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Abstract. In the two-dimensional organic superconduc- 
tor K-(BEDT-TTF)2I 3 de Haas-van Alphen oscillations 
were observed at magnetic fields above 5 T and tempera- 
tures between 0.4 and 2 K. We found two dHvA frequen- 
cies at 3.846 kT and 0.570 kT, which correspond to the 
cross-sectional areas of the Fermi surface expected from a 
tight-binding calculation. From the temperature depen- 
dence of the oscillation amplitudes the effective mass be- 
longing to the larger orbit was found to be 3.80 mo. Pre- 
cise measurements of the angular dependence of the 
dHvA frequency show no deviation from that expected 
for a cylindrical Fermi surface. The angular dependence 
of the amplitude including spin splitting zeroes can essen- 
tially be described by a two-dimensional Fermi surface. 
Certain systematical deviations, however, hint for a slight 
corrugation. 

PACS: 71.25.H; 74.70.K 

I. Introduction 

Charge-transfer salts based on the electron-donor mole- 
cule BEDT-TTF, bisethylendithia - tetrathiafulvalene 
(abbreviated ET) form a large number of organic super- 
conductors. Salts of the type (ET)2 X, where X stands 
for a monovalent anion, are characterized by their 
layered structure. Different ways of stacking of the ET 
molecules lead to many polymorphic phases, denoted 
by c~, fi, K, O etc. The K-phase of (ET)213 has a monoclinic 
crystal structure with a=1.639 nm, b=0.847 nm, 
c= 1.283 nm and /3= 108.56 ~ [1, 2]. The ET molecules 
are arranged in sheets being parallel to the b-c plane, 
which are separated from each other by quasi isolating 
13 sheets. Since electrical conductivity is restricted to 
the ET sheets, the electronic structure should not depend 
on wave vector components in a*-direction. Tight-bind- 
ing calculations for the b*-c* plane of the reciprocal 
lattice show the existence of two bands crossing the Fer- 
mi level [3, 4], one of these corresponding to an open, 

the other to a closed semiclassical orbit on the Fermi 
surface (FS), similar to the situation in other K- or O- 
phase ET salts. 

Important informations on the electronic band struc- 
ture and the FS can be obtained from the observation 
of magnetic quantum oscillations in Sbubnikov-de Haas 
(SdH) or de Haas-van Alphen (dHvA) experiments. Due 
to the fact that most of the ET salts crystallize in the 
form of thin platelets, prevailing SdH measurements 
were published [5]. Only a few number of dHvA mea- 
surements on high-purity (ET)2X crystals [6-83 were 
published up to now. 

The K-phase of (ET)2X is of special interest, because 
organic superconductors with the highest T c know be- 
long to this group (for X =  Cu[N(CN)2]C1, Tc= 12.5 K 
at 0.3 kbar). For some of these substances, dHvA or SdH 
effect measurements have confirmed the picture of a cy- 
lindrical FS [4, 63. 

In the triclinic/?-phase of the ET salts, however, an- 
isotropy effects in the magnetoresistance and in the fun- 
damental frequency of quantum oscillations occurred 
and were explained assuming that the FS is slightly mo- 
dulated in the direction perpendicular to the conducting 
layers [9-113. 

In this paper we present the first dHvA measurements 
on ~c-(ET)213 with a detailed analysis of the angular de- 
pendence of the dHvA amplitudes, showing that also 
in the K-phase a small corrugation of the FS is observ- 
able. 

II. Experiment 

High-purity single crystals of lc-(ET)2I 3 were grown by 
electrochemical oxidation of ET in ll2-TCE resulting 
in plate-shaped samples of up to 2 mm side length and 
smaller thickness [12]. For a number of samples the 
superconducting transition was measured inductively. 
The samples with the highest values of Tc ~ 3.6 K and 
the smallest transition widths of ATc~0.2 K were se- 
lected for the dHvA-measurements. The directions of the 
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crystal axes were determined from the angles between 
neighbouring crystal faces. The mounted crystals could 
be orientated with an accuracy of about 1 ~ 

The dHvA effect was measured in a 3He bath cryo- 
stat, which is equipped with a superconducting 
NiTi/Nb3Sn coil. It allows measurements in magnetic 
flux densities up to 13 T at temperatures between 0.35 
and 3.2 K [13]. The dHvA signal was detected as a volt- 
age induced on a pair of compensated pick-up coils by 
field- or temperature modulation, respectively [14]. 

For measurements using the field modulation tech- 
nique, a modulation field b0(f=158Hz) of about 
100 mT was applied parallel to the slowly varying field 
B. The dHvA signal was detected at 2f with a lock-in 
amplifier and registered and stored in equidistant steps 
of 1/B. Two different sample holders were used in which 
a defined sample rotation was possible during the experi- 
ment with a rotation axis perpendicular to B. They were 
used for measurements at fixed sample orientation in 
the slowly varying field B and for measurements with 
a rotating sample at fixed magnetic field, respectively. 

For temperature modulation the samples were illumi- 
nated with a chopped beam of a laser diode, which was 
dispensed through a flexible light guide. A chopper fre- 
quency f ~  1 kHz was used to obtain a good signal-to- 
noise ratio. The dHvA signal was detected at the modu- 
lation frequency f To ensure a stable optical coupling, 
the samples were fixed rigidly inside the detection coils 
and could not be rotated in situ. Using this technique, 
measurements were made with B II a*. 

IlL Results and discussion 

Three different samples of K-(ET)2I 3 were investigated, 
which showed dHvA oscillations of comparable ampli- 
tude. Figure 1 shows the dHvA signal vs. magnetic field 
B, measured using temperature modulation at a mean 
temperature (T)=0.50 K in the field range 7.5... 12 T 
with B [I a*. Obviously there are two fundamental fre- 

quencies: a lower one with a nearly constant amplitude 
and a higher one, with a strongly growing amplitude 
with increasing field. Both oscillation modes could be 
detected for magnetic fields down to 5 T. 

The fundamental frequencies were calculated to be 
F z =0.57 kT and F2 = 3.85 kT by a Fourier transform al- 
gorithm as shown in Fig. 2. The corresponding extremal 
cross section areas A=(2~e/h)F of the FS are A1 
=5.4 nm -2 and A2=36.7 nm 2, respectively. A more 
precise value of the frequency F2=3.8460 kT was ob- 
tained by linear regression from a plot of the number 
of Landau levels vs. the reciprocal field as shown in 
Fig. 3. 

The electronic structure of ~c-(ET)213 is determined 
by the overlap of the electronic wave functions between 
the ET molecules in the sheets parallel to the b-c plane. 
The strength of the side-by-side interaction becomes 
comparable to that of the face-to-face interaction be- 
tween the ET molecules, resulting in a purely two-dimen- 
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sional conducting sheet. There are four ET molecules 
per unit cell. Considering that one electron per two ET 
molecules is transferred to one Ia molecule, the density 
of holes is determined to be n=2/V,~. In a simple free 
electron picture we expect a cylindrical FS with kF 
= 2 ~ z ~ a * = 3 . 4  nm -1. The cross section of the FS A 
= 36.3 nm-2  corresponds to the cross section of the first 
Brillouin zone A~z = b* c* and agrees with the measured 
cross section A2 = 36.7 nm -2 within one percent. In the 
c* direction, as kF>c*, the closed cylindrical FS inter- 
sects the zone boundary, which should lead to a small 
bandgap. The expected FS therefore contains a closed 
hole-like cylindrical surface with an elliptical cross sec- 
tion localized around Z and an electron-like open surface 
along c*. 

In the simple free electron picture, the cross section 
of the elliptical orbit around Z can be approximated 
by two circle segments A z = ( ~ - s i n  c 0 k 2 with cos(cff2) 
=c*/2kv. The calculated cross section Az=6.21 nm -2 
is only about 10% larger than the measured cross section 
A~ =5.4 n m - L  

Kajita et al., Oshima et al. [-3, 4] have calculated the 
band structure and the FS of tc-(ET)2/3 as shown in 
Fig. 4 using a tight-binding method based on the ex- 
tended Hi.ickel approximation. As ~c-(ET)2I 3 belongs to 
the P21/c space group, the two conduction bands found 
are degenerated along the Z - M  zone boundary, leading 
to an elliptical hole orbit around Z and a nearly ciruclar 
hole orbit around F, which crosses the zone boundary. 
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Fig. 4a-c. Energy band structure a and cross section of the FS 
b of ~-(ET)zI3 from Kajita et al. [4]. For comparison the FS in 
a simple free electron picture is also shown c 
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Comparing the measured data with the cross sections 
resulting from the band structure calculations [3, 4] for 
the b* - c *  plane, one finds good agreement. The smaller 
frequency 'F~ can be related to the small hole pocket 
belonging to the upper conduction band at the Z point. 
F 2 belongs to the orbit around F. 

In other ~c-type salts like ~c-(ET)2Cu(NCS)2, the de- 
generacy mentioned above is removed due to a lack of 
a center of symmetry, and the orbit around F occurs 
only as a magnetic breakdown effect at high fields [15]. 
So, if there should be an energy gap Eg also in ~c-(ET)213, 
we can estimate an upper limit using the Blount criterion 
[16] B>m*E2/ehEF. As F 2 oscillations were observed 
down to 5 T, Eg must be smaller than about 5 meV. 

In the measurements which were performed in the 
temperature modulation technique, both frequencies F1 
and F2 could be observed, while in the experiments with 
field modulation preferentially the higher frequency F2 
occurred. This can be understood considering that in 
the field modulation technique the dHvA amplitudes are 
proportional to the Bessel function J2(x) with x 
=2~Fbo/B 2 [16]. For x ~  1 the Bessel function can be 
approximated by J2(x)~x2/2 leading to a strong sup- 
pression of dHvA oscillations with small frequencies. In 
the temperature modulation technique the amplitudes 
depend linearly on the dHvA frequencies [16]. Hence 
the temperature modulation technique is more suitable 
for detecting small dHvA frequencies. 

In the high field region between 10 and 12 T the 
dHvA signal is dominated by the higher frequency F 2 
in both cases. Using the field modulation technique, the 
amplitude of F z was measured for at least eight different 
temperatures. The temperature dependence of the ampli- 
tude was fitted to the temperature damping factor of 
the Lifshitz-Kosevich formula 

rz . mc T 
R T - s i n h r z  with z = 2 ~ o o ~  and 

T 
2 = 14.693 ~-. (1) 

r is the number of the dHvA harmonic being 1 for the 
fundamental. From the slope of the corresponding plot 
(Fig. 5a) the cyclotron mass mc was calculated to be m~ 
= 3.80 m0. 

With the value of the cyclotron mass known, the Din- 
gle temperature TD can be obtained from the magnetic 
field dependence of the oscillation amplitude in Fig. 1. 
The field dependence of the amplitude A~ of susceptibili- 
ty oscillations is given by 

A z = const. 7/3- 5/z R./sinh z, (2) 

where RD is the Dingle damping factor 

R o = e x p ( - r 2 m c ~ )  " ( 3 )  

The sensitivity factor for the temperature modulation 
signal [16] 
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z 
- 1 (4) f r  tanh z 

depends also on the magnetic field and has to be in- 
cluded. From a corresponding plot of 
ln(A X B 5/2 sinh z/(z/tanh z -  1)) vs. 1/B, which is given in 
Fig. 5b, a Dingle temperature of TD= 1.23 K was ob- 
tained. It should be noted that the data can be fitted 
nearly perfectly by a straight line in the whole range 
7.5 T < B < 1 2  T showing no indication for magnetic 
breakdown effects. 

To study the geometry of the FS in more detail, field 
modulation measurements were made for B i b  and B l c .  
For fixed angles of inclination (p between B and the a* 
axis, the dHvA signal was detected in the field range 
1 0 T < B < 1 2 T  at 0.5 K. F 2 oscillations could be ob- 
served at angles up to 60 ~ Figure 6 shows the measured 
angular dependence of the dHvA frequency F2 for B_Lc. 
The data follow perfectly the behaviour F2(q~) 
=F2(0)/cos q0, shown by the solid line, as expected for 
a cylindrical FS. 

The angular dependence of the dHvA amplitudes for 
B l c  which is plotted in Fig. 7 shows a strongly an- 
isotropic behaviour. At certain angles (15.4 ~ 37.3 ~ 48.5 ~ 

and 55 ~ ) only very weak oscillations could be detected. 
The results were found to be the same for B_Lb. 

A similar anisotropy occurred observing the angular 
dependence of the dHvA oscillations by rotating the 
sample in a fixed field. Figure 8 shows a corresponding 
plot at B =  12 T, T=0.5 K and the rotation axis in the 
b-c plane. The envelope of the dHvA oscillations has 
a similar shape as the amplitudes in Fig. 7. Especially 
its minima occur at the same angles. 

The vanishing of the signal or of its envelope, respec- 
tively, is caused by the spin splitting of the Landau levels 
leading to two sets, which are separated by the energy 
A e = (g/2)(eh/mo) B, where g is the g-factor averaged over 
a cyclotron orbit. The Landau levels themselves are sepa- 
rated by h o) c. Therefore, the measured magnetization 
is the superposition of two sets of oscillations shifted 
by q~ = 2 rc A ~/h co~ yielding the spin splitting factor 

R s = c O s ( 2 r g # @  (5) 

of the Lifshitz-Kosevich formula, where #b = mb/mo is the 
reduced band structure effective mass. The band mass 
is given by mb=(h2/2rc)(cqA/OE). Therefore, the angular 
dependence of the extremal area A of the FS should 
also be reflected in 

m b (qo = O) 
mb(qO)- (6) 

cos (p 

Assuming g to be angular independent and mb to have 
the form (6), the spin splitting factor R s vanishes for 
angles ~0v 

g#b(O) (7) 
~~ = arcc~ 2 v -  1 ' 

where v is an integer. Taking the average of the corre- 
sponding minima in Fig. 7 and those of the envelope 
in Fig. 8 one finds the angles 15.4 ~ 37.5 ~ 48.5 ~ 54.9 ~ 
and 58.1 ~ From a plot of 1/cos (p vs. ( 2 v - l )  we obtain 
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Fig. 8. Angular dependence of the dHvA signal obtained by rotat- 
ing the sample in a fixed field of 12 T. The envelope was calculated 
from The Lifshitz-Kosevich formula with m(q~)=m(O)/cosq~; TD 
=0.49 K and g#o(0)= 8.63. 
Inset: Angular dependence of the Bessel function Jo(c kf tan qo) with 
c = 1.55 nm and k F = 3.40 nm- 1 

g-#b(0)=8.63. With the measured effective mass rob(0) 
= 3.80 mo a g-factor of g = 2.27 results. This value is con- 
siderably larger than the g-factor measured by spin reso- 
nance. Angular dependent measurements on ~- and 
fl-(ET)213 yield values of gs=2.004. . .  2.011 [17]. The g- 
factor in the Lifshitz-Kosevich formula is renormalized 
by many-body effects like electron-electron (EE) or elec- 
t ron-phonon (EP) interactions, while gs includes only 
spin orbit coupling but no many-body effects. For  the 
g-factor Kaplan et aI. [18] have shown that the renor- 
realization is simply g=gs/(1 +Bo). The coefficient Bo, 
which is determined by both EE and EP effects, is typi- 
cally small and negative. We find Bo=- -0 .12  for 
tc-(ET)213, comparable to values obtained for noble met- 
als. 
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The details of the rotation diagram given in Fig. 8 
are in good agreement with the predictions of the Lif- 
shitz-Kosevich formula: In the region of the first mini- 
mum at about t 5 ~ a large harmonic content of the ampli- 
tudes is observed. Obviously, at this angle the spin split- 
ting factor (5) is close to zero for the fundamental (r = 1) 
and, consequently, maximal for the second harmonic 
( r=  2). The same argument is valid for the second and 
higher minima, but due to the increasing effective mass 
and its influence in the other damping factors (1) and 
(3), the second harmonic content is strongly reduced for 
larger angles. 

If a weak interlayer interaction between adjacent con- 
ducting layers is present, the cylindrical FS should be 
slightly modulated. In the simplest way, such a warped 
FS can be described by 

~2 
~ = 2 m (k~ + k 2 ) -  2 t c o s  (c k~), (8) 

where kx and k~ are the components of the wave vector 
k in the conducting plane, t is the interlayer transfer 
energy and c is the spacing between adjacent layers. Ya- 
maji [-10J has shown that the angular dependence of 
the frequency corresponding to such a warped FS can 
be expressed as 

F(~o) cos ~0 = F(0) + AF(O). do (c kv tan (p), (9) 

where do is the Bessel function of zeroth order and 

~/~ ( 0 ) = ~  cos (ck~) (1o) 

depends on the transfer energy t. The second term in 
Eq. (9) vanishes periodically for the values of ~0 satisfying 

c kF tan ~0 =~z(n--�88 (11) 

with integer n. For  these values of q) aI1 orbits on the 
FS have the same orbital areas. This leads to a larger 
degeneracy of the Landau levels compared to the usual 
3D case. Kajita et al. E19] have shown that at these an- 
gles the magnetoresistance of O-(ET)2I 3 reveals local 
minima periodically in tan ~0. The same effect was re- 
ported for/%(ET)2IBr2 by Kartsovnik et al. [9]. Further- 
more, they found strong SdH oscillations with maximum 
amplitudes at the above mentioned angels. 

A modulated FS leads to the occurrence of more than 
one frequency and of a distinctive angular behaviour 
of the frequency difference. Such a behaviour with at 
least two frequencies and nodes with nearly zero remain- 
ing amplitudes as a function of the magnetic field was 
recently reported on/~-(ET)2IBr2 [20]. 

In ~:-(ET)2I 3 the effect of a corrugated FS seems to 
be very small. There are no indications of nodes in the 
field dependence of the ampIitude. From Fig. 8 we could 
obtain a precise determination of the angular depen- 
dence of the dHvA frequency: One oscillation of the 
dHvA signal corresponds to a frequency difference of 
A F = B  or to a relative change of AF/F(O)= 3.120.10 -3 
By counting the number of oscillations up to angles of 
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45 ~ we obtain F(~0).cos ~0 =F(0)(I_+ 10-3). This result 
shows that the FS of ~:-(ET)213 has a nearly perfect cy- 
lindrical form with a negligible amount  of warping. 

However, the angular dependence of the dHvA ampli- 
tudes in Fig. 8 gives a hint to a very weak corrugation 
of the FS. The envelope of the oscillations can be calcu- 
lated from the product  of the three damping factors R r  
(Eq.(1)), Ro (Eq.(3)) and R s (Eq.(5)) as a function of the 
angle (p. Using the angular dependence of rob(q)) from 
(6) and regarding g#b and To as fitting parameters to 
reproduce the angles of the spin zeroes and the total 
angular dependence of the amplitudes, respectively, we 
obtain quite a good agreement. A closer comparison 
between the measured amplitudes and the calculated en- 
velope shows that around ~o~25 ~ the amplitudes are 
larger, whereas they are smaller than the envelope 
around ~o ~ 0 ~ and ~o ~ 35 ~ This behaviour can be attrib- 
uted to the angular dependence of the Bessel function 
Jo(c kv tan ~0) in Eq.(9). In K-(ET)213 the spacing c be- 
tween adjacent layers is given by a. cos/~ = 1.55 nm and 
the Fermi wave vector calculated within the free electron 
picture is kF--- 3.40 n m -  1. The angular dependence of the 
Bessel function J0(5.28 .tan ~o) is shown in the inset of 
Fig. 8. It can be seen that the measured signal exceeds 
the envelope near the zero values of Jo ( 24.60 and 46.4~ 
while it is smaller where Jo reaches an extremum (0 ~ 
and 36~ Due to the small corrugation of the FS the 
semiclassical electron orbits have a small but finite width 
of distribution in their areas. At those angles which cor- 
respond to the zero values of Jo, the width of the area 
distribution function vanishes leading to a complete dis- 
cretization into Landau levels and hence an increase of 
the dHvA amplitude. 

The above results show that even in the case of a 
nearly perfect cylindrical FS without a measurable dis- 
persion of the dHvA frequency, an extremely small cor- 
rugation can effect the more sensitive amplitudes. 

IV. Summary 

In conclusion, the organic superconductor ~c-(ET)2I 3 
shows the characteristic 1/cos ~0 behaviour of the extre- 
real areas of the FS as expected for layered structure. 
The measured cross sections of the FS in the b-c plane 
are in good agreement with 2D band structure calcula- 
tions. The angular dependence of the dHvA amplitude 
is dominated by spin-splitting effects of the Landau lev- 

els. Certain systematical deviations of the dHvA signal 
from the calculated angular dependence of the ampli- 
tude, however, give a clear indication of an extremely 
small corrugation of the FS. 
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of the temperature modulation technique. The support of the 
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