PHYSICAL REVIEW B VOLUME 61, NUMBER 21 1 JUNE 2000-I

Direct observation of vortices in the organic superconductork-(BEDT-TTF ),Cu(NCS),
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Results of direct imaging of Abrikosov vortices in an organic superconductor by means of the decoration
technique are presented. The vortices have been observed in the title compound at temperafube oht
the magnetic fields 3.3—9.4 Oe directed perpendicular to the two-dimensional plane of the crystal. The deco-
ration patterns reveal the sixfold coordination short-range order or slightly distorted triangular lattice of the
vortices with the magnetic flux per vortex equal to the flux quantuci2e. The slight deviation of the vortex
lattice from the hexagonal symmetry is attributed to the in-plane anisotropy of the penetration depth. The
average size of the individual vortex images on the sample surface yields the upper limit estimation of the
London penetration depth as 04m at the given temperature. Pronounced effects of pinning on the crystal
defects and thermally activated mobility of the vortices have been observed.

Layered organic superconductors with relatively highcrown-6 ether. The compound is a radical-cation salt charac-
critical temperaturesT(, about 10 K have been known for terized by a layered crystal structifreonducting layers par-
more than ten years’ They are characterized by an ex- allel to the crystalbc plane are formed by mutually
tremely high anisotropy, relatively strong electron correla-orthogonal dimers of the radical cations of the BEDT-TTF
tions and, consequently, considerable fluctuation effects, ranolecule and separated from each other by insulating anion
sembling in these respects the metal-oxide high- layers. The crystals used in the experiment were thin
superconductors. Both families are well established strong<<0.1 mm) platelets with the largest face being parallel to
type 1l superconductors whose magnetic and resistive proghe bc plane and having typical size of abouk.5 mnf.
erties belowT, are mainly determined by the vortex struc- The superconducting critical temperature of the samples de-
ture. However, no experimental data on direct observation ofermined from the ac-susceptibility transition wak;
the Abrikosov vortices in the organic superconductors have=10-11 K, with the transition width of~1 K at the earth
been available so far. Such experiments could provide immagnetic field. A single-crystal sample of the OS was glued
portant information on the magnetic field penetration, vortexoy a conducting silver paste to a massive copper substrate
structure and dynamics, influence of surface and crystal latwhich served as a thermal anchor to minimize the sample
tice defects on the vortex pinning, and other properties of theverheating during the decoration procedure. The tempera-
mixed state. ture was measured by a resistive thermometer fixed to the

The present work reports on direct imaging of the Abri- substrate near the sample. The decoration was performed by
kosov vortices in a single crystal of the organic superconmeans of sputtering of iron in helium atmosphere at pressure
ductor (OS) «-(BEDT-TTF),Cu(NCS), [where BEDT-TTF  ~0.1 Torr onto the sample surface at temperatures below
stands for bigethylenedithigtetrathiafulvalengby means of T.. The tiny magnetic particle$5—10 nm—* magnetic
the so-called decoration technique which was successfullgmoke’ were formed directly near the superconducting sur-
applied earlier to a number of conventional and high- face during the sputtering process. The magnetic particles
superconductors:® concentrated at the areas with higher local gradient of mag-

Single crystals ofx-(BEDT-TTF),Cu(NCS), were ob- netic field which, in the mixed state, should mainly corre-
tained by the electrochemical oxidation of BEDT-TTF in spond to the positions of the Abrikosov vortices on the sur-
1.1.2-trichloroethane under a constant current regime dhace.
20°C. During first seven days the constant applied current In more detail the decoration technique is described
was 1.75 uA then it was decreased to 1,6A. Under this  elsewheré~° The experiments were carried out in the field-
current the crystals continued to grow for another threecooling regime at temperatures 4—6 K and magnetic fields
weeks. The complex of cyclic 18-crown-6 ether with below 20 Oe directed perpendicular to the highly conducting
Cu(SCN) and K(SCN) (1:1:1) was used as an electrolyte. bc plane. Since the applied magnetic field was small in our
The electrolyte was prepared in the electrochemical cell bexperiments the vertical component of the earth magnetic
dissolution of CUSCN) in the presence of (SCN) and 18- field, Hz=0.49 Oe was always taken into account in the
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FIG. 1. The vortex structure in the-(BEDT-TTF),Cu(NCS),
single crystal at the field of 4.1 Oe. Inset: 2D Fourier transform
pattern in an arbitrary scale.

analysis. After decoration, the Cu substrate with the sample
was warmed up to room temperature and transferred to SEM
in order to study the distribution of the magnetic particles on
the sample surfaces. The variation of intensity on SEM mi-
crophotographs was digitalized and investigated by applying
two-dimensional fast Fourier transformatié2DFFT).* The
main difficulties in the vortex decoration of the OS come
from the high London penetration depth, relatively 1w, (®)

r thermal conductivi nd wi region of reversibl
poor thermal conductivity and wide region of reversible ., 110 ortex lattice in the-(BEDT-TTF),Cu(NCS),

magnetization caused by the very high anisotropy. . :
Successful imaging of the Abrikosov vortices was cryst_al at the field o_f 3.3 (_)e(b)_ the 2D !:OUI’IEI’ transform pattern
?btalned from the picture ifa) in an arbitrary scale.

achieved on four different samples at the magnetic fields o
3.3, 3.7, 4.1, and 9.4 Oe, respectively. Figure 1 shows a
nonhomogeneous distribution of the magnetic particles on a
central part of the sample surface at magnetic fieldHof allel to the step are observed. A broader region of the Meiss-
=4.1 Oe. The bright areas correspond to a higher concerper state, more than 1@gm, was observed at the sample
tration of the particles. edges. Qualitatively, the pictures are similar to those ob-
Despite a relatively weak sharpness of the picture, onéained earlier on the higli; BSCCO crystald.They are gen-
can resolve separated conglomerations of the magnetic pagrally associated with a geometrical barfiand/or magnetic
ticles corresponding to the positions of the Abrikosov vorti- flux creep?
ces. The averaged magnetic inductiBy,, estimated from Figure 2a) shows a decoration pattern for the magnetic
the density of the conglomeratiorige., their number per field of 3.3 Oe. A part of the surface reveals a triangular
area unit under the assumption of one flux quantupg lattice of vortices. The existence of the long range order is
=mhcle~2x10 7 G cnt, equals to 4.3 G. This is in good confirmed by relatively weak, however resolvable maxima at
agreement with the applied magnetic field. the 2DFFT displayed in Fig.(B). The estimated period of
The 2DFFT pattern shown in the insert in Fig. 1 reveals dhe vortex latticea~2.4 um is in reasonable agreement
blurred slightly distorted ring with the radius inversely pro- with the expected valu@y=(2¢o/\3uH)*?>~2.7 um.
portional to the mean intervortex distance. The deviation ofThus, the inhomogeneous distributions of the magnetic par-
the ring from the ideal circular shape indicates the anisotropyicles in the presented patterns undoubtfully correspond to
of the vortex distribution. The absence of sharp maxima invortex structures. Below we discuss some features of the OS
the 2DFFT reflects the absence of the long-range order in theortex structure in more detail.
vortex structure. Nevertheless a short-range order with the A rough but direct estimation of the London penetration
six-fold coordination can be resolved in the vortex structuredepthA can be made based on the average size of individual
in the main panel of Fig. 1. conglomerations of the magnetic particles. Assuming that the
Figure 1 also illustrates pronounced interactions betweerortex diameter equals\2 we obtain the upper limit for the
the vortices and crystal defects: In the upper part one can sgenetration depth as 0.gm at the temperature of our ex-
a step on the sample surface. At the pattern below the step,periment, 4—6 K. However, one should take into account that
narrow (=2 wm) Meissner band and a row of vortices par- the vortices expand at the vicinity of the surfdcehe diam-
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eter of a single isolated vortex thnge=4\."° At the low
magnetic field,d>\, the vortex can be treated as almost
isolated and our estimation of the penetration depth reduces
to A=0.4+0.1 um. Despite the roughness of such estima-
tion, we believe it is still useful, taking into account a strong
scattering of the reported values: Our value is similar to
those obtained by Langtall®’ and Leeetall? [\ (0)
=0.5 wm but significantly smaller than 1.4¢m reported by
Dresselet al!’]. The corresponding estimation of the lower
critical field, Hey=(¢o/4m\?)Ink, yields 50 Oe for\
=0.4 um and 12 Oe fon =0.8 um (the Ginzburg-Landau
parameter is taken as=150).° The fact that the decoration
pattern at 9.4 Oécorresponding to the intervortex distance
of 1.6 um) has revealed well separated vortices, the lower
estimate for the penetration depth, Owdn, looks more pref-
erable.

As seen from the 2DFFT pattern displayed in Figo)2
the vortex lattice deviates from the regular 60° triangular
shape. This is most likely caused by the anisotropy of the
penetration depth within théc plane. Further decoration
experiments at lower temperature are expected to allow a
quantitative evaluation of this anisotropy.

Perhaps the most interesting pattern of the OS surface is
displayed in Fig. 3. It reveals, simultaneously, the areas with
well resolved vortices and those in which the magnetic par-
ticles are distributed homogeneously either completely ab-
sent. The latter are understood as Meissner areas free of
Abrikosov vortices. As to the regions with apparently homo-
geneous magnetic flux, their interpretation is not clear so far.
In principle, they could correspond to either nornr@bnsu-
perconductingdomains or to superconducting areas with de-
localized vortices. The latter case can be realized if the vor-
tex displacements during the decoration tirftgpically
several hundred milliseconds and about 500 milliseconds for ¢ 3. The magnetic structure in the
the experiment relating to Fig.(8@] exceed the inter-vortex , (gEpT-TTF),Cu(NCS), crystal at the field of 4.1 Oe caused by
spacing. If the vortex motion is chaotic and sufficiently fastihe vortices motion(a) the homogeneous magnetic particles distri-
(vortex liquid), it results in a homogeneous distribution of pytion in the left top corner; the region without any particles in the
the decorating particles such as in the upper left corner ofenter; the vortex structure marked by particles conglomerates on
Fig. 3@ or upper side of Fig. ®). If the vortices move  the right-hand sidetb) the homogeneous magnetic particles distri-
along fixed direct trajectories, one can expect to resolvéyution at the top; blurred strings: “the tracks of the moving vorti-
“vortex tracks.” This is likely the case at the lower side of ces,” at the bottom.
the pattern shown in Fig.(B). Similar phenomena were ob-
served earlier in some conventional superconductbrs.

We note that the decoration experiments were all carried out i .
at temperatures about @5 at constant magnetic field. L{emperature of-6 K and fields as low as 4 Oe. This result

Therefore the sharp change in the magnetic structure takini% likely associated with the thermally induced breakup of the
place at the distance of several micromef&igs. 3a), 3(b)] t.ree-dl_mensmnal vortex !lngs into un_correlated two-
can hardly be caused by local overheating of strictly confinedimensional pancakes. A similar effect with the threshold
domains to temperatures aboVe. On the other hand, im- temperature 102“—* ~5 Kwas observed i SR experiments
perfect thermal contact with the Cu substrate could lead t®Y Lee etal™* The zero-temperature in-plane penetration
slight variations of the temperature over the sample surfacélepth estimated from the breakup temperatuig,,

thus inducing the vortex liquid state in the “hot” parts. The =5-6 K, according to CleM equals 59830 nm that is
role of the thermal fluctuations is certainly enhanced due teonsistent with our above estimation as well as with the val-
the quasi-two-dimensional character of the superconductivityies given by Langt al! and Leeet all?

in the OS«-(BEDT-TTF),Cu(NCS). In particular, this is Summarizing, in this paper we have presented the results
the reason for an extended region of reversible magnetizatioof direct imaging of Abrikosov vortices in an organic super-
in the H-T phase diagram of this compoultsee, e.g., Ref. conductor by means of the decoration technique. The deco-
6). It should be noted that the irreversibility field;,  ration patterns have revealed the sixfold coordination short-
=200 Oe atT=6 K.°is much higher than the fields ap- range order or slightly distorted triangular lattice of the
plied in the present experiment. Nevertheless, as seen fromortices with the magnetic flux per vortex equal to the flux
Fig. 3, the mobility of the vortices becomes considerable atjuantum¢=hc/2e. Effects of pinning on the crystal defects
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and thermally activated mobility of the vortices have been We thank N. S. Stepakov and L. G. Isaeva for assistance.
observed. With further progress in the decoration of the orThis work was supported in part by Russian National Pro-
ganic superconductors, more precise quantitative informatiogram “High-Temperature Superconductivity(Project No.

on the vortex structure, in particular the penetration depti96073 and INTAS (Grant No. 960458 and Russian Na-
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