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Interlayer magnetoresistance in the organic superconductork-„BEDT-TTF …2Cu†N„CN…2‡Br
near the superconducting transition

F. Zuo
Department of Physics, University of Miami, Coral Gables, Florida 33124

J. A. Schlueter and Jack M. Williams
Chemistry and Materials Science Divisions, Argonne National Laboratory, Argonne, Illinois 60439

~Received 12 October 1998; revised manuscript received 28 January 1999!

In this paper, we report transport measurements of interlayer magnetoresistance with field parallel and
perpendicular to the current direction in the organic superconductork-(BEDT-TTF)2Cu@N(CN)2#Br. ForHiJ,
the isothermal magnetoresistanceR(H) displays a peak effect as a function of field. While the magnetoresis-
tance at small field can be fitted to stacked Josephson junction model, the negative magnetoresistance is not
consistent with quasiparticle tunneling model with a simple mean field gap. The origin for the peak effect
remains unresolved. ForH'J, R(H) increases monotonically with increasing field. Large magnetoresistance
for H'J is consistent with the layered structure of the organic compounds.@S0163-1829~99!03025-8#
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I. INTRODUCTION

Charge transport in the direction perpendicular to the
perconducting layers of the cuprates has been of re
interest.1–3 The temperature dependence ofc-axis resistivity
depends strongly on the oxygen concentration, chang
from a metallic temperature dependence in the optim
doped samples to a semiconducting behavior in
underdoped.4,5 Magnetoresistance in this direction shows
pronounced peak as a function of temperature and field
fore it drops to zero.6–8 This has been discussed extensive
in the very anisotropic oxide Bi2Sr2CaCu2O8

superconductors9–15 and in the oxygen deficien
YBa2Cu3O72d materials.12 The results can be qualitativel
interpreted in the framework of stacked Josephson junct
between the superconducting layers. The peak in the ma
toresistance at fixed field is attributed to the competition
tween the pair and the quasiparticle tunneling. The orga
superconductors k-(BEDT-TTF)2X @bis~ethylene-
dithio!tetrathiafulvalene, abbreviated as ET# with X being
Cu@N(CN)2#Br2 and Cu(SCN)2

2 , with the conducting cat-
ion layer ~ET! separated by the insulating anion layers~X!
have shown similar anisotropic transport properties.16,17 Fur-
thermore, interlayer transport studies show an interes
magnetoresistance peak effect as a function of field and t
perature in the mixed state.18–22 However, there are severa
important differences among the two systems. One is
temperature dependence of the normal state resistance. W
the cuprates typically have semiconducting temperature
pendence in thec axis for the underdoped, the interlay
resistance in the organics has metallic temperature de
dence near the superconducting transition. Another m
difference is the large negative magnetoresistance obse
in the organic compounds, which gives rise to a pronoun
peak resistance as a function of field. While there are sev
models proposed for the peak effect, such as the magn
impurity scattering18 and vortex-lattice interaction.19 A simi-
lar mechanism as in the cuprates, involving pair and qu
particle tunneling has been proposed by several groups.20–22

To understand the interlayer charge transport, we h
PRB 600163-1829/99/60~1!/574~7!/$15.00
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performed careful measurement on newly discovered
samples ofk-(ET)2Cu@N(CN)2#Br with field up to 18 T.
Unlike the conventional platelet geometry of the organic
perconductor, where the shortest dimension (b axis! is per-
pendicular to the conducting planes~ac plane!. The sample
length inb-axis direction in the rod sample is the largest. T
availability of the rod sample makes it possible for an ide
four probe measurement of the interlayer resistance.

In this paper, we report interlayer magnetoresistance m
surement with field parallel and perpendicular to theb axis.
For field parallel tob axis, similar results as reported on pla
samples are observed. MagnetoresistanceR(H), with field H
parallel to the current, displays a peak as a function of fi
and temperature. The low field magnetoresistance can
well fitted to a Josephson junction model. However, t
negative magnetoresistance cannot be fitted to a simple
mally activated quasiparticle tunneling. This raises a seri
question about the dominant role of quasiparticle in the p
nomena of negative magnetoresistance. For field perpend
lar to the current, i.e.,H being in theac plane, several dif-
ferent features inR(H) are observed. First, the characteris
field in this orientation is much larger that the parallel dire
tion. Second, no obvious peak inR(H) is observed and the
characteristic resistance increases monotonically with
creasingT. Third, R(H) increases quadratically without satu
ration at largeH. The findings are consistent with the layere
nature of the organic superconductor being studied.

II. EXPERIMENT

Single crystals of thek-(ET)2Cu@N(CN)2#Br supercon-
ductor were synthesized by the electrocrystallization te
nique described elsewhere.23 Several crystals were used i
these measurements with average dimensions of 1 –230.5
30.5 mm with the superconducting transition temperat
near 12 K. Interlayer resistivity nearTc is around 1V cm.
The largest length is along the least conducting directi
High field ~up to 18 T! measurements were performed at t
National High Magnetic Field Laboratory. Similar measur
574 ©1999 The American Physical Society
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PRB 60 575INTERLAYER MAGNETORESISTANCE IN THE ORGANIC . . .
ments with a smaller magnet~up to 9 T! yielded the same
results. The interlayer resistance was measured with us
the four probe technique. Contact of the gold wires to
sample was made with a Dupont conducting paste. Typ
contact resistances between the gold wire and the sam
were about 10V. A current of 1 mA was used to ensure
linear I -V characteristics. The voltage was detected with
lock-in amplifier at low frequencies of about 31 Hz. Th
samples were cooled slowly to below the superconduc
transition temperature with the field parallel and perpendi
lar to the crystallographicb axis. For measurements at di
ferent orientations, the sample was warmed up to room t
perature and remounted. A misalignment of up to 5° degr
was possible due to the small sample size.

III. RESULTS

A. H iJ' plane

Shown in Fig. 1 is a typical temperature dependence
interlayer resistance near the transition temperature. The
sistance decreases rapidly at high temperatures and ten
saturate near the transition. The solid curve through the
points is a fit toR(T)5R0exp@(T/T0)

2# with T0522.5 K. It
should be pointed out that the exponentialT2 dependence
can only be fitted to the data in the temperature range be
30 K. At higher temperatures, especially near the inflect
point near 40 K, the curve starts to deviate from the da
The data can also be fitted to an power-law temperature
pendenceR(T)5a1bTn, with n being dependent on th
temperature range. For example, for the same tempera
range,n53.88 gives the best fit. Nevertheless, the ove
quality with power-law fitting is not as good as the expone
tial T2 fit.

The inset shows the overall temperature dependenc
the resistance from room temperature down. Similar to w
reported earlier,23 the resistance decreases initially with tem
perature to about 250 K. Below 250 K, a semiconduct
temperature dependence is observed with the resistanc

FIG. 1. Interlayer resistance as a function of temperature neaTc

for HiJ and the solid line is a fit. The inset is theR(T) for the
whole temperature range.
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creases with decreasingT. A broad peak inR is usually ob-
served near 100 K. Depending on the cooling rate, a re
tance anomaly at 80 K has been reported.24 For temperature
below 80 K, R decreases rapidly withT with a change of
curvature near 40 K.

Figure 2 is an overlay of magnetoresistance as a func
of field for the HiJ geometry for 2.5 K<T<9 K. The
curves from right to left correspond to temperatures from
to 9 K with an increment of 0.5 K. At each fixed temper
ture, the interlayer resistance becomes finite at some o
field and increases rapidly with increasingH until it reaches
a peakRpeak at Hpeak. For H.Hpeak, the magnetoresistanc
becomes negative and saturates at further higher fields. W
increasing temperature, the dissipative onset field decre
with a corresponding decrease inHpeak. Magnetoresistance
at different temperatures crosses each other at two fields
the peak field. However, the magnetoresistance at very h
fields ~above 10 T! has a monotonic temperature dependen
with R(H) increasing with increasingT.

The inset in Fig. 2 is a plot of the peak resistance a
function of temperature. A shoulderlike feature inRpeak(T) is
clearly observed near 6 K. Below 5 K,Rpeak decreases rap
idly with decreasingT.

An alternative way to look at the field and temperatu
dependence of the interlayer magnetoresistance is to plo
magnetoresistance as a function of temperature at fixed fi
as shown in Fig. 3. At small fields,R(T) displays a similar
peak effect. For example, atH54 T, a peak inR(T) is
clearly seen at around 5.5 K. With increasingH, the peak
temperature is suppressed. At 10 T, no observable peak
sight within the temperature range.

The temperature dependence of the peak field can be s
marized in Fig. 4. Here peak fields measured on two diff
ent samples are overlaid with the square symbol correspo
ing to the data reported here. The two sets of data sho
clear overlap. The solid line is a fit to the expressionHpeak
5H0(1-T/Tc)

m with H0510.460.3 T,Tc511.560.5 K,
and m51.560.1. The fittedTc agrees with the zero field
data in Fig. 3.

FIG. 2. Magnetoresistance as a function of field forHiJ at
different temperatures (T52.529 K with 0.5 K increment!. The
inset is theRpeak as a function ofT.
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576 PRB 60F. ZUO, J. A. SCHLUETER, AND JACK M. WILLIAMS
In the normal state (T>11 K), the field dependence o
magnetoresistance is drastically reduced, as shown in Fi
For comparison,R(H) at T510 K, where peak is observed
is included as well. With increasing temperatures, a cro
over from negative magnetoresistance to positive magnet
sistance is observed. AtT511 K, dR/dH is negative for
field less than 16 T. AtT512 K, dR/dH changes from
negative to positive at around 9 T. AtT513 K, dR/dH is
almost>0 for all fields, as is the case forT515 K with a
dR/dH.0.05 V/T at highH.

B. H i plane'J

Similar measurements have been performed with the fi
applied parallel to the planes, as shown in Fig. 6. The sixt
curves correspond to temperature at 2.5 K to 10 K at
increment of 0.5 K, from right to left. In contrast to th

FIG. 3. Magnetoresistance as a function of temperature forHiJ
at different fieldsH50,2,4,6,8,10 T.

FIG. 4. Peak field as a function of temperature for two samp
The solid line is a fit to the data.
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results presented in Fig. 1, no peak inR(H) is observed for
all temperatures. At a fixed temperature, the magnetore
tance rises sharply for field above an onset field.R(H)
reaches a plateau for a range of intermediate fields an
rises again at higher fields. The characteristic fields increa
with decreasing temperatures. The resistive onset field
much greater than that forH' plane. For example, atT
52.5 K, Honset is about 13 T forH'J, compared with 4 T
for HiJ.

The temperature dependence of the interlayer magnet
sistance at fixed field can be obtained from theR(H) data.
Shown in Fig. 7 is an overlay ofR(T) at different fieldH
50,1,2,3,6,8,10,12,15 T, from right to left. The peak
R(T) is a nature consequence of the reduced magnetor
tance at lower temperature. It should be noted that the z
field transition temperature is noticeably reduced from
previous measurement geometry. The difference inTc is due

s.

FIG. 5. Magnetoresistance as a function of field at high tempe
turesT510,11,12,13,15 K.

FIG. 6. Magnetoresistance as a function of field at differe
temperatures forH'J(T52.529 K with 0.5 K increment!.
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PRB 60 577INTERLAYER MAGNETORESISTANCE IN THE ORGANIC . . .
to a different cooling rate for the two measurements. A
tailed study of the cooling rate dependence of the superc
ducting transition temperature has been reported earlier.
reducedTc is consistent with the faster cooling after th
sample is realigned forHi plane.

At temperatures above the transition, a large posit
dR/dH is found, as shown in Fig. 8. With increasing tem
perature,R(H) curves shift upward. For each fixed temper
ture, the field dependence can be well fitted with an exp

FIG. 7. Magnetoresistance as a function of field forH'J at high
temperatures,T510,10.5,11.5,12.5, and13.5 K. The inset is a
comparison forH'J andHiJ at 12.5 K and 13 K, respectively.

FIG. 8. Magnetoresistance as a function of temperature forH'J
at different fieldsH50,1,2,3,6,8,10,12,15 T.
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sion R(H)5a1bH21cH4. The coefficientsb and c are
nearly constants withb5(2.560.1)31022 and c5(1.0
60.2)31025, as the curves are nearly parallel. The inset i
comparative plot of the magnetoresistance for both orien
tions at 12.5 K and 13 K. The increase in resistance in
same field range is about 10 times or more larger forH'J
than that forHiJ.

IV. ANALYSIS

The field dependence of magnetoresistance in the ge
etry of HiJic in the mixed state has been studied extensiv
in the highly anisotropic cuprates, namely, Bi2Sr2CaCu2O8
and the oxygen deficient YBa2Cu3O72d . Experimentally,
the majority of the published work shows magnetoresista
as a function of temperature at fixed fields. In the case
Bi2Sr2CaCu2O8, the peak effect in theR(T) has been uni-
versally reported. However, differences among published
sults inR(H) exist upon careful examination. For examp
work reported on some single crystal samples shows no p
in R(H),10–13 while a peak inR(H) can be easily con-
structed for some other samples.6–8,14 In the case of organic
superconductors studied here, x-ray diffraction at ambi
temperature shows no evidence of second phases. A re
study of the peak effect as a function of resistive transit
width shows that the peak effect disappears gradually as
transition width increases, demonstrating clearly that
peak inR(H,T) is intrinsic only to the high quality sample
in the organic superconductors.22 Although the layered struc
tures are very similar, the interlayer transport may be s
stantially different. For example, in the cuprate, the pe
resistance as well as the normal state resistance, incre
monotonically with decreasing temperature nearTc . On the
contrary, the interlayer resistance of the organic superc
ductors studied here decreases with decreasing tempera

The dissipation mechanism in the interlayer direction
the mixed state remains controversial. Two approaches
known to give rise to a peak in the interlayer resistivity as
function of temperatures. One of them models the resistiv
peak as a result of fluctuations above the mean field tra
tion temperature.25,26 Of the four possible fluctuation contri
butions to the interlayer resistivity, fluctuations in the dens
of state~DOS! and the regular Maki-Thompson term contri
ute to an increasing resistivity with decreasing temperatu
By choosing suitable parameters, the model can fit reas
ably the temperature dependence of the resistivity before
peak for the cuprates. However, the model does not incl
critical fluctuations nor contributions from the vortex sta
~for T,Tpeak) and thus the field dependence of the pe
temperatureTpeak(H). A more widely adopted approach, dis
cussed in the following, emphasizes the nature of Joseph
coupling between the superconducting layers, especiall
low magnetic fields. The peak in the resistivity comes wh
the Josephson coupling dominates the interlayer transp
The model can describe semiquantitatively the field and te
perature dependence of the interlayer transport atH
,Hpeak.

In the case ofHiJic, dissipation mechanism was firs
proposed by Bricen˜o et al.9 In this model, current moving
parallel to thec axis is taken to pass through a narrow s
perconducting channel of areaA'Fo /H between the
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578 PRB 60F. ZUO, J. A. SCHLUETER, AND JACK M. WILLIAMS
densely packed vortices. HereF0 is the flux quantum. Dis-
sipation occurs through thermodynamic fluctuations wh
cause the phase of the superconducting order paramet
thec direction to jump by 2p. Assuming fluctuations in eac
channel are independent, the dissipation in thec direction
can be modeled by a long, narrow Josephson junction
finite T.27 The resistance of the weak link is given appro
mately byR5Rn@ I 0(\I c/2ekT)#22, whereRn is the normal
state resistance,\ is the Planck constant,I c is the critical
current,e is the charge of an electron, andI 0 is the modified
Bessel function. Since the normal state resistance is activ
in this direction, a peak is expected in the junction resista
at T,Tc . A similar approach which models thec axis con-
duction as a stack of Josephson tunnel junctions has b
proposed by Grayet al.10 For an intermediate Josephson co
pling, the junction conductance is the sum of the quasipa
cle conductanceYss and pair conductanceYp , i.e., Y5Yss

1Yp . Since the quasiparticle conductanceYss is thermally
activatedYss;exp@2D(T,H)/kT#, and the pair conductanc
Yp;@ I 0(\I c/2ekT)#221, a distinct peak inR(T) arises
naturally. While the field dependence of the crtical currenI c
is somewhat controverital,11 a recent study on thin mesa of
Bi2Sr2CaCu2O8 found I c}1/H.15

A similar model has been proposed to explain the mag
toresistance peak in the organic superconductors.20–22 To
analyze the data quantitatively, consider the charge trans
through a Josephson junction of areaa2'F0 /H1H0 be-
tween the densely packed vortices,H0 being a fitting param-
eter to take into account of effects of pinning and latt
rigidity.12 The junction resistance due to thermal fluctuatio
of the phases is given byR(H)5Rn8@ I 0EJ/2kT#22, where
EJ5\I c /e5@p\D(T)/2e2Rn8#tanh@D(T)/2kT# is the Jo-
sephson coupling energy,Rn8 is the junction resistance in th
mixed state. BecauseI c is proportional to the junction area
EJ is also. It is natural to define an intrinsic Josephson c
pling energyeJ5EJ /a2, such thatR(H)5Rn8$I 0@eJF0 /(H
1H0)2kT#%22. If EJ@kT, the junction resistance can b
reduced to12 R(H)5Rn8exp@2eJF0 /(H1H0)kT#. However,
the EJ@kT is limited only to very small field. To fit the
R(H) over the whole field range, a tabulated Bes
function I 0 has to be used. The total junc
tion conductance Y5Y1„$I 0@eJF0 /(H1H0)2kT#%221…
1Y2(H)exp@2D(T,H)/kT#.

To fit the data, we have assumed a simple field dep
dence for coupling energyeJ 5 e0J@12(H/Hc2)2# and the
gap energyD(T,H)5D0@12(H/Hc2)2#.28 If we assume a
constant Y2 for the quasiparticle contribution, the da
cannot be fit at all. Assuming 1/Y2(H)5a1b/H, a fit can be
obtained as shown in Fig. 9 forR(H) at T55 K. The fitting
parameters are 1/Y158261V, e0JF0/2kT55.860.2
T, H050.360.1 T, 1/Y2(H)5201(63/H)V, D0 /kT50.06
60.02,Hc256.4 T. The overall fit is rather satisfactory
however, the gap energy thus fitted is physically negligib
If we neglect the thermal activation term with 1/Y2(H)
5R0@11(H1 /H)a#, an equally well fit can be achieved wit
R052061V, H153.260.2T, a51.360.1. The inset
shows the direct fit to the resistively shunted Josephson J
tion model at small fields R(H)5Rn8$I 0@eJF0 /(H
1H0)2kT#%22. The fit gives Rn8594 V, eJF0/2kT
55.2 T, andH050.2 T. The comparable parameters f
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the Josephson coupling energy obtained from small field
and over the whole field range gives confidence in
uniqueness of the fitting parameters obtained.

Similar fit can be obtained for magnetoresistance at ot
temperatures. Using 1/Y2(H)5R0@11(H1 /H)a#, the expo-
nenta is found to increase with decreasing temperature.
example, atT53 K, a;2 and it decreases to;0.5 at 7 K.
Inclusion of the exponential term in the quasiparticle con
bution will yield a near zero gap energy. This is contrary
the picture where the dominant role in the magnetoresista
peak is played by the thermally activated quasiparticl
Rather, it suggests that the negative magnetoresistance i
dominated by the suppression of gap by field. Indeed
would be difficult to see why the negative magnetores
tance extends over to a field;17 T, much higher
than Hc2;6 T at 5 K. This is also consistent with th
report that the high field magnetoresistance in
k-(BEDT-TTF)2Cu(SCN)2 salt cannot be fit.21 A modifica-
tion to the simple field dependence of the gap energy, s
asD(T,H)}1/Ha, is necessary to fit the data. It is not cle
how the various fluctuation terms can affect the quasipart
contribution aboveTc or Hc2, further analysis including the
fluctuation effect is thus highly desirable.25,26

The negative magnetoresistance can also arise from o
interactions. For example, it has been proposed that
vortex-lattice interaction could introduce lattice distortion
The lattice distortions provide additional scatterings for t
charge carriers. With increasing field, vortices will start
overlap, leading to the restoration of the normal scatteri
Thermal fluctuations of the vortices can give similar negat
magnetoresistance. With increasing field, the thermal fl
tuation is suppressed and vortices are more rigid or latt
like, resulting in the negative magnetoresistance. Never
less, one would not expect the negative magnetoresistan
persist well above the upper critical field.

Presence of magnetic impurities can also give rise to
peak effect. It has been suggested that
k-(ET)2Cu@N(CN)2#Br may contain traces of Cu11 ions.18

FIG. 9. Magnetoresistance as a function of field forHiJ at 5 K.
The solid line is a fit to the model. The inset is an expanded view
small fields. The line is a fit to the RSJ model.
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With increasing field, the effect of magnetic moment scatt
ing is reduced. However, the absence of negative magne
sistance in the normal state suggests against the mag
impurity model. Furthermore, a recent study in the a
organic superconductorb9-(BEDT-TTF)2SF5CH2CF2SO3
shows a very similar peak effect in the superconduct
state.29 Since there are no metal ions present in the mate
it is very unlikely that the negative magnetoresistance is
lated to the magnetic ions.

Interlayer transport for the magnetic fields applied in t
orthogonal directions are clearly different. For field appli
parallel to the plane, the field will be mostly confined
between the superconducting layers. Unlike theH' plane,
the Josephson vortices do not have normal cores simila
the pancake vortices. The dissipations due to phase sli
thermal fluctuation of vortices have negligible contributio
for the Hi plane case. This results in much larger critic
fields such as the resistive onset field and the upper cri
field. For highly anisotropic systems such as the organic
perconductors, the upper critical field is extremely sensit
to even a small misalignment. The present setup for theHi
plane measurement is limited by the small sample size
the mechanical alignment without a fine tuning. This cou
lead to a substantial underestimate of the upper critical fi
Nevertheless, the very different field dependence of the m
netoresistance in the two directions suggests strongly
they reflect the characteristics of the two orientations.

The large positive magnetoresistance at high field
high temperatures may be associated with the open sh
and closed pockets in the Fermi surface. For most metals
magnetoresistance is negligible with a typicalDr/r in the
order of (vt)25@(eH/m)t#2. For example, in coppervt
;531023 for a field of 1 T. A similar estimate for the title
compound would yieldvt5ADr (2)/r0;0.02 at 1 T. This is
one order of magnitude larger than in conventional met
However, the interlayer resistivity near the transition is ab
1V cm, about six orders of magnitude larger than in copp
The largeDr/r demonstrates the gross inadequacy of a i
tropic, single band approach. There are two possible me
nisms for the large magnetoresistance. One is due to
intrinsic layered structure. If the transport perpendicular
the planes is coherent, the Fermi surface takes the form
warped cylinder. With field applied in the plane, it is foun
that a H2 dependence is expected for both low and h
fields with no saturation in magnetoresistance.30 For the in-
termediate regime as defined by 1<Vt<A«F /t', whereV
5eHy ic/\,t' is the interlayer transfer integral, and«F the
Fermi energy, a linear field dependence ofDr/r is predicted.
The present observation of quadratic field dependence w
suggestVt<1. An alternative approach is to consider t
effects of two bands in the plane and conduction in the
r-
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terlayer direction is diffusive.31,32 Considern1 andn2 as the
charge densities for the two bands andm1 and m2 as the
carrier mobilities, respectively. The zero field resistivity
r05(n1m11n2m2)21. At low fields, the transverse magne
toresistance is Dr/r05n1n2m1m2(m12m2)2H2/(n1m1
1n2m2)2; at higher fields a negativeH4 terms should be
included in the two band model. While both models c
qualitatively describe the large interlayer magnetoresistan
a careful angular dependence of field in the plane will
necessary to resolve the issue, as the former should be
tropic with field in the plane and the later be very anis
tropic. It should be mentioned that a similar large, posit
magnetoresistance has been observed in another organ
perconductors b9-(BEDT-TTF)2SF5CH2CF2SO3 in this
configuration,29 suggesting it to be a generic feature of t
layered systems.

V. CONCLUSIONS

We have carried out careful interlayer magnetoresista
measurements on the organic superconductor. For field
allel to the current direction, the magnetoresistance exhib
peak as a function of field and temperature. The peak fi
increases with decreasing temperature. The field depend
of the magnetoresistance is analyzed in terms of the stac
Josephson junction model with both pair and quasipart
tunneling. However, a simple mean field model gives an
realistic gap energy, thus raising a serious question abou
role of thermally activated quasiparticle tunneling for t
negative magnetoresistance. Further analysis including fl
tuations aboveHc2 and Tc is necessary to understand th
peak effect. For a field parallel to the plane geometry,
isothermal magnetoresistance is monotonic with the fi
with a much larger resistive onset field. The large posit
magnetoresistance at high temperatures for theH'Ji plane
is consistent with a warped cylindrical Fermi surface mo
as well as a two band model. Further measurements to lo
temperatures and with both in-plane and out-of-plane ang
control of the sample to the field are necessary to fully
plore charge transport in the interlayer direction.
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