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We report on specific-heat, magnetization, and ac-susceptibilty = measurements  of
B"-(BEDT-TTF),SK,CH,CF,S0O;, an organic superconductor wify=4.5 K, where BEDT-TTF stands for
bis(ethylenedithig-tetrathiafulvalene. The jump of the specific h€aat T, and the exact form of the specific-
heat difference betwee@ in the superconductingg=0 T) and in the normalB=3.5 T) state can be well
described by BCS theory with strong coupling. We estimate an electron-phonon coupling pavesitér
From measurements of in magnetic fields we extract the upper critical fidB},(T). Low-field dc-
magnetization measurements were used to determine the temperature dependence of the lower critical field
B.:- From T, down to~3 K the characteristic suppressionB®f;(T) below the sensitivity limit is observed.
[S0163-182698)00305-1

I. INTRODUCTION One important thermodynamic property, which is fre-
quently used to characterize a sample is the specific@gat
The majority of superconducting organic salts are basetvhich yields information on the electronic and the phononic
on the electron donor molecule teshylenedithip-  excitation spectra. In addition, the jump heigt€ at T, and
tetrathiafulvalene (BEDT-TTF)  with  stochiometry the temperature dependence ©f in the superconducting
(BEDT-TTF),X, where X~ is a monovalent charge- State can be compared to the BCS prediction. We investi-
compensating  anion.  Since the discovery ofgated C of a high-quality single crystal of
(BEDT-TTF),ReQ, in 1983 (Ref. 1) the number of organic B"-(BEDT-TTF),SFCH,CF,SO; from ~0.7 to 7 K inzero
superconductors in this class has been constantly growing. fnd different magnetic fields up to 3.5 T. We determined the
these materials, highly conducting BEDT-TT¥ cation Sommerfeld coefficieny of the electrons in the norm'a'l statg
layers alternate with separatingy” anion layers. The pack- and the temperature dependgnce of 'ghe upper critical field
ing motifs of the BEDT-TTF molecules depend on the anionBCZ' To further cha(actenze th|§ organic superconductor we
X~ and result in different crystallographic phagdswell _measured the low-field magnetization and the ac susceptibil-
: . . ; : . ity. From these measurements we were able to extract the
investigated is thec phase with polymeric anions such as

_ lower critical fieldB.; and the temperature and angular de-
— —4 cl

Cu(NCS),, CUN(CN),]Br~, or CYN(CN),JCI"." The  nondence of the irreversibility field;, .

last of these has the highest superconducting transition tem-

perature to date, withiT.~13 K at ~0.3 kbar applied
pressurée. Currently, the nature of the superconducting state
in these materials is still an open question. The experimental The investigated platelike single crystal was prepared by
situation is controversial and inconclusié. an electrochemical process described in detail in Ref. 9. The
A promising recent development is the crystallization ofspecific heat was measured with the standard heat-pulse tech-
BEDT-TTF with large discrete ions such 8(CF;), (M nique in a®He cryostat that was equipped with a supercon-
=Cu, Ag, or Au to form superconducting salts, of the gen- ducting magnet for fields up to 4 T. The sample consisted of
eral formula x-(BEDT-TTF),MCF;(1,1,2-trihaloethane  a single crystal with a total mass of 2.4 mg that was broken
which have similar superconducting transition temperattires.into four pieces during our investigations. On one piece of
In analogy to these perfluorinated organometallic complexthe sample we were able to detect Shubnikov—de Haas os-
anions another step to create new organic superconductogfilations, which proves the high quality of the investigated
was the use of large polyfluorinated anions, i.e..crystall® The pieces were glued with a small amount of Api-
SK,CH,CF,SC; .° The B"-(BEDT-TTF),SR,CH,CF,SO;  ezon N grease onto a sapphire plate. On the other side of this
salt has a superconducting onset temperature ®2 K ac- sample holder an evaporated Au film serves as a sample
cording to ac-susceptibility measuremeht$o date only heater and a calibrated R¥SMD (surface mounted devige
limited information on the thermodynamic properties of thisresistor that is glued to the sapphire is used as a thermom-
first entirely organic superconductor is known. eter. The temperature was measured with a high-resolution

II. EXPERIMENTAL DETAILS
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FIG. 1. Specific heat of3"-(BEDT-TTF),SFCH,CF,SC; in which allows a better resolution of the specific-heat anomalies and
zero magnetic field and iB=3.5 T applied perpendicular to the the strong deviation from the simple Debj&law. The solid line is
highly conducting BEDT-TFF planes. The superconducting transi2 fit with the y and 8 as in Fig. 1 plus two Einstein mod¢s) as
tion temperature &f is marked by an arrow. The solid line is a fit described in the text. The inset shows the temperature dependence
of the formC= yT+ BT for the data up to 2 K. of the upper critical fieldB., (solid circles and the irreversibility

field B;, (open circley determined by specific-heat and ac-

ac resistance bridge that allows a relative temperature resg- sceptibility measurements, respectively.

lution of 8T/T~10°. The heat capacity of the empty
sample holder was measured separately in different magneti8d mol'* K™%, Above ~2 K a clear upward deviation of
fields to obtain a reliable value of the addenda contributionthe data from the simple Deby® law is observed that will
For B=0 the addenda contributedt80% at low tempera- be discussed later in detail.
tures (T~0.9 K), which prohibited a reliable determination ~ The value of the Sommerfeld coefficientis well within
of C below this value. Afl, the sample contributed approxi- the ~ range reported  for ~ other ~ BEDT-TTF
mately 50% to the total heat capacity, which allowed a deSuperconductors:**For a two-dimensional2D) Fermi lig-
termination ofC with a relative accuracpC/C of ~0.5%. uid the linear coefficient of the specific heat is given by
The magnetizatioM was measured in dHe croystat  ¥*°=(/2)(k§/A%)m*Vir, whereks is the Boltzmann fac-
down © 2 K in alow-field superconducting quantum inter- tor, m* is the renormalized effective mass, avif’ is the 2D
ference device(SQUID) magnetometer. The cryostat is molar volume in mi/mol. With the known room-temperature
shielded byu metal to reduce external fields to belowuT . lattice parametefs and the effective mass from band-
The ac susceptibility was measured down to 0.45 K fiHe  structure calculationsipge=1.01m,,*° y?P~5.4 mJ/mol K
cryostat where magnetic fields up to 15 T can be appliedis expected. Comparison with the experimental value hints to
The ac signal was detected by a compensated pickup calin average effective mass enhancement by a facter3o5.
system with the usual lock-in technique. A modulation-field This is somewhat larger than the enhancement found in our
frequency of 782 Hz with an amplitude below 0.2 mT wasSdH experiment where a cyclotron effective massnof
used. For more details see Ref. 11. =(1.9+0.05)m, for one small 2D orbit was founkee also
discussion beloW*® However, besides the closed orbit seen
in the SdH experiment quasi-one-dimensional open bands
IIl. RESULTS AND DISCUSSION are predicted that also contribute to the electronic specific
Figue 1 shows the specific heatC of heat. Nevertheless, the specific-heat gives additional evi-
B"-(BEDT-TTF),SFR.CH,CF,SO; in B=0 and 3.5 T over denceT for a strong mass enhancement due to many-body ef-
the whole investigated temperature range in a double!€CtS in the title compound. , ,
logarithmic scale. Because of the large phonon background From the coefficientg of the cubic term we obtain a
the anomaly inC at T, (marked by an arrow in Fig.)lis  Debye temperature 6= (¥ 7R/ g)*3=(221+7) K,
hardly visible. The field oB=3.5 T applied perpendicular to whereR is the gas constant and=68 is the number of
the highly conducting BEDT-TTF planes is large enough toatoms per formula unit. This value is well within the range of
suppress the superconducting transition well below thép reported for many other BEDT-TTF compounids®®
shown temperature rangsee beloyw. The low-temperature Similar to what was found fok-(BEDT-TTF),l; (Ref. 12,
dependence of the normal-state specific heatag K in a-(BEDT-TTF),MHg(SCN), (M=K, Rb, and NH) (Ref.
B=3.5 T was approximated by the usual low-temperature fitl4), and other BEDT-TTF salts an upward deviation from
of the formC= yT+ BT?, wherey is the Sommerfeld coef- the simpleT® law is observed already at low temperatures
ficient of the electronic specific heat agdis the coefficient (see Fig. L From Fig. 2 the strong deviation from the Debye
of the low-temperature Debye approximation for the phonoraw can be seen more clearlg T® dependence would yield
contribution. The coefficients of the fit shown in Fig. 1 are a constant value fo€/T%). The additional phononic contri-
y=(18.7+1) mImof*K™? and pB=(12.2£1) bution with a maximum inC/T® at ~6 K resembles very
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closely the behavior seen fot-(BEDT-TTF),l5.12 These o T '

low-lying phonon excitations are presumably due to libra- 150 P-(BEDT-TTF);SF:CH;CF,S0, ]
tional optical modes which have been observed also by reso- B(T)
nant Raman scatterinig®*’ The corresponding excess pho- [ 0 I
non contribution, C4,, can roughly be described by 100} °05 S
Einstein-like excitation specttd < >
£
o —no Ot 2 exp(Oc/T) . g%
exc ERB T [exr(@E/T)—l]Z’ ( ) 2

where®¢ is the characteristic Einstein temperature &hd
is the number of Einstein modes per mole. Wittand 8 as
given above and with only one optical mode the best fit to -50
the data give® =28 K andNg=1X 10?*mol~*. However,

a much better description is possible by the use of two modes L . .
with @g,=23 K, NE1=4><1023 mol~L and Op,=44 K, FIG. 3. Specific-heat differencAC between superconducting

Ng,=1.6X 10?4 mol~ (solid line in Fig. 2. These Einstein and normalC for different magnetic fields applied perpendicular to

temperatures correspond to mode energies in the rangetlie BEDT-TTF planes. The solid line is a fit of t#=0 data
. i he B h ith litgef. 22.

meV to 3.8 meV(16 cm ! to 31 cm' 1) in rough agreement according to the BCS theory with strong coupli 2

with the Raman modes found between 20 c¢cmend 50 ., |

cm 131617 tio B!./B:

i/ Bi;~10 is rather low. However, additional work is
The specific-heat anomaly of the title compoundratis ~ N€cessary to obtain more information on the superconducting
rather broad already &=0 (see Fig. 21° With increasing

magnetic phase diagram.

field the anomaly gets broader and strongly reduced in am- !N Fig. 3 we have plottedd C(T) = Cg(T) — Cn(T), the
plitude. This behavior is known for strongly type-Il layered SPecific-heat difference betwee in the superconducting
superconductors such as organic metals or cuprates and @1d normal state. In. order to get the most rghable estimate
flects strong fluctuation effects due to the low dimensionality’®" Cn(T) the data inB=3.5 T were approximated by a
and the short coherence lengths. From a @I5F vs T (not polynomial. The field depe_ndences of t@ganomalles can
shown hergwith the usual equal entropy= area condition be seen now in more detail. As was mentioned, t.he value of
we extract forB=0, T,=4.4 K and AC/yT,=2.1+0.1, AC/¥Tc=2.1+0.1in B=0 hints to strong coupling. An-
whereAC is the specific-heat jump &, . This latter value is other. |nd.|cat|on fqr that is the rapidly diminishing elgctronlc
considerably larger than the BCS weak-coupling value ofontribution toC, i.e., the temperature wheteC=0 is at
1.43. We discuss this point later in detail. The specific-heaf”2-5 K whereas weak-coupling BCS theory predicts a tem-
measurements in different fields allow the extraction of theP€rature at approximately/2. In order to describ& C(T)

field dependence of(B), i.e., the determination of the up- completely we follow a suggestion of Ref. 22. The tempera-
per critical fieldB,, for B perpendicular to the BEDT-TTF (Ure dependence of the energy gap in the superconducting
planes. The result is shown in the inset of Fig. 2. AlthoughStateA(T) is assumed to be BCS like scaled with only one
some points have rather large error bars due to the weak arfliustable parameter, the gap ratie: A(0)/kgTc, which is
broadenedC anomalies in these fields we can extrapolate g*scs=1.76 in the weak-coupling case. Wit 2.15 we get
quite accurate upper critical field a&t=0 of B.,(0)=(3.4 the AC(T) dependence shown by the solid line in Fig. 3,
+0.4) T. This results in an in-plane coherence lengtt of WhICh descnbes the experlmental data perfectly. The dgwa—
=@y /(27By)~10 nm @,=2.07-10 5 Tm? is the flux  1ON of the fit close toT; is because we have not taken into

quantum, which is well within the range observed for the account possible fluctuations. In the weak-coupling case
superconducting BEDT-TTF salt$. well-known analytic relations betwedn,, A(0), andAC/y

The inset of Fig. 2 also shows the data for the irreversare available. For §trong—coupling'superconductors these re-
ibility field B, determined from field-dependent ac- lations are _determlned by the_ par’FlcuIar phon_on spectrum of
susceptibility measurements. The reversible range betwedfl€ mMaterial. The approximative analytic ~expression
B, and By, is very large, even for this class of materials. AC/?’TC; 1.43+f(T./wy,) has been used to describe this
The extrapolated irreversibility field foF=0 is of the order ~ elation™ The functionf was determined by a phenomeno-
1.5 T. However, neither one of the frequently observed a|gel_og|cal fit tq exact numerical results from Eliashberg theory
braic nor exponential temperature dependencd;, otan be ~ Where i, is the average phonon energy. Based on this
fitted to the whole temperature ranfjg-2In previous work theory and with the use of the modified McMillan equatibn
on other BEDT-TTF materiats?® we found that a rough
estimate of the anisotropy can be obtained by the angular - :ﬁex;ﬂ( 10414\
dependence dB;,. We, therefqre, measurds],, vs angle at ¢ 1.2 N—pu* (1+0.620)
T=0.4 K (data not shown With the use of the Tinkham
formula for two-dimensional superconducting thin fithee  we can estimate the electron-phonon coupling parameter
get a good description of the data wiBy,=0.93 T and =1.1+0.1 with the usual assumption of an effective Cou-
B!lrz 9.5 T for fields applied perpendicular and parallel to thelomb repulsiornw* =0.1. This fits nicely with the SdH results
BEDT-TTF planes, respectively. The resulting anisotropy ra-of the title substanc¢@ where a cyclotron effective mass of

2
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FIG. 4. Electron-phonon coupling constantfor different or- FIG. 5. Temperature dependence of the lower critical fizlg
ganic superconductors extracted from specific-heat measurements B perpendicular to the BEDT-TTF planes. The inset shows the
(Refs. 12—14 as explained in the text. temperature dependence of the magnetizakibrior different ap-

plied fieldsB, .

m.=(1.9+0.05)m, was found. This value is roughly a fac-
tor 1.8 larger than the calculated band-structure cyclotron

] ; temperature dependence of the zero-field codtedshield-
mass where no many-body effects are incorporareg. ¢ ing mode magnetization for the smallest applied field of 0.5

=1.07m,).1° For the cyclotron mass we cannot disentangle . . i
the effegt of electron correlations from electron-phonon mas T and other selected flelc(a!l gpphed pe.rpendu?ular to th_e
enhancement. From our specific-heat results, however, EDTTTTF. planek .The deviation frpm .|deal diamagnetic
may try to estimate the effect of electron-electron interactiorEehaV'or’ l.e., the first flux penetration into the sample has
\ee- As stated above the Sommerfeld coefficient gives a tot een used as criterion for the determmauong{. For de-.

ils of the procedure see Ref. 11. The main panel of Fig. 5

effective mass enhancement of 3.5 that may be set equal
(1+)\)(1+)\e). With A=1.1 we estimate an electron- shows the temperature dependenc8gf where the demag-
© netization effect of the platelike sample has been properly

electron interaction\ ..~0.7. These results give strong evi- . . Lo - .
ee 9 g ev taken into account. The most obvious point in this figure is

g??(C;EDT_fTOTrF) S[_lscr:?_'e CE Srgj\ny—body effects n the suppression dB.;(T) below the detection limit of our
2 2= 273 apparatus betweeh=0.7T. andT.. This behavior seems to
pe a unique feature of layered superconductbf$28A the-

oOretical explanation based on fluctuations of individual

To date only a few high-precision measurement€ asf
organic superconductors are reported that allow a reliabl

determination ofAC at T.. In Fig. 4 the\ values for the

title substance and three additional supercondutfos vo_rtices?g which may explain the suppression B, quali-
are  shown as a  function of T For tatively, gives wrong quantitative results. Specifically, the
.-

) 3 e . theory predicts a scaling of the suppression range With
« (BE.D-I; TTF)NH,HG(SCN), the unmodified McMillan — iontic o oserved for the organic superconductbfs.
equatiod® was used, otherwise\ was extracted from Bv a rouah extrapolation of the... data toT=0 we
AC/yT, as described above. For the four different organic y 9 P cl —

P, obtain B;;,(0)=(2*=0.5) mT. For fields applied parallel to
supercondugtors witfi ;'S be_tween 0'91. K. and 9.1 I(<Rejs. the BEDT-TTF layers the lower critical field was found to be
12-14 we find a systematic monotonic increaseofvith

smaller than 6uT down to 2 K. By the use of the relation

T.. This seems to suggest that the superconductivity in the "~ 2 :
materials is closely related to the coupling mechanism o§§°1(0)/8°2(0)_mk/2k we calculate foB perpendicular to

served in conventional superconductors. In a recent papertge planes a Ginzburg—Landau paramaders9 and a ther-

quasiparticle specific heat quadratic in temperature WaFnodynam:c c_r|t|_calhf|eld Bon= BCZ/(K\/E)%(:;?]C mT. The
reported for the superconducting state of large « value is in the upper range reported for organic su-

«x-(BEDT-TTF),CU{N(CN),]Br.2® Thereby the authors as- perconductors. The thermodynamic critical field can be com-

sumed that the temperature dependence of the phon(ﬂﬁ”ed withBy, determined from the specific-heat anomaly.

specific heat is equal to that of a nonsuperconductiné:romA(,:(Tc):(V"w'TC/'“O)(dE’Cth/dT)zand by alinear ex-
deuterated  salt. In  contrast our results for rapolation of the slope of the thermodynamical critical field

B"-(BEDT-TTF),SRCH,CF,SO;, as well as for dB,/dT to T=0 we ﬂnd within error bars perfect agree-
x-(BEDT-TTF),l; (Ref. 12 show an exponential tempera- ment_A(Bct3h§4O mT) with above staFed valué\/mo|=_5.42
ture dependence of the electronic specific heat, as expectggt0 ~ M is the molar volume ang, is the permeability of
for a BCS superconductor with isotropic g&pThis leaves Vacuum.
open the question as to whether the superconducting pairing
state might be different within the same class of materials.

As the last point we want to discuss the lower critical field
B.1. The usually extremely loB., values of organic super- We presented a study of the thermodynamic
conductors require a very sensitive magnetic probe and properties of the organic superconductor
good external-field reduction. The inset of Fig. 5 shows the3”-(BEDT-TTF),SKCH,CF,S0O,. From specific-heat mea-

IV. CONCLUSION
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surements we found evidence for low-lying optical modesand by a large Ginzburg-Landau parameter.e., a strongly
observed frequently in BEDT-TTF—based compounds thatype-Il behavior.
are most probably due to optical modes of the BEDT-TTF

molecule. The temperature dependenceA@(T) can be

very.vyell described by strong—coup_ling BCS theo_ry. Withthe  \work at Argonne National Laboratory was supported by
modified McMillan formula we estimate a coupllng param- the U.S. Department of Energy, Office of Basic Energy Sci-
eterh~1.1 that compares V\{ell V\{|th values obtained fqr otherences, Divisions of Chemistry and Materials Sciences, under
organic superconductors with differeft’'s. We determined Contract No. W-31-109-ENG-38. Work at Portland State
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