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Phase diagram of vortices in the quasi-two-dimensional organic superconductor
a-(BEDT-TTF),NH,Hg(SCN),: A system of pancake vortices with out-of-plane coupling
dominated by the electromagnetic energy
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Anisotropy and field-temperatureH¢T) phase diagram of the quasi-two-dimensional superconductor,
a-(BEDT-TTF),NH,Hg(SCN),, were investigated through the specific heat, ac complex susceptibility
x=x'—ix", and resistivity measurements under zero field and dc fields normal to the conducting plane. The
anisotropy parametey was determined to be as large -a40®. In the vortex state of this highly anisotropic
superconductor, it was found that the onset of the in-plane and out-of-plane ac susceptibility forms a charac-
teristic line well below theH., line determined by the specific-heat measurements. The absence of the
frequency dependence in the out-of-plane susceptibility suggests that this is a melting line of vortices, rather
than a crossover of vortex dynamics. The out-of-plane resistivity measurements show that the interlayer
coherence between pancake vortices is established well above the melting line. Considering the anisotropy
parameter obtained in the present study, the pancake vortices in this superconductor is viewed as an assembly
coupled mainly through the electromagnetic energy in the out-of-plane direction. According to this feature, the
two characteristic lines in thid-T diagram were qualitatively explained by the recent melting and decoupling
theories taking account of the electromagnetic coupliB§163-18208)01302-7

I. INTRODUCTION The BEDT-TTF molecule-based organic superconductors
are another family of layered superconductors which are pro-

The vortex sState of Iayered type-Il superconductors at'spective for the study of the vortex state in the sense that
tracts current interest. It is now a widely accepted conce

i X k i Phese systems have large Ginzburg number and high anisot-
that the thermal fluctuations of vortices give rise to vortexropy, where BEDT-TTF denotes léthylenedithio-

lattice melting, which was observed in high-oxide super- |o)tetrathiafulvalene and is abbreviated to ET. For example,
conductors by several measureméntsThe melting phe- k-(BEDT-TTF),CUNCS), (abbreviated ET-NCS a repre-
nomenon is considered to result from the unusual values ddentative of the 10-K class of organic superconductors, has a
superconducting parameters, such as a high transition temstrong resemblantéto BSCCO in the superconductive pa-
peratureT., a high anisotropyy, and a large Ginzburg- rameters, which will be mentioned below. So one can expect
Landau parametet.* On the other hand, a short out-of-plane that there are similarities in the vortex state between these
coherence lengtlf, , which enhances the out-of-plane dis- two materials. In fact, anomalous vortex dynamics and pos-
crete nature in the vorticésleads the vortex-line assembly siple melting transition were suggested by NMR stutfie$

to a system of the pancake vortices in a dc field perpendicuhis material just prior to the oxides. Moreover, it is empha-
lar to the conducting plane. This concept of pancake vorticesized that a large number of ET-based superconductors with
becomes realistic in a highly two-dimensional superconducttayered structure, which are now available, are expected to
ors of highT oxides especially in BBr,CaCyOg, ; (abbre-  span a wide range of the superconductive parameters.
viated BSCCO hereafterin such a superconductor, a com- Roughly speaking, the thickness of the anion layer is a mea-
plicated field-temperatureH-T) phase diagram is proposed sure of the size of anisotropy. In this sense, the titled com-
theoretically™® and suggested experimentally®> phase pound,  «-(BEDT-TTF,NH,Hg(SCN, (abbreviated
boundaries of melting, dimensional crossover, and decoUET-NH, hereaftey is outstanding in that the insulating anion
pling appear in between the upper critical fitld,, and the  |ayer is the thickest among the family of ET-based
lower critical fieldH,, in the H-T plane. In this way, two  superconductor¥ the layer period in the out-of-plane direc-
important ingredients, the thermal fluctuations and the quaskion is about 20 A for ET-NH, while it is about 15 A for
two-dimensionality of vortices, make thé-T phase diagram ET-NCS(15 A for BSCCQ. Therefore, ET-NH is expected
interesting, although they are mutually related. The former iso give higher anisotropy in the superconductivity than ET-
evaluated by the  Ginzburg  number, Gi  NCS although the transition temperatufe of ~1K is

=3 (kgTcy/H(0)£)?, and the latter is characterized by the rather low!”18

anisotropy parametery=(m, /m)Y2, where H.(0) is the Previously we characterized the normal and supercon-
thermodynamic critical field anth, (m,) is the out-of-plane ducting states by resistive and inductive measurements and
(in-plane effective mass. found that the anisotropy parametgramounts to the order
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of 10° (Ref. 19, which is greater than the values of about (a) Field configuration of compression mode
250 in ET-NCS and about 150 in BSCCO(A comparative

discussion on the parameters of these two materials will be Ih T H
given later) The qualitatively different profiles of in-plane ac de
and out-of-plane resistive transitions and the quite long out-

of-plane penetration depth of 1.4 mm both indicate a weak X h h‘[ I X

interlayer coupling of superconductivity These features are T
expected to enhance the two-dimensional character of vorti-
ces and possibly to provide a néd+ T phase diagram. Thus
we consider that tlsi 1 K organic superconductor serves as ” |
an extreme two-dimensional case for comprehensive under- ‘
standing of statistics and dynamics of the pancake vortices.
In the present work, the phenomenological aspects of the
superconductivity in ET-NK was studied in the following

two steps. The first step is characterization of anisotropy (b) Field configuration of tilt mode
through the measurement of resistivity in the normal state '

and penetration depth in the superconducting state at a zero Py T Hyc
field. Although we have already reported the anisotropy pa- e
rameter in our previous communicatibhdetails of the de- I I I ] I T I
termination and analysis are given in the present paper. The

second step, which is a main part of this paper, is to clarify PP

the vortex state of ET-NJ Under dc fields perpendicular to
the conducting plane, we measured ac complex susceptibility i
x=x'—ix" and resistivity in both the in-plane and the out- l |
of-plane configurations, as well as specific heat. Through

these measurements, two characteristic lines have been found

below theH., boundary in theH-T plane. One is a line
which suggests the melting of vortices, and the other is a Iin(g]
indicating the rapid growth of out-of-plane coherence be-
tween the mobile pancake vortices.

FIG. 1. Field configurations in the ac susceptibility measure-
ents under dc fields. The directions of ac fiblg and dc field
de» In the two configurations are shown.

tion. The apparatus was calibrated by two reference samples
of conventional superconductors, Cil.£0.52 K) and Al
(T.=1.18 K). While the dc fields were always applied per-
Single crystals used in this study were grown by the elecpendicular to the layers, the ac field was perpendicular or
trochemical method® The specific heat, ac susceptibility, parallel to the layers, as shown in Fig. 1. The former geom-
and resistivity were measured for single crystals in a zero oetry [Fig. 1(a)] gives the susceptibility in the compression
several dc fields perpendicular to the conducting plane.  mode of the vortices, while the lattgfig. 1(b)] gives that in
The specific heat was measured for a crystal weighinghe tilt mode. In this paper, the ac susceptibility in the former
5.96 mg in a temperature range of 0.25—-1.2 K by the thermatonfiguration, where a shielding current flows within the
relaxation method. A thin sapphire platexX2x0.12 mn?) plane, is called in-plane ac susceptibility, while that in the
was used as a bolometer on which a calibrated Rin@r-  latter configuration, where both the in-plane and the out-of-
mometer and a film-manganin heater were attached. Thelane shielding currents flow, is called out-of-plane ac sus-
calorimetry unit was mounted in a dilution refrigerator. ceptibility because the out-of-plane shielding current deter-
The samples with typical dimensions of xD.5 mines susceptibility, as will be explained later.
X 0.1 mn? were used for the resistivity measurements while  The resistivity measurements were performed in the in-
larger ones with dimensions ¢8-1)x 1x 0.5 mn? were for ~ plane and out-of-plane configurations, where the dc current
the susceptibility measurements. The resistivity and ac sugvas injected in directions parallel and perpendicular to the
ceptibility measurements were performed ifte refrigera-  plane, respectively. The gold wires of 1&m in diameter
tor. In the case of the zero-field measurement, the systeiyere attached to single crystals with carbon paste. The resis-
was surrounded by double-metal shields to shut out the tance of each contact was less than(1@t 0.5 K.
earth field, which can influence the superconductivity in a
low-T, material such as the present system. The residual dc
field was reduced to less than 1 mOe, which was confirmed lll. CHARACTERIZATION OF ANISOTROPY
by a Hall sensor. The measurement platforms including the PARAMETER AND UPPER CRITICAL FIELD
sample were kept soaked in liquitHe, so that the stability
and the agreement between temperatures at the thermometer
and the sample were achieved. The calibrated Cernox cen- The ET-NH, is a highly anisotropic conductor of thick
sors were used as a thermometer. The lowest temperatuptates. For such a kind of crystal, the absolute value of in-
achievable was 0.41 K. plane resistivity,p;, is not easy to determine with reliable
The ac susceptibility was measured using the standardccuracy because of difficulty of making up a homogeneous
mutual-inductance technique with two-phase lock-in deteceurrent distribution, while that of out-of-plane resistivity

Il. EXPERIMENTAL

A. Anisotropy of resistivity
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FIG. 2. Configurations of leads in the present resistivity mea-

surements. Directions of in-plane resistivjtyand out-of-plane re- FIG. 3. The temperature dependenceppindp, .
sistivity p, are also shown.

_ . _geneous current distribution in a crystal by solving the
can be obtained by the standard four-terminal method with aplace equation. A similar method was applied to a single
the use of the benefit that the high two-dimensionality tendgrystal of BSCCO by Buskt al?° In configuration-Ga), the
to permit the flow of the homogeneous current in the out-of-3pspjute value op, was obtained by multiplyingR, by

plane direction. Figure 2 shows the configurations of lead Lxb)/D as in method 1, wherB, = (V,—Vs)/l 4, andL
adopted in the present study. In the first method to evaluat% andD are dimensions of thelcrystél Nsext4 the current-

the anisotropy of resistivity, the in-plarfeurrent|| conduct- : : : ;
ing layers and out-of-plane(current | conducting layers voltage configuration was changed to ConfiguratidbyC

. ) AT
resistivity measurements were independently made for 5 an‘ghICh gave the S“rf"_"ce !n-plane re5|st_|V|tyRH
25 crystals with configuration-A and configuration-B, re- — (V2=Va)/l14]. In @ two-dimensional bulk material, the ab-
spectively.(This method is named method) Most samples solute value ofp, is approximately given through a relation
show metallic temperature variation in resistivity in both di- Of (pyp.)*?~(RPXxb)/2 sir{m/2L] with the value ofp, ,
rections in a whole temperature range below 300 K. Thevherel is a distance between the voltage electroffes
absolute values ofp, and p, are 2-7 mflcm and details, see Ref. 20In this way, bothp, andp, are simul-
2-3k) cm at room temperature and decrease tdaneously obtained for an identical crystal and are shown as a
1072-10 ! mQ cm and 20—40) cm at 3 K, respectively. function of temperature in Fig. 3. Whilg, shows a positive
The anisotropy ratio of the in-plane and out-of-plane valuesurvature,p, does a moderate negative curvature. These be-
is in a range of 19-1C° from room temperature to 3 K. The haviors well reproduce the results obtained in method 1. It is
averaged values over the measured samples are1D2  well known that resistivity of BSCCQ@Ref. 21 is semicon-
(285 K) and 7.9<10° (3 K). These are listed in Table | with ducting in the out-of-plane direction, while metallic in the
the averaged values of RR&d RRR, where RRR denotes in-plane one, and that ET-NC&Ref. 22 is metallic at low
the residual resistivity ratiga(285 K)/p(3 K). temperatures, while semiconducting at higher temperatures
In the second metho@method 2 to evaluatep, /pj, &  in both directions. In contrast to these materials, ET;Mbis
crystal which has the most symmetrical and nearly rectanguyothing anomalous in the resistivity in spite of the extreme
lar shape was chosen among the crystals grown.glf@d  o-dimensional nature. The application of method 2 to the

p. were examineq for this identical crystal by the six- present sample yielded the values gf=0.51 m cm and
terminal method with four leads on the top surface and two

=18000) cm at 285 K andp,;=0.015 m{2 cm and
leads on the bottom surface of the crystebnfigurations- - al P

e ) =26 cm at 3 K. The anisotropy of resistivity,, /p,, is
C(@ and (b) in Fig. 2]. The results were analyzed with the 3 ¢ 52t 265 K and 1.7¢ 10° at 3 K. which are alsa isted
method which is based on the determination of the inhomo '

in Table | with RRR’s in both directions.

As seen in Table I, there is no serious difference in the
TABLE I. Anisotropy of resistivity at 3 and 285 K, determined residual resistivity ratio, RRRand RRR, between the two
by.the two method; described in the text. The residual resistivity,athods. As for the anisotropy parameter, there is a factorial

ratio (RRR) is also listed. difference; the anisotropy of resistivityt 8 K is 7.9x10°

and 1.7 10° in methods 1 and 2, respectively. The differ-
ence is not only attributable to the sample dependence but
Method 1 7.X10° 7.9x10° 71 64 also to the methodological ambiguity coming from the diffi-
Method 2 3.6¢< 10° 1.7X 10° 34 70 culty of the determination of the absolute value of resistivity
in such a highly anisotropic conductor. In any case/p,,

Method p, lp at285K p,/p,at3K RRR RRR
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one of the important material parameters, is concluded to bthe length scale of\, is expected to be detectable even
~10°, which is used in the following discussion. through the macroscopic probe. Indeed, the ac susceptibility
showed a considerable decrease from the perfect diamagne-
tism in the parallel field geometry, indicating that the value
of N\, is comparable to the crystal size. The value\gfwas

_In this section, anisotropy of penetration depth/A is  directly calculated from the out-of-plane ac susceptibility,
discussed. While, /p; reflects the normal-state anisotropy, using the relation

N, /N, is a measure of the anisotropy of superconductivity.
First, an inference of the value of;, which could not be —4my'=1— (21, /L)tanKL/2\,) 1)
determined in the present experiments, is surveyed below. ’

The in-plane penetration depkh is estimated by the London \yherelL is the sample length along the plane and perpen-
formula of \ = m*c</(4mne), which is determined by gjcular to the ac field. This formula with the valueslofind

the effective electron mass* and densityn. The applica- x' gave a value oh, =1.4 mm at 0 K. Reproducibility of
bility of the London theory is examined in the case of ET-thjs result was confirmed in the measurements of five crys-
NCS, where experimental values af are available; the tals with different dimensiorL (For details, see Ref. 19
uSR (Ref. 23 and magnetizatiofi measurements yielded This macroscopic value demonstrates the Josephson nature
values in a range of 0.65—14m, which is represented by an of the out-of-plane coupling.

averaged value of 0.@m. If we adopt the cyclotron mass The in-plane and out-of-plane penetration depths\ pf
deduced by the Shubnikov—de Hd&slH) oscillations as the =0.7um and\, =1.4mm give an anisotropy parameter,
effective massm*, the values ofm*=6.9m, (Ref. 23 and =)\ /\,=(m, /m)¥2 as 2000. As discussed in the previ-
n=12x10* cm® give a value of\;=0.40um, which is  ous section, the anisotropy of resistivity is in a range of

appreciably different from the experimental value. There_ 106 which is fairly consistent with this value. The relation
may be several reasons for this discrepancy. For examplef ) /\,=(p, /p,)¥2is roughly fulfilled.

the London theory assumes a homogeneous electron medium

of a carrier densityr, while in reality the carrier density has N ] o -

an inhomogeneous distribution due to the layered structure in ~ C- Upper critical field; determination by specific-heat
ET-NCS. For this reason, direct application of the London measurements under dc fields normal to the conducting plane
formula does not seem plausible. Then, we consider that the |n this section, we determine upper critical figfg, and
modification of the experimental value bf of ET-NCS by  coherence lengtl§ of ET-NH,. In a superconductor which
multiplying a factor of (n’,§H4/m’,§,CS)1/2(nNCS/nNH4)1/2 isone has large fluctuations, resistivity is not a useful probe for a

of the realistic methods to givie, of ET-NH,, since the two  definition of H»(T), because the superconducting fluctua-
salts have a similar kind of Fermi-surface topology; an origi-tions in a higher temperature side and the fluctuations of
nally large cylindrical Fermi surface which has the samevortices(flux flow) in the lower temperature side make the
cross-sectional area as the Brillouin zorS/) crosses the resistiveH»(T) line ambiguous. It is also believed that other
zone boundary, resulting in one closed Fermi surface and Bhysical quantities in such a system does not show so clear
pair of open Fermi surfaces. While the value mf.g is  transition atHc,(T) under fields as in the conventional su-
obtained as 619, from the magnetic breakdown oscillation Perconductors. One of the reasonable definitions of the
where the cyclotron trajectory covers the whole Fermi surmean-field-likeHc,(T) is by the thermodynamic quantity.
faces(so-calleds orbit) at high fields, there was no observed Indeed, it was shown even in a loW- superconductor such
breakdown in ET-NH even at the high fields achievable. @ ThBaCuGs, 5 (T;.~15 K) thatH,(T) determined by the

Then, we estimated the ratioy, /m.s, from the cyclo- specific-heat measurements have a quite different tempera-
4 ture dependence from that determined by resist&fityhis

indicates that the effect of fluctuations can destroy the mean-
field-like resistive transition even in the loW; supercon-
ductors. So we adopted the specific heat as a measure of

B. Anisotropy of penetration depth

tron mass of the closed Fermi surfa@®-calleda orbit) in
the two salts since the both show cleaorbit SdH oscilla-
tions with similar cross-sectional ared3 and 15 % 0fSg;
for ET-NH, and ET-NCS, respectively Using H(T)

M (@ orbi=2.4my  (Ref. 26, mycq(a orbit)=3.5mg Figure 4 shows the superconducting components of the
(Refs. 25, 2J, ny,,=1.00<10% (cm %) and nycs=1.22  electronic specific heaE, /T in several magnetic fields, de-
X 107t (cm™3), N, of ET-NH, is estimated at 0.7um. fined as the difference between specific heats in the super-
On the other hand, the out-of-plane penetration dapth conducting and normal states, i.eC,=C(H)—-C(H
could be determined by the out-of-plane ac susceptibility=8 T). It is noted that the system is in the normal state in a
measurement under a zero dc field and with an ac field agield of 8 T. Assuming the mean-field transition curve pre-
plied parallel to the plane. Since this was reported in oudicted by BCS theory as shown by the solid line, the transi-
paper® the experimental procedure is not mentioned in detion temperaturd ;(H) was determined in each field so that
tail here. In the quasi-two-dimensional superconductor, thé¢he BCS curve compensates the entropy of the observed
out-of-plane penetration depth is regarded as the Josephsonrve from the thermodynamic point of view. Thus, a
penetration depth which depends on the Josephson criticél.,(T) line was defined by a set df.(H) data as a charac-
current?® If the out-of-plane coupling is weak,, amounts teristic boundary of occurrence of superconductivity. Figure
to a large value, reflecting small Josephson critical currents shows the results on the present two crystals. Temperature
Since the superconducting coupling between the layers iderivative of upper critical fields nedr, was obtained as-
ET-NH, must be weak due to thick insulating anion layers,[dHc,(T)/dT]y_=0.08T/K from the present data; this value
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Table 1l with those of two other gquasi-two-dimensional su-
perconductors, ET-NC$«-(BEDT-TTF),Cu(NCS),] (Ref.

31) and BSCCO (BiSr,CaCuyOg, 5).>? These parameters
must dominate the character of the vortex state, so that
knowledge of them is quite informative to argue tHeT
phase diagram with the experimental results. Using the
above parameters, the Ginzburg numi@r, of ET-NH, is
estimated at 0.1, which is considerably larger than those of
the conventional materials, e.g.x3.0"’ for Nb, and also
larger than that of YB#u;0O;_5 (0.01). BecauseGi mea-
sures the size of vortex fluctuations, a larger value is ex-
pected to give a wider range of the vortex-liquid phase in the
H-T plane.

Another feature distinctive from other materials is the
large in-plane GL coherence lengih, which is one order of
magnitude larger than those of the other two superconduct-
ors. This is partly because of the low transition temperature.
As for the parameters related to anisotropy or strength of
out-of-plane coupling, the anisotropy paramejeiand con-

FIG. 4. The temperature and field dependence of the supercoomitantly the out-of-plane penetration depth are even

ducting component of electronic specific he@, /T vs T plot,

larger than those of ET-NCS and BSCCO, which belong to a

where C,=C(H)—-C(H=8T). The transition temperatures in class of highly anisotropic superconductors. One of the rea-
each field are named@.(H). Representatively, the zero-field case ggng giving the extremely higly is the layer spacings(

T.(0) is shown.

is slightly different fromEdch(T)/dT]TCZO.liO.OZT/K

determined by Andrakat al®>° who definedT.(H) as the

temperature giving the maximum @©/T. Using the present
value and the Ginzburg-LanddGL) theory, the GL coher-
ence lengthg, is estimated at about 500 A.

IV. SUPERCONDUCTING PARAMETERS; COMPARISON
WITH OTHER QUASI-TWO-DIMENSIONAL
SUPERCONDUCTORS

=20 A) larger than those of the others<{15 A).

These peculiar characteristics make the vortices in
ET-NH, distinctive; Josephson lengtps is larger than in-
plane penetration depth,. The relation ofys>\, means
that this superconductor is classified as an extremely aniso-
tropic class of superconductor, whifes<\; in BSCCO and
ET-NCS. (The A, depends on temperature and diverges
nearT.. However, the difference by one order of magnitude
betweenys and the 0-K value ok, means that the relation
of ys>A\, holds in a wide temperature range except the vi-
cinity of T, in ET-NH,.) In a quasi-two-dimensional sys-
tem, the tilt modulus of vortice€,, is determined by the

The superconducting parameters deduced from the expefjosephson contribution and the electromagnetic ®oné,
ment and inference in the previous sections are all listed ijyhich the typical line-energy scales arab/(ys)? and

,/,,
200 | / H, L layer
: ® sample-1
| O sample-2
150 | 7

K -
 mean-field upper critical /
PR T Y
0.9

Y N T S

H,. (Oe)

- field, H,,(T) :

0....]....I.. ]
1

0.6 07 0.8
T(K)

FIG. 5. Thermodynamic transition temperatufegH) deter-

(P/\))?, respectively. In this sense, the pancake vortices in
ET-NH, are mainly coupled through the electromagnetic en-
ergy in the out-of-plane direction, while those in ET-NCS
and BSCCO are coupled by the Josephson energy with a
secondary contribution from the electromagnetic energy.
This feature distinguishes the present system from the other
systems and, therefore, may affect the vortex state, giving a
possible variation in théi-T phase diagram.

V. CHARACTERIZATION OF VORTEX STATE
A. ac susceptibility

In order to investigate the dynamical response of the vor-
tex systems, the complex ac susceptibility x' —ix” was
measured under dc fields in a temperature range of 0.4-1.5
K. The ac field was applied perpendicul&ig. 1(a)] or par-
allel [Fig. 1(b)] to the conducting layers. The former con-
figuration gives in-plane susceptibility because a shielding
current flows within the planes in the sample, while the latter
gives out-of-plane susceptibility because the out-of-plane
shielding current dominates the susceptibility due to the

mined by the specific-heat measurements under fields for two crydarge out-of-plane penetration depth. In the in-plane configu-

tals, which form the mean-field, line in theH-T plane.

ration in the vortex statgFig. 1(a)], the ac field perpendicu-



3628 TANIGUCHI, NAKAZAWA, AND KANODA 57

TABLE II. Superconducting parameters of ET-)HET-NCS, and BSCCO. Transition temperatiig
in-plane coherence lengt), in-plane and out-of-plane penetration depthsandX , , anisotropy parameter
v, interlayer spacing, and Josephson lengtys, are listed for the three quasi-two-dimensional supercon-
ductors. As for ET-NCS and BSCCO, the parameters were referred from Refs. 31 and 32, respectively.

Parameter a-(ET),NH4Hg(SCN), K- (ET),Cu(NCS), Bi,Sr,CaCyOg, 5
T. (K) 0.95 9.5 91

& A 500 60 30

A (um) 0.7 0.8 0.26

A, (um) 1400 200 40

y 2000 250 150

s (A) 20 15 15

S (um) 4 0.4 0.2

lar to the plane causes the vortex motion in the compressioabsolute value reaches only 15% of the full Meissner value at
mode, while in the out-of-plane configuratifig. 1(b)] the 0.5 K in a zero field. This behavior is attributed to the large
ac field parallel to the plane acts on the tilt mode. The meaeut-of-plane penetration depth, as discussed above and in our
surements in these two configurations lead us to understargtevious communicatiof?. The transition curves shift to the
the mobility of vortices in the two modes. lower temperature side in higher dc fields as in the in-plane
The in-plane ac susceptibility was measured with an agonfiguration. The out-of-plane susceptibility shows no fre-
field of 0.17 Oe in amplitude under zero and several dgyuency dependence even in finite dc fields in a range of
fields. From amplitude dependence of susceptibility, 0.17 O§57_3007 Hz measured in this study. The cases under dc
is confirmed to be in a region where the susceptibility iSfia|4s of 9 and 36 Oe are shown in Figgapand 9b).
independent of amplitude. The frequency o_f the ac field is The qualitative difference of the frequency dependence
17, 47, 307, and 1007 Hz. Figure 6 shows in-plane SUSCeRatween the two configurations is considered to come from

:?%Ityeg{n}rgo; dﬂziﬁ-;hr?i tLaenrsétéof?elcdu%?hzzltfﬁz;ﬁ] thites l:r\:\; err the different ways of stimulating the motion of the vortices.
nesg They' and " shogv an appreciable fre uen%: de enFiIn the in-plane configuration, the ac field initiates activation
- Thex X pp 9 Y 0€PEN” ot the compression mode of the vortex motion. In this situ-

dence in finite dc fields. A case under a dc field of 55 Oe ISation, the modulation of the vortex density is transmitted

shown in Fig. 7; the transition shifts to a lower temperature, ;
at a lower frequency. This will be discussed below. Ther from the crystal peripherals toward the center of the sample

was no observed frequency dependence at a zero field ethrough the diffusion and/or relaxation process. Thus the
q y depel . . . Characteristic frequency of the response of the whole vortex
The out-of-plane ac susceptibility with an applied ac field

. . . : system to the ac field in this configuration is determined by
.Of 2:1780$'r:n Etimph.ttl:IdE and 10.07, gz n Ireqtuentcy 'Sjr:r?wnthe ratio of the sample size and the diffusion or relaxation
N F1g. ©. The transition curves - do not saturate and the . \otant and might give an applied-frequency dependence in
the susceptibility profile as a crossover behavior.
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FIG. 6. In-plane ac susceptibility in several dc fieldig(H) is FIG. 7. Frequency dependence of the transition curves of the

the onset temperature of the transition cuf’g(0) is shown as the in-plane ac susceptibility. Origin of the vertical axis is shifted for
zero-field case. each frequency for clarity.
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FIG. 8. Out-of-plane ac susceptibility in several dc fields. T®
Tou(0) is the onset of the out-of-plane inductive transition ina zero  F|G. 10. Onset temperatures of the inductive transitions plotted
field. along with the mean-fieltli ., line. The closed circles are the onsets

of the out-of-plane ac susceptibility, which show no frequency de-

On the other hand, application of an ac field parallel to thesendence in the measured range of 157—3007 Hz. The open sym-
layer in the vortex state causes the tilting vortex motion in ahols are the onsets of the in-plane ac susceptibility for 17, 47, 307,
region of the out-of-plane penetration depth, (0) and 1007 Hz.
=1.4 mm, which is comparable to or larger than the sample

size. This feature permits the whole vortices to be driven
directly by the parallel ac field, not via the diffusion or re-
laxation process. Such a situation is realized only for the
present system due to the exceptionally long penetration
depth. In this case, the characteristic frequency of the system
response is that of the dynamics of the individual vortices,
not of the collective mode. The observation of the absence of
frequency dependence of the out-of-plgplein a range of
157-3007 Hz indicates that the dynamics of the individual
vortex is much slower than this frequency range below the
x' onset temperature and is much faster than that above the
onset without a gradual crossover of the characteristic fre-
quency of the vortex dynamics, suggesting a phase transition
rather than a crossover. Thus, the frequency dependence ap-
pearing only in the in-plane configuration is attributed to the
diffusion process of the mobile vortices within the layers.
We defined the onset of the inductive transition in the in-
[ (®) o o ] plane and out-of-plang’(T) as functions of measured fre-
o b He=360e 0 5 quency and applied dc fields. The definitions of them were

- shown in Figs. 6 and 8, where the onset temperatures were
represented as;,(H) and T,,(H), respectively. They are
plotted along with theH, line determined by the specific-

heat measurement in Fig. 10. The coincidence of the
0 157 Hz ] .
A 307 Hz | frequency-independent out-of-plane onsets and the low-
© 1007 Hz - frequency limit of the in-plane onsets corroborates this inter-
0 3007 Hz i
] pretation.

L o 1 Therefore, the drastic change of the vortex mobility at
-0.06 F———— Tou(H) is likely the phase transition rather than the cross-

0.4 0.6 0.8 1 } X .
T(K) over, and is suggested to be a melting of vortex lattice or

FIG. 9. Frequency dependence of the transition curves of thQ'aSS- The frequency dependenc_e of the collective dyn_am_ics
out-of-plane ac susceptibility under dc fields of 9 @eand 36 Oe  in a sub-kHz range implies the viscous nature of the liquid
(b). phase near the melting boundary.
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The profiles of the resistive transitions were qualitatively
different between the in-plane and out-of-plane measure-
ments under dc fields as well as a zero field. Even at zero
field, the in-plane resistivity shows a gradual transition; the
p; Starts to decrease around 2.4 K with a tail of positive
curvature and vanishes around 1 K. This peculiar behavior
was discussed in a previous communicatidivith the ob-
servation of the nonlinearity of the-V characteristics remi-
niscent of the Kosteritz-Thouless transition, we concluded
that it was associated with the high two-dimensionality of the
present material. Application of dc fields makes the transi-
tion curves appreciably broadened. On the other hand, the
out-of-plane resistivity exhibits a comparatively sharp tran-
sition aroun 1 K with negative curvature. When the dc field
is increased, the transition curve shifts to the lower tempera-
ture side. In contrast to the in-plane case, the sharpness of the
curvature is scarcely lost even by application of dc fields.
This behavior does not seem to be shared by other quasi-
two-dimensional superconductors. In BSCCO, the larger the
field applied, the broader the transition is. It is reported that
resistivity follows an activation type in both directions and

FIG. 11. In-plane resistivity normalized to the value at 3 K a1 the activation energies are almost the s#trie. this
under several dc fields applied with a step of 30 Oe from 0 t0 21G;iara1yre, the behavior was considered to indicate the dy-

Oe.

The resistivity measurements were performed in both the
in-plane and out-of-plane configuratiofmonfiguration C in
Fig. 2 under perpendicular dc fields, where the dc current;

B. Resistivity

namics of unconnected pancake vortices, which will explain
the independence of the activation energy on the current di-
rection.

In the present superconductor, the normal-state in-plane
resistivity just aboveT, is quite small compared with other
EDT-TTF salts. Reflecting a largéi value, a compara-
ively low-field range should be of interest. Because the flux-

was |nJe_cted in directions _paraIIeI and perpendicular to th%Iow resistivity is proportional to the normal-state resistivity
conducting layers, respectively. In both of the two conﬂgu-and the applied field in the Bardeen-Stephen context for ex-

rations, the injected dc currents were 48. Figures 11 and
12 show in-plane and out-of-plane resistivities under sever
dc fields, respectively. The in-plane resistivigy is normal-

:ilmple, the pursuit of the vanishing process of in-plane resis-

at|vity in the vortex state in question requires quite high reso-

lution and therefore it was not practical to get information

ized to the valu_e .O.f 3 K wh|Ie_ the absolute value of theabout the mobile vortices from the in-plane resistivity. This
out-of-plane resistivityp, is obtained.

P, (Qcm)

FIG. 12. Out-of-plane resistivity in several dc fields

T
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with a step of 30 Oe from 0 to 210 Oe.

is also because the injecting current must be too small to
cause heating in such a loW: superconductor. However,
the out-of-plane resistivityp, , which is several orders of
magnitude larger than in-plane resistivity in the normal state,
is observable with moderate sensitivity. In the vortex state,
while the in-plane resistivity comes from the in-plane trans-
port of vortices mentioned above, the out-of-plane resistivity
comes from a different mechanism; that is the phase coher-
ency between the layers, so that it is possible to make an
experimental study on the out-of-plane dynamical correlation
in the vortices. The vanishing of the resistivity signals estab-
lishment of the out-of-plane coherence.

As seen in the upper inset of Fig. 12, the out-of-plane
resistivity approaches zero with a super-exponential de-
crease, of which the linear extrapolation to a zero resistivity
(the lower insetgives a characteristic temperature of appear-
ance of the out-of-plane phase coherence. In total five crys-
tals were examined. Thus determined temperatures at several
fields for each crystal are plotted in the field-temperature
diagram in Fig. 13. The results are all on a single curve
without serious sample dependence, supporting that this line
characterizes an intrinsic boundary related to an out-of-plane
phase coherence. Although the out-of-plane resistive transi-

applied tion is sharp, it has a quite small but nonvanishing tail before

vanishing. For the tail part of the resistive transition, how-
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FIG. 13. Offset temperatures of, for five crystals which are g 150
distinguished by different symbols. In the inset, open circles with g

different sizes stand for different definition of the offset tempera- 100 L
tures for an identical crystal. For definition, see text. s

ever, sample dependence encountered implies that the obser- 50 I
vation should not be taken as it is. The resistive profiles [
shown in Fig. 12 are those of a crystal with the smallest ol
resistive tail. Considering the tail part, one can make other 0.4

definitions of the offset temperatures; for example, the tem-

pgrature givingon{loo orp,/1000, as shpvyn. in the inset of FIG. 14. H-T phase diagram of ET-NH The onset tempera-
Fig. 12, wherep,, is the normal-state resistivity at 3 K. ThuS yres of the inductive transition and the offset ones of the out-of-
defined temperatures are plotted by open circles of th@jane resistive transition are plotted along with the mean-filgl
middle and small sizes, respectively, along with the largeine in theH-T plane and are fitted to the functional forms in the
circles determined by the linear extrapolation in the inset okelting theory(a) and the out-of-plane decoupling thealty), re-
Fig. 13, where the characteristic temperatures are slightlgpectively. The bold curves are best fits.

shifted to the lower temperature side. Such freedom of defi- , o . .
nition may leave some room for the pursuit of the tempera_surement under fields. This figure includes two additional

ture where the resistivity really vanishes. However, it shouldd@@ ©f the out-of-planey’ measured in a dilution

be noted that the out-of-plane resistivity comes from the Outgefrigerator3.4 In this section, these two kinds of boundaries

of-plane phase fluctuations. In this mechanism, it is reasorl) the vortex state are discussed in terms of the existing
able to consider that the out-of-plane resistivity does not pertn€0res. , _ _

fectly vanish even when the out-of-plane correlation of the 1he x' onsets are fitted to a relation dfi,=Hq(1
pancake vortices are of long range, because thermal excita- 1/ Tc)“, as predicted by the melting theory with fitting
tion of tilting vibrations and out-of-plane phase slippageParameters oHy anda. In Fig. 14a), the thick solid line is
(vortex rearrangementnay contribute to the finite resistivity the best fit to the data and the obtained values of the param-
in the out-of-plane direction. Thus, we consider that the tem&ters areHo="592 G anda=2.05. Also shown in the figure
perature defined by the linear extrapolation reasonably chaf® twoHp, curves with exponents ok=1.5 and 2.5 for
acterizes the decoupling temperature where the phase coh&Rmparison. The recent melting theBhypredictsa=2 for
ence is practically established/lost. If the decoupling weréhe extremely anisotropic casg¥>\) and«=1.5 for the
the first-order transition, a jump of the out-of-plane resistiv-moderately anisotropic casgg<\) in a low-field region.

ity would have been observed. The absence of such aftince ET-NH is an extremely anisotropic case as mentioned
anomaly may suggest that the decoupling is a continuouBefore, the fitting value ofr turns out to be in fairly good

transition (higher than first ordéror a crossover. agreement with the predictiorilt is noted that this theory
also explains the experimental valuewbf the melting line

for BSCCO observed as the first-order transition in the local

magnetic measuremeft.The value ofH, is given in the
The onsets of the out-of-plang as the inductive transi- theory as follows:

tions in the low-frequency limit and the offsets of the out-of-

plane resistivity are again plotted in Figs.(d4and 14b)

along with theH, line determined by the specific-heat mea-

C. H-T phase diagram

dS¢
~ m(kgTo)?y* N (0)*

Ho 2
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With the fitted value oHy=592 G and\;(0) of 0.7um (see  knowledge. Reflecting the large anisotropy and the large in-
Sec. Il B), Eq. (2) gives the Lindemann numbey as 0.12. plane penetration depth, the Ginzburg number of the present
The value of the Lindemann number is considered to be superconductor amounts to a quite large value in spite of the
0.1-0.2 from the experimental and theoretical investigationsow transition temperature, predicting a wide range of the
of high-T, oxides(for example, Monte Carlo simulation was vortex-liquid state. Indeed, a region where the vortices are
performed by Ryuet al®). This agreement o€, strongly  mobile was observed through both the in-plane and out-of-
supports that the boundary in question is a melting line.  plane ac susceptibility measurements under fields below the
Next, the offset of the out-of-plane resistivity, defined by , |ine, which was determined by the specific-heat mea-
the linear extrapolation argued above, is discussed in thg rement.
context of the 3D-2D vortex decoupling, which is induced by The |arge anisotropy also leads the out-of-plane penetra-
the competltlpn between the out-of—_plane coupling of thetion depth to a macroscopic valliz, (0)=1.4 mm. In the
pancake vortices and the thermal disturbance. By analog%rtex state, application of a parallel ac field causes the vor-

with the Lindemann criterion in the melting, the decoupllngtex motion in the tilt mode. In this superconductor, a parallel

of pancake vortices is expected to occur when the root-meargc field can reach the whole sample volume becauss
square interlayer thermal displacementir={((U;1 P

—u,)?), becomes comparable to the intervortex distamge comparable to or Iarg(_ar than the s_amplg size. This feature
where u, means the position of the pancake vortex in thePermits the whole vortices to be driven directly by the par-
layer specified byr. Deameret al3” gave a formula for the allel ac field, not via the diffusion process. Using this profit

temperature dependence of the decoupling fiels(T) in in the investigation of the vortex dynamics, we found the
case ofys>y, (extremely anisotropic cases follows: characteristic line which indicates the drastic change of mo-

bility of the vortices. With the observation of absence of
frequency dependence we conclude that this is a melting line
of vortex lattice or glass, not a crossover of vortex dynamics.
ORS 82T\ (0)* The out-of-plane resistivity under perpendicular fields
:327T3-|-7\”(-|-)4 ”[ D253 } 3 gave the sample-independent characteristic line in the mobile
vortex phase in théd-T plane, which is suggestive of the
If the relation of\,(T)=X,(0)/[1—(T/T,)?]¥2 is assumed interlayer coupling/decoupling of the melted pancake vorti-
for simplicity, a variable parameter in this formula is only €€S: . o
\;(0). InFig. 14b), a fit to the data is presented. The best fit The superconducting parameters obtained in the present
gives a value ok (0)=1.48um. [The curves with,(0)  Study ~ show that the pancake vortices in
=1.3 and 1.6um are also shown for comparisgs seenin  a-(BEDT-TTF);NH,Hg(SCN), are mainly coupled through
the figure, the functional form of Eq3) reproduces the ex- the electromagnetic energy. Reflecting this, the temperature
perimental data quite well. The fitted value of 1.48n is  dependence of the two lines determined by inductive and
somewhat larger than the value ®f(0) evaluated as 0.7 out-of-plane resistive transitions under fields was consistent
um. It is mentioned that a similar situation was encounteredvith the recent melting theory and the decoupling theory
in artificial MoGe/Ge multilayers studied by Steel, White, taking account of the electromagnetic coupling.
and GraybedP who discussed the decoupling field in the In the quasi-two-dimensional vortex system, the morphol-
context of Deamen’s theory, although it was a case of thegy of the pancake vortices is now an open question. There
moderately anisotropic superconductor. The decoupling imre several possible phases of the vortex matter; the uncon-
ET-NH, occurs at smaller fields than predicted, while thenected pancake-vortex gas, line liquid and solids such as
MoGe/Ge multilayers were reported to show the oppositgattice, glass, and semiglass. One of the experiments per-
deviation from the prediction. The differenpe between thefgrmed for BSCCO suggested the occurrence of the sublima-
observation and the theory may be suggestive of some roogy transitiod® at a line which separates the solid phase
for improvement in the theoretical treatment; for example .o, the gas phase in the-T plane, although there stil

incorporation of the neglected ingredients such as the eﬁecéxists controversy?3® The present system does not follow

of the_ r?o”.“a' core. Anyway,_lt IS emp_haslzed that the Char"[he sublimation transition but suggests a two-step transition
acteristic line, which is explained qualitatively as the decou-

pling boundary, was found in the mobile vortex region in theconsisting of melting and evaporation. This fact may suggest
H-T plane ' that the pancake vortex system mainly coupled through the

electromagnetic energy has a different route to solidification
of vortices from that in BSCCO where Josephson energy
dominates the coupling of the pancake vortices. However,
the following aspects may also be involved in the separation

The phenomenological aspect of superconductivityof the melting and evaporation in the present system. One is
in the quasi-two-dimensional organic conductar(BEDT-  the huge coherence length of ET-WHvhich is one order of
TTF),NH,Hg(SCN),, was investigated through the thermo- magnitude larger than that of BSCCO, as mentioned above.
dynamic, resistive, and inductive measurements in zero an@ihe large vortex core strongly affects the pinning and the
finite dc fields. out-of-plane coupling of the pancake vortices. Another is

The anisotropy parameter deduced from resistivity andnorphology of defects which pin the vortices. Experiments
penetration depth amounts to the order of,1@hich is the  with samples where the type of defect is controlled will be
largest value among any reported values to date to ounelpful to elucidate this.

Hp(T)

VI. CONCLUDING REMARKS



57 PHASE DIAGRAM OF VORTICES IN THE QUASI-TWO. ..

ACKNOWLEDGMENTS
We thank K. Kato and T. Takayama in the Low-

Temperature Center at IMS for their technical support in

low-temperature experiments. This work was supported i

3633

part by Grant-in-Aid for Scientific Research Nos. 06243102
(Priority Area “Novel Electronic States in Molecular Con-
ductors”) and 06452064 from the Ministry of Education,
rﬁcience, Sports, and Culture, Japan.

1H. Safar, P. L. Gammel, D. A. Huse, and D. J. Bishop, Phys. Rev.

Lett. 69, 824 (1992.

Kawamoto, K. Kato, and K. Kanoda, Synth. Met0, 915
(1995.

2E. Zeldov, D. Mayer, M. Konczykowski, V. B. Geshkenbein, V. 2°R. Bush, G. Ries, H. Werthner, G. Kreiselmeyer, and G.

M. Vinokur, and H. Shtrikman, NaturéLondon 375 373
(1995.

S3A. Shilling, R. A. Fisher, N. E. Phillips, U. Welp, D. Dasgupta,
W. K. Kwok, and G. W. Crabtree, Naturg¢.ondon 382, 791
(1996.

4For a review, see G. Blatter, M. V. Feigel'man, V. B. Geshken-
bein, A. I. Larkin, and V. M. Vinokur, Rev. Mod. Phy$6,
1125(1994.

SW. E. Lawrence and S. Doniach, Proceedings of the Twelfth

International Conference on Low-Temperature Physics, Kyoto

197Q edited by E. KanddKeigaku, Tokyo, 197§ p. 361.
6L. 1. Glazman and A. E. Koshelev, Phys. Rev4B 2835(199)).

Saemann-Ischenko, Phys. Rev. Lé8, 522 (1992.

213, Martin, A. T. Fiory, R. M. Fleming, L. F. Schneemeyer, and J.

V. Waszczak, Phys. Rev. Lei0, 2194(1988.

22K Murata, M. Tokumoto, H. Anzai, Y. Honda, N. Kinoshita, T.

Ishiguro, N. Toyota, T. Sasaki, and Y. Muto, Synth. M2T,
A263 (1988.

231, P. Le, G. M. Luke, B. J. Sternlieb, W. D. Wu, Y. J. Uemura, J.

H. Brewer, T. M. Riseman, C. E. Stronach, G. Saito, H. Yamo-
chi, H. H. Wang, A. M. Kini, K. D. Carlson, and J. M. Williams,
Phys. Rev. Lett68, 1923(1992; D. R. Harshman, A. T. Fiory,
R. C. Haddon, M. L. Kaplan, T. Pfiz, E. Koster, I. Shinkoda, and
D. LI. Williams, Phys. Rev. B49, 12 990(1994.

M. V. Feigel'man, V. B. Geshkenbein, and A. I. Larkin, Physica 24\, Lang, N. Toyota, T. Sasaki, and H. Sato, Phys. Rev. |68t.

C 167, 177(1990.

8R. Ikeda, J. Phys. Soc. Jpb4, 1693(1995.

9T. Tamegai, Y. lye, I. Oguro, and K. Kishio, Physica2@3 33
(1993.

10R. Cubitt, E. M. Forgan, G. Yang, S. L. Lee, D. M. Paul, H. A.
Mook, M. Yethiraj, P. H. Kes, T. W. Li, A. A. Menovsky, Z.
Tarnawski, and K. Mortensen, Naturd.ondon 365 407
(1993.

s, L. Lee, M. Warden, H. Keller, J. W. Schneider, D. Zech, P.
Zimmermann, R. Cubitt, E. M. Forgan, M. T. Wylie, P. H. Kes,
T. W. Li, A. A. Menovsky, and Z. Tarnawski, Phys. Rev. Lett.
75, 922(1995.

2R, A. Doyle, D. Liney, W. S. Seow, and A. M. Campbell, Phys. 27k Oshima. T. Mori. H. Inokuchi

Rev. Lett.75, 4520(1995.

3B, Khaykovich, E. Zeldov, D. Majer, T. W. Li, P. H. Kes, and M.
Konczykowski, Phys. Rev. B6, 2555(1996.

M. Lang, F. Steglich, N. Toyota, and T. Sasaki, Phys. Re¥t9B
15227(1994.

15T Takahashi, T. Tokiwa, K. Kanoda, H. Urayama, H. Yamochi,
and G. Saito, Physica €53-155 487 (1988; Synth. Met.27,

1443(1992.

25For example, T. Sasaki, H. Sato, and N. Toyota, Solid State Com-

mun. 76, 507 (1990.

28As the value ofm* , we averaged the two reported values of the

SdH mass; 2, [T. Osada, A. Kawasumi, R. Yagi, S. Ka-
goshima, N. Miura, H. Mori, T. Nakamura, and G. Saito, Solid
State Communz5, 901(1990], 2.5m, [S. Uji, T. Terashima, H.
Aoki, J. S. Brooks, M. Tokumoto, N. Kinoshita, T. Kinoshita, Y.
Tanaka, and H. Anzai, Phys. Rev. B}, 9332 (1996]. The
dHVA mass has a similar valyé. Wosnitza, G. W. Crabtree, H.
H. Wang, K. D. Carlson, M. D. Vashon, and J. M. Williams,
Phys. Rev. Lett67, 263 (1991)].

H. Urayama, H. Yamochi, and
G. Saito, Phys. Rev. 88, 938(1988.

2@, Deutscher and O. E. Wohiman, J. Phys1@ L433 (1977.
297, carrington, A. P. Mackenzie, and A. Tyler, Phys. Rev58

R3788(1996.

0B, Andraka, G. R. Stewart, K. D. Carlson, H. H. Wang, M. D.

Vashon, and J. M. Williams, Phys. Rev.42, 9963(1990.

A319 (1988: K. Kanoda, K. Sakao, T. Takahashi, T. Komatsu, - FOr & (0 Hez), J. E. Graebner, R. C. Haddon, S. V. Chichester,

and G. Saito, Physica 085-189 2667(1991); T. Takahashi, K.
Kanoda, and G. Saitdhid. 185-189 366(1991); S. M. De Soto,
C. P. Slichter, H. H. Wang, U. Geiser, and J. M. Williams, Phys.
Rev. Lett.70, 2956(1993; H. Mayaffre, P. Wzietek, D. Jerome,
and S. Brazovskiiibid. 76, 4951(1996.

16\ Oshima, H. Mori, G. Saito, and K. Oshima, Chem. L&889
1159.

H. H. Wang, K. D. Carlson, U. Geiser, W. K. Kwok, M. D.

Vashon, J. E. Thompson, N. F. Larsen, G. D. McCabe, R. S.

Hulscher, and J. M. Williams, Physica 156, 57 (1990.

183, S. Brooks, X. Chen, S. J. Klepper, S. Valfells, G. J. Athas, Y.
Tanaka, T. Kinoshita, N. Kinoshita, M. Tokumoto, H. Anzai,
and C. C. Agosta, Phys. Rev. ®, 14 457(1995.

9H. Taniguchi, H. Sato, Y. Nakazawa, and K. Kanoda, Phys. Rev.

and S. H. Glarum, Phys. Rev. 41, 4808(1990, for A, Refs.
23 and 24 and foin, , K. Kanoda, Y. Tsubokura, K. Ikeda, T.
Takahashi, N. Matsukawa, G. Saito, H. Mori, B. Hilti, and J. S.
Zambounis, Synth. Me65-57, 2865(1993 and P. A. Mansky,
P. M. Chaikin, and R. C. Haddon, Phys. Rev.5B, 15929
(1994.

32For £, (or Hyyy), A. S. Alexandorov, V. N. Zavaritsky, W. Y.

Liang, and P. L. Nevsky, Phys. Rev. Le®6, 983 (1996, for

\;, D. R. Harshman, R. N. Kleiman, M. Inui, G. P. Espinosa, D.
B. Mitzi, A. Kapitulnik, T. Pfiz, and D. LI. Williams,ibid. 67,
3152(199)) and T. Shibauchi, A. Maeda, H. Kitano, T. Honda,
and K. Uchinokura, Physica 203 315(1992 and for\ , T.
Jacobs, S. Sridhar, Qiang Li, G. D. Gu, and N. Koshizuka, Phys.
Rev. Lett.75, 4516(1995.

B 53, R8879(1996; H. Sato, H. Taniguchi, Y. Nakazawa, A. 33A. E. Koshelev, Phys. Rev. Letf6, 1340(1996.



3634 TANIGUCHI, NAKAZAWA, AND KANODA 57

34y, Nakazawa, H. Sato, A. Kawamoto, K. Kato, and K. Kanoda, Phys. Rev. Lett.70, 1167 (1993; Phys. Rev. B47, 11 291

Synth. Met.70, 919 (1995. (1993.

35G. Blatter, V. Geshkenbein, A. Larkin, and H. Nordborg, Phys.3®D. G. Steel, W. R. White, and J. M. Graybeal, Phys. Rev. Lett.
Rev. B54, 72(1996. 71, 161(1993.

36s. Ryu, S. Doniach, G. Deutscher, and A. Kapitulnik, Phys. Rev3°D. G. Fuchs, R. A. Doyle, E. Zeldov, D. Majer, W. S. Seow, R. J.
Lett. 68, 710(1992. Drost, T. Tamegai, S. Ooi, M. Konczykowski, and P. H. Kes,

S7L. L. Deamen, L. N. Bulaevskii, M. P. Maley, and J. Y. Coulter,  Phys. Rev. B55, R6156(1997).



