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Highly anisotropic superconductivity in the organic conductor a-(BEDT-TTF ),NH,Hg(SCN),
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Superconductivity in a layered organic compourd BEDT-TTF),NH,Hg(SCN),, has been characterized
by measurements of the in-plane and out-of-plane resistivities and susceptibilities. The anisotropy of the
normal state resistivity amounts to %@(f. The profiles of the in-plane and out-of-plane superconducting
transitions are qualitatively different in both resistive and inductive measurements. The out-of-plane penetra-
tion depth is as long as 1.4 mm. All these results indicate that this material is a model system of Josephson-
coupled two-dimensional layers with a high superconductive anisotropy,

A family of organic conductors, The in-plane(current|l conducting layersand out-of-plane
a-(BEDT-TTF),MHg(SCN), [M=K,Rb,TI,NH,], are quasi- (currentL conducting layersresistivity measurements were
two-dimensional layered metals, where conducting layersnade for four and sixteen crystals, respectively, with the
composed of BEDT-TTF molecules are separated by thiclstandard four terminal method. Most samples show metallic
insulating anion layerS.Reflecting this structure, the elec- temperature-variation of resistivity in both directions in a
tronic state is known to be highly two dimensional. Within whole temperature range below 300 K, although several
the conducting layer, the electronic band-structure calculasamples show a broad maximum at 50-150 K in the out-
tion predicts two types of Fermi surfaces: a pair of openof-plane resistivity. The values of the in-plane and out-
surfaces and a closed cylindrical cheshich was confirmed of-plane resistivities are 2—7 éhcm and 2-3 R cm at
by observation of the quantum oscillatiohEor M=K, Rb, room temperature and decrease to a0t mQcm
and TI, the systems undergo electronic phase transitioand 20—40() cm at 3 K, respectively. The anisotropy ratio
around 10 K into another metallic stateyhich is believed of the in-plane and out-of-plane values is°2QC, which
to originate from nesting of open parts of the Fermi surfacesexceeds by far the values of 2010 for the 10 K organic
On the other hand, the NHsalt does not show this kind superconductors, k-(BEDT-TTF),X [X=Cu(NCS), and
of phase transition but exhibits a superconducting transiCUN(CN),]Br],® and is comparable to or larger than those of
tion around 1 K% The superconductivity in this compound the Bi-based cuprate superconductorBhe present com-
is expected to have a two-dimensional nature. Thus wgound is an extremely two-dimensional conductor.
consider that ti 1 K omanic superconductor serves as a The profile of the superconducting transition was qualita-
model system for comprehensive understanding of phetively different in the in-plane and out-of-plane four terminal
nomenological aspects of quasi-two-dimensional supermeasurements; the in-plane resistivity starts to decrease
conductivity in addition to the 10 K organic and 100 K oxide around~2.5 K and vanishes around 1.0 K while the out-of-
systems. In this work, anisotropy of the superconductivityplane resistivity exhibits a comparatively sharp transition
in a-(BEDT-TTF),NH,Hg(SCN), has been investigated around 1.0 K. To confirm the anisotropic behavior without
through resistivity and ac-susceptibilty measurements in thambiguity of sample dependence, we performed simulta-
in-plane and out-of-plane configurations at a zero magnetioeous measurements of the in-plane and out-of-plane resis-
field. A striking contrast between the in-plane and out-tivities for identical crystals, to which six leads were attached
of-plane transitions revealed here indicates that this comas is shown in the inset of Fig. Un this six-terminal con-
pound is one of the most highly anisotropic superconductordiguration for such highly anisotropic materials, one does
The out-of-plane penetration depth is determined to be asot obtain the absolute value of the in-plane resistivithe
long as 1.4 mm, which evidences extremely weak interlayecontrast between the in-plane and out-of-plane behaviors is
coupling. demonstrated in Fig. 1, which almost reproduces the result of

Single crystals ofa-(BEDT-TTF),NH,Hg(SCN), were the four terminal measurements. The in-plane gradual transi-
grown electrochemically. Samples with typical dimensionstion starting from 2.4 K completes around 1.0 K with a tail
of 1x0.5x0.1 mn? were used for the transport measure-of positive curvature while a sharp decrease with negative
ments while larger ones with dimensions (@~3)x1x0.5  curvature occurs at 1.0 K in the out-of-plane configuration.
mm?® were for the ac-susceptibility measurements. All theThis suggests that, in the temperature range from 2.4 K down
measurements were performed inde refrigerator sur- to 1.0 K, the superconducting coherence starts to grow
rounded by doublg-metal shields to shut out the earth field. gradually within the layers but does not between the layers.
The residual dc field was reduced to less than 1 mOe ofhis characteristic will be discussed below along with the
lower. Sample temperature was monitored with a calibrategusceptibility data.

Cernox sensor in a temperature range of 0.4—300 K. The ac complex susceptibility=x'—iy", was measured

For resistive measurements, gold wires of 0.15 mm irwith the standard mutual inductance technique down to 0.4
diameter were attached to single crystals with carbon phas&. The apparatus was calibrated by two reference samples of
The resistance of each contact was less thafl2d 0.5 K.  conventional superconductors, Gd.=0.52 K) and Al
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1.2 consistent with the specific heat res\fifEhe saturation value

of 47y’ is 2.8 times larger than the complete diamagnetism
due to a large demagnetizing effect in the present geometry
of the field and the specific shape of the crystal used. Rough
estimation of the demagnetization factor ensures that the
saturation value is considered as the perfect diamagnetism.
Above 1.0 K,—4my’ is smaller than a level of IG, which

is a resolution of our inductive apparatus under the present
condition of the low frequency, low amplitude, and crystal
size.

In order to examine the diamagnetic response with higher
sensitivity in the higher temperature range, where the in-
plane resistance shows an appreciable and gradual decrease,
a commercially available superconducting quantum interfer-
ence device magnetometer was utilized for picking up very
0 small ac response, although the lowest temperature available
4 is limited to 1.8 K. A very smallless than 10° but clear

T(K) in-plane diamagnetic response was observed bet@wb K.
We also measured frequency dependence of the susceptibil-

FIG. 1. In-plane(p) and out-of-planép, ) resistivities measured jty in a range from 1 to 1D Hz at 1.9 K and found no
with the six-terminal method for three crystals, is absolute frequency dependence. Therefore, the diamagnetic signal is
values whilep; is normalized to the valuetad K because the ot due to the eddy current enhanced by the decrease in the
six terminal configuration depicted in the inset dogs noF give thenormal—state resistance but to the superconductive diamagne-
;Ilcl).solute value of, . The same symbol stands for an identical crys- tism. As f_or the ou_t-of-_plane geometti, C_ondycting lay-

er9, no diamagnetic signal was observed in this temperature

range. This is consistent with the behavior of the out-of-
(T¢=1.18 K). The ac field was applied perpendicul@n-  plane resistivity and again indicates that the growth of the
plane susceptibilityand paralle(out-of-plane susceptibilily — superconductive coherence is confined within the layer
to the conducting layers. Figure 2 shows in-plane ac suscepiove 1 K. The behavior abevl K can be considered to
tibility (h,eL conducting planeunder an ac field of 47 Hz come from two-dimensional fluctuations of order parameter
and 0.16 Odin amplitudg, which is confirmed to be in the or inhomogeneity with slight admixture of high&, inclu-
low frequency and low amplitude limit from the frequency sion. The reproducibility of the transition profiles, the
and amplitude dependence of the susceptibility. A sharp transmooth in-plane resistive transition and good sample quality
sition in x" with an onset around 0.95 K appears and isguaranteed by our observation of clear Shubnikov—de Haas
followed by the saturation below 0.8 K. This indicates thatoscillations in a sample used here seem to suggest that some
the bulky coherence is established belew.95 K, which is intrinsic effect different from the inhomogeneity is involved

in this quasisuperconducting behavior above 1 K. We note

1 — that some samples show in-plane current-voltdg¥) char-

’ ] acteristics reminiscent of the Kosteritz-Thouless transition;
the Ohmic dependence is maintained down to 0.9 K, below
_ 1 which nonlinear dependence ofV¢ appears andx in-

i . %@W@Wéﬁ@%&@@ creases to 2.5 at 0.7 KThis leads us to speculate that the
0 [t e in-plane gradual transition abevl K is amanifestation of

: ] the thermally excited vortex-antivortex unbinding. However,

] somewhat sample-dependent results of Ithé characteris-
i . ] tics, which may come from difficulty in reliable in-plane
1EF 3 electrical measurements of such an extremely anisotropic
' material, requires further critical research for this specula-
tion. In any case, the fact that the resistive and diamagnetic
transitions appear only within the layer is an indication of the
high two dimensionality.
] The low-temperature out-of-plane susceptibility, |
5 i ..’. conducting layens measured by the inductive method is
251 shown in Fig. 3. In this geometry, the demagnetization effect
fw’.ﬁw ] is not significant.(This is also because the susceptibility
S value is much smaller than unity as seen beldve applied
04 06 08 1 12 14 ac fields is 0.16 Oe in amplitude and 1007 Hz in frequency.
T(K) The onset of the transition is at 0.93 K, which coincides with
that of the in-plane susceptibility. A strong contrast to the

FIG. 2. ac susceptibility measured under an ac field of 47 Hzn-plane case is that-4my’ increases gradually with de-

and 0.16 Odin amplitude perpendicular to the layer. creasing temperature and reaches only 20% of the perfect
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FIG. 3. ac susceptibility measured under an ac field of 1007
Hz and 0.16 Ogiin amplitude parallel to the layer. Inset shows
the out-of-plane penetration depth deduced from the susceptibilit%ry
data.

FIG. 4. The parallel-field susceptibility values at 0.4 K for five
stals are plotted as a function of sample sizewhich is the
length parallel to the layer and perpendicular to the ac field. Inset

. . . . shows the values of, deduced through Eql) for each crystal.
diamagnetism at the lowest temperature available. This factq yalues are well fitted by a value Bf =1.65 mm, as shown by

suggests that the penetration depth is comparable with th@a solid curve and line.
sample size. In this geometry of the ac field against the crys-

tal, the field can penetrate both from the plane in the direc- . _
tion perpendicular to the layers and from the edges in thdhose of other layered organic superconductorscd/pe:
parallel direction. The formefin-plane depth, which char- 200 um for «-(BEDT-TTF),CUNCS), (Refs. 10 and 11

acterizes the shielding current flowing within the layer, is200um for x-(BEDT-TTF),CUN(CN),|Br (Ref. 10, 80 um
roughly given by the London penetration depth, which doedor «-(BEDT-TTF),Ag(CN),H,0 (Ref. 10, and less than 20
not exceed an order of gm. This is much smaller than the um for k-(MDT-TTF),Aul, (Ref. 10. Since\, probes the
thickness of the crystal. Therefore, the latteut-of-plang  interlayer superconducting coupling, it turns out that the
penetration depthy, , is responsible for the considerable re- present compound is a quasi-two-dimensional superconduc-
duction of —4y’ from unity. This is a common situation to tor with the largest anisotropy among the organic systems to
the weakly coupled layered organic superconduc®tsThe  date. In a model of Josephson-coupled multildfeéhe out-
penetration depth is given implicitly by the following rela- of-plane penetration depthta0 K is given by A\,
tion: =[(4m2A)/(#ic?p,)] Y with A the gap parameter ang
the out-of-plane resistivity. Assuming the weak coupling
—4my'=1—(2\, /L)tanHL/2\ ), ) BCS relationship,A=1.76 kgT., with T.=0.93 K in the
present case, the value op, =20-40 Qcm gives

wherelL is the sample length shown in the inset of Fig. 3.\, =0.5-0.7 mm. This value is smaller but of the same order
The value calculated by this formula is 1.65 mm at 0.4 K.of magnitude as the experimental value. In the Josephson-
Reproducibility of this result was examined by the measurecoupled model, the two-dimensional character of the indi-
ments of five crystals with different dimensidn, All of the  vidual layer is introduced only through a condition that the
samples showed the similar temperature dependence &yer thickness is far less than the in-plane penetration depth
—4ay’ as in Fig. 3. The values of4my’ at 0.4 K for the and other properties of the layer are assumed to be bulklike
five crystals are plotted as a function of crystal lendgthin  with the BCS weak coupling nature. The difference between
Fig. 4. All of the results are fitted with excellent quality to a the experimental and calculated values may come from two-
solid curve given by Eq(1) with A, =1.65 mm. The\, dimensional order-parameter fluctuations inherent in the in-
deduced from Eq(1) for each sample is shown in the inset dividual layer in the real layered system.
of Fig. 4. These results guarantee reliability of the value of In summary, superconductivity of the layered organic su-
the penetration depth. To obtain the low-temperature limit ofperconductor,a-(BEDT-TTF),NH,Hg(SCN),, was investi-
A\, , measurements were extended down to 50 mK using thgated by the in-plane and out-of-plane resistive and ac mag-
dilution refrigerator for two samples, giving a value of 1.4 netic measurements, which have revealed that this system is
mm in 0 K limit for both samples. Thus we conclude that theone of the most highly anisotropic quasi-two-dimensional
low-temperaturen, of a-(BEDT-TTF),NH,Hg(SCN),is 1.4  superconductors and is viewed as a weakly Josephson-
mm. This value is one or two orders of magnitude larger tharcoupled multilayer.
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