adopted. In
spite of such arbitrariness in the empirical
parameterization, it is evident that in studying
the electronic structures of the molecular con-
ductors the framework of the tight-binding
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band model works well with the help of experi-
ments, as demonstarted in this study.

§5. Conclusion

From the analysis of the dHVA oscillations
in 6-(BEDT-TTF),I;, the cyclotron masses
have been evaluated to be 2.0 m. and 3.6 me,
for the slow and fast oscillations, about 800 T
and 4000 T. The latter has been shown to be as
a consequence of the magnetic breakdown
effect which connects the closed and open por-
tions of the Fermi surface. These two portions
are separated by the gap of 1.5x107%eV at
the junction. These results are consistent with
the topology of the Fermi surface deduced
from the tight-binding band model with the
parameters inferred from the optical measure-
ment.
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