PHYSICAL REVIEW B VOLUME 53, NUMBER 14 1 APRIL 1996-II

Critical fields and mixed-state properties
of the layered organic superconductork-(BEDT-TTF ),l 5

S. Wanka, D. Beckmann, and J. Wosnitza
Physikalisches Institut, Universit&arlsruhe, D-76128 Karlsruhe, Germany

E. Balthes and D. Schweitzer
3. Physikalisches Institut, Universit&tuttgart, D-70550 Stuttgart, Germany

W. Strunz and H. J. Keller
Anorganisch-chemisches Institut, Universikéeidelberg, D-69120 Heidelberg, Germany
(Received 8 September 1995

We report on a systematic study of the thermodynamic superconducting properties on high-quality crystals
of the quasi-two-dimensionétjuasi-2D organic superconducter-(BEDT-TTF),l ;. Low-field magnetization
measurements served to determine the lower critical fgld Just belowT.=3.5 K, down to~ 3 K, B¢,
perpendicular () to the highly conducting BEDT-TTF layers is found to be strongly suppressed below the
sensitivity limit of the instrumental resolution. This might be an indication for single-vortex fluctuations
expected for a strongly 2D superconductor. The critical féfigldetermined by ac-susceptibility measurements
is found to be related to an irreversibility line. The temperature and frequency dependenBgs are
consistent with well-established flux-creep models. The upper criticalBigld extracted from magnetization
measurements is consistent with specific-heat data. For both principal field orientations a crossover of the
critical-field slopegdB,,/dT| towards a shallow tail close {6, is observed. Apparent discrepancies of the
thermodynamic critical fields for parallel and perpendicular field orientation are found, indicating either a
strongly reduced ;) or By .

I. INTRODUCTION highly ambiguous. Thereby, as we will show later, a mag-
netic field as small as the earth’s field has already an appre-
Since the first observation of superconductivity in a metalciable influence on the superconducting phase transition.
based on organic molecules, the number of superconductingonsequently values of critical fields, coherence lengths, and
organic materials has been continously growifighe largest ~ other superconducting parameters derived from resistivity or
number of organic superconductors has a quasi-twoac-susceptibility data are only approximate and might have
dimensional(quasi-2D electronic structure. From measure- little to do with true thermodynamic quantities. Therefore,
ments of magnetic quantum oscillations the Fermi surface othorough investigations are needed to gain more information
many organic metals is well known and shows the textbookeon the nature of the superconducting state in these synthetic
like 2D topology? Due to this reduced dimensionality, dis- metals. In addition, since the discovery of quasi-2D high-
tinctive new physical properties are expected and have in¥. cuprates clarifying studies to obtain a better understand-
deed been found. A large number of experimental data on thieg of the principal superconducting behavior of layered ma-
superconducting properties of organic metals already exist$erials have become a major point of interest from both the
Up to date, however, the nature of the superconducting statexperimental and theoretical sides. The 2D organic metals
is still far from being understood. The possibilities of the can serve here as model systems for the study of layered
usual BCS-type or a more exotic origin are under considersuperconductors due to their almost perfect two dimension-
able debate. This unclear and unsatisfactory situation iglity and since the whole superconducting field-temperature
partly caused by ambigous and sometimes contradictory exparameter space can be reached with standard experimental
perimental results. equipment. Meanwhile very pure single crystals of appre-
The organic metals are extreme type-Il superconductorsiable sizega few mg are available which allow systematic
with coherence lengths perpendicular to the conductingnvestigations of bulk properties.
planes, &, , of less than the interlayer spacing. Therefore, Salts of the type(BEDT-TTF),X, where BEDT-TTF
enhanced fluctuation effects are expected and have been altands for bisethylenedithio-tetrathiafulvalene atdepre-
served experimentalf.In addition, the mixed state in the sents a monovalent anion, comprise the largest number of
superconducting phase diagram is very large and the pinningrganic superconductors. The 2D materials with the to-date
forces in the very pure materials are expected to be smalhighest superconducting transitidin approaching 13 K are
Therefore, flux-flow and irreversibility effects should play an all members of thex phase of(BEDT-TTF),X.* Here we
important role in the superconducting state. Consequentlyresent dc-magnetization and ac-susceptibilty measurements
ignoring these effects might be the reason for the experimersf another k-phase salt, namely-(BEDT-TTF),l 5, with
tal inconsistencies. Especially, superconducting parametef&.=3.5 K>® From the data the lower and upper critical
extracted from transport measurements in magnetic field arelds for fields parallel and perpendicular to the highly con-
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ducting BEDT-TTF layers have been determined. A possibles mT applied perpendicular to the conducting BEDT-TFF
small anisotropy of the coherence lengéh within the  planes. The data are taken in the shielding modus; i.e., the
BEDT-TTF planes has not been determined and will be nesample is first cooled down, then the magnetic field is ap-
glected in the following. A comparison with specific-heat plied in the superconducting state, and finally the tempera-
datd is made and a complete set of the superconductingure is raised slowly up to temperatures abdye Already
parameters ok-(BEDT-TTF),l ; is given. The observed ir- for the lowest field a relatively broad superconducting tran-
reversibility and fluctuation effects will be discussed in de-sjtion (AT~0.3 K) compared to the conventional supercon-
tail. ductors is found. Below- 3 K the full diamagnetic signal is
observed. With increasing field the diamagnetic onset shifts
Il. EXPERIMENTAL DETAILS only slightly for the shown field range. The transition width,

The investigated platelike single crystals were preparedOWever, increases considerably. Already for an applied field
by the standard electrochemical process described in detdfla=1 MT the full diamagnetic signal is no longer reached
elsewheré. The crystal structure is monoclinic with space (Presumably not even fof—0). Note also that foB, of the
group P2, /c. The BEDT-TTF molecules form layers in the Order of the Earth's field £ 0.05mT) the transition has
b-c plane which are separated by layers gf anions alter- broadened ttzt\'l_'~0.5 K. This beha}wor seems to be partially
nately stacked along thee direction. Most measurements we due to fluctu_atlon effects. An estimate of the relevant tem-
report on were made on pieces of the same crystal wher@erature region yvhere quctuafuons shogld _play a dominant
previously the specific heaand the de Haas—van Alphen '0l€ can be obtained by the Ginzburg criterfon
(dHvA) effecf have been studied. The latter measurement
and the observed Meissner fraction of more than 70% re- T_Tc‘
vealed the high quality of the sample. Comparison with the |At|5‘ T ‘
specific-heat data allows a direct thermodynamic consistency ¢
check of the extracted superconducting parameters. ) ) N

The ac susceptibility was measured down to 0.45 K in avherekg is the Boltzmann factory, is the permeability of
toploading He cryostat equipped with a superconductingVacuum, andBc, is the thermodynamic critical field. With
magnet for fields up to 13 T. The induced complex ac signaPcn=0.02T and the coherence lengths as given below a
was detected in a compensated pickup coil system with théalue ofAt~2X 107°is extracted. With a different estimate
usual lock-in technique. For most measurements the modu@king higher-order fluctuation corrections into accotian
lation field amplitude was kept below 0.2 mT at a modula-€Ven larger value of\t~3x10"* is obtained. Although
tion frequency of~ 78 Hz. Checks with different amplitudes these temperature regions are considerably larger than values
during field sweeps revealed a neglegible shift of the diafOr conventional superconductors, they can by far not explain
magnetic onsetwhich we defined as the critical fieB%,), the obse_rved broademng of the transitions. As W|I_I be_ dis-
but also, however, an appreciable broadening of the transfuSSed in more detail later the initial diamagnetic signal
tion width. The susceptibility data were taken by magnetic-broadens appreciably already in very small fields, indicating

field sweeps at constant temperature. The sample could B€ importance of measurements in as small fields as pos-

rotatedin situ around one axis with a relative accuracy of SIP'€: .
better than 0.1°. The absolute value of the orientation angle Other reasons for the temperature dependence of the dia-

was calibrated either by the 1/@slependence of the dHvA Magnetic response of the samples are demagnetization ef-
fects and extremely small values of the lower critical field

frequency® or by the maximum critical field reached f& . . -
parallel to the BEDT-TTF plane&f. Fig. 6. B¢:. Since the samples were thin plates, the demagnetization

factor for B perpendicular to the BEDT-TTF planes was

perconducting quantum interference deviS®UID) magne- fou_nd to be of the ordeN~0.75. This means that the field
tometer. The lowest temperature we could reach wa&cting on the samples decreases dyrlng .the temperature
~ 2 K. The whole cryostat was shielded pymetal against SWeeps fromBa,/(1—N) at the lower critical field down to
external fields which reduced the magnetic field at the placBa (= the applied magnetic fielcat the upper critical field.

of the sample to~ 1 uT. The residual field could further be ~ Bea Was extracted from the magnetization data in the
reduced by applying a small counterfield. The magnetizatiohisual way done for type-Il superconductofirst, the field
data were taken at constant fields as a function of temperglépendence d#l for fixed temperatures was read out of data
ture. The absolute value dfl was calibrated against a Pb Ike those shown in Fig. 1 for the different applied fields
sphere. The investigated samples revealed complete shielffa- The resulting field-dependent magnetization for selected
ing within experimental resolution{5%). Thedemagneti- t€mperatures is shown in Fig. 2 fBrperpendlcuIar and par-
zation factors of the samples were estimated from their gec@llél to the planesM exhibits the typical well-known behav-
metrical shape and found to be in agreement with thdO" for type-Il superconductors. Up 18, the magnetization

observed initial slopes of the magnetization cur(ese Fig. follows the ideally diamagnetic behavior represented by the
2). solid lines in Fig. 2. Above this temperature-dependent field

the data points gradually fall below this linB, defined by
Ill. RESULTS AND DISCUSSION this first deviation from linearity is an upper limit which
might be enhanced due to possible flux pinning. The exact
behavior ofM (B) in the mixed state abovB;; and below
Figure 1 shows the Ilow-field magnetization of B., depends strongly on the sample shape and demagnetiza-
«k-(BEDT-TTR),l 5 in different fields between 04T and tion effects. Numerical simulation approximating the sample

Al

keT, 1 \?
MoK lc ) 1)

1
32772( Ben &(€.

The magnetizatiotM was measured in a home-built su-

A. Lower critical fields
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FIG. 1. Temperature dependence of the magnetization of F|G. 3. Field dependence of the magnetization difference be-

«~(BEDT-TTF), 5 for different fields applied perpendicular to the tyeen ideally diamagnetic response and measured values for differ-
BEDT-TTF planes. The data are normalized by the applied externadnt temperatures.

field.
for the same data as plotted in FigaR B, is easily extract-
shape by an ellipsoid could describe thgB) curves for  gple from the points wheraM deviates from zero, e.g., for
high-T. materials® and «x-(BEDT-TTF),CUNCS), (Ref. T=25K atB,~0.2 mT. From the data shown in Fig. 3 it is
14) reasonably. _ _ _ already obvious tha.;, becomes extremely small at higher
_ Areliable way to determine the field where the first de-temperatures sincAM deviates from zero already for the
viation from linearity occurs is a plot of the field-dependent|qyyest applied fields.
magnetization difference between the ideal diamagnetic The temperature dependenceBy, corrected by the de-
valueM g, shown as the solid line in Fig. 2 and the measurednagnetization factorN=0 for B parallel to the planesis
valueM. This differenceAM =M gj,—M is shown in Fig. 3 shown in Fig. 4 for both principal directions. FBrperpen-
dicular to the BEDT-TTF planes an unexpected behavior is
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FIG. 2. Field dependence of the magnetization at different tem-
peratures foB (a) perpendicular antb) parallel to the BEDT-TTF FIG. 4. Lower critical fieldB., for B (a) perpendicular an¢b)
planes. The data are extracted from curves as shown in Fig. 1. Thearallel to the BEDT-TTF planes. F@) the demagnetization factor
solid line shows the ideal diamagnetic behavior. has been taken into account.
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found. FromT.=3.5 K down to~ 3K, B.; is below the than expected theoretically. Preliminary results for
sensitivity limit of our apparatus. Towards lower tempera-the organic superconductors-(BEDT-TTF) ,Cu(NCS),
turesB.; increases approximately linearly and seems to leve(T.~9 K) and x-(BEDT-TTF) ,CUN(CN),|Br (T,~11K)

off at the lowest temperature measured. A rough linear exshow similar absolute values-(0.5 K) for the downward
trapolation ofB;, towardsT=0 results in (4-1) mT. For  curvature ofB.;, .*® This suggests an intrinsic origin com-
B parallel to the BEDT-TTF planes no such strong reductiormon in the 2D organic materials which most probably is
of B¢y close toT, is observed. Within experimental resolu- caused by fluctuations due to the layered structure.

tion the extracted.,| values are compatible with the dashed

linear line [see Fig. 4b)]. However, due to the extreme B. Mixed-state properties

smallness 0B, the data points have relatively large error Organic superconductors are known to have a large

bars. EspeciallyB.y at 3.3 K might be zero already. The gin,pyrg-LandauGL) parametenc=\/¢ with, therefore, a
extrapolated lower critical field i8¢,)(0)~0.05 mT which 500 mixed-state region in tHe-T phase diagram. The be-

is a factor 80 smaller thaB.;, showing the extreme WO payior of the flux-line lattice and vortex dynamics in the
dimensionality of the superconducting properties iNmiyeq state are under intense study, pushed mainly by nu-

x-(BEDT-TTF),l 5. o . merous investigations on high: cuprates during the last
Analogous determinations &, (T) for the isostructural  fe yearst Up to date, however, we are far from a general

saltk-(BEDT-TTF),Cu(NCS), have revealed a tendency for understanding of either the equilibrium phase or the dynam-
an upward curvature dB.;, towards lower tgmperaturé%. ics of vortices. For organic superconductors these different
However, these authors found no suppressioB@f close  pinning effects of the vortices are present as well and will
to T, within experimental resolution. In a later work on the therefore influence transport and magnetic measurements. In
same material another group reported a linear decrease @fyly studies of these layered and strongly type-Il supercon-
Be1, (T).* Thereby, however, the critical-field line extrapo- quctors these effects often have not been taken into account
lates to zero aff~7.5 K whereasT. of the sample was properly in the data analysis.
~ 9 K (onset of a diamagnetic signalndeed, our own pre- Figure 5 shows the field dependence of the real part of the
liminary measurements onk-(BEDT-TTF),CUNCS);  ac susceptibility y for different field orientations at
verify the results of Ref. 14 and show a similar reduction ofT~( g K. Thereby, the angl® =0° represents an orienta-
B1. close toT, as found here fok-(BEDT-TTF),l 3 [see  tion of the field normal to the BEDT-TTF layergoth ac
Fig. 4@)]. field and the steady field of the superconducting solenoid are
A suppression of the lower critical fiele;, comparable paralle). The modulation-field frequency was approximately
to the one described above was observed for the cuprateg Hz. The data for different angles are normalized, resulting
superconductor BiSr,CaCw,0g, a system revealing highly in a seemingly larger scatter of the data at larger angles
2D behavior, tod” A theoretical explanation of the reduced where the signal change is smaller and the sensitivity of the
lower critical field has been given by Blattet al'” They  experimental setup is reducéthe pickup coils are rotated
considered fluctuations of individual vortices in strongly 2Dtogether with the sampleln the superconducting stajeis
material. The main result was an observable downwar@moothly increasing up to a certain field where an almost
renormalization oB.;, close toT. over a range given by  steplike behavior of is observed. The onset of these steps is

keTo . 7R
= €,(0)d ln%’ 2) TABLE |. Anisotropic superconducting parameters of
k-(BEDT-TTF),l ; derived from critical-field data foB perpen-
whereT, is the bare transition temperature without fluctua-dicular (L) and parallel ) to the conducting layer&; , B.,, and
tons, d is the interlayer distance, and e, B, are the lower, upper, and thermodynamic critical fields, respec-

:(q)O/)\J_)Z(ll47TMO) determines the relevant energy scalestively' K is the_ Ginzburg-Landau paramete, i§ the coh_erence
length perpendicular ) and parallel §) to the field, and\ is the

for vortex fluctuations® is the flux quantum, ann, is the ) ) .
London penetration depth for planar currents London penetration depth for field perpendicular  and parallel
“(\}) to the planes.

T7c=1—Tg/To=KkgTg/€n(0)d is the extent of the critical
fluctuations, i.e., the Ginzburg region up to the temperature

AT

T for a 2D superconductor. The reduced temperattye By B
given by the implicit equatiorrg= 7¢In(1/7g) describes the T, (K) 35

relative reduction ofB.; due to fluctuations within the B¢ (mT) 4 0.05
Gaussian approximation. For gBr,CaCu,Og a relative re- B, (T) 0.2 7
duction ofA 7~0.03 was estimatédwhich is in good accor- B, (mT) 20 7
dance with the observed valt®Using the parameters for B_, &(mT) 17
k-(BEDT-TTPF),l ; derived later in detai(see Table )lwe 7 675
obtain A 7~0.013. This value is by far too small to account £ (nm) 1.1

for the observed effect. In the derivation gf, we used the ¢ (nm) 41

lattice parametera=d=1.64nm as the superconducting \ (nm) 300

layer thickness which might be an overestimation. Neverthe;\H (um) 70

less, fork-(BEDT-TTF),l 5 the qualitative behavior d,; is
similar as in the 2D cuprate superconductor. Quantitatively,
however, the effect in the organic compound is much largefDerived from specific-heat data.
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0.1 : , : , superconductors: So far, however, it was not possible to
- distinguish decisively whether the Tinkham formy® or
0 ¥¥Li Y the 3D anisotropic Ginzburg-Landau formula
onl FoeEnh, | 1:(B:2<®>co)2 B&(@)a)z @
’g L : angle (deg) | Beoy BcZH
g02r / ‘gs . is more appropiate. The inset of Fig. 6 shows the data for
i I f 78(up) | T=0.55K close to® =90° in an expanded scale. Again the
03 - 78 (down) | solid line is the Tinkham fit according 1@®), and the dashed
I . 83 ] line is the best fit using4). Both B¢, and By are fit
045 - 855 7 parameters. Clearly the Tinkham formula gives the better
05 ‘ | . | | description of the data, especially close to the peak at
“o ®=090°. This again proves the strong two dimensionality of

B(M k-(BEDT-TTF),l 3. At higher temperatures close o due

to the increasing coherence length a crossover to the GL
formula (4) should occur. However, as mentioned above, the
ecreasing experimental resolution hampered a decisive veri-
cation of this conjecture.

Another point which has to be discussed carefully is how

defined asB%,. Above this value is field independent. No far the fieldB}, extracted frpm the ac-susceptib_ility data is
hysteresis iny is observed as can be seen in Fig. 5 for there_l"’_lted t_o the thermodyr_1am|cally relevant quan_tlty, the_ upper
data at®=78° which are plotted both for increasing and c'itical field Be,, for which (3) and (4) were derived origi-
decreasing field. nall)_/. From earlier work on hlgﬁ'-C cup_ra_t_es |_t is knqwn that
The angular dependence B, for two different tempera- B§2.|s' relgted to the so-called irreversibility line which shows
tures is plotted in Fig. 6. The strong anisotropy can be seeft distinctive temperature and frequency dependéhbethe
clearly. Close to®=90°, B, increases sharply. For higher ollowmg*we will show that mdgeq for organic supercon-
temperaturegthe data aff =2 K are shown as an example ductorsBg, shows the characteristic features of an irrevers-

: L ibility line as well.
close to®=90° no reliable determination d@*, was pos- o' ) :
c2 P d First we consider the frequency dependence: Figure 7

sible due to a decreasing signal-to-noise ratio. The soli h B* three decad f modulation-field f
curves are fits using the implicit relation for the critical field ShowsB, over three decades ol modulation-field trequency

FIG. 5. Field dependence of the ac susceptibility of
k-(BEDT-TTF),l ; for different angles af ~0.6 K. The frequency
of the modulation field was 78 Hz. For 78° data for an upward ana?
downward field sweep are shown. No hysteresis is observed. '

of 2D superconducting thin films given by Tinkh&h, for two different field orientations ak=0.55 K. The dashed
. . L lines represent fits of the forB%,In(f,/f)~%3 This depen-
_ |Bc2(0)cod ( c2(®)3|n®> 3 dence is expected for thermally activated flux cféépas
B B | Bey| ' will be discussed later in more detail. For the characteristic

o _ _ attempt frequencyf, best values off,=10'"Hz and
A perfect description of the data d=0.55K is obtained fo=10"Hz were found for the data a®®=0° and

with Bep =0.15T andBcp =6.7 T. The angular dependence @ =83, respectively. These are extraordinary large vatties.

of B¢, (often equalized to the upper critical fieBt;) has  However, within experimental accuracy for the data at

been measured by different groups for different organio® =0° values between #6Hz and 16° Hz are possible as
well. For both angles the relative increaseBj}, is almost

7 — : I the same, namely; 13% for the measured frequency range.
- * T=0.55K For temperatures closer {6, the relative changes dB7,
6_— T °T=20K ] with frequency become larger and the fitted valuesf gpf
5L | | decrease continuously towarfig~5x10° Hz at T=3.29 K
L (data not shown
E4r . .
. (,‘_,‘ [ bbb BRI AALLY B ELALALL B 'tf’ 13 Lk B LA | T
@3 ] ] K(ET)ly K(ET)lg { _
r K-(ET),lg 017 - { 7 o
e | i ] ~ P REE . i
1 L85 90 ] = o e }
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FIG. 6. Angular dependence of the critical fieBf, obtained f(Hz) f(Hz)
from ac-susceptibility measurements for two different temperatures.
The inset shows the region closeBgarallel to the plane®0°) in FIG. 7. Frequency dependence of the critical field extracted

an expanded scale. The solid lines are fits according to the 2Brom ac susceptibility atT=0.55K for (8) ®=0° and (b)
model of Tinkham(3), and the dashed line is a fit using the aniso- ®=83°. The dashed lines represent fits of the foi},
tropic effective mass modé#). xIn(fo/f) "% as described in the text.
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FIG. 8. Temperature dependence of the critical fields obtained FIG. 9. Temperature dependence of the Meissner signal of
from ac-susceptibility, specific-heat, and magnetization data a&-(BEDT-TTF),l; for a field of 15 mT applied perpendicular to the
shown in F|gs 9 and 10. The solid line is a fit of the ac- BEDT-TTF planes. Solld SymbO|S ShOW the data taken during COO|-
susceptibility data according t6). The inset shows the temperature iNd, and the open symbols represent data taken during heating. The

dependence d8_, obtained from magnetization data closeTtoin temperature where both curves merge is defined as the irreversibil-
an enlarged scale. ity point, T,. The linear extrapolation of the magnetization in the

superconducting state il =0 gives the critical temperaturg;,

This result indicates clearly that for organic superconductfor the applied field.
ors (like for the highT cuprate§ B}, determined by ac sus-
ceptibility is different from the thermodynami., but la- f. The data can be described perfectly &) down to
bels rather the field where flux lines get pinned and are nehe lowest temperature of~ 0.45K. The exact tem-
longer able to follow the applied ac field within the time perature dependence oB%, depends on the detailed
scale set by the characteristic measuring frequency. Whethgbtre of the pinning centers and may vary between
B follows the same angular dependenceBds is still an  gifferent materials and even between different quality
open question and remains to be checked. However, our '®amples. Indeed, for k-(BEDT-TTF),CuNCS), and
sults fo.rB’c‘2 suggest a similar behavior also for the thermo_K-(BEDT—TTF)ZCL[N(CN)Z]BY an exponential dependence
dynamic quantity. _ _ % «exp(—AT/Ty), with a fitting parameteA, was found®
The next point we discuss is the temperature dependence™y,  frther elucidate the irreversibility effects in
of B, Figure 8 shows the temperature dependence of the gepT.TTH oI5 we performed Meissner measurements
critical field determined by ac-susceptibilitppen circles o decreasing and increasing temperature. Figure 9 shows as
The data reveal the typical positive curvature of this critical-5, example the temperature dependence of the Meissner sig-
field line observed previously for many other organic super,5| atB=15 mT. The data taken during cooling are repre-
conductors by ac susceptibility and resistivity measurementggnied by solid circles. At the lowest temperature
The basic idea of the semiquantitative theory mentiéh (~ 2.1K) the sample was kept for a few seconds during
is that pinned vortices can be activated thermally over amynich we observed a slightly increasing diamagnetic signal.
energy bgrrleUO which leads to a reduced critical current of This shows that the magnetic flux which penetrates the
the forn? sample is weakly trapped at pinning centers and can leave
Je=Jco[1— (KgT/Up)In(fo/f)], (50  the sample at lower temperatures only slowly depending on
the flux dynamics. This relaxation effect of the magnetiza-
where J., is the critical current in the absence of thermaltion has been observed earlier in other organic super-
activation.J.=0 defines the irreversibility point at the tem- conductors:?* For x-(BEDT-TTF),l ; we could not investi-
peratureT;, and the fieldB},. U, scales as the condensation gate this phenomenon in detail since the cryostat does not
energy for a characteristic volunBﬁthV/Z,uo. Usually the  allow to keep temperatures constant below 4.2 K for a longer
thermodynamic critical field., near T, scales likeBy,  time.
«(1-1t), with t=T/T,. Different models exist to estimate During the following upward temperature sweégpen
the characteristic excitation volum&?? In our case the best circles in Fig. 9 a clear hysteresis in the Meissner signal is
description of the data is obtained by the assumptionthat observed. In this case the external field can penetrate the

ocag' whereay=1.075/®,/B is the flux-line spacing in a sample only slowly. At a characteristic temperatlige, the
field B. Therefore,Uyc(1—t)%/B¥2 ApproximatingT by  hysteresis vanishes ankl becomes reversible which is

T, and solving(5) for J,=0 results in shown by an arrow in Fig. 9. Irreversibility temperatures for
different fields extracted in the depicted way are plotted in
BX,x(1—t)¥In(fy/f)] 25 (6) Fig. 8 as solid triangles. Close Tq the data points lie below

the values obtained from ac susceptibility but seem to merge
From this equation the frequency dependence B} at lower temperatures. For the experimentally accessible
already mentioned can be recognized. The solid line inemperature range (2.7KT<3.5 K) the data points can be
Fig. 8 is the one-parameter fit using above equation for fixedpproximated by;,(1—t)2 which can be derived fror(b)
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A different kind of analysis is based on calculations by
Ullah and Dorsey® Thereby a scaling behavior is predicted
for high enough fields where the so-called lowest Landau
level approximation can be used. Indeed, this scaling analy-
sis was applied successfully to high-material$® and some
organic superconductofs. For the low-field range
(<60 mT) investigated here the lowest Landau level ap-
proximation is questionable. This approximation holds only
in the high-field limit or for temperatures close ,.%°
However, within error bars 2D as well as 3D scaling plots for
higher fields =1 mT) yield the same values @.,(T) as
the linearly extrapolated ones.

The resultingT;, data are shown as solid circles in Fig. 8.
For the temperature range between 2.4K<3.25K the

FIG. 10. Temperature dependence of the magnetization in sedata follow roughly a linea dependence with a slope of
lected fields applied perpendicular to the planes. The inset shows- 0.061 T/K. In this temperature randg., is clearly larger
M for very low fields where the extrapolatéd, is rapidly decreas- than the B*, values extracted from ac susceptibility. The
ing. Tht_e arrows indicate the critical temperatufes which are magnetization data coincide nicely wiBy,(T) determined
plotted in Fig. 8. from specific-heat measuremeftpen rectangles in Fig) 8

A somewhat unexpected feature is observed closE.to
aEf»_etween 3.25 k«T<3.38K a crossover of theB ,(T)
Slope with a much steeper temperature dependence is found.

t higher temperatures up 0, the slope changes again and
ecomes very shallow as can be seen in the inset of Fig. 8.
This is similar to temperature dependenceBgf reported
for «-(BEDT-TTF),CUN(CN),|Br (Ref. 3) and for
YBa,Cuz0,_5.%% In Ref. 31 this behavior was interpreted
) o as a dimensional crossover from strong anisotropy

From the above presented mixed-state properties it is evchzﬂ /By, =y~80) at low temperature to a weaker one

dent that a reliable determination B{, is possible only by (y~13) close toT,. In x-(BEDT-TTF),l this effect is

measurements where fluctuation and irreversibility effect%ven more drastic. At 3.3 KT<T, the values 0B (T)
can be separated. Magnet|z_at|0n measurements have be@)ﬂracted from our magnetizatiorf measureme(opacen tri-
used successfully both for high: materials and for some

organic superconductors. We determirigg and T,, i.e., angles in th_e inset of F|g.)8a_re even belowBc,, . This

the critical temperature at a fixed external field, respectivelyreversed anisotropy changes into the expected one gt lower
from magnetization data as shown in Figs. 9 and 10. witfemperaturesBey grows much faster thaB,, , reaching
decreasindl a fluctuation-induced rounded region m(T) approximately 7T, i.e.y=35, at the lowesT. The values of

is followed by an approximately linear region. The critical Bc2|(T) have been extrapolated from angular dependent ac-
temperaturel, is defined as the intercept of linear extrapo- Susceptibility data as shown in Fig. 6.

lations of M(T) in this superconducting region witkl =0. The slope changes &;,(T) might be an indication for a
This corresponds to a mean-field-like transition temperaturéimensional crossover. More likely, however, the theoreti-
which seems to be the most reasonable value in the pre§ally not fully understood increase of fluctuations already at
ent case. For the highly anisotropic higih-cuprates like very low fields mimics this apparent crossover. The inset of
Bi,Sr,CaCu,QOg it is known that this kind of analysis leads Fig. 10 shows the temperature dependencé/ofor three

to a seemingly increasinf, with field.?® Several theoretical very small fields up to 1 T. For increasing fields the onset
models which take into account the fluctuation effects forof the diamagnetic signal shifts clearly towards higher tem-
layered superconductors in a more quantitative way haveeratures with a concomitant increase of the fluctuation-
been applied®?’ The theory by Koshelé¥ which is based induced rounded region. The slopes of the linear regions
on a GL theory for 2D superconductors including Gaussiar(solid lines in Fig. 10 become increasingly steeper up to
and critical fluctuations could describe well the high-field fields of ~ 0.5 mT where thd.,(T) curve shows the cross-
magnetization of the layered organic superconductopver atT~3.38 K. For higher fields we observe a clear shift
k-(BEDT-TTF) ,CUN(CN),]Br.28 In our case, however, the of the diamagnetic onset and a decreasing slope of the linear
magnetization curves are different from the data mentionedegion (see main panel of Fig. 10For this field range the
above as can be seen in Fig. 10. Especially, no crossing poiapproximately linear temperature dependence Bgf is

of the magnetization curves, i.e., a field-independdntis  found. An interesting point is that above approximately
observed. Although-(BEDT-TTPF) ,l 5 is expected to have a 3.38 K up toT, the critical fields extracted from ac suscep-
similar anisotropy this different behavior ®fi(T) is most tibility are seemingly larger than the showvigy, values. Fi-
probably due to the lower critical field irR-(BEDT-TTF),l4 nally we note that the observed strong fluctuation effects and
and a, therefore, larger shift of the diamagnetic onset wittithe fast decrease df, already in very small fields explains
field (see Fig. 10 the observations of the specific-heat measurements done in

10}l

M (arb. units)

20+

assuming a excitation volum&oajc’, where ¢’ is a
temperature-independent lattice parameter. The reduced v
ues of the irreversibility fields extracted from the Meissner
measurements with an approximate sweep rate of 0.2 K/mi
are consistent with the behavior expected accordin¢s}o
and fits within the flux-creep picture.

C. Upper critical fields
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the earth’s field where a broadened jump at the reduced critiHowever, the stated values Bf;; might be even too large
cal temperature of 3.4 K was fourd. since a small misalignment{( 2°) of the sample might have

From the measurements described above the first estibeen possible in the magnetization measurements.
mates of the superconducting parameters taking into account
the full range of measured properties on a single organic
sample were made. The results are shown in Table I. The GL
parameter k=£&/\  determined by the implicit relation We have presented the first thorough study of the super-
Bc1/Be=Ink/2k? is ~ 7 and ~ 675 for B perpendicular conducting parameters oé-(BEDT-TTF),l 3 in the whole
and parallel to the planes, respectively. The coherencsuperconducting temperature-field range. Thereby we took
lengths and penetration depths are derived in the usual wayto account all the unusual behavior now known to occur in
from the critical fields andc. The coherence length perpen- weakly pinned anisotropic superconductors. ac-susceptibility
dicular to the planes;, , is clearly shorter than the interlayer and high-resolution low-field SQUID magnetization mea-
lattice distance of approximately 1.6 nm. The penetratiorsurements have been utilized to determine the upper and
depth parallel to the planes for parallel fields is of macro-lower critical fields and to study irreversibility effects in the
scopic quantity X;~70um) which reflects the extraordi- mixed state. FronT,=3.5 K down toT/T;~0.86, B, is
nary smallB.;; and the small critical current perpendicular strongly suppressed to a value below the experimental reso-
to the planes. It should be noted here that the qualitativéution. This feature seems to be common to 2D layered su-
features in the measurd®l.; and B, not expected in stan- perconductors and might be qualitatively understood by
dard Ginzburg-Landau treatment suggest that the used cosingle-vortex fluctuations. Quantitatively, however, the ob-
ventional description to obtain the superconducting paramserved effect is at least an order of magnitude too large. For
eters might be inadequate for the 2D organicfields parallel to the layers no such suppression of the lower
superconductors. critical field was observed.

An interesting point is the comparison of the thermody- The upper critical field8., seem to be reduced close to
namic critical fieldB, obtained either from magnetization T, as well, however only down t&/T;,~0.97. Thereby the
or specific-heat measurements. FrBg, andB.,, a value exact determination of the critical temperature in magnetic
of Ben=Bcy/k\2=Bc1V2k/INk~20 mT results. This coin- fields is hampered due to the quickly increasing fluctuation-
cides nicely withBg,~17 mT estimated from specific-heat induced rounding of the magnetization curves already in
data’ For the latter value the relation for the condensationvery small external fields. A detailed theoretical understand-

IV. SUMMARY

energy, ing of the magnetization for layered superconductors in this
20 (Te field range is missing.
VmoIZ_MO: J . AC dT, (7 The critical fieldBY, extracted from ac-susceptibility data

revealed a perfect 2D angular dependence. This critical field,
was usedV,,, is the molar volume and C is the specific- however, is rather a measure of a particular irreversibility
heat difference between the superconducting and normdield which depends on the detailed nature of the flux-line
state. On the other hand, f& parallel to the BEDT-TTF dynamics in the sample. The frequency and temperature de-
layers, B.yn=7 mT, is obtained. This unphysical result pendence oB, fits with the existing flux-creep models.

must be caused by a reduced value of eitfigg or From the critical field data a complete set of supercon-
Bcyi- The latter might be possible if one takes into ducting parameters is derived. Good agreement between the
account the anisotropies of the sister compoundhermodynamic critical fields determined from perpendicular
k-(BEDT-TTF),Cu(NCS),. A value of y~220 (Ref. 33 has critical fields and from specific-heat data is found. However,
been reported which is considerably larger then35 in the  a clear discrepancy exists to the value extracted from the
present case. The value Bf,~7 T observed here is in the critical fields for the parallel direction. This might be under-
range of the paramagnetic limitB,=1.85<T; T/K stood by a possibly reduced value B, which may be
~6.5 T3* This might be an indication for a possible reduc- caused by the magnetic pair breaking of the Cooper pairs.
tion of B, due to this pair-breaking limit and would prove Further studies are needed to elucidate the complex super-
the conventionak-wave pairing of Cooper pairs in the su- conducting state of the layered organic superconductors.
perconducting state. Another possibility to account for the
reduced value of the thermodynamic critical field might be a
reducedB,,| due to the 2D layered structure which in the
extreme case results in Josephson-coupled individual layers. Many useful discussions with H. v.'boeysen are grate-
The extractedB.; then measures the critical field for the fully acknowledged. This work was supported by the Deut-
Josephson currents rather than the thermodynamic valueche Forschungsgemeinschartt.
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