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Shubnikov–de Haas oscillation with unusual angle dependence in the organic superconductor
k-„BEDT-TTF …2Cu2„CN…3
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The Shubnikov–de Haas measurement of the organic superconductork-~BEDT-TTF!2Cu2(CN)3 yields a
rapid oscillation originating from the calculated two-dimensional Fermi surface. In addition, a slow oscillation
corresponding to 3.0% of the first Brillouin zone area was observed for a field applied perpendicular to the
conducting plane. This oscillation shows an anomalous angle dependence on the magnetic field and corre-
sponds to a three-dimensional Fermi surface rather than a two-dimensional one.@S0163-1829~98!07513-4#
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The magneto-oscillatory effects of organic conduct
with a two-dimensional~2D! Fermi surface~FS! have been
studied extensively in recent years.1 They include a geo-
metrical oscillatory phenomenon called an angle-depend
magnetoresistance oscillation~AMRO! which provides
knowledge of the Fermi wave number of the cylindrical F
as well as the Shubnikov–de Haas~SdH! and de Haas–van
Alphen ~dHvA! oscillations. It is noteworthy that the obse
vations are rather consistent with the calculated 2D FS ba
upon the extended Hu¨ckel tight-binding method.

Regarding the SdH oscillatory behaviors, however, no
few unusual features have been observed as slow osc
tions; these are oscillations with a large period in the scal
an inverse magnetic field 1/H, compared to that correspond
ing to the calculated FS. We can point out the example
k-~BEDT-TTF!2Cu@N~CN!2#Br,2,3 b-~BEDT-TTF!2IBr2,4,5

andu-~BEDT-TTF!2I3.6 In k-~BEDT-TTF!2Cu@N~CN!2#Br,
the origin of the slow oscillation is conjectured to be due
formation of a superstructure appearing below 200 K.7 On
the other hand, the slow oscillation in the latter two salts
not understood in terms of a 2D cylindrical FS and is op
for study, although the possibility attributed to som
complicated FS topology was proposed forb-~BEDT-
TTF! 2IBr 2.4,5

The organic salt k-~BEDT-TTF!2Cu2~CN! 3, with a
k-type arrangement of dimerized BEDT-TTF donor mo
ecules, is semiconducting at ambient pressure and sho
nonmetal-metal transition under pressure, followed by a
perconducting transition. The electronic structure was inv
tigated through the observation of an AMRO und
pressure.8 The observed FS of the salt is rather consist
with the calculated one. In addition to the SdH oscillation
agreement with the calculated cylindrical FS, however,
found a new SdH oscillation with a small frequency, po
sessing an unusual angle dependence of the field agains
axis of the cylindrical FS. In this paper, we report the
which can be understood in terms of a 3D orientation dep
dence, in contrast to the calculated one.

Samples were synthesized electrochemically as descr
elsewhere.9,10 Platinum wires were attached to the samp
570163-1829/98/57~13!/7481~4!/$15.00
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with a dimension of 0.930.630.03 mm3 with conducting
carbon paste, yielding a contact resistance of less than 2V.
The in-plane resistance was measured by the standar
method with a measuring current of 0.1–1.5 mA. Expe
ments were carried out mainly at 1.5 K, and a magnetic fi
of up to 17 T was applied using a superconducting solen
The sample was pressurized using a small clamp cell fi
with Daphne 7373 oil as the pressure medium, and the p
sure value at liquid-helium temperature was evaluated
taking into account the decrement by cooling. The calcula
FS based upon the extended Hu¨ckel tight-binding method
using room-temperature crystallographic parameters9,11 con-
sists of two parts; one is a 1D electronlike sheet and the o
is a 2D cylindrical, holelike part. Due to the existence of
inversion center in the unit cell represented byP21 /c sym-
metry, the 1D and 2D FS’s are connected on the first B
louin zone~BZ! boundary without a gap between them as
the case fork-(BEDT-TTF!2I 3.12

A resistance hump resulting from the nonmetal-me
transition under pressure was shifted toward the hi
temperature side with increasing pressure. Under 7.6 k
the in-plane resistance of the salt exhibited a metallic te
perature dependence in the measured range. The residu
sistance ratio~RRR! reached 103, indicating the high quality
of the used sample. This was supported by the experime
observation of a clear AMRO with amplitude reachin
nearly 25% of the background resistance. Figure 1 shows
magnetoresistance for the field perpendicular to the cond
ing plane under 7.6 kbar at 1.5 K. Two types of oscillati
are distinguished: a slow oscillation appearing above;8 T
and a rapid oscillation superimposed on the slow one ab
;15 T. When the peak positions of these two oscillations
plotted on the scale of an inverse magnetic field 1/H, a linear
relationship between them is found for each oscillation,
dicating that these two oscillations can be identified as S
oscillations. Fast Fourier transform~FFT! processing shows
the frequencies in units of a magnetic field of 120620 T for
the slow oscillation and 3780690 T for the rapid one as
shown in Fig. 2. Any higher harmonic or linear combinatio
of them was not observed. Another peaklike structure w
7481 © 1998 The American Physical Society
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found around;800 T in the FFT spectrum. We wer
tempted to assign this oscillation for the 2D holelikea orbit
though the oscillation amplitude was rather weak and
frequency was slightly larger than 590 T, the calculated o

The oscillation frequencies varied with the tilt angleu of
a magnetic field against the normal to the conducting pl
as shown in Fig. 3. For the rapid oscillation, SdH sign
observed in the angle region ranged from220° to 130,°
obeying the 1/cosu law. The frequency of 3780 T atu50°
corresponds to 97% of the first BZ area calculated by roo
temperature crystallographic parameters. The rapid osc
tion corresponds to the cylindrical FS called theb orbit,
realized by connecting the 1D and 2D parts. This result is
agreement with the FS obtained by the AMRO at the sa
pressure.

In contrast to the rapid oscillation, the SdH frequency
the slow oscillation decreased with the magnetic field tilti

FIG. 1. In-plane magnetoresistance ofk-~BEDT-
TTF!2Cu2(CN)3 at 1.5 K under 7.6 kbar. The magnetic field w
applied perpendicular to the conducting plane. The inset shows
rapid oscillation observed in a high magnetic field range between
T and 17 T.

FIG. 2. Fast Fourier transform~FFT! spectrum of the oscillatory
component at 1.5 K under 7.6 kbar. The inset shows the oscilla
component obtained from Fig. 1 after a subtraction of a smo
background.
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from u50°. Such behavior was confirmed for the field co
figurations withf50°, 40°, 90°, and 150°, wheref de-
notes the azimuthal angle measured from thec axis in the
conducting plane. The slow oscillation foruuu>20° is ob-
scured due to the limited number of local maxima associa
with the undulation as shown in Fig. 4. For instance,
u5223.4° (f590°), its oscillation frequency is;40 T and
only three local maxima were observed. At a higher an
with a smaller frequency, we cannot rule out the uncertai
in determining the field corresponding to the resistance p
due to the background magnetoresistance whose beha
changes with the varying tilt angle. It should be noted th
the magnetic field up to 17 T used is not strong enough
cover the oscillation with a frequency of less than 30 T. T
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5
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FIG. 3. The tilt angleu dependence of the SdH frequenciesFb

~upper panel! and Fg ~lower panel! observed under 7.6 kbar. Th
solid line for the upper panel is represented by the denoted e
tion. In the lower panel, solid and open rectangles denote the a
u dependence under the azimuthal anglef5150° and 90°, respec
tively, and solid lines are the fit curve assuming an ellipsoidal
~see text!.

FIG. 4. Landau index vs the inverse magnetic field giving
resistance peak for the slow oscillation at various tilt anglesu under
f590°. The slope of the solid line provides the oscillation fr
quency.
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cross-sectional area corresponding to the slow oscillatio
u50° is estimated to be 3.0% of the first BZ area, which
only one-fifth of that of thea orbit. Hereafter the relevan
orbit is designated as theg orbit.

From the temperature dependence of the oscillation
plitude, the effective mass can be derived according t
ln(A/T) versusT relation13 whereA is the oscillation ampli-
tude andT is temperature. Slow and rapid oscillations we
observed up to;4 K and;2 K, respectively. The estimate
effective masses for theb and g orbits at u50° were
mb.4m0 andmg.0.5m0 wherem0 represents the mass of
free electron.

The angle dependence for the slow oscillation is remin
cent of that observed for the beat frequencyDF, which re-
sults from the existence of the two extremal areas wit
similar cross-sectional area.14,15 It tends to zero with a tilting
of the field direction fromu50° to the conducting plane
because the beat frequency changes asDF}J0(dkFtanu),16

where J0 is the Bessel function of zeroth order,d is the
distance between adjacent conducting planes, andkF is the
in-plane component of the Fermi wave vector. However,
oscillatory behavior of the slow oscillation is not of th
shape for beating. Thus the oscillation is not a parasitic
but one with a dominating feature as if it is due to a FS w
a small cross section.

The slow oscillation with a similar angle dependence w
reported forb-~BEDT-TTF!2IBr2.5 The result was attempte
to be explained in terms of a multiconnected FS, where
cylindrical FS’s are bridged with complicated thin channel4

In such a case, the azimuthal anglef dependence shoul
depend notably upon whether or not the plane formed
varying u contains the bridging channels. Taking into a
count the relatively weakf dependence and strongu depen-
dence, we assume a flat ellipsoid with the shortest diam
along the normal to the conducting plane as a simple mo
In this case, the angle dependence of the oscillation
quency, F(u), is represented by 1/F(u)25(cosu/F')2

1(sinu/F i)
2 where F' and F i denote the oscillation fre

quency at tilt angleu50° and 90°, respectively. The est
mated values ofF' /F i obtained by the fitting are 6.4 and 4
for f5150° and 90°, respectively, and the general tende
of the rapid decrease of the frequency is qualitatively
plained. However, a discrepancy of the experimental res
cannot be neglected as shown in Fig. 3, indicating the c
plexity of the FS. The presence of a similar 3D FS in laye
molecular conductors was reported foru-~BEDT-TTF!2I3.6

Figure 5 shows the pressure dependence of the FS c
sectional area normalized by the value at 7.6 kbar for s
and rapid oscillations. The AMRO results giving theb orbit
are displayed together with the results from the SdH m
surement. The pressure dependence for theb orbit is rather
consistent with the results for the otherk-type salts.17,18 On
the other hand, the slow oscillation observed above 3.3 k
shows the pressure dependence represented
d ln(Sg)/dP5(4.560.9)31022/kbar, where Sg is the
cross-sectional area of theg orbit. This is several times
larger than that for theb orbit and is too large to be unde
stood based upon the empirical tendency that the FS wi
smaller cross-sectional area is more sensitive to the app
pressure. Then we consider that the strong pressure de
dence may be due to the difference in the origin between
at
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g orbit and theb orbit based upon the following fact. From
an x-ray analysis, we found that there exist shorter conta
between a sulfur atom of the BEDT-TTF molecule and
carbon or nitrogen atom in the anion layer than the sum
each van der Waals radius.19 This suggests that if the energ
levels of highest occupied molecular orbit~HOMO! or low-
est unoccupied molecular orbit~LUMO! of the atoms are
close to the Fermi energy, a small but finite transfer ma
element between sulfur and carbon or nitrogen may re
and form a small FS which is not predicted by the ba
calculation neglecting the interlayer interaction. Such an
terlayer interaction via the anion layer can modify the ene
dispersion along the interlayer direction. The strong press
dependence of the cross-sectional area of theg orbit may be
understood in terms of the drastic enhancement of the tr
fer integral due to the reduction of the interlayer spacing
pressure.

In summary, we found a new type of slow oscillation
k-~BEDT-TTF!2Cu2(CN)3 under pressure. The angle depe
dence of the slow oscillation is anomalous in the sense th
has a sharp maximum atu50° regardless of the azimutha
anglef, indicating that the relevant FS is not two dime
sional but three dimensional. It is also noteworthy that
cross-sectional area corresponding to the slow oscillatio
much more sensitive to pressure than the 2D cylindrical o
These results may indicate that the electronic role of
anion layers cannot be neglected even if the fraction is
large. This requires that the paradigm of the conventional
based upon the two-dimensionally alignedp-electron donor
molecules should be extended to include the electronic c
tribution from the anion molecules.

We thank M. Nakano for his enlightening discussion a
careful reading of the manuscript. One of the authors~E.O.!
is supported by the Japan Society for the Promotion of S
ence. This work has been supported by the CREST prog
of the Japan Science and Technology Corporation.

FIG. 5. Pressure dependence of the cross-sectional areas
malized by the value at 7.6 kbar, which are obtained from the S
oscillation corresponding to theb orbit ~solid rectangle! andg orbit
~solid circle!, and from AMRO measurements yielding theb orbit
~open rectangle!. Solid lines show the result of a least-squares
ting.



ls

.

.

.

-

v,

.

lid

J.

.

.
H

ito,
te

oc.

-

.

er,

.

and

7484 57BRIEF REPORTS
1J. Wosnitza,Fermi Surfaces of Low-Dimensional Organic Meta
and Superconductors~Springer-Verlag, Berlin, 1996!.

2M. V. Kartsovnik, G. Yu. Logvenov, H. Ito, T. Ishiguro, and G
Saito, Phys. Rev. B52, R15 715~1995!.

3T. Ishiguro, H. Ito, Y. Yamauchi, E. Ohmichi, M. Kubota, H
Yamochi, G. Saito, M. V. Kartsovnik, M. A. Tanatar, Yu. V
Sushko, and G. Yu. Logvenov, Synth. Met.85, 1471~1997!.

4M. V. Kartsovnik, P. A. Kononovich, V. N. Laukhin, S. I. Pe
sotskii, and I. F. Schegolev, Sov. Phys. JETP70, 735 ~1990!.

5M. V. Kartsovnik, V. N. Laukhin, S. I. Pesotskii, I. F. Schegole
and V. M. Yakovenko, J. Phys. I2, 89 ~1991!.

6T. Terashima, S. Uji, H. Aoki, M. Tamura, M. Kinoshita, and M
Tokumoto, Solid State Commun.91, 595 ~1994!.

7Y. Nogami, J. P. Pouget, H. Ito, T. Ishiguro, and G. Saito, So
State Commun.89, 113 ~1994!.

8E. Ohmichi, H. Ito, T. Ishiguro, T. Komatsu, and G. Saito,
Phys. Soc. Jpn.66, 310 ~1997!.

9U. Geiser, H. H. Wang, K. D. Carlson, J. M. Williams, H. A
Charlier Jr., J. E. Heindl, G. A. Yaconi, B. H. Love, M. W
Lathrop, J. E. Schirber, D. L. Overmyer, J. Ren, and M.-
Whangbo, Inorg. Chem.30, 2586~1991!.
.

10T. Komatsu, T. Nakamura, N. Matsukawa, H. Yamochi, G. Sa
H. Ito, T. Ishiguro, M. Kusunoki, and K. Sakaguchi, Solid Sta
Commun.80, 843 ~1991!.

11T. Komatsu, N. Matsukawa, T. Inoue, and G. Saito, J. Phys. S
Jpn.65, 1340~1996!.

12K. Kajita, Y. Nishio, S. Moriyama, W. Sasaki, R. Kato, H. Koba
yashi, and A. Kobayashi, Solid State Commun.64, 1279~1987!.

13D. Shoenberg,Magnetic Oscillations in Metals~Cambridge Uni-
versity Press, Cambridge, England, 1984!.

14J. Wosnitza, G. W. Crabtree, J. M. Williams, H. H. Wang, K. D
Carlson, and U. Geiser, Synth. Met.55-57, 2891~1993!.

15J. Wosnitza, G. Goll, D. Beckmann, S. Wanka, D. Schweitz
and W. Strunz, J. Phys. I6, 1597~1996!.

16K. Yamaji, J. Phys. Soc. Jpn.58, 1520~1989!.
17A. J. Schultz, H. H. Wang, J. M. Williams, L. W. Finger, R. M

Hazen, C. Rovira, and M.-H. Whangbo, Physica C234, 300
~1994!.

18D. Chasseau, J. Gaultier, M. Rahal, L. Ducasse, M. Kurmoo,
P. Day, Synth. Met.41-43, 2039~1991!.

19T. Komatsu~unpublished!.


