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ac susceptibility measurements are reported for single crystals of the layered organic supercaaductor
(BEDT-TTF),Cu N(CN),]Br. The value of the out-of-plane penetration dept}f0) was found to be 133
um, consistent with earlier results. The temperature dependence of the in-plane superfluid density, with the
value of in-plane component,.(0) of the order of 1um, is strongly linear inT, whereas the out-of-plane
superfluid density varies a8 at low temperatures. The observed behavior is fully consistent with the one
expected ford-wave superconductivity.

The organic superconductors containing BEDT-TEB-  with temperature al <T.. Furthermore, the existence of a
breviated E7 planes are layered materials with anisotropicpeak in the out-of-plane magnetoresistérideas been inter-
physical properties. Th& phases, i.e.x-(ET),X (X is a preted as evidence against thevave symmetry of the order
polymerized anioh are materials in which orthogonally parametef.
aligned ET dimers form two-dimension&2D) conducting The measurement of the magnetic penetration depih
layers sandwiched between the polymerized anion layerss a useful probe of the energy-gap morphology at the Fermi
One of the points of interest in the study of layered organicsyrface and of the superfluid electrodynamics. Various tech-
superconductors is the possibility that the superconductingjqyes have been employed to determine the value(6})

state is somethin_g pther thap the c_onventicmadave BCS  4nd its temperature dependenceT) for x-(ET),X super-
pairing state. This idea partially arises from the similarity

hich_ exists bet th _ duct conductors and disparate results have been obtained. Ap-
which exists between hese organic superconductors arlgfoximately, a half of the performed studies of the tempera-
high-T¢ cuprates in which the establishmentdfvave su-

perconductivity is widely accepted and considered as théure dependence of gave evidence for nos-wave pairing,

- 2 .
most important fact in the understanding of unconventiona,tjsually '? th%_f?zrmhqlf a];hand/tcr)]rT r? elra\r/:or fodr)\t(hT) atlow
superconductors? In addition to the similar crystallographic emperatures, —while the other hall showe & exponen-

(2D or layeredl structure, the superconducting state in bothi@l dependence expected ferwave pa'“,ngl'a ** Conse-
materials is situated in the proximity to an antiferromagneticuently, the experimental situation regarding the temperature
phase, revealing the dominance of the Coulomb interactionglependence of the superfluid density<f(ET),X supercon-
Indeed, the following experiments, in our opinion, give cru-ductors is presently unclear and rather controvet§i@n

cial guiding lines in favor of an unconventional supercon-the other hand, some of recent theories sugdgssupercon-
ductivity with nodes in the gap in the-(ET),X supercon- ductivity in x-(ET),X.*"~*°

ductors.3C NMR measurements by Mayaffet al. showed The layered organic superconductork-(BEDT-

that the spin-lattice relaxation rate followsTd dependence TTF),Cu N(CN),]Br [abbreviated x-(ET),Br] possesses

at very low temperatures. This result together with thethe highest known critical temperature at ambient pressure
Knight shift provided firm evidence for a spin singlet pairing among the anisotropic organic superconductors. In this paper
with nodes in the gap.The low-temperature specific heat we report the temperature dependence of the in-plage,
measured by Nakazawa and Kanbsghowed a power-law and out-of-plane),, magnetic penetration depth, as well as
behaviorcy(T)=T? also consistent with nodes in the gap the zero temperature value of the latter, for single crystals of
structure. The third one is the experiment by Bedinal®  «-(BEDT—TTF),Cu N(CN),]Br using the ac susceptibility
which showed that the thermal conductivity varies linearlytechnique. We have chosen this technique since it is a direct
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method which enables to determingT) by detecting the [ ' ' ' ' ' ' ]
diamagnetism of the single crystals. We find characteristic 0.0 | mmm- 0
low-temperature dependences proportionalTtfor the in- [
plane superfluid density anit? for the out-of-plane super- I
fluid density, which are consistent with symmetry of the 0.2 i
order parameter if a cylindrical Fermi surface is taken into I Fi
account. - Pl B
Measurements of the complex ac susceptibiligy=(y’
+ix") were performed using an ac susceptoméfaSuS/
Sistemprojekt, Zagrebin the broad temperature range be-
tween 1.5 K andl', with the ac field applied either perpen- I
dicular or parallel to the crystal ac plane. Measurements were - H...|[ [001] j
performed forH ,.= 14 mOe atf =231 Hz. The temperature o8l i he 4/
of the sample was swept slow(®.5 K/min typically) with 1 1-5
the sample positioned in the upper one of the two identical Fooa=t1 Hac Il1010]
pickup coils immersed in the liquid helium bath. In order to YN ST T I P I AT AT B
probe the sample in the Meissner state care was taken to 0o 2 4 6 8 10 12 14
reduce the amplitude of the ac fielt#i{.) until the compo- T(K)
nenty’(T) was independent df ;. (H,.<42 mOeg and the o o
¥"(T) component was negligible. No frequency dependence FIG. 1_. Real and imaginary parts of the complex susceptibility
(13 Hz< f<2 kHz) was observed o ,.<1 Oe. In addition 1N @n ac field of 14 mOe parallel to the crystal ac plake[100]
no influence of Earth’s field was observed: runs performedt"dHacl[001]) and perpendicular to the ac plarid ([[010]).

with a compensated Earth field gave the same results. This is _
in accordance with the fact that the valugs,(T) corrected temperature dependences of the in-plane and the out-of-plane

for demagnetization for alf <10 K (Ref. 20 are far above superfluid densjty have been obtained. The Ia@ter shows that
Earth’s fieldHg. Namely, the value of Earth’s field deter- the observed difference ific does not have an influence on
mined in our laboratory i#1c~360 mOe* The calibration the obta|_ned final results reported in this paper._Slncg the
of the system was performed only in the field geometry| V€'Y Subject of onset temperatures is not the main topic of
plane with a piece of niobium foil whose volume and ratio of this paper, we W,'” address tr_ns subject in our forthcqmlng
the characteristic dimensions were close to those of th@ublication. Coming back to Fig. 1, note an anisotropy in the

sample. Following this procedure the demagnetizing effecfC reésponse foHz. pa,rallel and perpendicular to the ac
was taken into account. planes. For the formey’(T) decreases rather slowly, while
Measurements have been performed on four crystals frofP" the lattery’(T) falls sharply belowTc corresponding to
two different batches, rhombic platelets with large faces beSCréening currents flowing mostly in the ac plane.,ln addi-
tween 0.44 and 1 mfrand between 0.25 and 0.35 mm along tion. note that forH | plane and forH,cL plane x'(T)

> o : . beys a power-law behavigy’ (T)«T* with the exponent
the b axis. Two samples studied in the most detail exh|b|tedZ:2 anda=1 below about 5 K, respectively. While the

gualitatively the same behavior. Here we present data ob-

tained on one high-quality single crystal 0268.90x 0.33 anisotropy in)(_’ is clear[y related to the anisotropy}n itis
mm?. Crystallographic orientation of one crystal was deter_not clear that it can entirely be attributed to the anisotropy of

mined by taking one oscillation x-ray diffractigXRD) pat- the superfluid density over the whole temperature range.

gl o First we analyze the loW- behavior forH,| plane. In
tern (Ni-filtered CiK a;; Weissenberg camerand the corre- that case circulating supercurrents flow within the ac planes

sponding Eeroth layer-line Weissenberg pattern around the and also across them. For the crystal in Fig.(vidth
axis. Thisa=[100] axis is revealed to be parallel to the line D[001]=0.54 mm andD[100]=0.90 mm, thicknessb
bisecting the sharp angle (65°) of the lozenge-shapee-0.33 mmj, the former can be neglected since the condition
sample, while thec=[001] axis runs parallel to the line Ap/\a>D/b is easily satisfied by all estimates of the an-
bisecting the obtuse angle (115°). The=[010] axis is ISOtropy, obtained by different techniqu¥s\;, and .
aligned perpendicular to the largest facet of the crystal. &€ the penetration depths assoqlated with interlayer currents
¥(T) data taken at 231 Hz and #&t,.=14 mOe are and intralayer (_:urrents, respecfuvely. Th_en we can use the
shown in Fig. 1. The onset of superconductivity is observedormula for a thin superconducting plate in a parallel field
to be at 12.4 K and 11.2 K faf . plane andH, | plane,
respectively. The observed differencelig is somewhat sur- 14y = 2\ "( D
T : S +x' = —<tanh s—
prising, since no similar result has been reported so far. In D 2\
order to eliminate spurious influences we have verified, by
performing test experiments on the piece of niobium foilto getA,. D is the sample width in the direction of field
used for calibration, that no thermal gradient larger than 0.0penetration. ForH, | [100] and for H,|[001] D is the
K exists along the sample holder. Therefore, the observedample width in thd001] direction and in thg100] direc-
difference inT¢ is not an experimental artifact. In addition, tion, respectively. The fact that thg' response of our
the second single crystal studied in the most detail has showsample is different foH,|[100] and for H,|[001] con-
a smaller difference in onset temperatures of 0.8 K; neverfirms that the field penetration along tBedirection, and not
theless, essentially the same results for eithg0) or low-  the one along thé direction which is associated with,,,
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FIG. 2. Penetration depth as a function of reduced temperature T,
for H,J[100]. Inset: A, plotted versus T/Tc)? in the low-

temperature region 1.6 KT<5 K. FIG. 3. Out-of-plane superfluid densipg o, as a function of

reduced temperature. The solid line is a fit to the théeee Text

dominates the susceptibility of the sample. Moreover, wdnSEt Ps.ou plotted vs (/Tc)? in the temperature range 1.6

point out that the results obtained for both field orientations™
are mutually consistent. In what follows we show and ana- 5
lyze data for the field orientation in t§&00] direction as the ~10Wing approach to extra¢t ,¢(0)/\,¢(T)]” in order to get
ratio D/b is smaller than for thg001] case. the temperature dependence of the in-plane superfluid den-
The temperature dependence\gfis shown in Fig. 2. The sity. We follow the method of Kanodet al® and determine
temperature dependence xf is well described by tha? the deviation ofi ;. from the minimum value at the lowest
law at temperatures below about 5 K, i.6[/Tc)2<0.2(see  attainable temperaturgy,=1.6 K:
inset of Fig. 2. The solid line corresponds to the calculated

fit to the T? behavior in the temperature range 1.6<K ¥'(T) s
<5 K: Nac(T)=Nae(1.6 K=R|1—| ———| |, @
x' (1.6 K)
T 2
)‘b_k(Tc) +ho- @ with R=(A/7)Y2 whereA is the area of the sample’s large

face. The results thus obtained frgg are plotted in Fig. 4.
We getk=58+4 um and\y=A,(0)=132.9-0.5um. The

latter value is in very good accordance with values for the
out-of-plane penetration depth given in the literattfrdlote
that initial (low T) increase iny’ is related to the increase in
Ap by 1+ x'=2\/D [Eq. (1) for A<D], so that the qua-

20 L L L L L L L L

dratic T term is the leading term which describes the tem- 15 - v
perature dependence of both and )\, . £ )

It is useful to construct the quantifyh,(0)/\,(T)]? to =2 :
get information on the temperature dependence of the out-of- & 10k ’ ]
plane superfluid densitygs ¢ and on the symmetry of the 2 ) 3

\p(0) |2 § 5[ & ]
Ps,out= ( ° ) 3 < L Hag [11010] . .}..-';.
s )\b(T) . es’-_’?f"”"
[gR LY
The out-of-plane superfluid densipys o, as a function of e e

l.-.""',,._ 2 1
reduced temperature=T/T is displayed in Fig. 3. Note or. ,""T?‘ﬁi“k, T
that the leading term which describes the low temperature 0.0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
behavior of the out-of-plane superfluid density,, is the T
T2 term (see inset of Fig. B c

In the perpendicular direction of the field, itis much more £ 4. Change of the penetration depth with respect to the
difficult to obtain the absolute value of the penetration depthminimum value as a function of reduced temperature for
Nac. Namely, a large demagnetization factor for this orien-H_|[[010]. Inset: A ;c— A ,(1.6 K) in the low-temperature region
tation is very sensitive to the sample’s geometry and cannot.6 K<T<5 K is clearly linear in temperature with a slope of 3.4
be evaluated accurately enough. Therefore, we adopt the fol:m.
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Below about 5 K, there is a clear linear term with slope 3.4since there appears to be great confusion in the literature
um (see inset of Fig. 4. about what are the appropriate starting assumptions in this
The observed temperature dependence. Q{T), when calculation. Actually, there have been three different ap-
combined with the value ok,.(0) in the widely accepted proaches to calculatps,,(t) in high-T¢ cuprates in the
range 0.5um<\,,(0)<3 um, gives literature, depending on the relation between the in-plane

" (O))2 electron momentunk andk’ across the barriera) k=K',
Psin= ()\""C—T , (5 the in-plane momentum is conservéh) k+#k’, the in-plane
ac(T) momentum is completely randomized, afal k||k’, only
which behaves linearly withT at low temperatures as direction, but not magnitude, of the in-plane momentum is
expected ford-wave superconductivity® The temperature conserved. We consider that neither cémenor (b) can be
dependence of the in-plane superfluid density fordtveave  properly viewed as the tunneling model, sin@@, which
superconducting order parametdn\(K)|=Af with f might be called the anisotropic 3D model, is the usual tight-
—sin(2p), where ¢ is the angle between the quasiparticle Pinding model andb), which might be viewed as the limit-

momentumk and thea axis, within the weak coupling ;nc%tgﬁr? Ofbé?v?,et:: Qﬁgn% ne]?tggl’ir:iodhoeTelrr:?tl‘iar?lDtb{/llg:g-u d
theory is given b§* 9 Y

over, these two approaches give the expressions different
1 . 1 from Ambegaokar-Baratoff modelof Josephson tunneling.
L(H=1- —(ﬂA)f Re< ;> secﬁ(—ﬁAx) dx The simplest result fod-wave superconductors within the
Pin 2 0 VX2 —f2 2 approach(a) is given by Radtkest al?® As one expects this
9 model givespg o> t; that is, the same behavior as found for
~1-2(In2)(BA) 1= =£(3)(BA) 2 ps,in(t) at low temperatures. Therefore, this model does not
4 describe our present result. The model considered by Xiang
and Wheatle3f is a more elaborate version of this approach,
where they inserted an extka k’ dependence in the scatter-
x=E/A, whereE is the quasiparticle energy, ) means ing matrix. Their model gives & dependence fops ou(t),
average overe (over the Fermi surfage and B=T .  which also does not describe our result. In the apprabgh
Here we used @%%(1+ef*) ?=3seck(38Ax) and K andk’ are totally uncorrelated; i.e., only incoherent scat-
Re(x/x>—f2)=(2/m)xK(x) for x<1, whereK(x) is the  tering processes are taken into account. The simplest version
complete elliptic integral. In the last step we used the weakof this approach was elaborated by Geafal®! Their result

~1-0.6478—0.276°. (6)

coupling result for thed-wave order parameter 8i=0 K, looks fine fors-wave superconductors, but giveg,,=0
A(0)=2.14T¢. On the other hand, the out-of-plane super-for d-wave superconductors. Indeed, Hirschfetcal > have
fluid density is given by tried to save this unphysical situation by introducing, in our
opinion, a rather artificialb and ¢’ dependence in the scat-
_m A < I'(l )> tering matrix and foungs o,(t)=t3. Herep and¢’ are the
Psoullt) = 5 +7a7 | ftanh 5 BA -~ — . S .
’ 2 A(0) 2 anglesk andk’ make with thea axis, respectively. In our
2 7. calculation the mode{c) is used. We assumeg= ¢’, that
~|1-—(BA) %- —(,BA)4) is, the specular transmission as mentioned in Ambegaokar
6 120 and Baratoff's original paper, and more clearly characterized
3 by Hirschfeld et al3? Naturally, in this limit the tunneling
x| 1— —5(3)(,8A)3) should be coherent, since we do not introduce the impurity
2 scattering, and we obtain E() as given above. We stress
~1-0.35922. 7) that the modelc) is the only approach in which Josephson

coupling is present in unconventional superconductors like

Here 1-3¢(3)(BA) 2 comes fromA/A(0). Also, we have  d-wave superconductors considered in this paper. Therefore,
assumed thap o,«(t) is due to the Josephson tunneling be-the coherent tunneling or the specular transmission is our
tween layers and used the expression for the Josephson cerucial assumption. It is rather gratifying that our model ap-
rent obtained by Ambegaokar and BarafSffroperly gen-  pears to describpg ou(t) of both k-(ET),X salts and high-
eralized ford-wave superconductors. We would like to point T cuprates like YBCO and TI-2201 as discussed later in the
out that, to our knowledge, this is the first time that thistext.
model is used to calculaje; ,,,(t) in d-wave superconduct- The calculated fits to our experimental data according to
ors, although the Josephson tunneling between layers itheory are
high-T¢ cuprates has been established experimerfaiihe
related Josephson plasmons have been observed both in ps’in(t):1—0.82+O.283—0.644+ 0.185, 8
high-T¢ cuprate$’ and in x-(BEDT-TTF),Cu(NCS), or-
ganic superconductdf.The latter authors have estimated the Psou(t) =1—0.78%2-0.21t3+1.224~1.23% (9
out-of-plane penetration deptk,(0)=120 xm which is '
very close to the value we found in the-(BEDT-  where we assumel,.(0)=5 um. The result is shown in
TTF),CU N(CN),]Br system. Fig. 5. The linear term opg;,(t), indicated by a solid line,

In what follows we address the issue of calculatinghas a slope of 0.82. In contrast, the behaviorpgf,(t),
psou(t) for a particular layered compound in some detail,shown as a dashed line, is much flatter artfderm devel-
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FIG. 5. In-plane superfluid densipy ;, (solid line) and out-of-
plane superfluid densitys o, (dashed lingvs reduced temperature.
Ps.out IS qualitatively different from the behavior seen in the ac
plane. Thes-wave BCS resultdotted ling is shown for compari-
son.

ops at low temperatures. Note that the shapes of both curv
are qualitatively different from the-wave BCS result. Ex-
pressiong8) and(9) are quite comparable with Eq&) and
(7). First, we note that the coefficient of thé term in ex-
pression(9) for the out-of-plane superconducting density is
very close to the result found by Kanods al® for «-
(BEDT-TTF),Cu(NCS), single crystals. Second, a chosen
value of\ ,.(0) would indicate that the electron density,()
should be smaller by a factor of 10 than in the samples me
sured by the other authors sinlsgcz(O)ocne|. On the other
hand, the value\ 4(0)~1 um also gives &-linear depen-
dence forpg i, (t), but with the coefficient of thelinear term
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dependence @i i, (t) in YBCO is one of the crucial experi-
ments which indicated-wave superconductivity in higiic
cuprates® Further, theT? behavior inpso.(t) has been
only recently also established experimentally in higheu-
prate YBCO?® In addition, ps o,«(t) appears to display?
behavior also in the TI-2201 systethconsistent with our
theoretical model. On the other hand, thelinear depen-
dence ofpg oy(t) is observed in Bi22128 which is rather
puzzling.

Now, we address the possibility that the interlayer tunnel-
ing (ILT) model®® suggested to explain the superconductiv-
ity in the high-T- cuprates, might also be a relevant theory of
superconductivity in layered organic superconductors. The
basic assumption of the ILT model is that the transport of
carriers between layers is incoherent in the normal state,
while the coherent interlayer transport is allowed by Cooper
pairs in the superconducting state. It is exactly the latter pro-
cess which creates superconductivity in contrast to the model
we use in which superconductivity first arises by pairing cor-
relations within each layer. While the ILT model appears to
explain well the superconductivity in La-214 cuprate high-

¢ superconductors, the recent high-precision experimental
determination of the out-of-plane penetration depth for Hg-
1201 and TI-2201 systems gave values\gf;; in disagree-
ment with\, 7 predicted by the ILT modéf As far as«-
(ET),X superconductors are concerned, the ILT model is
less likely to be relevant as the mechanism of superconduc-

tivity for the following reasons. First, the experimental ob-

servation of de Haas—van Alphen oscillatidhsalso pre-

Hicted by band calculatiorfé,clearly shows that the normal

state is the traditional Fermi liquid state. Second, taking into
account the valug,,,(0)= 133 um, the Josephson coupling
energy appears to be 1000 times smaller than the condensa-

much larger than expected theoretically in the weak-couplingjon energy, which is at variance with the basic prediction of

model. The coefficient of the leadirtgterm in the expres-

the ILT model. Moreover, this result implieg.=0.37 K

sions of both in-plane and out-of-plane superconducting dengiihin the ILT model, which is 30 times lower than actually
sities depends strongly on the ratio of the superconductingcared Te=12 K).

transition temperature and the zero temperature supercon- Finally

ducting order parameter. A comparison of E8). with Eq.
(6), and Eq.(9) with Eq. (7), suggests that the superconduct-
ing order parameter atT=0 K of «-(BEDT-
TTF),CUu N(CN),]Br is somewhat smaller than that pre-

the standard model based on Coulomb dominance

and/or antiparamagnon exchange gidgg-wave supercon-
ductivity in x-(ET),X salts!’~*° However, a startling result
within the standard model is reported in Ref. 43. For ex-

ample, Fig. 3 in Ref. 43 shows that the superconductivity is
not d wave, butg wave with extra nodal lines running along

Phe diagonal directions, as well. It appears to us that this
strange result it due to the wrong choice of the relative sign
between two order parameters attached to two distinct Fermi

dicts. surfaces. When this error is corrected, the result in Ref. 43
Therefore, the observed temperature dependencesiof  agrees with those in Refs. 17—19. In spite of (sign) prob-

and ps o perfectly agree with the behavior expected in thejem Ref. 43 stressed correctly the importance of the inter-
framework of thed,, model. TheT dependence Opsin @ pand scattering in organic superconductors. Therefore, we
low temperatures implies linear nodes at the Fermi surfacgonclude that most available approaches in the framework of
These linear nodes also give rise to both Tiedependence the standard model expedtwave superconductivity k-

of the spin-lattice relaxation raffel_1 and theT? dependence (ET),X salts.

of the specific heat at low temperatures consistent with the |, summary, we have established the linear temperature
observation in the «k-(BEDT-TTF),CUN(CN),]Br  dependence of the in-plane superfluid density and Tihe
superconductot In addition, the thermal conductivity gependence of the out-of-plane superfluid density below 5 K
within 5254 ac plane should behavg linearly i for jya single crystal ofk-(BEDT-TTF),Cu N(CN),]Br by us-
T<Tc,™" as observed by Beliret al” The presence of ing the ac susceptibility technique. The observed power laws
linear nodes iM (k) indicates that the order parameter in the are fully consistent with those expected in thevave model
x-(ET),X salts might be very similar to thd-wave order of superconductivity in which the bulk superconducting state
parameter in highc cuprates. We recall that thElinear is stabilized by the Josephson coherent tunneling between

dicted by the weak-coupling limit. Though this is somewhat
surprising, a similar behavior has already been discussed f
a realistic modet® This might imply that the order parameter
may be more complicated than the simplg, model pre-
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the superconducting layers. This observation should further We would like to acknowledge K. Kanoda, T. Takahashi,
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