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We report high-resolution measurements of the coefficient of thermal expansioh, X (dl/4T), on
single crystals of the organic superconducigfs(ET),SFKCH,CF,SO; andx-(ET),Cu(NCS),. For both salts
we find large and highly anisotropic phase-transition anomaliég atCombining these data with literature
results on the specific heat via the Ehrenfest relation, the uniaxial pressure coefficientanfbe determined.
Most remarkably, a strikingly similar in-plane vs out-of-plane anisotropy is found for both compounds: the
strong suppression of . observed in hydrostatic-pressure experiments is dominated by a huge negative
uniaxial stress effect perpendicular to the conducting planes. Therefore we expect that an incfeasehi$
class of superconductors can be obtained by enlarging the distance between the conducting layers. Application
of magnetic fields perpendicular to the planes for gfe(ET),SKCH,CF,SO; salt were found to result in
pronounced superconducting fluctuation effects and scaling behavie(TifB). Owing to the pronounced
phase-transition anomalies w(T,B) at T, our measurements allow for an accurate determination of the
upper critical fields. We findBéz(O)=(l.4i 02) T andB‘lz(O)=(10.4i 0.5) T for fields perpendicular and
parallel to the conducting planes, respectively.

. INTRODUCTION the superconductgs”-(ET),SKCH,CF,SO; with T, around
5 K has recently been fouridThis salt, which contains large
Among the radical cation organic charge-transfer salts theliscrete anions without solvent molecules, is unique in being
majority of superconductors is based on the electron donathe first superconductor of this class free of any metal atoms.
molecule bigethylenedithigtetrathiafulvalene, commonly A generally accepted picture of the nature of supercon-
abbreviated BEDT-TTF or simply ET. Of particular interest ductivity in this class of materials is still lacking. A way to
in this class of materials are the-phase (ET)X salts find out the relevant microscopic parameters is to look for
with the complex anions X~ =[Cu(NCS)]~ and systematics that correlaf®, with other physical parameters
[CU{N(CN),}Br]~. These salts have a layered structure consuch as the unit-cell dimensions. To this end, comparative
sisting of alternating sheets of conducting (EToations and  studies of the directional-dependent uniaxial pressure depen-
insulatingX™ anions. Besides their high. values around 10 dencies on various, well-characterized members of these
K, the strong interest in this class of superconductors origigquasi-two-dimensional superconductors are most useful.
nates in their normal- and superconducting-state properties Here we report on the determination of the uniaxial-
which are similar to those of the highs cuprates. pressure coefficients daf., in the limit of vanishing pressure
As the delocalization of the charge carriers within the ETby means of thermal-expansion measurements. According to
layers is provided by the overlap af orbitals of sulfur at- quantum-oscillation studies8”-(ET),SRCH,CF,S0O;,* as
oms of adjacent ET molecules, the anion structure is crucialvell as x-(ET),Cu(NCS),° selected for this study are char-
in determining the packing pattern of the ET molecules andacterized as quasi-two-dimensional superconductors with a
thereby the electronic properties. While the above mentioneligh degree of crystalline order. For both compounds pro-
k-phase salts contain polymeric charge-compensating amounced phase-transition anomalies were observed in the co-
ions, large discrete counter ions suchVl§CF;), + solvent efficient of thermal expansion at,, indicative of a substan-
molecules M =Cu, Ag, Au) were found to produce simi- tial coupling of superconductivity to the lattice degrees of
larly high-T. values? In the course of this line of synthesis freedom. Most interestingly, we find an in-plane vs out-of-
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plane anisotropy which is identical in both cases. In addition, 40 y T
owing to the pronounced lattice responseTat our mea-
surements allow for a very accurate determination of the up- -
per critical fields for theB”-(ET),SKCH,CF,SO; salt.

60

30
Il. EXPERIMENT 40

The coefficient of thermal expansion was measured by L 20— }
means of an ultra-high-resolution capacitance dilatorfieter
with a maximum sensitivity corresponding ol /I =10"1°,
Length changedl(T)=I(T)—1(1.4 K) were detected upon
both heating and cooling the sample with a rat&/dt|<2
K/h. The coefficient of thermal expansiom(T)=I"1

]
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a(T)=[AI(T,)—AI(T)[1(300 K)-(T,—T,)] with T 10
=(T,+T,)/2. Measurements were performed along both in-
plane principal axes and perpendicular to the highly conduct-

ing planes, i.e., alon@* and almost parallel toc for
x-(ET),Cu(NCS) and B"-(ET),SKCH,CFSO;, respec-

tively. A small misalignment of about 5° cannot be ex- 0
cluded. The magnetic fields were aligned parallel to the mea: ¥
suring direction. L L . L . L

The single crystals used were synthesized by the standar 0 10 TZ(OK) 30 40
electrocrystallization technique as described elsewhére.
For the measurements on ti#-(ET),SKRCH,CF,SO; salt FIG. 1. Coefficient of thermal expansiom vs T for

(triclinic crystal structurg two crystals were used, both of g"-(ET),SRCH,CF,S0; along thea, b, andc axes. Thec axis is
which have dimensions a(<bxc) axis =~(5X1.2  almost perpendicular to the highly conductiag plane. The inset

X 0.5)mn?. While the a- and b-axis thermal-expansion co- shows the in-plane thermal-expansion coefficientsand ay, up to
efficients @, and «, were measured on crystal 4T( 220K

=475 K), the a, data were taken on crystal 2T{

=4.6 K). The single crystal ofx-(Dg-ET),Cu(NCS), data inthe inset of Fig. 1 reveal an abrupt change in slope of
(monoclinic structurg with T.=9.95 K had dimensions «, around 160 K. The origin of this feature is unclear, but
(a* Xbxc) axis=(0.65<2.3x1.2) mn?. In the D;-ET  might be related to a conformational ordering of the terminal
molecule the terminal ethylene groups of the ET moleculesthylene groups of the ET molecules. We note that a similar
are deuterated. Except a slightly higher transition temperaanomaly, i.e., a sudden change of slope is found also in the
ture for the deuterated compound compared to the hydrogex;(T) data of x-(ET),Cu(NCS), at temperatures 170T
nated one, the two systems are considered identical as for the190 K2 Apart from the superconducting transition there
properties discussed in the present paper. For the determinare no further anomalies visible in the(T) data shown in
tion of T, we use the standard “equal-areas” construction inthe main panel of Fig. 1. In particular, we observe a smooth

aplota(T)/T vsT. variation of «; with T in the temperature range 300
<90 K, where a sequence of rather sharp maxima, reminis-
IIl. RESULTS AND DISCUSSION cent of structural anomalies, was found in the
k-(ET),Cu(NCS), salt®
A. Uniaxial pressure coefficients ofT. The volume thermal expansig®(T) =2, «;(T) is related

Figure 1 shows the linear thermal-expansion coefficientdo the specific heat via the Graisen relation
«;(T) of B"-(ET),SKCH,CF,SO; along thei=a, b, andc
axes for temperatures up to 40 K. The inset contains data of
the in-plane coefficients, and a}, up to 220 K. In accor- _., KT
dance with the crystal structure the lattice response to tem- A=y mol v, @)
perature changes is strongly anisotropic in the whole tem-
perature range investigated. At we observe pronounced where kt denotes the isothermal compressibiliey,,o the
second-order phase-transition anomalies with opposite signmolar volume, andy the volume Graeisen parameter. Us-
in a, and a.. This contrasts withw, where no significant ing literature data for the specific h&3t'and assuming that
anomaly is visible af.. While the linear expansion coeffi- the bulk modulus  B=1/kt=122 kbars for
cient along the in-pland direction grows monotonically «-(ET),Cu(NCS), (Ref. 12 is appropriate also for the
with increasing temperature, we find a broad minimum strucg”-(ET),SFCH,CF,SO; salt, we can estimate the Gru
ture with negative values af centered around 8.3 K fat,  eisen parametety. We find y~3.5 for the former andy
and 12.5 K fora,, respectively. It is remarkable that the ~1 for the latter salt. Since is a measure of the anharmo-
in-plane anisotropy i, i.e., @, VS a,, grows with increas- nicity of the lattice vibrations these results may indicate that
ing temperature. This corresponds to a progressive triclinianharmonic lattice vibrations are favorable for superconduc-
distortion of theab plane upon warming. Furthermore, the tivity in this class of materials.
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FIG. 2. Thermal-expansion coefficientg vs T close to the

superconducting transition measured parallel and perpendicular
the conducting planes f@"-(ET),SKCH,CF,SO; (left pane) and
k-(Dg-ET),Cu(NCS) (right pane).

Figure 2 compares details of close to the superconduct-
ing phase transition o8”-(ET),SKCH,CF,SO; (left pane)
with those ofx-(Dg-ET),Cu(NCS), (right pane]. Strangely

enough, both systems, though structurally different, behav&Ref- 19 and
very similar with respect to the in-plane vs out-of-plane an-
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to —(3.2+0.36) K/kbar€ These numbers are somewhat
larger thano’!TC/ﬁrf =—2 K/kbars obtained in an uniaxial
stress experime F.Lln accordance with previous studies on
hydrogenated¢- (ET),Cu(NCS), (Refs. 14, 16, Bconsider-
ably smaller effects are found in the thermal-expansion ex-
periments for in-plane stress. For both salts we find
dT./dp>0 for stress along one in-plane axis while
dT./dp~0 along the second one. The so-derived uniaxial-
pressure coefficients for both samples are collected in
Table 1.

We note that the hydrostatic-pressure dependencids of
determined from the present studyottom line of Table )
are in good agreement with the values found in hydrostatic-
pressure experiments, i..dT./dp)nyqr.=—1.34 K/kbars
for B"-(ET),SKRCH,CF,SO; (Ref. 17 and —3 K/kbars for
k-(ET),Cu(NCS),,*® respectively. The above pressure coef-
ficients are much larger than those found in any other super-
conductor as, e.g., conventional metals or highcuprates.
At first glance this is not surprising in view of the weak
van-der-Waals bondings between the ET molecules that re-
sult in a large isothermal compressibiligt . To account for
s effect one should therefore consider the volume depen-
dence of T., dInT/oInV=VIT; dT/N=—1(kt-T¢)
-(dT./dp). Using again the compressibility data of
k-(ET),Cu(NCS),'? one finds for both saltInT./dInV
~40. This is substantially larger than what is found for other
classes of superconductors as, eidn T./dInV=2.4 for Pb
—(0.36-0.6) for YBaCu;0O; (Ref. 20 and
underlines the role of the lattice degrees of freedom for the

isotropy in the lattice response at the superconducting trarzUPerconducting instability in this class of materials.

sition. Via the Ehrenfest relation, the discontinuitiesanat
T., Ag;, provide information on the uniaxial-pressure de-
pendencies off . along thei axis in the limit of vanishing
pressure:

)

where AC denotes the discontinuity af; in the specific
heat. Using the jump heightAC reported in literature
for the two saltt”!! one finds for both systems a huge

As demonstrated in Table | the large negative hydrostatic-
pressure derivatives df. for the two title organic salts are
dominated by a huge negative pressure effect for stress per-
pendicular to the highly conducting planes. As discussed in
Ref. 1, this may arise from several factoi$) pressure-
induced changes in the interlayer interaction. This effect in-
cludes changes of both the interlayer coupling, i.e., the de-
gree of two-dimensionality, and changes in the electron-
electron as well as the electron-phonon coupling constants
and (ii) changes in the phonon frequencies. Likewise,
changes in the vibrational properties could be of relevance
for the intraplane-pressure effect @p. In addition, in-plane

negative pressure effect for stress perpendicular to thstress effectively modifies the electronic degrees of freedom

planes, i.e., dT./dp,=—(5.9£0.25) K/kbars for
B"-(ET),SKRCH,CF,SO; and dT./dp, =—(6.2+=0.25)K/
kbars for x-(Dg-ET),Cu(NCS).> We note that mea-
surements on hydrogenated crystals revi@al/dp, values
of similar size ranging from-(4.8+0.8) K/kbars(Ref. 149

by changing the transfer integrals between the highest occu-
pied molecular orbital§HOMO's) of the nearest neighbor
ET molecules. To clarify the relative role of the above vari-
ous factors further material-specific investigations from both
theory as well as experiment are needed. Yet, without such

TABLE I. Uniaxial pressure dependenciesTqf. The hydrostatic-pressure coefficients in the bottom line

were determined byd(T ./ dp)nyqr.= Zi(dTc/dp;). Note

that for the determination ofT/Jdp)nyqr. Of the 8"

salt the jump heightd a, and A «}, of crystal 4 andA «, of crystal 2 were used.

dTclap; aT¢1ap;
B"-(ET),SKCH,CF,SO; [K/kbars| k-(Dg-ET),Cu(NCS) [K/kbars|
b axis (in plane 3.9+0.15 c axis (in plane 3.44+0.15
a axis (in plane 0.39+0.1 b axis (in plane —(0.14+0.1)
c axis (L planes —(5.9+0.25) a* axis (L planes —(6.2+0.25)
volume —(1.6+£0.5) volume —(2.9£0.5)
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FIG. 4. Scaling behavior of the superconducting contribution to
ag, a3f, for B"-(ET),SKCH,CF,S0O; in magnetic fields aligned
perpendicular to the planes.

tropic: while for fields parallel to the plan€spper panglthe
phase transition inx(T) is still visible even inB=9 T, a
field of 1 T is sufficient to almost completely suppress su-
perconductivity forB perpendicular to the conducting planes
—— (lower panel of Fig. 3

Furthermore, Fig. 3 illustrates the influence of thermal
- ] fluctuations of the amplitude of the order parameter which
—— 05 can be considerably strong in materials with reduced dimen-
—— 0625 ] sionality. With increasing magnetic fields aligned perpen-
—0— ]
—
Sy

------------------------

B(T) L planes

0 -1

|
—_

a. (10°% K'Y

|
(3]
T T

dicular to the conducting planes, the phase-transition
anomaly becomes substantially broadened. This is under-
stood as a field-induced dimensional crossover: in high fields
5 ] the confinement of the quasiparticles to their lower Landau
levels leads to a reduction of the effective dimensionality
from a quasi-2D system in small fields to a quasi-OD system
in strong field$?? This enhances the effect of fluctuations
in growing fields. As a result the rather sharp phase-
FIG. 3. Field dependence af, (parallel to the conducting transition anomaly in zero field becomes progressively
planes, upper paneland «. (perpendicular to the conducting rounded and smeared out with increasing fields. In higher
planes, lower pangfor B”-(ET),SRCH,CF,SO;. Fields are paral-  fie|ds the phase boundary in tBeT plane is replaced by a
lel to the measuring direction. crossover line with a rather wide region of critical fluctua-

. . . . tions. The effect of fluctuations on transport and thermody-
supplementary mfprmatlon the following poncluspns can be,amic properties has been studied by Ullah and Dofey.
drawn on the basis of the presently available défaTc is  Assuming the lowest-Landau-level approximation and taking
most sensitive to changes of the cross-plane lattice paramelgy, 4ccount only noninteracting, Gaussian fluctuations they
which may affect the interlayer interaction, i.e., the strengthyyain an expression for the scaling functions of various ther-

of the three-dimension&BD) coupling and/or the vibrational modynamic quantities as, e.g., magnetizafibrnd specific
properties of the latticelii) An in-plane-stress effect which oo

is either positive or zero for the present salts makes a purely '

3

3 4
T (K)

density of states effect to account for the pressure-indiiged T-T"(B)
shifts very unlikely: pressure-induced changes in the density- E,=F, A;n 3
of-states should be strongest for in-plane stress owing to the (TB)

quasi-2D electronic band structure. According to the simplg, i, = — M/(TB)" or C/T.2* F, is an unknown scaling
1 . I

BCS relation, an in-plane-stress-induced increase of thgnction, A a temperature- and field-independent coefficient
m-orbital overlap, i.e., a reduction of the density of states a5 4 cterizing the transition width ane: 2/3 for anisotropic
thg F_er_ml level,n(Eg), should Iea_d to a reduction df.. 3D systems, anch=1/2 for a 2D systeng‘f(B) is the
This is in contrast to the observation. mean-field transition temperature. Since the coefficient of
_ _ _ thermal expansion is closely related to the specific heat via
B. Fluctuation effects and scaling behavior the Grineisen relation, cf. Eq(1), a scaling relation can be
Figure 3 shows the linear coefficients of thermal expanexpected also fow/T. Figure 4 shows the, data in varying
sion ay, anda, of B”-(ET),SRCH,CF,SO; at varying mag-  fields in a plotaS%T vs [T—TI(B)1/(TB)*2 «2° denotes
netic fieldsB. Owing to the layered crystal structure the the superconducting contribution te., i.e., the raw data
field-induced temperature shifts df, are strongly aniso- corrected for the phonon background. As the latter is very
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12 — T T T T tively. The latter value is close to the Pauli-limiting field

B"- (ET), SF,CH,CF,SO, ] approximated by Hy(in Teslq)': 1.84% Tc(in .K) =.8.74 T.
This strongly supports the pairing state’s spin-singlet charac-

] 1 ter for the present salt.

10 ® Bllplanes (#4) Measurements oBéZ(T) for the present salt have been

i O B 1planes (#2) ) -
previously reported by Wankat al. based on specific-heat

9_
i experiments® Our results forBéz(T) deviate from the val-
8 - ues derived from their experiments where a somewhat
1 weaker reduction off ; with increasing field was claimed.
77 From their data an upper critical field value a0 of
T Bé2(0)=(3.4i 0.4) T was extrapolated. Since the crystals
':N 6'_ used in both experiments come from the same source and
m’ 5 revealT, values of similar size, sample dependencies appear
] rather unlikely to account for the discrepancthlz(O). We
4 believe that owing to the pronouncedT) discontinuities at
. T. [a 100% effect ine(T) compared to a few percent in the
3 specific hedt thermal-expansion measurements are better
. suited to follow the transition as a function of applied mag-
24 netic field for this material.

To determine the coherence lengths perpendicular and
parallel to the conducting planes, and¢, respectively, the

following relations are usedBéZ':d)O/(ngﬁTC) and \T
:B&/Béz':g“/gl ,%® where Béz/ and Bﬂ; are the initial
slopes of the upper critical fields fd perpendicular and

o _ parallel to the conducting planes, respectivdlyis the an-
FIG. 5. Upper critical fieldsB. (T) for fields parallel and per-  isotropy parameter ang, the flux quantum. We finck

pendicular to the conducting planes f8f-(ET),SRCH,CF,SO;. =(144+9) A, ¢ =(7.9+15) A, and I'~=330. The
The lines are guides for the eye. The data have been taken on Wqoss-plane coherence length being smaller than the inter-
different crystals 4 and 2. layer distance of 17.49 A suggests a quasi-two-dimensional

character of the superconducting state. This is supported by
small in the temperature range of interest, iles5 K, and  the huge anisotropy paramefér=330 that exceedE~100
field independent, we find that both the quality of the scalingfound for the «-(ET),Cu(NCS), salt}?® A high degree of
as well as the mean-field transition temperatl]fEé(B) de-  two dimensionality in the normal state was also observed in
rived from the scaling plot are not affected by the subtractiorShubnikov—de Haas measureméhts.
procedure. As shown in Fig. 4 the various field curves
a(T,B) show the 2D scaling over a rather wide tempera- IV. SUMMARY
ture and field range. We note that a 3D scaling is found to
work equally well. The same observation was made in a [N summary, a comparative thermal-expansion study of
scaling analysis of magnetization and thermal-expansiofh€ quasi-2D charge-transfer sa$-(ET),SRCH,CF,SO;,
data of k-(ET),Cu(NCS).?>?% Another interesting feature @ superconductor ~without any metal atoms, and
shared not only by the above organic compounds, but also by-(Dg-ET),Cu(NCS), is presented. The anisotropy of the
the highT . cuprates, is that the actual scaling range is muchiniaxial pressure dependenciesTefis found to be strikingly
wider than the field and temperature interval predicted bysimilar for both compounds: a huge negative pressure effect
theory?#?” We note that the mean-field transition tempera-for stress perpendicular to the conducting planes that domi-
turesT™(B) derived by using the above scaling relation, arenates the large negative pressure effecffon Our findings
identical within the experimental error with the values ob-fule out models that solely consider intralayer interactions to

tained by using the standard equal-areas construction in @count for the strong reduction 8¢ under hydrostatic pres-
plot /T vs T. sure. Rather we find that interlayer effects are most impor-

tant. We expect that an increase Tyf can be obtained by
enlarging the distance between the conducting layers. Since
the superconducting contribution to the coefficients of ther-
Figure 5 shows the temperature dependencies of the upperal expansion parallel and perpendicular to the planes is so
critical fieIds,Bcz(T), for fields parallel and perpendicular to large for 8”-(ET),SFCH,CF,SO;, we were able to study

the highly conductingb plane of8”-(ET),SRCH,CF,S0;.  the field dependency of. with a high degree of accuracy.
As shown in the figureB,_ is strongly anisotropic. An ex- For fields applied perpendicular to the planes we could study
trapolation of the data in Fig. 5 t&=0 vyields B: (0) the gffect of_supercoqduct|ng quctuauonsQ(lT,B) using a

- | - T e scalmg.relatl.on. We find a pr_onounced anlsotropy of the up-
=(1.4+0.2) T andB,(0)=(10.4*0.5) T for fields per- per criti-cal fields. The resulting degree of two dimensional-
pendicular and parallel to the conducting planes, respedty is even higher than that of the-(ET),Cu(NCS), salt.

C. Upper critical fields
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