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We report high-sensitivity ac susceptibility measurements of the penetration depth in the Meissner state of
the layered organic superconductork-(BEDT-TTF)2Cu@N(CN)2#Br. We have studied nominally pure single
crystals from the two different syntheses and employed controlled cooling procedures in order to minimize
intrinsic remnant disorder at low temperatures associated with the glass transition, caused by ordering of the
ethylene moieties in BEDT-TTF molecule atTG575 K. We find that the optimal cooling procedures~slow
cooling of 20.2 K/h or annealing for 3 days in the region ofTG) needed to establish the ground state depend
critically on the sample origin, indicating different relaxation times of terminal ethylene groups. We show that,
in the ground state, the behavior observed for nominally pure single crystals from both syntheses is consistent
with unconventionald-wave order parameter. The in-plane penetration depthl in(T) is strongly linear, whereas
the out-of-plane componentlout(T) varies asT2. In contrast, the behavior of single crystals with long relax-
ation times observed after slow (20.2 K/h) cooling is as expected for ad-wave superconductor with impurities
@i.e., l in(T)}lout(T)}T2] or might be also reasonably well described by thes-wave model. Our results might
reconcile the contradictory findings previously reported by different authors.
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I. INTRODUCTION

Since the discovery of superconductivity
k-BEDT-TTF-based materials a decade ago,1,2 the question
of pairing symmetry has remained as one of the most intri
ing issues. From the very beginning, these materials h
attracted a lot of interest, not only because they achieved
highest superconducting~SC! transition temperatures (TC)
among organic materials, but also because of their simil
ties to the high-temperature cuprate superconductors. F
the k-(BEDT-TTF)2X @abbreviated ask-(ET)2X] are
strongly anisotropic, quasi-two-dimensional materials, wit
very weak interplane coupling. This feature is due to
crystalographic structure, in which orthogonally align
BEDT-TTF dimers form two-dimensional~2D! conducting
layers sandwiched between the polymerized anion~X! layers.
Second, antiferromagnetic~AF! and SC phases occur next
one another, which suggests that electron correlations
significant role in the establishment of the ground state.
deed, the ground state ofk-(BEDT-TTF)2Cu@N(CN)2#Cl
material is an insulating AF phase with mildly cante
spins,4,3 while the ground state o
k-(BEDT-TTF)2Cu@N(CN)2#Br @abbreviated ask-(ET)2Br]
and k-(BEDT-TTF)2Cu(NCS)2 @abbreviated as
k-(ET)2NCS] is a SC phase. In the former, the applied pr
sure suppresses the AF state and stabilizes the SC s5

whereas by deuterization ofk-(ET)2Br, the ground state is
0163-1829/2002/66~17!/174521~12!/$20.00 66 1745
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gradually pushed from the SC toward the AF state.6 The
phase diagram is, therefore, quite similar to that of the
prates if doping is replaced by pressure or deuterizat
Third, the normal state has some properties that are dis
from conventional metals, supporting the importance of el
tron correlations. In particular, the Knight shift decreases s
nificantly below about 50 K, suggesting a suppression of
density of states—that is, the appearance of a pseudogap
the Fermi energy.7 A broad dip in the electronic density o
states around the Fermi energy was also observed by s
ning tunneling microscopy~STM! measurements below
about the same temperature.8 Further, there is a peak in
1/T1T at about 50 K, whereT1 is the nuclear spin-lattice
relaxation time, which suggests the presence of short-ra
AF correlations.7 This peak disappears under pressure c
comitantly with superconductivity.

The presence of significant electron correlations stron
favors the possibility of an unconventional SC. Results
favor of a d-wave order parameter have been obtained
different experimental techniques.13C NMR measurements
showed that the spin-lattice relaxation rate follows aT3 de-
pendence at very low temperatures. This result, together
the Knight shift experiment, provides evidence for sp
singlet pairing with nodes in the gap.9 The low-temperature
specific heat,10 as well as the thermal conductivity,11 also
showed a power-law behaviorcs(T)}T2 and k(T)}T, re-
spectively. Further, the magnetic penetration depthl(T),
©2002 The American Physical Society21-1
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measured by microwave cavity perturbation,12 muon-spin
relaxation,13 tunnel diode oscillation,14 and ac
susceptibility,15,16 also displayed the power-law behavio
usually in the form of aT and/or aT2 behavior forl(T) at
low temperatures.

Recent angle-resolved measurements of the SC gap s
ture using STM~Ref. 17! and thermal conductivity18 clearly
showed fourfold symmetry in the angular variation char
teristic of thed-wave superconducting gap. Both measu
ments have revealed that nodes are directed along direc
rotated by 45° relative to the in-plane crystal axes, indicat
dx22y2-wave superconductivity. Such a nodal structure in
cates that both Fermi surfaces~oval-shape quasi-two
dimensional hole cylinder band and an open quasi-o
dimensional band19! should participate in SC pairing in
contrast with theoretical predictions of superconductivity
duced by AF spin fluctuations.20

In contrast, some other penetration depth studies,21–23 as
well as the most recent specific heat measurements,24,25 led
to results favoring a conventionals-wave order parameter. In
particular, a strong-couplings-wave order parameter wa
claimed to be observed in the latter experiments.

The question arises as to what the source of the confl
ing results is and how this discrepancy could be resolved
far as experimental determination ofl(T) in the mixed state
is concerned, the complex vortex dynamics might prese
serious problem already at fields as low as 70–300 Oe
pointed out by Leeet al.26 Further, additional complication
might be due to an order-disorder transition that bears gla
features, taking place atTG'75 K for k-(ET)2Br or at TG1
'70 K andTG2'53 K for k-(ET)2NCS.27,28 The transition
region is situated between 65 and 85 K and between 45
75 K for k-(ET)2Br andk-(ET)2NCS systems, respectively
The transition is ascribed to the gradual freezing down of
remaining motion of the ethylene groups of the BEDT-TT
molecules that are thermally activated at high temperatu
between the two possible conformations. That is, the rela
orientation of the outer C-C bonds can be either eclipsed
staggered. Upon lowering the temperature, the former
latter are adopted fork-(ET)2Br andk-(ET)2NCS, respec-
tively. X-ray diffraction measurements showed that at 125
(CH2)2 groups are ordered in average in the whole bulk29

However, the passage through the region of glassy trans
appears to play a crucial role regarding the level of resid
intrinsic disorder at low temperatures. This might be also d
to the anomalous changes in thermal expansion behavio
side the same temperature region.30,31Rapid cooling rates are
reflected in the smaller resistivity ratio betweenTG and TC
and larger resistivity humps centered at about 60 K.6,32 The
understanding of the transport properties in the normal s
is further complicated by the fact that the standard resisti
behavior that resembles a semiconducting state above
K,33 whereas it becomes metallic below, is not reported
all syntheses.34 In the latter case, samples display a meta
behavior in the whole temperature range between room t
perature~RT! andTC. In addition, indications are given tha
some Cu~II ! may replace regular Cu~I! during synthesis, af-
fecting the resistivity behavior.35 The correlation between
different mean free paths in samples of different synthe
17452
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and the presence of Cu~II ! ions was also suggested.36 Fur-
ther, sample dependence and relaxation effects were also
served in the magnetization measurement results
k-(ET)2Br.37 Samples of one synthesis show two peaks
the magnetization versus field (M -H) curve, in contrast to
crystals of another synthesis that show only one. Finally,
observed anomalous cooling rate dependence of theM -H
curve was attributed to the change in the resistivity cur
and remnant disorder in the sample.

In an attempt to reconcile the existing contradictions a
determine the pairing symmetry of the genuine SC grou
state, we have undertaken an investigation that covere
broad range of single crystals of various syntheses an
which the influence of thermal cycling and sample histo
was checked in carefully designed experiments. We h
performed a high-resolution ac susceptibility measureme
in the Meissner state in the two field geometries, i.e., wh
ac field was parallel and perpendicular to the crystal plan
A quantitative data analysis, which we have elaborated w
scrutiny to account for the demagnetization correction in
latter geometry, enabled us to get a full characterization
each sample under study, clarifying in this way a previou
suspected sample dependence. Indeed, our experiments
that cooling procedures in the region of the glass transiti
necessary to establish the bulk SC ground state, critic
depend on the sample origin. In particular, our results de
onstrate that the low-temperature state is critically de
mined by the time scale of the experiment in the region
the glass transition, revealing in that way different relaxat
times of terminal ethylene groups in samples from two d
tinct syntheses studied in the most detail. We show that in
ground state, the behavior observed for nominally p
single crystals from both syntheses is consistent with an
conventional d-wave order parameter; that is, the low
temperature in-plane and out-of-plane superfluid densi
are proportional toT andT2, respectively. However, the be
havior of the superfluid density observed after standar
slow cooling for single crystals with long relaxation time
deviates from that found in the ground state. It is as expec
for a d-wave superconductor with impurities or might b
reasonably well described by thes-wave model. These re
sults may give a solution to a decade long mystery w
regard to the symmetry pairing ink-BEDT-TTF supercon-
ductors. A preliminary report was given in Ref. 38.

II. EXPERIMENTAL TECHNIQUE

Measurements of the complex ac susceptibility (x5x8
1 ix9) were performed using a commercial ac susceptom
~CryoBIND/Sistemprojekt, Zagreb!. The sensitivity of the
system, expressed in equivalent magnetic moments,
Dm5231029 emu in the broad temperature range betwe
1.5 K and TC .39 Measurements were performed withHac
514 mOe atf 5231 Hz. A gold 0.07% iron-copper thermo
couple was used as a thermometer. The sample was plac
the upper one of two identical secondary coils immersed
liquid helium bath, positioned in such a way that the appl
ac field was either perpendicular or parallel to the conduct
planes of the single crystals under study. In the remainde
1-2
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INFLUENCE OF INTERNAL DISORDER ON THE . . . PHYSICAL REVIEW B 66, 174521 ~2002!
the paper, the case of a magnetic field aligned with thb
crystallographic axis, i.e., perpendicular to the hig
conducting ac crystallographic planes, is denoted byHac'
plane, while the case of a magnetic field direction lying
side the ac crystallographic plane is denoted byHaci plane.
In order to probe the sample in the Meissner state care
taken to reduce the amplitude of the ac field (Hac) until the
componentx8(T) was independent ofHac (Hac,42 mOe)
and thex9(T) component was negligible. No frequency d
pendence (13 Hz, f ,2 kHz) was observed forHac
,1 Oe. In addition no influence of the Earth’s field w
observed: runs performed with compensation for the Ear
field gave the same results. This is in accordance with
fact that the reported values for lower critical magnetic fie
HC1(T), corrected for demagnetization, are far above
Earth’s fieldHE for all temperatures below 8 K. In this tem
perature rangeHC1(T)>10 Oe,40 while the value of the
Earth’s field determined in our laboratory isHE'0.36 Oe.41

The calibration of the system was performed with a pie
of specially and carefully designed niobium foil, which w
will refer to, in the remainder of the paper, as the refere
sample. For eachk-(ET)2Br single crystal, a special refer
ence sample was created independently to ensure that it
mensions and shape were as close as possible to the or
~see Fig. 1!. We start with the conventional formula, whic
relates the induced voltage on the detection coilU, the mea-
sured susceptibilityxm8 , the demagnetization factorD, the
volumeV, and the internal susceptibilityx8; that is,xm8 cor-
rected for the demagnetization effect 1/(11Dx8):

U}Vxm8 5V
x8

11Dx8
. ~1!

Here we have taken into account that measured sample
much smaller than the detection coil. If we use a conv
tional calibration assumption that the susceptibility for n
bium reference sample at low temperatures can be take
be 21, we can finally determine the internal value of t
susceptibility according to formula

FIG. 1. Thek-(ET)2Br ~above! and its reference sample~be-
low!.
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1

12D r

1

11Dx8

U

U r
, ~2!

where the index ‘‘r’’ designates the reference sample. Wh
the ac field was parallel to the crystal planes, the demag
tization effect could be neglected, meaning that the mid
factor in Eq.~2! can be simply replaced by unity. In order t
correct the measured data for the demagnetization facto
the ac field perpendicular to the crystal planes, we have
veloped a method which strongly reduces the experime
error in x8 to less than 1% and allows us to get a reliab
absolute value of the penetrated volume 11x8 for this ge-
ometry, as well. The latter quantity directly determines t
penetration depth and the superfluid density, as we show
Secs. III B and III C. In the following, we argue and sho
that our claim is justified.

Our starting point is that the reference sample represen
perfect copy of the sample under study~Fig. 1!, implying
very close values of the respective demagnetization factoD
and D r . Since thek-(ET)2Br sample is almost completel
diamagnetic in this geometry, we can use the approxima
x8'21. Therefore, demagnetization effects for bo
samples must be very close in value and the middle facto
Eq. ~2! in the first order of approximation can be replaced
unity. Further, in order to improve the precision and elim
nate a small remaining difference in the demagnetization
fect, the middle factor in the second order of approximat
is calculated by the following procedure. Bothk-(ET)2Br
and the reference sample were taken to be fully superc
ducting disks~that is, thin cylinders with an aspect ratio o
length and diameter of about 0.4! with the same face are
and the same thickness as their originals. We consider
disk approximation to be more suitable for a description
the real sample than the elipsoid one, used by authors of
6. We base this assertion on the fact that the former appr
mation better describes rather sharp sample edges, w
might give a substantial contribution to the demagnetizat
factor. The middle factor in Eq.~2! is then given by the
calculated ratio of diamagnetic effects for these two bodi

1

12Ddisk,r
/

1

12Ddisk
.

The systematic error due to the approximation of the spec
shape of samples to the shape of the disk obviously can
out by division. Numerical data for the demagnetization fa
tor for the disk were taken from the literature.42

In order to calculate the area and thickness, the dim
sions of bothk-(ET)2Br and the reference sample were ca
fully measured with a high precision of 1%. The precisi
was verified by the following procedure. All significant nio
bium reference sample dimensions were measured and
volume calculated. In addition, the same reference sam
was weighted and the volume calculated using the niob
density rNb58.57 g/cm3. The difference between two ob
tained values was always about 1%. Finally, the middle f
1-3
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FIG. 2. Sample S1: real and
imaginary parts of the susceptibil
ity for relaxed ~R! and quenched
~Q! states in~a! Hac' plane and
~b! Haci plane geometry. The ar
row in ~a! illustrate the upper limit
of the systematic error.
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tor in Eq.~2! obtained in this way differs from unity only fo
a few percent. This shows that the calculation procedure
the starting assumption are valid.

In the end, we estimate that our calibration procedure
Hac' plane is accurate in 11x8 to 33% for x8 close to
21 and to about 50% for20.96.x8.20.5. As for the
Haci plane, the accuracy in 11x8 is estimated to be abou
15% for all measured low-temperaturex8 values.

Nominally pure single crystals ofk-(ET)2Br, originating
from two different syntheses had different resistivity rati
RR(75 K/Tmin) for similar cooling rates employed.34,43

RR(75 K/Tmin)5r(75 K)/rmin , wherermin is the resistivity
measured at temperature just above the SC transition. S
crystals with RR(75 K/Tmin)'200 and '50 obtained by
standard slow cooling rate have been labeled as S1 and
respectively.

Three different cooling procedures were used to c
samples from RT to 4.2 K. Special care was taken in
temperature range 60 K,T,100 K, where relaxation pro
cesses appear.27,28For thequenched~denoted asQ) state the
sample was cooled down to liquid helium temperature
about 1 min, which represents an average speed of ab
2300 K/min. over the whole temperature range. For there-
laxed~denoted asR) state the sample was first cooled to 1
K in about 10 min. Between 60 K and 100 K the cooling ra
was carefully monitored to amount to about20.2 K/min.
17452
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Below 60 K, the sample was finally cooled to 4.2 K in a fe
minutes. For theannealedstate~denoted asA) the sample
was cooled down to liquid nitrogen temperatures in abou
h. Then it was kept between liquid nitrogen temperature a
100 K for three days. Finally, it was cooled down to liqu
helium temperature in a few minutes. The samples use
this study were rhombic platelets with face areas betw
0.51 and 2.15 mm2 and thickness between 0.29 and 0.
mm.

III. RESULTS AND ANALYSIS

A. Complex susceptibility

Our first important result concerns the influence of t
cooling rate on the components of the complex susceptib
in the SC state as a function of the synthesis procedure.
present the behavior obtained in two principal field geo
etries: that is,Hac' plane andHaci plane, as defined in Sec
II. On the basis of our previous measurements with the m
netic field aligned with thea and c crystallographic axes,15

we know that the specific orientation within theac crystal-
lographic plane does not influence the obtained result for
penetration depth since the out-of-plane component i
dominant contribution. Therefore, we always made sure
the field was aligned with the largest dimension of the pla
let face in order to minimize the demagnetization factor.
-

-

FIG. 3. Sample S2: real and
imaginary parts of the susceptibil
ity for annealed (A), relaxed (R),
and quenched~Q! states in ~a!
Hac' plane and~b! Haci plane ge-
ometry. The arrows in~a! illus-
trate the upper limit of the system
atic error.
1-4
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INFLUENCE OF INTERNAL DISORDER ON THE . . . PHYSICAL REVIEW B 66, 174521 ~2002!
Susceptibility data obtained for sample S1 for two diffe
ent cooling rates are shown in Fig. 2. We identify theR state
as theground state. In the ground state, superconductivi
sets in at 12.0 K and 11.5 K forHac' plane andHaci plane,
respectively. We have already reported the difference inTC ,
as the well as anisotropy in the susceptibility forHac perpen-
dicular and parallel to the planes.15 Here we report, to the
best of our knowledge for the first time, the absolute susc
tibility values in both field geometries. ForHac' plane the
sample response is almost completely diamagnetic, while
Haci plane the susceptibility is somewhat smaller in mag
tude. Next, our new result points to a huge effect of
cooling rate on the susceptibility value andTC. When the
sample was cooled faster, the absolute value of the susc
bility was smaller andTC lower. In other words, the diamag
netic region shrinks in thex8 vs T plot. This huge effect is
especially emphasized forHaci plane geometry, where th
absolutex8 value is almost an order of magnitude smaller
the Q state than for theR state.

Susceptibility data obtained for sample S2 for three d
ferent cooling rates are presented in Fig. 3. The first feat
reflecting a different sample quality, is that the ground sta

FIG. 4. Simplified depiction of the sample in the magnetic fie
~a! Haci plane and~b! Hac' planes. Shaded parts of the samp
represent the volume penetrated by the magnetic field. Cond
lout /l in@ l in / l out in ~a! ensures thatl in can be neglected in the
analysis~Ref. 15!.
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characterized as before by an almost complete diamagn
response, is established in theA state, and not, as in the cas
of sample S1, in theR state. For the purpose of clarity, w
will refer to the R state of sample S2 as theintermediate
state.56 The anisotropy of the susceptibility in the groun
state is somewhat larger for sample S2 than for sample
The second feature is in that the cooling rate effect on
susceptibility value is much smaller for sample S2 compa
with the effects obtained for sample S1~see Fig. 2!.

Finally, we point out that thex9(T) component was neg
ligible, indicating clearly that the measured samples were
the Meissner state.

B. Penetration depth

Further, we analyze the susceptibility data for the he
above described single crystals of different quality in ord
to get the penetration depth temperature behavior and
values at zero temperature. InHaci plane geometry we have
already argued that the in-plane penetration depthl in can be
neglected in the analysis and that the out-of-plane pene
tion depthlout can be obtained from the susceptibility da
using the formula for a thin superconducting plate in a p
allel field15 @see Fig. 4~a!#:

11x85
2lout

l out
tanhS l out

2lout
D . ~3!

Now we address in more detail theHac' plane geometry.
The magnetic field is strictly perpendicular to the conduct
planes, so is the responding magnetization that expels it
of the bulk. The resultant circulating supercurrents w
therefore flow within planes, which will only give a contr
bution tol in @see Fig. 4~b!#. In order to obtain an appropriat
formula for the analysis, we start with the generalization
Eq. ~3!. We take into account that the ratio between t
doubled penetration depth 2lout and the sample width in the
direction of field penetrationl out is the ratio between the
volume penetrated by the magnetic fieldVP and the whole
sample volumeV. Therefore,

11x85
VP

V
tanh

V

VP
. ~4!

n

-

FIG. 5. Sample S1:~a! in-
plane and~b! out-of-plane pen-
etration depths for relaxed~R! and
quenched~Q! states. Solid lines
represent the fit to the power-law
behavior, while the arrow in~a! il-
lustrates the upper limit of the sys
tematic error.
1-5
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FIG. 6. Sample S2:~a! in-
plane and~b! out-of-plane pen-
etration depths for annealed (A),
relaxed (R), and quenched~Q!
states. Solid lines represent the
to the power-law behavior, while
the arrows in~a! illustrate the up-
per limit of the systematic error.
, t
ac

,

d
f
fl
p
n
e

d
at
tio
n
fi

ve
iv

e

we
th
d—

y in
lso
in

di-

e

ws
n is

e

s in

the

-
case

-
tion

e,
We note that, if the sample has the shape of a platelet
magnetic field penetrates along the whole edge of the f
We can rewrite Eq.~4! as

11x85
Cl in

A
tanh

A

Cl in
, ~5!

whereC is the circumference,A the area of the platelet face
andl in the in-plane penetration depth@see Fig. 4~b!#.

Our second important result concerns the temperature
pendence ofl in andlout in the ground state as a function o
the synthesis procedure. In Figs. 5 and 6 we show the in
ence of the cooling rate on the anisotropic penetration de
as a function of the sample quality. Note that in the grou
state of both samples S1 and S2 the temperature depend
of l in and lout at temperatures below about 5 K is well
described by theT andT2 law, respectively. The upper boun
of the fit range~5 K! is given by the general requirement th
the genuine low-temperature behavior of the penetra
depth be strictly obeyed only far from the critical regio
close toTC. The solid lines correspond to the calculated
to the power-law behavior in the temperature range 1.6
,T,5 K:

l in5kinS T

TC
D1l in~0!, ~6!

lout5koutS T

TC
D 2

1lout~0!. ~7!

We get kin55.2 mm, l in(0)51.560.5 mm, kout556 mm,
lout(0)553610mm and kin52.8 mm, l in(0)51.1
60.4mm, kout569 mm, lout(0)585610mm for S1 and S2,
respectively. The penetration depth values at 0 K,l(0), ob-
served in the ground states of both samples, are in a
good accordance with values for the penetration depths g
in the literature.12,14,15,23,26,44–46

Special attention should be given to the relative chang
the penetration depth at low temperatures,h(T)5@l(T)
2l(0)#/l(0). We denote the deviation ofl in(T) and
lout(T) from their values at 0 K, in units ofl(0), ash in(T)
and hout(T), respectively. We find thath in(5 K)51.4,
hout(5 K)50.19 andh in(5 K)51.1, hout(5 K)50.15 in the
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ground state of samples S1 and S2, respectively. First
note that h values are in perfect accordance for bo
samples, confirming that they are in the same—groun
state. Second, a difference betweenh in and hout values for
almost an order of magnitude proves a strong anisotrop
physical properties between the two orientations. This a
confirms our choice for the exponent in the power law
Eqs.~6! and ~7!.

Finally, our third important result concerns the interme
ate state (R state in sample S2!, for which we geth in(5 K)
50.13, hout(5 K)50.10. Unlike for the ground state, th
temperature dependences ofl in and lout are so similar that
they cannot be any longer described by different power la
as was the case in the ground state. The obvious solutio
to try to fit both penetration depths to theT2 power-law
behavior

l in5kinS T

TC
D 2

1l in~0!, ~8!

lout5koutS T

TC
D 2

1lout~0!, ~9!

which suggests ad-wave superconductor with impurities. W
get kin59.2 mm, l in(0)51266 mm, and kout558 mm,
lout(0)5110620 mm. We point out that the fit to the
s-wave model describes our data almost equally well~see
Sec. III C!. On the other hand, thes-wave model fails com-
pletely for the penetration depth temperature dependence
the ground state of both samples S1 and S2.

Now we comment on the penetration depth results for
Q state. We find thath in(5 K)50.11, hout(5 K)50.12 and
h in(5 K)50.16,hout(5 K)50.10 for samples S1 and S2, re
spectively. Here we apply the same arguments as in the
of the intermediate state and fit bothl in and lout to the T2

power-law behavior@Eqs. ~8! and ~9!#. We getl in(0)5100
650 mm, lout(0)58306100 mm and l in(0)524
612 mm, lout(0)5170620 mm for sample S1 and S2, re
spectively. The fact that these fits describe the penetra
depth data well again suggests ad-wave superconductor with
impurities. Further, it should be noted that~i! l(0) values
are larger for theQ state than for the intermediate stat
suggesting a larger disorder in the former state, and~ii ! l(0)
1-6
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values for sample S1 are significantly larger than ones
S2, suggesting significantly larger disorder in the form
sample in theQ state. Finally, the result thatlout(0) for
sample S1 is close to the crystal size indicates that the
superconductivity is not established, allowing us to defi
the boundary between bulk and nonbulk SC atx8520.7 for
Hac' plane.

For clarity, all results for penetration depth properties p
sented in this Section are summarized in Table I.

C. Superfluid density

In the following, we address the temperature dependa
of the superfluid density in order to get information on t
symmetry of the superconducting state. We construct the
plane superfluid densityrs,in and out-of-plane superfluid den
sity rs,out as

rs,in5S l in~0!

l in~T! D
2

, ~10!

rs,out5S lout~0!

lout~T! D
2

. ~11!

TABLE I. Penetration depth properties, as defined in text, for~i!
sample S1 in the relaxed~ground! and quenched states, and~ii !
sample S2 in the annealed~ground!, relaxed ~intermediate!, and
quenched states.

State l in(0) lout(0) kin kout h in(5 K) hout(5 K)
(mm) (mm) (mm) (mm)

Sample S1

R 1.560.5 53610 5.2 56 1.4 0.19
Q 100650 8306100 60 480 0.11 0.12

Sample S2

A 1.160.4 85610 2.8 69 1.1 0.15
R 1266 110620 9.2 58 0.13 0.10
Q 24612 170620 22 88 0.16 0.10
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rs,in andrs,out for the ground state of sample S1~established
in the R state! and for the ground state of sample S2~estab-
lished in theA state! as a function of reduced temperaturet
5T/TC are displayed in Figs. 7 and 8, respectively. There
a strong resemblance in the behavior found for both samp
Note that the leading terms, which describe the lo
temperature behavior, are theT and T2 terms for rs,in and
rs,out, respectively.15 This is to be expected, becauseT and
T2 terms describe the low-temperature behavior of thel in
andlout in the ground state. If we expand the leading term
the full polynomial, in order to fit the superfluid density da
in the whole temperature region belowTC, we finally obtain
for sample S1

rs,in5121.95t11.45t320.09t420.41t5, ~12!

rs,out5121.88t220.73t314.47t422.86t5, ~13!

and for sample S2

rs,in5121.68t10.78t310.16t420.26t5, ~14!

rs,out5121.45t212.98t325.38t412.84t5. ~15!

Taking into account a relatively large experimental error
the penetration depth values~see Figs. 5 and 6!, the leading
coefficient values might be considered to be almost the sa
In addition to the systematic error, there is also a no
which is a mere consequence of the fact thatrs,in is calcu-
lated according to the expression rs,in(T)
5@l in(0)/l in(T)#2, so that the absolute noise inrs,in is pro-
portional to the relative noise in the penetration depth da
That implies a larger noise for smaller values ofl in(0),
which becomes substantial forl in(0) of the order of 1mm.
Finally, we point out that the shapes of curves for the
plane and out-of-plane penetration depths in the ground s
are qualitatively different from thes-wave dependence.

The behavior for the in-planers,in and out-of-planers,out
superfluid densities for the intermediate state of sample
~established in theR state! is displayed in Fig. 9. Here,rs,in
data are insensitive to the systematic error at low temp
tures, since the correction forl in drops out from the expres
sion forrs,in. Note that the leading term, describing the low
e

FIG. 7. Sample S1:~a! in-
plane and~b! out-of-plane super-
fluid densities for the ground~R!
state. Solid line is a fit to the poli-
nomial expression. A large nois
in rs,in is due to small values of
l in(0) ~see text!.
1-7
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PINTERIĆ et al. PHYSICAL REVIEW B 66, 174521 ~2002!
FIG. 8. Sample S2:~a! in-
plane and~b! out-of-plane super-
fluid densities for the ground~A!
state. Solid line is a fit to the poli-
nomial expression. A large nois
in rs,in is due to small values of
l in(0) ~see text!.
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temperature behavior, is theT2 term for both the in-plane
and out-of-plane superfluid densities:

rs,in5121.69t212.77t325.05t412.97t5, ~16!

rs,out5121.02t211.34t322.50t411.18t5. ~17!

In order to demonstrate the fact that the superfluid den
behavior in the intermediate state is also rather close to
dependence expected for thes-wave order parameter beha
ior, the s-wave model dependence is added as a dashed
for both orientations.

IV. DISCUSSION

We start the discussion by pointing out that the we
defined, ground-state properties—complex susceptibi
penetration depth, and superfluid density—were essent
reproducible for all studied single crystals from both synth
ses S1 and S2. Cooling-rate-dependent effects were als
producible, but the observed behavior was the same only
single crystals from the same synthesis, while it differed s
nificantly from the observed behavior for single crysta
from the other synthesis.

First, we would like to comment on the anisotropy inTC.
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As in the previously published paper,15 we have established
that DTC50.5 K for Hac' andHaci plane geometry canno
be ascribed to the experimental error. We suggest that
anisotropy might be the consequence of the fact that the
magnetic shielding is no longer effective forHaci plane ge-
ometry in the range of 0.5 K belowTC, which is due to the
small sample dimensions and huge out-of-plane~Josephson-
like! penetration depth nearTC. However, we point out tha
the TC anisotropy has negligible effects, if any, on our da
analysis, which is primarily done in the low-temperature
gion and therefore does not influence the resulting con
sions.

Second, we address the observed differences in coo
rate effects between samples S1 and S2. As pointed out
lier, both samples show the same behavior in the gro
state: almost full diamagnetism forHac' plane and the same
temperature dependence and zero-temperature value o
in-plane and the out-of-plane penetration depths, as we
the same superfluid density temperature dependence. H
ever, we note that sample S2 required a completely differ
cooling procedure with significantly longer time spent in t
temperature region around 80 K, compared to sample S1
order to accomplish the ground state. Moreover, sample S
much less sensitive to the cooling rate. That is, the differe
d

FIG. 9. Sample S2:~a! in-
plane and~b! out-of-plane super-
fluid densities for the intermediate
~R! state. Solid line is a fit to the
polinomial expression, and dashe
line presents thes-wave model
~see text!.
1-8
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INFLUENCE OF INTERNAL DISORDER ON THE . . . PHYSICAL REVIEW B 66, 174521 ~2002!
regarding low-temperature susceptibility and ze
temperature penetration depth values betweenA andQ states
for sample S2 is much smaller than the difference betweeR
andQ states for sample S1. Both features indicate that~i! the
low-temperature state is critically determined by the tim
scale of experiment in the region of glass transition and~ii !
relaxation times of ethylene groups in the single cryst
originating from synthesis S2 are much longer than the o
in the single crystals originating from synthesis S1. When
applied time scale is much longer than the relaxation time
the ethylene moieties, the low-temperature state is
ground state. In contrast, if the relaxation time exceeds
time scale of experiment, remnant disorder at low tempe
tures will be substantial and theQ state will be established
Different relaxation times of ethylene groups might also e
plain why the resistivity ratio RR(75 K/Tmin) is much larger
for samples from synthesis S1 when a standard slow coo
rate is applied. At this stage, we can only speculate abou
possible origin of different relaxation times. The experime
tal observations that the crystals from synthesis S2 sh
weak metallic behavior, instead of a semiconducting beh
ior between RT and 100 K observed for samples of synth
S1, might be of the same origin. Since the RT resistiv
values do not differ substantially, we propose that subtle
cal variations of the impurity level in nominally pur
samples from different syntheses might be responsible
the observed differences.

Next we comment on the behavior of the in-plane sup
fluid density in the ground state. The temperature dep
dence of the in-plane superfluid density for thed-wave su-
perconducting order parameterD(kW )5D cos(2f), wheref is
the angle between the quasiparticle momentumkW and theaW
axis, within the weak-coupling theory, is given by15,47

rs,in~ t !'120.6478t20.276t3. ~18!

The coefficienta of the leading termt in rs,in512at1•••

depends strongly on the ratio of the superconducting tra
tion temperature and the zero-temperature supercondu
order parameter. A comparison of values fora in Eq. ~18! to
those in Eqs.~12! and~14! suggests that the superconducti
order parameter atT50 K is much smaller than that pre
dicted by the weak-coupling limit. As a result, this wou
also imply that the nodal region, which volume is inverse
proportional to the angular slope of the gap near the nod48

m51/D dD(f)/dfunode, occupies a much larger fraction o
the phase space at low temperatures. We point out tha
have reached the same conclusion already on the bas
previously obtained results.15 In the latter case, we did no
evaluatel in(0) from our measurements, but rather we us
the values reported in the literature. Following the same p
cedure as in Ref. 15, we can again use uncalibrated data
present measurements and calculate the deviation ofl in from
the minimum value at the lowest attainable temperat
l in(T)2l in(Tmin).

15 Then, if we take the penetration dep
value at 0 K given in the literature,23,44–46 l in(0)'1 mm,
we get the same result; that is, the leading coefficien
much larger than expected in the weak-coupling model
addition, we point out that the same behavior ofr in for
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l in(0)<1.3 mm was reported by Carringtonet al.14 They
pointed out that only atl in(0)>1.8 mm does the slope be
come similar to the one reported for high-TC cuprate super-
conductors and expected in the weak-coupling model. Fr
our present data, we getl in(0)'3 mm for the crossover
in-plane penetration depth value. One possibility to interp
our results is to consider the mixture ofd-wave ands-wave
order parameters, which corresponds to the superconduc
order parameterD(kW )5D@cos(2f)1r#, with r representing
thes-wave component.49 In this case the leading linear coe
ficient a increases with the increase ofr according to the
expression

a5
2 ln 2

2.14A12r 2
expF 2r 2

112r 2G . ~19!

The shapes of the superfluid density curves for several va
of parameterr are given in Fig. 10. For our results,ur u
'0.7 gives a very good agreement, which is, on the ot
hand, theoretically very unlikely. Recently, an admixture
the s-wave component with r 520.067 for
k-(BEDT-TTF)Cu(NCS)2 was suggested49 from analysis of
the angular-dependent magnetothermal conductivity da18

These data suggest thatdx22y2-wave instead ofdxy-wave
pairing is responsible for the superconductivity ink-(ET)2X
materials. This implies that both Fermi surfaces participate
pairing in contrast to previous assumptions.50 Since in the
former case the spin fluctuation model for thek-(ET)2X
materials no longer describes the superconductivity pair
the origin should be found elsewhere. A coulomb interacti
which is responsible for thed-wave superconductivity, gives
rise to both spin and charge fluctuations, so the obvious
lution appears to be that charge fluctuations play the prin
pal role in thek-(ET)2X superconductivity. The valuer 5

20.07 suggests that the nodal lines inD(kW ) pass through the
gap between two Fermi surfaces. This is consistent with
(d1s)-wave model in which the superconductivity is due
charge fluctuations between different groups of dimers.
the other hand, forr'20.7, the nodal directions cross th

FIG. 10. Superfluid density in the (d1s)-wave model for a few
values of thes-wave component parameterr.
1-9
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2D circular Fermi surface, and forr'0.7, the nodal direc-
tions cross the 1D Fermi surface. If thed1s superconduc-
tivity model is generated by charge fluctuations, such a s
nario is unlikely to work, since this implies a strong intr
Coulomb repulsion in each energy band.

Now, we address the behavior of the in-plane superfl
density in the intermediate state~Fig. 9!. Considering the
polynomial fit in Eq.~16!, we see that the in-plane superflu
density appears to fit very well thed-wave model with im-
purity scattering in the unitary limit.51–53However, there is a
serious discrepancy between our experimental data and
impurity model. First of all, we ascribe the difference b
tween theA state~ground state!, R state~intermediate state!,
and Q state to the residual degree of the ethylene disor
The annealed state we discussed is the ground state wit
least disorder in the ethylene groups. It is natural to assu
that the ethylene disorder gives rise to the quasiparticle s
tering, which changes thet-linear dependence ofrs,in into the
t-squared dependence. But this is in contradiction with
well-established fact that a small disorder depressesTC
dramatically.51,52 In our experiment, it seems thatTC is prac-
tically unaffected by the ethylene disorder for the interme
ate state, achieved by a slow cooling of20.2 K/min in the
region of the glass transition. Further, taking into account
fact that thel(0) increases for at least by a factor of 6, t
superconducting electron density at 0 K,ns(0)}l22(0), de-
creases at least by a factor of 36. A simple impurity mo
cannot describe the surprising combination of these two
tures. On the other hand, the results for other lo
temperature states achieved by cooling ratesqC,
21 K/min for sample S1 and for theQ state in sample S2
are more consistent with the theory. In these cases bothTC,
x8(0), andthereforel(0) are concomitantly influenced b
the remnant ethylene disorder. However, it is still difficult
correlate the observed behavior to the impurity model qu
titatively. This discrepancy might indicate that the degree
disorder at low temperatures, as defined by the cooling
in the region of the glass transition, has also a profou
influence on electronic correlations, responsible for SC p
ing. At this point we would like to recall the result of Kun
et al.30 showing changes in the crystal structure parame
in the region of the glass transition. It might be that the
changes are also susceptible to the cooling rate. In addi
the authors of Ref. 6 have pointed out that the role of dis
der in this class of superconductors might be different tha
the other unconventional superconductors due to the vici
of the Mott insulator in the phase diagram.

Coming back to the intermediate state, we suggest tha
indication of the decrease in the superconducting elec
density may be related to the reduction of the supercond
tivity volume. It has been already reported that cooling ra
combined by progressive deuteration influence the lo
temperature electronic state ink-(ET)2Br samples.54,6 The
deuteratedk-(ET)2Br system is situated in the critical regio
between an insulating AF transition at 15 K and a SC tr
sition at 11.5 K. Despite the slow cooling rate, the deutera
sample gives almost the sameTC as in the hydrogenate
k-(ET)2Br system, the SC state being not fully established
the bulk. Note that this result strongly resembles what
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observed for S2 samples in the intermediate~R! state. In
addition, a gradual decrease of the susceptibility belowTC in
the deuterated system strongly indicates the inhomogen
nature of the SC state. This is in contrast to what we obse
in sample S2, in which the susceptibility curves are rat
sharp even in theQ state. More rapid cooling rates induce
decrease ofTC and a substantial decrease of the SC volu
fraction. The authors of Refs. 54 and 6 have argued that s
the electronic specific heat of rapidly cooled deutera
samples did not show any finite electronic contribution
low temperatures, the missing part of the superconduc
phase should be considered to be the magnetic insula
phase. The question arises if their conclusion might also
valid in the hydrogenated system. Taking into account
structure of the phase diagram of this class
superconductors,5 we think that this might be the case. How
ever, specific heat data under carefully controlled cool
cycles are needed to resolve this issue.

The most intriguing fact about Fig. 9 is that in the inte
mediate state the observed data could be well describe
the s-wave model as well. This gives a possible explanat
for the contradictory findings in favor of thes-wave and
d-wave models in the same material. The behavior is ob
ously strongly influenced by both thermal history and sy
thesis, which suggests that the same material was not m
sured in the same low-temperature state. We hope that
results could contribute to reconcile contradictory findin
met in the past.

V. CONCLUSION

The level of residual disorder and the electronic proper
at low temperatures are critically determined by the tim
scale of the experiment in the region of the glassy transit
and the sample synthesis. This fact imposes an additio
requirement to get a reliable description of the SC state
that is to perform a full characterization of the SC state in
sample under study in the same well-defined and -contro
cooling conditions. The origin of the observed differenc
can be attributed to the residual ethylene disorder, wh
might be theoretically considered as the impurity effect.

The in-plane superfluid density of the ground state w
the lowest residual ethylene disorder exhibits clearT-linear
dependence, which is consistent with thed-wave model and
in contradiction with thes-wave model. The leadingT-linear
coefficient is much larger than the one expected for
weak-couplingd-wave model. The (d1s)-wave model can
remove this numerical discrepancy. However, the rather la
s-wave component needed to fit our data is not consis
with the recent thermal conductivity results.

On the other hand, the in-plane superfluid density of
intermediate state achieved by the slow cooling o
20.2 K/min in samples of one synthesis, as well as in
states achieved by rapid cooling rates (qC,21 K/min) in
all studied samples, clearly exhibits theT-squared depen
dence, consistent withd-wave superconductivity in the pres
ence of impurities. In the intermediate state, the sameTC as
in the ground state is accompanied by a relatively large
duction in the superconducting electron density, which c
1-10
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not be explained within the standard impurity model. In t
rapidly cooled states,TC does reduce concomitantly wit
l(0); still the depression ofTC is quantitatively too small
and the reduction of the superconducting electron densit
too large. More work, both theoretical and experimental
needed to resolve these issues.

Finally, the in-plane superfluid density data in the int
mediate state can be relatively well fitted to thes-wave
model data as well. This fact gives a possible explanation
the contradictory findings in favor ofs-wave andd-wave
models in the same material and will hopefully contribute
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