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Josephson plasma resonance in the mixed state of the organic superconductor
k-(BEDT-TTF),Cu(NCS) ,
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Magnetic-field dependence of microwave surface resistance measured using a cavity perturbation technique
shows a peak structure beloW in the organic layered superconducte+(BEDT-TTF),Cu(NCS),. It is
observed only wheik, is perpendicular to the superconducting layer and the peak field shows an anticyclo-
tronic frequency dependence. All these observations suggest the excitation of Josephson plasma across the
superconducting layers as the origin of the resonance. The interlayer phase correlation increases as the tem-
perature is lowered even below the irreversibility line in contrast to the case of &, BiaCu,0g., high-
T, superconductof.S0163-18207)50122-9

The layered structure of highly anisotropic superconduct(cos@]’n 1) decreases as the temperature is lowered. This
ors leads to some exotic phenomena concerning the intefmeans that the phase becomes more incoherent at low tem-
layer intrinsic Josephson coupling. It is well established thaperatures. There is a theoretical considerafiomhich ex-
the CuQ, superconducting layers in hidh cuprate super- plains this nontrivial result, but this feature seems to be in-
conductors are coupled intrinsically by the Josephsomonsistent with a recent result of the time-dependent
interaction'™ Such an intrinsic Josephson effect has beerGinzburg-LandalTDGL) simulation®®
also reporteti® in the layered organic superconducting  Another question is whether the JPR is a unique charac-
salt «-(BEDT-TTF),CuNCS),, where BEDT-TTF is teristic for CuQ, planes or not. It is of great importance to
bisethylenedithio-tetrathiafulvalene. compare it with the superconducting state of other layered

Recently, the collective Josephson plasma modes excitesliperconductors such as the organic BEDT-TTF salts and
by electromagnetic waves have attracted much attention ithe artificial multilayer systems.
high-T . superconductors. Because of a strong anisotropy, the In this paper, we find that the organic superconductor
plasma frequencyo, for the polarization perpendicular to «-(BEDT-TTF),CuNCS), is another Josephson coupled
the superconducting layers is pushed down to the far-infrarefhyer superconductor which shows JPR in the mixed state.
region, in some cases down to the microwave region. Thi®ur results clearly demonstrate that JPR is not a peculiar
realizes an unusual situation thag<<2A, which enables us feature of highT, superconductors but a common phenom-
to observe optically a Josephson plasma mode as an egnon for layered superconductors with Josephson interlayer
tremely sharp reflectivity edge beloilv, in some hight, coupling. We also find that the temperature dependence of
superconductord Moreover, it is predicted that the Joseph- interlayer phase coherence below the irreversibility line is
son plasma frequency decreases further under a magnetiompletely different from that in BSCCO; it increases as the
field.”® In Bi,Sr,CaCw,04., (BSCCO high-T, supercon- temperature is lowered even below the irreversibility line
ductors, Tsuiet al® and Matsudaet all® have found the down to 0.5 K.
magnetoabsorption resonance in the frequency range of Single crystals ok-(BEDT-TTF),Cu(NCS), were grown
30-60 GHz. Similar resonance has been observed also By an electrochemical oxidation methdTypical dimen-
single-layer Bi(Sr,La) ,CuO, . These resonances show an- sions of the crystal arex10.5x 0.04 mn?; the shortest is the
ticyclotronic behavior and are called “Josephson plasmalirection perpendicular to the conducting layer. We have
resonances.” measured 3 crystals with, of 9.0 K and we have obtained

In such a Josephson plasma resonddB®), the tempera-  similar resonances for all the crystals. The sample was put on
ture and frequency dependence of the resonance peak ctire sapphire holder in microwave cavities. We used two
yield information on the interlayer phase coherence under aEq;-mode cylindrical Cu cavities /2= 24, and 41
magnetic field'° Thus, this kind of measurement is a pow- GHz, Q~10% coupled by input and output waveguides. In
erful tool for the microscopic information on the mixed state this study, dc magnetic field up to 90 kOe is applied perpen-
of layered superconductors. One of the unresolved questiordicular to the conducting layers. The surface resistdRge
of JPR is the temperature dependence of interlayer phaseas determined by changes @ value measured using a
coherenceg cosp, n+1), Where ¢, 41 is the gauge-invariant scalar network analyzer. In contrast to the bolometric tech-
phase difference between layerandn+1, and(---) de-  nique which has been used for the observation of JPR in
notes thermal and disorder averaging. In BSCCO it shows high-T, superconductor$;!! the Q measurement technique
sharp cusp at the irreversibility line, below which requires lower incident microwave power. This difference
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8 ;w dence. Within our measurement resoluti®y(H) shows no
- 1—.;; I . 29K ] hysteresis in the increasing and decreasing field branches,

f M 1 which is in contrast to the case in J8r,CaCu,0g. . This
F4 22K | is because the trapped self-field of our crystal is much
I /f\w l smaller tharH ; and the pinning force or the in-plane critical
£ m—rr | current density in this compound is much smaller than those
f . . . . in high-T, superconductors:'® As the temperature is in-
% 30 60 90 creasedH, decreases and the peak disappear3afl..
H (kOe) This result indicates that the peak structure is the response of
the superconducting carriers.
FIG. 1. Magnetic-field dependence of the surface resistance in In Fig. 2, we plotH, at two frequencie$24 and 41 GHy
two microwave field configurationga) H,, is perpendicular to the as a function of temperature. Also shown in Fig. 2 is the
layer. The solid curve is &2 dependence expected in the flux- temperature dependence of the irreversibility fielg, for
flow regime.(b) E,, is perpendicular to the layer. The arrows denote another crystal from the same batch, which is consistent with
the peak fielcH,, . Only the increasing field data are shown becausethe literature datd’ It is found that the higher frequency data
no hysteresis was observed. show smaller values off,. This anticyclotronic behavior
cannot be explained by the usual cyclotron resonance
can be important for materials with low critical current (@=eH/m*c) but is similar to the resonance in BSCC.
density®® In our measurement conditions, the results do nof-rom the above results together with the polarization depen-
depend on input microwave powéd.1-10 mW down to  dence in Fig. 1, we assign this peak structure to the Joseph-
3He temperatures, which ensures that the temperature i$ONn plasma resonance in a magnetic field. The Josephson
crease of the sample by microwave absorption is negligibleplasma frequency,, is determined by the maximum inter-
We also determined the irreversibility line by magnetizationlayer Josephson curredg,(H,T):
hysteresis measurements using a commercial superconduct-
ing quantum interference device magnetometer.
Figure 1 shows the magnetic-field dependence of the sur-
face resistancBg(H) in two microwave field configurations.
In Fig. 1(a), the microwave magnetic field , is perpendicu- wheres is the interlayer spacing;, the high-frequency di-
lar to the conducting layerbtc plang and the electric field electric constant®, the flux quantum. When the magnetic
E, is zero. The eddy currents flow in the plane. In this casefield is applied perpendicular to the conducting layerand
vortices are driven by in-plane microwave currents and fluxhence w, decrease with increasing field. Thus anticyclo-
flow-type dissipation is expected. In fa®, is almost pro- tronic resonance occurs when the Josephson plasma fre-
portional toH? except for high fields, which is consistent quency coincides with the measurement frequencies.
with the flux-flow regime!® On the other hand, when the There are, however, considerable differences from the
microwave electric fiel&€,, is perpendicular to the layer and case of BSCCO. In BSCCQY,, increases ag is lowered
H,, is zero[Fig. 1(b)], Rs(H) shows a peak at a characteristic above the irreversibility line, and decreases monotonically
field H,, which is completely different fronH? depen- [T (Ref. 10 or xexp(T/Ty) with To~12 K (Ref. 19] be-
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0.3— ——————r fitting paramete ;, =120 wm. It should be noted that this
] \ 1 value is close to that obtained in other measurements of the
o T penetration deptf.From this value we can estimate the an-
\ 1 isotropy parametery=\,/\; to be 100-180 taking
T T N=0.65 (Ref. 24-1.2 wm.? This obtained value is con-
. sistent with the published data of=120 (Ref. 26 and
\o ] 160—350" It demonstrates that this organic superconductor
\ is highly anisotropic and the anisotropy is comparable to that
] of BSCCO rather than YB#Zu;0-.
v By using Eqgs.(1) and(2) the interlayer phase coherence
& can be directly extracted from the temperature and frequency
\ dependence of this resonance peak. The main panel of Fig. 3
Temperature (K) shows the extracted temperature dependenceasp, . 1)
. . atH=3.46 kOe using.=0.682" which is obtained from the
100 10’ frequency dependendiset of Fig. 2. We have chosen the
Temperature (K) field H=3.46 kOe so that the result ¢fosp, ,+1)(T) below
) ~ the irreversibility line is not affected by the precise value of
FIG. 3. Temperature dependence of the interlayer correlatlorh’ which is not estimated in the vortex solid state. If we fit
iggsl‘if’r;‘gﬁgtﬁf;:;;ﬁaﬁfe;’g;‘"’r‘;s?ef;%mpeﬁ;}'géga;":"e-ri:;‘:m' the data above the irreversibility line by a power-law tem-
: perature dependende #, we get8=0.72, which is some-

is the temperature dependenceHfat 41 GHz with a theoretical fit . .
of Eq. (3) (solid curve. The arrows indicate the crossing point of what smaller than that of BSCCO.A more striking differ-

the irreversibility line ancH,, at 41 GHz. ence from the case of BSCCO is thgtospyn.1)
of k-(BEDT-TTF,Cu(NCS), increases with decreasing

low that;H,(T) has a definite cusp at the irreversibility line. temperature even below the irreversibility line. A poss-
In our case ofx-(BEDT-TTF),CuNCS),, however, there ible explanation of this temperature dependence is the
are no sharp cusps iH,(T) and only the slopelH,/dT difference of the pinning strength betwee_n' BSCCO and
changes at the irreversibility line. To see this more clearly x-(BEDT-TTF),CuNCS),. The in-plane critical current
we plot in the insetH, data at two frequencies scaled to density of our sample determined by the magnetization mea-
w?#H,, wherep is a scaling parameter. The arrow indicatesSurements is of the order of 4@/cm? at low temperatures,
the temperature where the 41 GHz data cross the irreversibihich is about 100 times smaller than that of BSCCO.
ity line. It is evident that the scale@?“H,, below the irre- ~ The difference of the pinning force is also visible in
versibility field H;,, (T) is suppressed compared with the Rs(H). In our sample we observed no hysteresis in the in-
same temperature data abdde, . This means that the in- Creasing and decreasing field branches, while in BSCCO a
terlayer correlation of vortices definitely changes at the irreJarge hysteresis has been observed particularly at low
versibility line. temperature’ The trapped field is less than the field reso-

According to the recent calculation by Kosheféwthe  lution of typically 100 G, from which we obtain the upper
maximum Josephson current in the high-frequency reffime limit of j.~2x 10* Alcm? consistent with the magnetic mea-
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can be given by surements. When the system has a strong pinning as in the
case of BSCCO, vortex displacement from an ideal position
Jn(H, T)=3(T){(coSspp n+1)(H,T). (2) becomes large in the case of field sweep measurement, which

_ 5 2 i decreases the interlayer phase coherence. The observed tem-
Here the parametedy(T)=c®,/87“s\{(T) characterizes perature dependence ofcospnn.1) in «-(BEDT-TTF)

the Josephson interlayer coupling at zero field, Rnds the =\ NCg),, however, is consistent with a recent result of
out-of-plane penetration depth. In his calculation, the Josephe TDGL simulation by Machidat al*® They obtained the

son plasma frequency in the decoupled liquid phase can Qﬂcreasing power-law dependence(0bsp, ;1) asT is low-

written as ered with different powers for below and abok, for a
2tsB(T)® weak pinning system, which is in agreement with our experi-
2 27 >0 V70 3 mental result. Therefore we conclude that the pinning
P ekgTH strength affectécosp, . ,)(T) in the vortex solid state. Quite

28
where f is the dimensionless function of order unity with recently, Matsudat al.™ have shown tha{cosg, ) does

weak temperature dependence. The inset of Fig. 3 shows t t decrease below the irreversibility line even in BSCCO,
theoretical fit of Eq/(3) to the measure#i,(T) at 41 GHZ2 When they measure JPR in the temperature sweep condition

We have assumefl=1,e,=25, and Ambegaokar-Baratoff- Wh$re t_he fieldhdiitribution isdmore gomogl%neous. btai
3 urning to the frequency dependencetdf, we obtain
type temperature dependencelgf from the inset of Fig. zl)zocH;“ with ©=0.68+0.1 above
the irreversibility line. The obtained value @f is smaller
, (4 than that of BSCCO (0:91.1) in the vortex liquid stat&’
According to a recent theory by Bulaevskii, Pokrovsky, and
whereA is the superconducting gap. The experimental datdaley? the exponenju characterizes ordering of pancake
above the irreversiblity line are well fitted with the single vortices along the direction perpendicular to the supercon-
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ducting layers angu increases with disorder. Based upon w?«<H ™ # with ©=0.68+0.1 above the irreversibility line.
their theory, our result of smallgr suggests that this organic All these results are consistent with the excitation of the
superconductor in the vortex liquid phase has weaker disordosephson plasma mode, which is characteristic of the lay-
der in pancake arrangements along the direction perpendicered superconductors with Josephson coupling. We esti-
lar to the layers than that of BSCCO. The out-of-plane conmated the out-of-plane penetration depth =120 um
figuration of pancake vortices can be affected by the thermajie|ding the anisotropy parameter=100-180, which is
fluctuations and the pinning strength in each superconductingomparable to the value of BSCCO. The temperature depen-
layer. Thus, the reason for the above differenc@.inan be  gence of the peak field below the irreversibility line is com-
understood considering the differences of the temperatur, letely different from that of BSCCO, implying that the

scale and the pinning force discussed in the previous pardyengih of the pinning force strongly affects the interlayer

graph. _ phase coherence in the vortex solid state.
In conclusion, we have observed the peak struc-

ture in the magnetic-field dependence OR; in We are grateful to Y. Matsuda, M. B. Gaifullin, A.
x-(BEDT-TTF),Cu(NCS), single crystals. The peak is ob- Maeda, M. Tachiki, A. E. Koshelev, V. M. Vinokur, and T.
served belowT; whenE,, is perpendicular to the layer, and Nishizaki for helpful discussions. This work was partially
is absent wherH , is perpendicular to the layer. The fre- supported by a Grant-in-Aid for Scientific Research from the
guency dependence of the peak field is expressed adinistry of Education, Science, and Culture.
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