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The static diamagnetic susceptibility of single-crystal x- (BEDT-TTF),Cu (NCS), in the
superconducting state were measured. The critical field Hi, ( T) and the critical magnetization
current Jc( T) in weak magnetic fields were determined with allowance for the sample shape and
for the bulk pinning. The possible causes of the deviation of the observed Hi, ( T )dependence
from that predicted by the BCS theory are discussed. The London penetration depth and the
Ginzburg-Landau parameter are estimated at il II (0) 1500 A and x(0) ~ 8 . 1 .
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The
organic
superconductor
x-(BEDT-TTF) ,Cu (NCS), has a critical temperature1
T, =: 10 K at atmospheric pressure, the present record for
sus.~
organic metals. The measured dynamic's3 and ~ t a t i c ' . ~
ceptibilities point to a volume-dependence of the superconductivity in this compound.
The lower critical field Hc, was estimated in a number
~ - ~ measurements of the magnetic moment. It
of s t ~ d i e sfrom
should be noted that the experiments of Refs. 3 and 4 were
made on polycrystalline samples. It is difficult in this case to
take into account the strongly anisotropic character of the
investigated substance. Anisotropic-superconductor properties, such as the critical field, are obviously best studied in
single crystals, as was done in Refs. 5 and 6. In Ref. 5 the
value of Hi, at T = 4.2 K was determined by observing the
start of the deviation of the field dependence of the sample
magnetization M ( H ) from linearity, and amounted to 1.5
Oe (without allowance for the demagnetizing factor). Plots
of M ( H ) in the temperature range 5-8 K were obtained in
Ref. 6, where H i l , determined just as in Ref. 5, was found to
5 at T z 5 K. So large a difference between the
be ~ 2 Oe
estimates ofH,, may be due to the influence of the magnetizing factor, and also to differences in the quality and shape
accuracy of the samples. Indeed, the presence of "weak
spots" in the sample (such as acute angles or small nonuniformity of Tc in the sample) can greatly lower the field corresponding to the start of penetration of the magnetic flux
compared with the value ofHcl in a bulky sample. An uncertainty in the estimate of Hclfrom the start of the deviation of
M ( H ) from linearity is introduced also by Abrikosov-vortex
pinning that delays the penetration of the flux into the sample.
Our aim was an experimental study of the static
diamagnetic
susceptibility
of
single-crystal
tc- (BEDT-TTF),Cu (NCS), in the superconducting state,
as well as an estimate of the lower critical field Hcl and the
critical magnetization current Jc with allowance for the
shape of the sample and the bulk pinning of the magnetic
flux.
The x-(BEDT-TTF),Cu(NCS), single crystals were
obtained by electrochemical oxidation of BEDT-TTF in
1,2-trichlorethane (at a concentration 2.
mol/l), using
dc current (I= 1.15,uA) and a platinum electrode at a constant temperature 20 OC.~h~
was a cu(SCN)K(SCN)
prepared
before the s ~ n t h e sis in an electrochemical cell by dissolving Cu(SCN)
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(5.10-3 mol/l) in the presence of K(SCN) and the cyclic
ester 18-crown-6 in a ratio 1:1:1.
The measurements were performed on a
x- (BEDT-TTF) ,Cu(NCS ), single crystal measuring
0.88 X0.15 X0.03 mm in an external field from 0.1 to 40 Oe
at temperatures from 2 to 10 K. Preliminary resistive measurements have shown that the sample becomes superconducting at Tc 10.2 K (a value determined from the center
of the resistive transition), and the resistance vanished completely at TZ 8.8 K. To measure the magnetic moment we
used a magnetometer based on an hf SQUID. The magnetometer was calibrated against lead and tin references with
dimensions close to those of the sample. The sample diamagnetic screening signal agreed with the signal from the references within 10%.
Figure 1 shows the temperature dependences of the
magnetic susceptibility of the sample at different values of
the magnetic field He,, directed perpendicular to the bc crystal plane. Curves 1, 2, and 3 correspond to diamagnetic
screening (zero field cooling), and 11,2',3'to crowding out of
the magnetic flux, the Meissner effect (field cooling). In
fields He,, < 1 Oe the Meissner effect is 240% of the total
diamagnetic-screening signal, in agreement with data by
other^.^.^ When the field is increased, the relative fraction of
the Meissner effect is decreased, and starting with 15 Oe
the absolute value of the magnetic flux crowded out of the
sample saturates and ceases to depend on the field.
When the external field was directed along the conduct-
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FIG. 1. Temperature dependence ofthemagnetic susceptibility in the case
of diamagnetic screening (curves 1,2,3) and the Meissner effect (curves
lJ.2'.3')
, . . in a field Hlbc. Curves 1 and 1' corres~ondto an external field
H,,, = 1.2 Oe, 2 and 2' to He,, = 5.4 Oe, and 3,'3' to He,, = 16.5 Oe.

0038-5646/90/010208-03$03.00

@ 1990 American Institute of Physics

208

Jc = - 3cMc/R, where R is the cylinder radius. For a sample in the form of a three-axis ellipsoid with semi-axes
a,P,y(a >8> y) in a field parallel to the shortest axis y, the
expression for Jctakes the form

FIG. 2. Plots of the average sample magnetization on an external field
Hlbc at temperatures: I-T = 6.5 K ; 2-6.0 K ; 3-5.0 K, 4 4 . 0 K ; 53.0 K. The solid curves were computed (see the text).

ing bc plane of the crystal, the superconducting transition
was smeared, from z 9 to z 3 K even at H- 2 Oe, meaning a
low value of the critical field in this plane, i.e., strong anisotropy of Hcl for this substance. The fraction of the Meissner
effect at H llbc was less than 5%.
Figure 2 shows typical magnetization curves M ( H ) in a
field Hlbc for various temperatures. The curves were obtained from the initial temperature dependences of the
screening signal. Since comparison with the standards has
shown that in the superconducting state the sample screening is complete, the slope of the initial linear sections was
assumed to be - 47rM/He,, = ( 1 - Do)- I ,
where
Do = 0.826 is the demagnetizing factor calculated assuming
the sample to be ellipsoidal. At sufficiently high values of the
field the dependence of the magnetization on the field
reaches saturation: 47rM = 4% ( T). This behavior is typical of type-I1 superconductors with strong pinning, and is
described by the critical-state
According to this model the magnetic-field distribution
in a magnetized long cylindrical type-I1 superconductor
takes the form shown in Fig. 3a. The change of the magnetic
induction in the region where the bulk screening currents
flow is determined by the critical current Jc,above which the
Abrikosov vortices become detached with the pinning center
and move into the interior of the sample: curl B = - ( 4 ~ /
c)J, . The critical current can be assumed to be independent
of the field in a small field interval near H,, . Under this
assumption, the critical current is easily determined from
the saturation magnetization of a cylinder in a parallel field7:

%

A similar magnetic-flux penetration picture should be
observed also when the sample is heated in a constant external field from low temperatures to T > Tc (Fig. 3b). The
values of Jcand Hcl are of course temperature dependent,
but for given T the magnetic-flux distribution must coincide
with that for the sample magnetized at this temperature.
Therefore the curves of Fig. 2 can be regarded, in the model
considered, as equivalent to the M ( H ) curves obtained directly from magnetization experiments.
Simple analytic expressions for the field dependence of
the average magnetization of a long sample in a parallel field
were obtained in Refs. 7 and 8 for the field dependence of the
average magnetization at Hc, <H < H * (H * is the field at
which the magnetization begins to saturate). In the case of a
thin plate, which our sample is in fact, the demagnetizing
factor must be taken into account in a transverse field. We
can assume a demagnetization factor D r D o for weak penetration of the field into the plate ( D o = 0.826 for this particular sample), and substitute H = Hex,/( 1 - Do) in the
expression for M ( H ) (Refs. 7,8 ).
If the flux penetration is appreciable, it is necessary to
take into account the inhomogeneity of the induction B ( r )
inside the sample, and the above simple substitution becomes invalid. To find the functions M ( H ) in this case we
must numerically compute directly the magnetic moment
produced by the screening currents induced in the sample by
the external field. We chose as the basis for such a computation the above-described Bean model of field penetration
(Fig. 3). The total magnetic moment can then be taken to
equal the sum of the moments of the "Meissner" region (region with B = 30) and of the bulk screening currents outside
this region. The sample was assumed to be macroscopically
uniform, and the critical current to be isotropic in the bc
plane. The sample shape was approximated by a three-axis
ellipsoid. It was assumed in addition that the "Meissner"
region is also an ellipsoid.
The fitting parameters in the comparison of the calculated M(Hext) curves with the experimental ones are Hcl
and Mc . The results of the fitting are shown by the solid lines
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FIG. 3. Penetration of a magnetic field into a long cylindrical sample of
a-Sample magnetization at condiameter a in the critical-state
stant temperature: I-He,, < H,, ; 2-He,, = H,, ; 3-H,, < He,, < H *;
4-He,, = H *, 5-He,, > H. &Sample heating in a constant field:
T , < T, < T3< T4 < T, < T6 = T, .
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FIG. 4. Temperature dependence of lower critical field H :0--calculated points; .--points
corresponding to 5% deviation of the M ( T ) dependence on the total diamagnetic signal.
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FIG. 5. Temperature dependence of the critical current in the bc plane in a
field close to H,, and perpendicular to this plane.

of Fig. 2. The values of H ,Il ( T) obtained in this manner are
shown in Fig. 4 and are well approximated by a linear temperature dependence in the entire investigated temperature
interval. The derivative is d H i l /dT= - 21.5 Oe/K, and
the value of Hi, (0) obtained by extrapolating the linear
dependence to T = 0 K is z 160 Oe. This corresponds to a
penetration depth R (0) 1500 A and to a Ginzburg-Landau parameter xll (0) z 8.1.
There is at present no clear-cut theoretical basis for the
linear temperature dependence of Hcl( T) in a wide range of
temperatures all the way to T-0.3Tc. The observed deviation from the known dependence of the BCS theory can
possibly be attributed to peculiarities of the scattering in this
particular substance. Indeed, if the electron mean free path
I( T) is calculated from the electric resistivityp ( T) using the
relation

--

1(T)=12n3fil[p ( T )e 2 S ] ,

where Sis the corresponding area of the intersection with the
Fermi surface (data9on the Shubnikov-de Haas oscillations
yield the estimate S=:6.3.1015cm-'), we obtain by substit ~ t i n g p ( l O ) - 2 . 5 - 1 0 - ~R cm the value l(10 K)=:100 A,
which is comparable with coherence length1' 611 (0) = 182
A. It can consequently influence noticeably the effective
penetration depth (at 146, R = Ro({o/1)112).Note that the
resistance of 7t- (BEDT-TTF) Z C ~ ( N C S crystals
)
does not
saturate ahead of the superconducting transition, but continues to depend strongly (approximately quadratically) on
the temperature. A quadratic temperature dependence of
the resistance is observed also for other metals based on
BEDT-TTF (Ref. 11) and is attributed to strong electronelectron scattering. This dependence should lead to an initial
growth of the mean free path when the temperature drops
below Tc. As a result, when cooled from T = T, to T = 0 K
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the substance can go over from the "dirty" regime (I < l o ) to
the "clean" one ( I > 5,). This leads to an H,, ( T) dependence stronger than dependence in BCS theory (Ref. 12).
Figure 4 shows also points corresponding to the start of
vortex penetration into the sample [at 5% deviation of the
M ( T ) curve from the total diamagnetic signal in the corresponding field], with allowance for the demagnetizing factor Do.For these points the field dependence becomes ever
steeper when the temperature is lowered. This is most likely
due to enhancement of the vortex pinning. In fact, the critical fields calculated by Eq. ( 1) from the corresponding values of M, exhibit below 6 K a nearly exponential dependence
(Fig. 5): Jc= J, exp( - a T ) , where a ~ 0 . 4 3K-I and
J, z 10' A/cmZ.
We note in conclusion that similar temperature dependences of the lower critical field and of the critical magnetization current are observed also in high-temperature superconductors. 13314 One cannot exclude the possibility that they
are due to some peculiarities common to these compounds,
say the layered character of their structure or a strong electron-phonon interaction.
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