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The temperature dependence of the local magnetic induction measured by using a miniature Hall probe
shows a tiny step at a field-dependent temperature in the titled compound. This result implies that there exists
a first-order phase transition in the vortex system in this organic superconductor as reported in high-Tc

cuprates. The height of the step is of the order of 10 mG, from which the entropy change at the transition is
estimated to be about 0.1~kB/vortex!/layer. The measurements of the Josephson plasma resonance reveal that
the interlayer phase coherence abruptly changes across the transition line, indicating the decoupling of the
adjacent layers.@S0163-1829~98!51310-0#

Owing to large thermal fluctuations and the effect of lay-
ered structures, theH-T phase diagram of the mixed state of
high-Tc superconductors~HTSC! is drastically different
from that of the conventional superconductors. In particular,
it is widely accepted that the vortex lattice in HTSC melts
into the vortex liquid at a first-order phase transition well
below the mean-field upper critical field.1–5 The equilibrium
magnetization measurements in Bi2Sr2CaCu2O81y ~Refs. 1
and 2! and YBa2Cu3O72d ~Refs. 3 and 4! have revealed that
the density of vortices discontinuously decreases upon cool-
ing at the thermodynamic phase transition like freezing wa-
ter. The calorimetric measurement in untwinned
YBa2Cu3O72d ~Ref. 5! clearly indicates that the transition is
first order. The nature of the transition, however, is not yet
fully understood. One of the unresolved questions is whether
or not the decoupling—the loss of coherence between the
layers—takes place at the melting transition. To date experi-
ments on this issue are controversial.6–9 For example, two
papers reporting flux transformer-type measurements in
Bi2Sr2CaCu2O81y have drawn the contradictory
conclusions.8,9 It should be noted, however, that in such ex-
periments only the coherence of vortices between top and
bottom faces of the entire crystal can be evaluated instead of
the coherence between the adjacent layers.

Microscopic information on the phase coherence between
the adjacent layers can be obtained experimentally by using
the Josephson plasma resonance~JPR! as a probe.10–13 The
resonance occurs when the plasma frequencyvp of the su-
perconducting carriers across the Josephson-coupled layers
coincides with the measurement frequency. In the mixed
state,vp

2 is proportional to the interlayer phase coherence
^cosfn,n11&, wherefn,n11 is the gauge-invariant phase dif-
ference between the layersn and n11, and ^¯& denotes
thermal and disorder averaging.14 Quite recently, Matsuda
et al.12 have found that̂cosfn,n11& shows different tempera-
ture dependence between well above and below the melting
transition line in Bi2Sr2CaCu2O81y . However, whether or
not the loss of the interlayer coherence occurs at the transi-
tion line is still unclear.

The k-type BEDT-TTF superconducting salts, where
BEDT-TTF is bisethylenedithio-tetrathiafulvalene, have the

layered structure consisting of superconducting and insulat-
ing sheets, similar to HTSC. Consequently, these supercon-
ductors have similar characteristic superconducting proper-
ties including the intrinsic Josephson effect15–18 and the
mixed-state properties.19 This similarity suggests the exis-
tence of the vortex phase transition in the organic layered
superconductors as observed in HTSC. Because the tempera-
ture scale is much lower in organic materials, the thermal
fluctuations are expected to be small compared to HTSC.
Thus, the comparison between the high-Tc and organic su-
perconductors can give important clues as to the nature of
vortex phase transitions.

In this paper, we report on the measurements of the local
field in the layered organic superconductor
k-~BEDT-TTF!2Cu@N~CN!2#Br by using a Hall probe. A
vortex phase transition with a step of local magnetic induc-
tion, which is similar to the melting transition in HTSC,2 was
observed. The complementary measurements of the Joseph-
son plasma resonance revealed that the phase coherence be-
tween the adjacent layers decreases more than a factor of 5
on crossing the transition with increasing field. The results
strongly suggest the existence of the first-order transition
with decoupling of the layers in the vortex state of this or-
ganic superconductor.

The miniature Hall probe has been known to be a power-
ful tool for the local measurements of magnetic inductionB
of a superconductor.20,2 We used a two-dimensional electron
gas Hall probe with active area of 30330 mm2,21 on which a
k-~BEDT-TTF!2Cu@N~CN!2#Br crystal with aTc of 11.3 K
was put directly with a tiny dot of grease. In this study, the
field is applied perpendicular to the superconducting layers,
and the temperature dependence of the perpendicular com-
ponent of B was measured in the field-cooling or field-
warming conditions at a typical rate of 30 to 70 mK/min.
Owing to the decrease of thermal noise at low temperatures,
the use of a high-precision ac resistance bridge to detect Hall
signals, and the high stability of applied fieldH by the per-
sistent mode of a superconducting magnet, we obtained a
high resolution ofdB/H.1 – 5 ppm atH<10.5 kOe.

For the measurements of the JPR, we used the microwave
cavity perturbation technique.13 Three Cu cavities operating
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at 24, 41, and 56 GHz were used to measure the microwave
loss of the sample as a function of the applied fieldH in the
configuration with the microwave electric field perpendicular
to the layers. We used the same crystal in both the Hall-
probe and the microwave measurements. We also deter-
mined the irreversibility line of the crystal by magnetization
hysteresis measurements using a commercial superconduct-
ing quantum interference device~SQUID! magnetometer
with a criterion of the critical current densityJc520 A/cm2.

Figure 1 shows typical results of the Hall-probe measure-
ments. A clear step in localB was observed by sweeping
temperature at constant fields. These results indicate that the
first-order phase transition in vortex systems exists in this
organic superconductor. The density of vortices discontinu-
ously increases on crossing the transition with increasing
temperature as observed in HTSC.1–4 In addition, the slope
of B(T) changes at the transition;dB/dT is greater above the
transition. Such a change in the slope is quite consistent with
the results in HTSC,4 suggesting that the underlying mecha-
nisms of the transition in both the organic and cuprate super-
conductors are similar. From these results we infer that at the
transition the vortex lattice melts into the vortex liquid in this
organic superconductor.

The phase transition lineHstep(T) is plotted in Fig. 2~a!.22

Its temperature dependence is also similar to the results of
HTSC;2 the overall feature can be fitted by the predictions of
both the melting transitionHm(T)5Hm0(12T/Tc)

a with
a<2 ~Ref. 23! and the decoupling transition
Hd(T)5Hd0(Tc2T)/T ~Refs. 24 and 25! with
Hd05adF0

3/@16p2l'
2 (0)kBTcd#. Here ad5(pe)21.0.12

~Ref. 25! is a universal constant,d515 Å is the interlayer
spacing,F0 is the flux quantum, andl'(T) is the out-of-
plane penetration depth. The fitting to the decoupling sce-
nario is shown by the solid curve in Fig. 2~a! as an example.
In this fitting, however, there is a clear deviation above about
10.3 K, contrary to the case in HTSC.2,7 This deviation is
partly because of the finite width of the transition;1 K,
which may modify the temperature dependence of the pen-
etration depth nearTc . From this fitting we obtained
l'(0).17 mm, the value of which will be discussed later.

The height of the step,DB, is of the order of 10 mG@see
the inset of Fig. 2~b!#, which is more than one order of mag-
nitude smaller than that in HTSC.2,4 By using the Clasius-
Clapeyron relation, the entropy change at the transition per
vortex per superconducting layer is estimated by
Ds.2(dF0/4p)(DB/Bstep)(dHstep/dT).2 The obtained
result of Ds(T) is shown in Fig. 2~b!. The magnitude of
entropy change is about 0.1kB per vortex per layer at tem-
peratures below 10 K, which is comparable to that of HTSC.
The value ofDs in YBa2Cu3O72d ~Ref. 5! is reported to be
about 0.4kB , which is somewhat larger than our result. How-
ever, it is also reported in HTSC~Ref. 21! that Ds is quite
sensitive to the disorder of the sample; in the disorder-
induced sample the entropy change becomes small or the
melting transition disappears.

Above 10 K close toTc , Ds increases rapidly with tem-
perature, which is quite similar to the results in
Bi2Sr2CaCu2O81y ~Ref. 2! and can be explained neither by
the melting nor the decoupling theories. However, this diver-
gent dependence nearTc is mainly due to the large magni-
tude of (1/Bstep)(dHstep/dT), which may be explained by
the finite superconducting transition width discussed above.

Next let us turn to the results of the Josephson plasma
resonance. The plasma frequency is related to the interlayer
phase coherence by14

vp
2~H,T!5~8p2cd/e0F0!J0~T!^cosfn,n11&~H,T!.

~1!

FIG. 1. Typical Hall-probe results of the change in the local
inductionB as a function of temperature at constant fields of 6.75
kOe~a!, 3.75 kOe~b!, and 0.75 kOe~c! applied perpendicular to the
superconducting layers in a single crystal of
k-~BEDT-TTF!2Cu@N~CN!2#Br. A linear background temperature
dependence was subtracted to emphasize the tiny step at the phase
transition of vortex system. Solid lines are guides for the eye.

FIG. 2. ~a! First-order phase transition line determined by the
step in localB in k-~BEDT-TTF!2Cu@N~CN!2#Br. The solid curve
is a fit to a prediction of the decoupling transition; (Tc2T)/T de-
pendence.~b! Temperature dependence of the entropy change per
vortex per layer at the transition extracted from the height of the
stepDB(T) ~inset!.
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Here e0 is the high-frequency dielectric constant, and the
parameterJ0(T)5cF0/8p2dl'

2 (T) characterizes the Jo-
sephson interlayer coupling at zero field. In the microwave
cavity experiments, however, the resonance was measured
by sweeping the fieldH to changê cosfn,n11& at constant
frequencies. In Fig. 3~a!, the resonance fieldHp defined as
the field at which the microwave loss has a peak is plotted as
a function of temperature. We have checked from experi-
ments on the polarization dependence that this resonance is
due to the Josephson plasma excited perpendicular to the
layer. The resonance is seen only when the microwave elec-
tric field Ev is perpendicular to the layer but is absent when
the magnetic fieldHv is perpendicular to the layer, which is
consistent with the reported results.11,13At low temperatures,
Hp decreases with increasing frequency. Such an anticyclo-
tronic behavior of the resonance is also consistent with the
previous reports of the JPR in Bi2Sr2CaCu2O81y ~Refs. 10–
12! and k-~BEDT-TTF!2Cu~NCS!2.

13 Above about 5 K,
however, the resonance fieldHp(T) is independent of fre-
quency, and surprisingly it follows exactly the same line as
the transition lineHstep(T) determined in the same crystal by
the Hall-probe measurements. In Fig. 3~b! we plot vp

2 ,
which is proportional to the interlayer phase coherence

^cosfn,n11& @see Eq.~1!#, as a function of field at a constant
temperature~7.9 K!. The measured three points show an al-
most vertical line, which indicates the coherence between the
adjacent layers changes abruptly at the transition. In both the
vortex solid and the decoupled pancake vortex states, the
power-law dependencevp

2}H2m with m close to unity is
predicted14,26 as represented by the dotted and dashed lines,
respectively. In Bi2Sr2CaCu2O81y ~Refs. 10–12! and
k-~BEDT-TTF!2Cu~NCS!2,

13 the power-law behavior with
exponentm.0.7– 0.9 was observed in the vortex liquid
state. Contrary to this behavior, the observed frequency-
independent resonance is direct evidence for the loss of in-
terlayer coherence at the first-order transition line. The coin-
cidence of the fieldHp , where the phase coherence changes,
with the step in the local field suggests that the melting and
decoupling take place at the same time. Because of the lim-
ited frequency range, we cannot exactly determine how
much coherence is lost at the transition. Our measurements
at three frequencies, however, demonstrate that the change in
the interlayer coherence is more than a factor of 5 at the
transition. Since the transition line depends on the material
parameter such as anisotropy, we have not found similar de-
coupling transition in the Cu~NCS!2 salt13 within our micro-
wave frequency window.

At 24 GHz, the temperature dependence ofHp above
about 6 K still follows the transition line, and above 3 K
~above the irreversibility line! it can be fitted27 by a theoret-
ical prediction26 assuming almost decoupled vortices;
vp

252p f dJ0
2(T)F0 /e0kBTH, where f is a dimensionless

function of order unity with weak temperature dependence.
Therefore, this result implies that at frequencies just below
24 GHz the resonance field follows a power-law dependence
vp

2}H2m as observed ink-~BEDT-TTF!2Cu~NCS!2.
13 If we

assume f 51 and e0525 in the fitting, we obtain
l'(0).95 mm,27 which is considerably longer than the ob-
tained value~17 mm! in the fitting to a decoupling transition
theory. Similar discrepancies can be seen in the case of
HTSC. In the optimally doped Bi2Sr2CaCu2O81y , for ex-
ample, a fitting of the transition line to the decoupling theory
gavel'(0).28 mm,2 while an estimation from the fitting
of the plasma resonance wasl'(0).102 mm.12 If we con-
sider the approximations used in these theories, the differ-
ence would not be a serious problem. However, this discrep-
ancy may be due to the in-plane correlations of pancake
vortices, which are not taken into consideration in the JPR
theory with decoupled vortices.26 This effect may be respon-
sible for the smaller exponentm @0.7–0.9~Refs. 10–13!# in
the liquid state than the expected value~unity! in the above
theory, which results in an overestimation ofl'(0).

Next we comment on the frequency dependence near the
transition line in Bi2Sr2CaCu2O81y . Matsuda et al.12 re-
ported thatHp(T) at 80 GHz below the transition line shows
different temperature dependence from that at 55 GHz above
the transition. Although not stated, the frequency dependence
seems to change near the melting transition line, consistent
with our results. At fields higher than the transition line, 45
and 55 GHz data show the power-law dependencevp

2

}H2m with m50.7– 0.9. Below the melting line, 80 GHz
data no longer follow the power-law dependence especially
above the irreversibility line. This frequency dependence

FIG. 3. ~a! Temperature dependence of the resonance fieldHp

of Josephson plasma measured using three microwave cavities.
Also shown are the transition lineHstep(T) @the same data as Fig.
2~a!# and the irreversibility lineHirr (T) determined by using a
SQUID magnetometer. Note that the frequency-independentHp co-
incides with the transition line at high temperatures.~b! A plot of
the interlayer phase coherence^cosfn,n11&, which is proportional to
the square of the plasma frequencyvp

2 , as a function of applied
field at a constant temperature. Contrary to the power-law depen-
dencevp

2}H2m expected in both the coupled linelike vortex lattice
~dotted line! and the decoupled pancakelike vortex liquid~dashed
line!, the frequency-independentHp at the transition indicates a
sudden change of the phase coherence between the layers.
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suggests that̂cosfn,n11& changes near the melting line in
Bi2Sr2CaCu2O81y . However, the resonance field still shows
a small frequency dependence at these two frequencies. This
suggests that the change in the interlayer coherence at the
transition, if present, is smaller than a factor of 2 in
Bi2Sr2CaCu2O81y . The difference of the magnitude of this
change between the high-Tc and organic superconductors
may be due to the difference of the thermal fluctuations. This
point will be a promising subject for the future studies in
understanding the nature of the vortex system in layered su-
perconductors.

Concurrent with our work, Fruchteret al.28 have observed
a step in magnetization in the sample having lower irrevers-
ibility field and they assigned it to be the melting transition.
Our transition line is somewhat above their assigned line,
and both lines are different from the line where the transport
data by Kwoket al.29 show zero resistivity. Although the
origins of such sample dependence of the transition line~or
the anisotropy! remain to be clarified, we note that our two

experiments in a given sample provide clear evidence for the
first-order decoupling transition.

In conclusion, we have found the existence of the first-
order transition line in the vortex system of the organic lay-
ered superconductork-~BEDT-TTF!2Cu@N~CN!2#Br. The
temperature dependence of the magnetic induction shows
characteristic features similar to HTSC. The entropy change
at the transition is estimated to be about 0.1 (kB/vortex!/
layer. One of our important findings is that the interlayer
phase coherence probed by the JPR shows a sudden change
at the transition line, which is indicative of the decoupling of
the adjacent layers in this organic superconductor.

We thank R. Kato for providing single crystals of
k-~BEDT-TTF!2Cu@N~CN!2#Br. We are also grateful to H.
Mori, S. Tajima, Y. Matsuda, X. Hu, and M. Tachiki for
fruitful discussions. This work was partly supported by
Grant-in-Aid for Scientific Research from the Ministry of
Education, Science, Sports, and Culture, Japan.

1H. Pastoriza, M. F. Goffman, A. Arribere, and F. de la Cruz,
Phys. Rev. Lett.72, 2951~1994!.

2E. Zeldovet al., Nature~London! 375, 373 ~1995!.
3R. Liang, D. A. Bonn, and W. N. Hardy, Phys. Rev. Lett.76, 835

~1996!.
4U. Welp et al., Phys. Rev. Lett.76, 4809~1996!.
5A. Schilling et al., Nature~London! 382, 791 ~1996!.
6Y. Ando et al., Phys. Rev. B52, 3765~1995!.
7R. A. Doyle et al., Phys. Rev. Lett.75, 4520~1995!.
8C. D. Keeneret al., Phys. Rev. Lett.78, 1118~1997!.
9D. T. Fuchset al., Phys. Rev. B55, R6156~1997!.

10O. K. C. Tsuiet al., Phys. Rev. Lett.73, 724 ~1994!.
11Y. Matsudaet al., Phys. Rev. Lett.75, 4512~1995!.
12Y. Matsudaet al., Phys. Rev. Lett.78, 1972 ~1997!; Czech. J.

Phys.46, Suppl. S6, 3203~1996!.
13T. Shibauchiet al., Phys. Rev. B55, R11 977~1997!.
14L. N. Bulaevskii, M. P. Maley, and M. Tachiki, Phys. Rev. Lett.

74, 801 ~1995!.
15R. Kleiner and P. Mu¨ller, Phys. Rev. B49, 1327~1994!.
16T. Shibauchiet al., Phys. Rev. Lett.72, 2263~1994!.
17H. Ito et al., J. Phys. Soc. Jpn.60, 3230~1991!.
18P. A. Mansky, P. M. Chaikin, and R. C. Haddon, Phys. Rev. B

50, 15 929~1994!.

19M. Lang, F. Steglich, N. Toyota, and T. Sasaki, Phys. Rev. B49,
15 227~1994!; T. Nishizaki, T. Sasaki, T. Fukase, and N. Koba-
yashi, ibid. 54, R3760~1996!; T. Tamegaiet al., J. Low Temp.
Phys.105, 1733~1996!.

20T. Tamegaiet al., Phys. Rev. B45, 2589~1992!.
21S. Ooi, T. Tamegai, and T. Shibauchi, J. Low Temp. Phys.105,

1011 ~1996!, and references therein.
22At fields above 10.5 kOe, we have not succeeded in observing

clear steps because of the decrease in the signal-to-noise ratio at
high fields.

23A. Houghton, R. A. Pelcovits, and A. Sudbo, Phys. Rev. B40,
6763~1989!; E. H. Brandt, Phys. Rev. Lett.63, 1106~1989!; S.
Hikami, A. Fujita, and A. I. Larkin, Phys. Rev. B44, 10 400
~1991!; G. Blatter and B. I. Ivlev,ibid. 50, 10 272~1994!.

24L. I. Glazman and A. E. Koshelev, Phys. Rev. B43, 2835~1991!.
25L. L. Daemen, L. N. Bulaevskii, M. P. Maley, and J. Y. Coulter,

Phys. Rev. Lett.70, 1167 ~1993!; Phys. Rev. B47, 11 291
~1993!.

26A. E. Koshelev, Phys. Rev. Lett.77, 3901~1996!.
27T. Shibauchiet al., Physica C293, 73 ~1997!.
28L. Fruchter, A. Aburto, and C. Pham-Phu, Phys. Rev. B56,

R2936~1997!.
29W. K. Kwok et al., Phys. Rev. B42, 8686~1990!.

RAPID COMMUNICATIONS

57 R5625VORTEX PHASE TRANSITION WITH DECOUPLING OF . . .


