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Shubnikov–de Haas effect in the quantum vortex liquid state of the organic superconductor
k-„BEDT-TTF …2Cu„NCS…2

T. Sasaki, T. Fukuda, N. Yoneyama, and N. Kobayashi
Institute for Materials Research, Tohoku University, Katahira 2-1-1, Sendai 980-8577, Japan

~Received 5 November 2002; published 29 April 2003!

We report the Shubnikov–de Haas~SdH! oscillations observed in the vortex liquid state of the quasi-two-
dimensional organic superconductork-(BEDT-TTF)2Cu(NCS)2, where BEDT-TTF denotes bis~ethylene-
dithio!tetrathiafulvalene. The SdH oscillations can be observed down to about 5 T at 0.5 K, where the flux flow
resistivity becomes as small as about 30% of the normal-state value. Below the upper critical fieldHc2 of about
7 T, the additional damping of the SdH oscillation amplitude appears, as well as that of the de Haas–van
Alphen ~dHvA! oscillations, with respect to the normal-state one that is described with the standard Lifshitz-
Kosevich formula. The magnitude of the additional damping nearHc2 is the same with that observed in the
dHvA oscillations and well explained by the theoretical predictions in consideration of fluctuations in the
thermal vortex liquid state. In the quantum fluctuation region at lower temperature, however, only the SdH
effect shows the stronger damping than that of the dHvA oscillations. The different magnetic-field dependence
of the additional damping of the oscillation amplitude between the SdH and dHvA effects is discussed in
connection with the effect of the transport current on the short-range order of vortices in the quantum vortex
slush state, which appear in the quantum vortex liquid region.

DOI: 10.1103/PhysRevB.67.144521 PACS number~s!: 74.70.Kn, 71.18.1y, 74.25.Op
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I. INTRODUCTION

After the report of the magnetic quantum oscillations
the superconducting state of 2H-NbSe2 more than quarter
century ago,1 the oscillations of the magnetization, de Haa
van Alphen ~dHvA! effect, in the vortex state seem to b
confirmed experimentally for a variety of the type-II supe
conductors in the last decade.2 Common experimental resu
of the dHvA oscillations in the superconducting state is t
the additional damping of the oscillation amplitude appe
below the upper critical fieldHc2 with respect to the normal
state damping. The additional damping has been discuss
several ways theoretically.3 The questions in those discu
sions are summarized as follows;3 ~1! if the superconducting
gap D0 exists in the vortex state just belowHc2, it would
have drastically damped the oscillations at low temperatu
by a factor of exp(2D0 /kBT), ~2! the inhomogeneous field
distribution due to the flux lattice would broaden the Land
levels, and~3! the inhomogeneity in the superconducting o
der parameter associated with the vortex lattice leads to
homogeneous broadening of the Landau levels in the qu
particle spectrum near the Fermi surface. Thus
oscillations include basically rich information on the qua
particle in magnetic fields and also the vortex mat
properties.4

The Shubnikov–de Haas~SdH! oscillations in the super
conducting state are very difficult to be observed because
finite resistivity is needed inevitable. Then it can appear
the quite limited field-temperature region where the lon
range translational order of the vortices is lost. Quasi-tw
dimensional~Q2D! organic superconductors are good can
dates for the observation of the SdH effect in the vortex s
because large fluctuations induce the wide vortex liq
region.5,6 At low temperature below 1 K, the quantum vorte
liquid ~QVL! is realized ink-(BEDT-TTF)2Cu(NCS)2 (Tc
.10 K) due to the large quantum fluctuation instead of
0163-1829/2003/67~14!/144521~6!/$20.00 67 1445
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thermal one,7,8 where BEDT-TTF denotes bis~ethylene-
dithio!tetrathiafulvalene. In the QVL region, the finite resi
tivity is expected to remain even belowHc2(T.0). Recently
the transport properties in the QVL region have been exa
ined in detail, and the finite resistivity has been confirme9

In this paper, we report the SdH oscillations observed
the QVL region of the Q2D organic superconduct
k-(BEDT-TTF)2Cu(NCS)2. An additional damping of the
oscillation amplitude appears on both the SdH and dH
effects aroundHc2, which may come from the superconduc
ing fluctuation. At lower temperature in the QVL regio
however, the stronger damping is observed only on the S
effect. The different magnetic-field dependence of the ad
tional damping of the oscillation amplitude between the S
and dHvA effects is discussed in connection with the eff
of the transport current on the short-range order of vortice
the quantum vortex slush state9 in the QVL region.

II. EXPERIMENT

High quality single crystals of k-(BEDT-
TTF)2Cu(NCS)2 were grown by an electrochemical oxida
tion method. The magnetic torque measurements were
formed by using precision capacitance torquemeter. The
plane and the out-of-plane resistivities were measured a
the b anda* axes, respectively, by means of a conventio
ac or dc four-terminal method. The electrical terminals we
made of evaporated gold films, and gold wires (10mm)
were glued onto the films with gold or silver paint. The co
tact resistance was about 10V for each contact at room tem
perature, but it became less than 1V at low temperature
where the experiments were carried out. The torquem
and the samples for the resistivity measurements were fi
to the single-axis rotation holder which can change
sample direction with respect to the magnetic field with t
accuracy of 0.05°. The holder with the samples was coo
slowly from room temperature to 4.2 K in 48 h and specia
slow cooling rate was used between 50 and 75 K in orde
©2003 The American Physical Society21-1
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avoid the disorder of the terminal ethylene group of t
BEDT-TTF molecules.10 The holder was directly immerse
in liquid 3He of the refrigerator that was combined with
15-T superconducting magnet at the High Magnetic Fi
Laboratory for Superconducting Materials~HFLSM!, IMR,
Tohoku University. The results presented in this paper w
obtained on three samples: No. 1 for the magnetic torq
and No. 2 and No. 3 for the resistivity measurements fr
different batches. We found that two other samples for
magnetic torque and the resistivity measurements gave q
tatively similar results that were not presented in this pap

III. RESULTS AND DISCUSSION

Figure 1 shows the magnetic torque curves of the sam
No. 1 atT50.52 K. The overall features are the same w
the previous report;7 the irreversible and reversible region
are separated atH irr;3 T @Fig. 1~b!#, and the dHvA oscilla-
tions with one fundamental frequency ofFa559962 T are
observed in both the normal and superconducting states.
quality of the sample used in this study seems to be be
than that in the previous work7 judging from the large am-
plitude of the dHvA oscillations. The reversible magne
torque region (H irr.3 T,H,Hc2.7 T) below 1 K is ex-
pected to be the QVL region. The finite resistivity appears
the QVL region even atT;0. The detail of the transpor
properties in the QVL region has been already reported.9 It is
noted only here that a weak nonlinear behavior of the re
tivity is found in the QVL region. Such nonlinearity is no

FIG. 1. Magnetic torque curves of the sample No. 1
k-(BEDT-TTF)2Cu(NCS)2 at 0.52 K and in the field direction
tilted by u56.1° from the a* axis. ~a! The dHvA oscillations
around 7 T in the expanded scale.~b! The magnitude of the torque
hysteresis.
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observed in the thermal vortex liquid~TVL ! region above 1
K. The concept of the quantum vortex slush has been p
posed for the nonlinear behavior below 1 K. The vortex slu
with only the short-range order of vortices has been found
the high-Tc oxides.11–13 The effect of the quantum vorte
slush and the TVL states on the dHvA and SdH effects w
be discussed latter.

Figure 2 shows the magnetic-field dependence of the
sistivity in the sample No. 2 atT50.52 K. The in-plane (rb)
and the out-of-plane (ra) resistivities are measured in on
single crystal along theb and a* axes, respectively. The
magnitude of the magnetic-field dependence of the resisti
and the resistivity onset corresponding toH irr are not influ-
enced by the applied current density in both configuratio
The flux flow resistivity in the QVL region, however
changes a little with the current density because of the w
non-linear resistance.9 The two curves in this figure are mea
sured using the current density~current! of J50.16 A/cm2

(I 5100 mA) for rb and 1.6 mA/cm2 (10 mA) for ra , re-
spectively. The SdH oscillations with the frequency of (5
62) T are clearly observed. The oscillations come from
a orbit centered at theZ point of the first Brillouin zone
depicted in the upper left inset. In higher magnetic fields,
magnetic breakdown orbitb, consisting of thea and opened
g orbits, has been observed in both the SdH and dH
oscillations.14,15We, however, restrict ourselves to the sing
band model for the following analysis and discussion on
SdH and dHvA effects because the magnetic field used in
present study is smaller than the magnetic breakdo
field.14,15The amplitude of the SdH oscillation onra is much
larger than that onrb , although the magnitude of th
magnetic-field dependence of the resistivity is almost
same with two configurations. The reason is not known
present but the similar tendency is commonly seen in
Q2D organic conductors.16

In order to look at the SdH oscillations in low magneti

FIG. 2. Magnetic-field dependence of the resistivitiesrb andra

along theb ~in the Q2D plane! and a* axes ~out of the plane!,
respectively, in the sample No. 2. The upper left inset shows
first Brillouin zone and the Fermi surface. The lower right ins
indicates the SdH oscillations onra plotted asDs/sn .
1-2
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SHUBNIKOV–DE HAAS EFFECT IN THE QUANTUM . . . PHYSICAL REVIEW B67, 144521 ~2003!
field region,Ds/sn is shown in the lower right inset of Fig
2. Here,Ds is the oscillatory part of the conductivity ob
tained by subtracting the nonoscillatory part of the cond
tivity, and sn (.rn

21) is the normal conductivity which is
the same with the nonoscillatory part of the conductivity
the normal state. In the vortex state below about 7 T, the S
oscillations come from the normal~quasiparticle! component
of the total conductivity which includes additional nonequ
librium superconducting component due to the vortex p
ning. The normal~quasiparticle! part of the conductivity
roughly corresponds to the flux flow conductivity. Then t
normal resistivityrn (.sn

21) in the vortex state is assume
to be extrapolated smoothly from the normal state into
vortex state towardr50 at H50. The dotted line in Fig. 2
shows the normal~quasiparticle! resistivity rn (.sn

21) in
the normal~vortex! state. The line is obtained as almost li
ear in the vortex state and passing through the middle of
SdH oscillations in the normal state. In intermediate reg
around 7 T, two lines are connected smoothly by the sim
second-order polynomial function. The SdH oscillation
persisting down to about 5 T where the resistivity is ab
30% of the normal-state value (;1.5 V cm at 7 T!. In the
other sample No. 3 the oscillations can be seen in lo
magnetic field of about 4.5 T, which are shown in Fig.
This is the first unambiguous observation of the SdH os
lations in the flux flow resistance of the well characteriz
superconductor. Similar SdH effect in the superconduct
state has been reported in theb9-type BEDT-TTF organic
superconductor.17 But it did not show the additional ampli
tude damping in both the SdH and dHvA oscillations in t
superconducting state. It may be necessary to conside
smallerHc2 value reported by another group18 than the value
expected in Ref. 17.

The additional damping of the SdH and dHvA oscillatio
amplitude in the vortex state is demonstrated in Fig. 3. T
oscillation amplitudeDt andDs/sn for the dHvA and SdH
effects are shown by the circles in Figs. 3~a! and 3~b!, re-
spectively. In the normal state above about 7 T, both osc
tion amplitudes are well described by the standard Lifsh
Kosevich ~LK ! formula.19 The amplitudeALK of the first
harmonics of the oscillations in the single band is given
ALK}THnRTRDRS , where the temperature factorRT
5(lmcT/H)/sinh(lmcT/H), the Dingle factor RD
5exp(2lmbTD /H), and the spin factor RS
5cos(pgmb/2m0). Here,l[2p2ckB /e\5 14.69 T/K,mb ,
mc , and m0 are the band, cyclotron effective, and fre
electron masses, andTD is the Dingle temperature related
the scattering ratet0 with TD5\/2pkBt0. The powern of H
depends on the measured quantity and the dimension
For the SdH and the torque-dHvA amplitude (Ds/sn and
Dt) in the 3D ~2D! case,n is 3/2 ~1!. The fittings in both
cases are very good withmc53.5m0 and TD50.26
60.05 K (0.1760.03 K) for the dHvA and 0.2460.05 K
(0.1660.03 K) for the SdH effects in the 3D~2D! case.21

The 2D formula, however, is adopted for the latter analy
because the quantized Landau-level spacing in the pre
magnetic-field region is considered to be fairly larger th
the interlayer transfer integral of this Q2D organ
superconductor.22
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Below about 7 T the amplitude starts to deviate smoot
downward fromALK in both the dHvA and SdH effects. Thi
indicates the additional amplitude damping in the vort
state, which has been reported so far on the dHvA effec
k-(BEDT-TTF)2Cu(NCS)2.7,20,23,24 The origin of such
smooth damping has been discussed on the basis of
model of the quasiparticle scattering by the random vor
lattice with the large superconducting~vortex! fluctuation
around the mean fieldHc2.3,24 In the approach by Maniv
et al.,3 the additional damping termRSC as being multiplied
to ALK is RSC5exp(2p3/2^uD̃u2&/nF

1/2), where nF

[EF /\vc , vc[eH/mcc, EF is the Fermi energy, and

^uD̃u2& is the mean square of the superconducting order
rameter averaged over space coordinates. The tilde aboD
indicates that energy is measured in units of\vc . This ex-
pression is very similar to the Maki-Stephen-typ
mean-field approach.24–26In a simple analytic expression de
rived by Maniv et al.,3 ^uD̃u2&.(a/b)@11exp(2x2)/
2x*2`

x exp(2y2)dy#, where a5(1/2\vc)lnAHc2 /H, b
51.38/nF(\vc)

3, andx5a/A2bkBT. Ito et al.20 and Clay-
ton et al.24 have used an approximated interpolation formu
for the mean square of the gap function,̂uDu2&
5A@D(0)2(12H/Hc2)/2#21a(T)21D(0)2(12H/Hc2)/2,
wherea(T) is a temperature-dependent parameter to sc
the fluctuations. Both calculations ofRSC are shown in Fig.
3~c! by using the same mean fieldHc254.8 T. The results
on RSC are in fairly good agreement with each other.

The dotted curves in Figs. 3~a! and 3~b! show the ex-
pected magnetic-field dependence of the oscillation am

FIG. 3. Magnetic-field dependence of the oscillation amplitu
of ~a! the dHvA and~b! SdH effects.~c! The additional damping
factor in the vortex stateRSC; M by Maniv et al. ~Ref. 3! and IC by
Ito et al. ~Ref. 20! and Claytonet al. ~Ref. 24! The solid and broken
curves in~a! and ~b! are the field dependences of the oscillati
amplitudesALK

3D andALK
2D based on the LK formula for the 3D an

2D cases, respectively.
1-3
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tude takingRSC into account. The dHvA effect is well repre
sented in these fluctuation approaches as has b
reported.3,20,24In the SdH effect, the experimental results fo
low well ALK

2DRSC nearHc2;7 T as well as the dHvA effect
A stronger damping, however, appears below about 6.5
only the SdH effect.

We discuss the stronger damping in the vortex state
served only in the SdH effect in connection with the quant
vortex slush state at low temperature. In the QVL region
finite resistance appears in the vortex liquid state between
melting Hm or irreversible fieldH irr andHc2 even atT;0.
In the case of less or no quantum fluctuation, the zero re
tance should appear just belowHc2 and Hm(T) or H irr(T)
coincides withHc2(T) at T50. The former QVL region has
been actually found ink-(BEDT-TTF)2Cu(NCS)2 as a dem-
onstration of the importance of the quantum fluctuations
this material.7,8 Recently, two vortex liquid regions hav
been found at low temperature.9 The low-resistivity state
with nonlinear current response below about 1 K has b
distinguished from the high-resistivity state at higher te
perature. A steep drop of the resistivity aroundTL;1 K
separates the vortex liquid state into these two regions.
schematic phase diagram is shown in the inset of Fig. 5.
short-range order of vortices has been expected to exist in
former low-resistivity state referred to as the quantum vor
slush state because these features in the low-resistivity
are phenomenologically similar to the observations
plained by the the vortex slush concept with the short-ra
order of vortices in the high-Tc oxides.11–13 The latter high-
resistivity state has been considered as the TVL state w
no translational long-range order of vortices is formed.

Since the additional damping of the oscillation amplitu
in the vortex state is explained to be sensitive to the lo
phase modulation of the superconducting order parame3

some kind of perturbation on the vortices, for example,
plying the transport current in the SdH measurements, is
pected to influence the phase coherence. It is noted that
the dHvA and SdH oscillations in this experiment are m
sured in the quantum vortex slush region. In the case of s
measurements in the TVL state, the additional damping
the vortex state is expected to be the same in the dHvA
SdH effects because the TVL does not have any orde
vortices. Thus neither the presence of the transport curre
the measurements of the SdH effect nor the absence of
rent in the dHvA effect alters any phase coherence. On
other hand, the SdH effect in the quantum vortex slush s
may be affected by moving vortices because of applying
transport current. It may disturb such coherency of the v
tices and quasiparticles. Nonobservation of stronger osc
tion amplitude damping in the dHvA effect with basically n
transport current demonstrates the influence of the mov
vortices by the current in the quantum vortex slush state

Besides applying transport current, the effect of mov
vortices on the damping of the dHvA oscillations has be
seen in the superconducting state of 2H-NbSe2.27 The damp-
ing of the oscillations depended on the history of recipro
partial sweeps of the external magnetic field in the hyster
region where the pinning strength was changing. For
plaining the observations, Manivet al. have suggested tha
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the motion of vortices, depending on the pinning streng
influences the magnitude of the damping of the oscillation3

In order to see the difference of the damping in the qu
tum vortex slush and the TVL regions, we tried to compa
the SdH oscillations at higher temperatures. Figure 4 sh
the SdH oscillations at higher temperatures in the sample
3. The SdH oscillations in the vortex state are clearly se
down to about 4.5 T at 0.43 K. The sample No. 3 seems
have better quality to observe the SdH oscillations in low
magnetic field than that in the sample No. 2 presented in
1.

The magnetic-field dependence of the observed SdH
cillation amplitude scaled byALK

2D in the normal state is
shown in Fig. 5. The value of (Ds/sn)/ALK

2D corresponds to
the additional damping in the vortex state. The additio
damping starts smoothly aroundHc2.7 T. The magnitude
of the additional damping becomes larger in higher tempe
tures nearHc2 . It is naturally understood by the fluctuation
The lower inset shows calculations of the additional damp
factor RSC proposed by Itoet al.20 and Claytonet al.24 The
fluctuation parametera is expected to take a larger value
higher temperature. This has been actually confirmed in
dHvA experiments on the same material by Claytonet al.24

The a value has changed almost continuously from 0.13
0.03 K to 0.32 (meV)2 at 0.44 K. It is noted that theRSC
curves calculated witha or corresponding temperature a
continuously shifting to a smaller value, and do not cro
each other. The present SdH oscillation damping nearHc2 is
in agreement with the theoretical calculations. But the os
lation amplitude at 0.43 K shows stronger additional dam
ing in low magnetic field than others measured at high te
perature. This stronger damping observed at 0.43 K
considered to be due to the moving vortices in the quan
vortex slush state as discussed above.

It is expected that the similar stronger damping may
pear below about 5.5 and 5 T at 0.76 and 0.88 K, resp
tively, where the boundary between the quantum vortex sl

FIG. 4. The SdH oscillations in the sample No. 3. Inset sho
the overall magnetic-field dependence of the resistivityra at T
50.43 K. The dotted line indicates the normal~quasiparticle! resis-
tivity rn.sn

21 .
1-4
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SHUBNIKOV–DE HAAS EFFECT IN THE QUANTUM . . . PHYSICAL REVIEW B67, 144521 ~2003!
and the thermal vortex liquid regions is located.9 This bound-
ary at TL plotted by the dotted curve can be found in t
schematic vortex phase diagram in the low-temperature
gion shown in the upper left inset of Fig. 5. In the diagra
N is the normal, VS is the vortex solid, QVS and TVL are t
quantum vortex slush and thermal vortex liquid states,
spectively.H irr is the irreversible line andTL is the line that
separates QVS from TVL. The detail on the phase diagram
given in Ref. 9. The SdH oscillation amplitude at 0.76 a
0.88 K, however, does not show the clear stronger damp

FIG. 5. The SdH oscillation amplitude scaled byALK
2D in the

sample No. 3 at 0.43, 0.76, and 0.88 K. Upper left inset shows
low-temperature part of the schematic vortex phase diagram~Ref.
9!. N is the normal, VS is the vortex solid, QVS and TVL are t
quantum vortex slush and thermal vortex liquid states, respectiv
H irr is the irreversible line andTL is the line that separates QV
from TVL. The detail on the phase diagram is given in Ref.
Lower inset demonstrates the additional damping factor propo
by Ito et al. ~Ref. 20! and Claytonet al. ~Ref. 24!. Each curve from
top to bottom is calculated witha50.10, 0.15, 0.20, 0.25, an
0.30 (meV)2.
M

s

d

n
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down to the lowest magnetic field where the SdH oscillatio
can be detected at those temperatures. It means that the
netic fields where the SdH oscillations are observed
mostly still in the TVL region. Then the magnetic-field de
pendence of the damping seems to follow the damping
the thermal fluctuations with temperature. This result s
gests that the expected stronger damping may appea
lower magnetic fields.

In order to confirm the proposed model on the stron
damping of the SdH oscillations in the quantum vortex slu
state, it is necessary to show the clear relation between
stronger damping and the vortex phase diagram. More
cise measurements in better quality sample at lower m
netic fields are required in future. The transport current d
sity dependence of the SdH oscillation amplitude is a
important to measure in the quantum vortex slush state
cause the nonlinear behavior in the resistivity has been
served there. These experiments are in progress.

IV. SUMMARY

We observed the SdH oscillations on the flux flow res
tivity in the vortex state of the Q2D organic superconduc
k-(BEDT-TTF)2Cu(NCS)2. The additional damping of the
SdH oscillation amplitude nearHc2 is well described by the
model on the superconducting~vortex! fluctuations as well
as those observed in the dHvA effect. In only the SdH effe
the stronger damping appears in the quantum vortex s
region. The stronger damping may reflect the perturbation
a phase coherence of vortices and quasiparticles in the q
tum vortex slush state with the short-range order of vorti
due to their movement by the transport current.
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