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Precision measurements of the real and imaginary parts of the microwave surface impedance Z,(7) =
R,.(T) + iX,.(T) of the conducting ac layers of the k-(BEDT-TTF),Cu[N(CN),]Br crystals in the tempera-
ture interval of 0.5 < 7'< 100 K have demonstrated a series of features: (i) the temperature course of the field
penetration depth is close to linear AL, .(7)0AX,.(7) in the superconducting state at T<< 7, = 11.5 K;; (ii) the
curves R,.(T) = X,.(T) coincide at 7T, < T'< 40 K; (iii) the X,.(7) value at 7> 40 K increases in comparison
with R,.(7); (iv) the dependence R,.(7) at 7> 40 K is nonmonotonic in thin crystals. These features of the
impedance Z,.(7T) with increasing T are interpreted in terms of (i) the d-type symmetry of the superconduct-

ing order parameter, (ii) normal skin effect, (iii) manifestations of the antiferromagnetic fluctuations, and (iv)
the size effect. The electrodynamic parameters of k-(BEDT-TTF),Cu[N(CN),]Br have been determined.
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The problem of the type of superconducting inter-
action, symmetry of the order parameter, and features
of the normal state of organic superconductors has
been a subject of intense discussions until now.

Layered k-(BEDT-TTF),Cu[N(CN),]|Br crystals
have orthorhombic symmetry and are built of con-
ducting cation—radical ac layers of BEDT-TTF alter-
nating with the dielectric layers of Cu[N(CN),|Br
single-charge anions [1, 2]. In the k-(BEDT-
TTF),Cu[N(CN),]|Br unit cell, there are four pairs
(dimers) of donor BEDT-TTF molecules (two dimers
in the conducting layer). Each dimer gives one con-
duction electron. The two-dimensional Fermi surface
of k-(BEDT-TTF),Cu|N(CN),|Br consists of closed
quasi-two-dimensional hole orbits (o pockets) located
on the two k, edges of the Brillouin zone and open
electron sheets crossing these edges in the k, direction
[2, 3]. The simplest estimates give the values of the
carrier density # = 102! cm~3 and the Fermi energy
Er~ 1000 K.

Superconducting k-(BEDT-TTF),Cu[N(CN),|Br
crystals at normal pressure have the maximum critical
temperature of the superconducting transition (7, =
11.5 K) for all known organic ion-radical salts and are
strongly anisotropic: the ratio of the resistivities across
(pp) and along (p,.) the ac layers reaches 10*—10° at lig-
uid helium temperatures [4]. Therefore, when p,.(7) is
measured at direct current, even a slight misalignment
of the contacts with respect to the crystal axes always
leads to the “admixture” of the component propor-
tional to p,(7) to the measured signal. Since p,(7) >

p.(7) in k-(BEDT-TTF),Cu[N(CN),]Br, the p,.
value at a given temperature obtained at direct current
exceeds the true p,. value, and the temperature depen-
dence p,.(7) reflects the main features of Ap,(7).
Noncontact microwave measurements of anisotropic
layered high-temperature superconductors [5] provide
the high-frequency current flow strictly in the con-
ducting layers so that the imperfections of the crystal
surface and shape do not introduce distortions in the
measured quantities. It is also essential that the micro-
wave response characterizes both the normal and
superconducting states of the studied material.

We present the first precision measurements of the
surface impedance components in the ac planes of super-
conducting k-(BEDT-TTF),Cu[N(CN),]|Br crystals
in the temperature interval 0.5 < T< 100 K in the mil-
limeter wavelength range. Two samples grown by the
electrochemical oxidation method were studied [6].
They were of the shape of approximately rectangular
thin plates with dimensions a x ¢ x b = 0.5 x 0.5 x
0.l mm and 0.55 x 0.25 x 0.03 mm. The surface
impedance Z(T) = R(T) + iX(T) was measured by the
hot finger method at the frequency f= 28.2 GHz [7].
In turn, the samples were set on the butt end of a sap-
phire rod so that the crystal b axis was directed along
the microwave magnetic field. The high-frequency
current flowed in the crystal ac planes as shown in the
inset of Fig. 1b.

Figure 1 shows the temperature dependences of the
surface impedance of crystals 1 and 2. The critical
temperature of the superconducting transition for
both crystals determined from the beginning of the
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Fig. 1. Temperature dependences of the surface impedance
Z= R+ iXin the conducting ac planes of crystals (a) 1 and

(b) 2. Insets: (a) the dependence p,.(7) = 2R2( /oy in

sample 1 and (b) orientation of the crystals with respect to
the microwave magnetic field in the resonator.

sharp drop of X(7) is approximately the same (7, =
11.5 K). The characteristic width of the superconduct-
ing transition of the samples found from the measure-
ments of the dynamic susceptibility at a frequency of
100 kHz was about 0.2 K.

At T > T, there is a small temperature interval
(15<T<45 K forsample 1in Fig. laand 15<T<30 K
for sample 2 in Fig. 1b) where the curves of the surface
resistance R(7) and reactance X(7) can be super-
posed, R(T) = X(T), which corresponds to the condi-
tion of the normal skin effect. The temperature depen-
dence of the resistivity in the ac plane of sample 1
found from the formula p,.(7) = 2R*(T)/oy, is shown
in the inset of Fig. 1a. It has the form p,.(7) ~ A + BT*
in the interval 15 < T < 30 K corresponding to the
Bloch—Griineisen law with the Debye temperature
Tp ~ 150 K. The resistivity p,.(15 K) = 150 pQ cm is

JETP LETTERS Wl. 96 No.3 2012

185

5

L (a) X g

Zac (Q)

- (b) -7

1 1 | 1 |
20 40 60 80
T (K)

100

Fig. 2. Temperature dependences of the surface impedance
components (curves) calculated taking into account the
size effect and (points) measured in crystals (a) 1 and (b) 2.
Insets show the temperature dependences of the ratio of
the sample thickness d to the skin layer depth &(7).

much higher than the typical resistivity of normal met-
als and at T~ 40 K it reaches the limiting loffe—Regel
value (~1 mQ) [8], tending to saturation with increas-
ing temperature. Indeed, determining the scattering
time ©(7,) # 5 x 10713 s from our measurements of
impedance [9] and using the estimate of the Fermi
velocity vy ~ 6 x 10° cm/s in k-(BEDT-
TTF),Cu[N(CN),]Br from [3], we find that the mean
free path /,. =~ 1 nm at T'= 50 K is comparable with the
size of the unit cell in the ac plane.

The p,.(T,) value in our crystals is an order of mag-
nitude less than the p,.(7,) values found from the dc
measurements of k-Br [10]. In addition, Ap,.(7) oo T?
in the region of the normal skin effect in Fig. 1a, while
Ap,(T) oT? in [10] (quadratic temperature depen-
dence is characteristic of the increase in resistivity
Apy(T) 0T? at T, < T < 40 K). These differences are
due to the contribution of the transverse component
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Fig. 3. Measured temperature dependences of (open cir-
cles) the field penetration depth and imaginary parts of
(closed circles in the insets) conductivity in samples (a) 1
and (b) 2. Solid lines and formulas in the bottom parts of
the figure are the results of least-squares fitting of the
experimental data A,.(7) in the interval 0.5 < 7< 6 K to the

dependence A, (7) = 1,.(0) + bT2/(T+ T*) [18].

p,(T) of the resistivity to the direct-current measure-
ments of p,.(7).

According to the phase diagram, the state of k-
(BEDT-TTF),Cu[N(CN),|Br at 7 > 40 K is called
bad metal [11]. In this state, in addition to the satura-
tion of the resistivity p,.(7), temperature anomalies
are distinctly observed in the magnetic susceptibility
[12], ultrasound propagation velocities [13], and
nuclear spin relaxation [14]. These anomalies are
interpreted in terms of the transition from the Fermi
liquid behavior at low temperatures to the antiferro-
magnetic fluctuation mode [11]. In our measure-
ments, the considerable excess of the X(7) value over
R(T) at T> 40 K in both samples is obviously atypical
for bad metals (Fig. 1). It is well known that, e.g., the
measured reactance X(7) of the conducting layers in
the normal state of high-temperature superconductors
is somewhat less than their surface resistance R(7).
However, taking into account the positive thermal
expansion of crystals leads to the increase in X(7) to

R(T) [5]. As a result, at 7> 100 K, the normal skin
effect takes place in the high-temperature supercon-
ductors: X(7) = R(T). The features of the thermal
expansion of k-(BEDT-TTF),Cu[N(CN),|Br [15]
hardly affect the measured curves X(7) at T > 40 K.
However, the magnetic contribution to X(7) may be
provided by the nonzero imaginary component pu" of
the dynamic magnetic permeability p = 1 + iu" [16],
which is responsible for the energy absorption by the
magnetic system. Taking into account the dependence
w"'(7T) when finding the real and imaginary parts of the
impedance in the local approximation Z = R + iX =
(inorm/c)? may lead to the increase in X(7) > R(T)
observed in Fig. 1.

Another feature of the temperature dependences of
impedance in Fig. 1 is the different behaviors of the
curves R(T) at T>40 in samples 1 and 2: R(7) in sam-
ple 2 reaches the maximum at 7 ~ 50 K and then
decreases with increasing temperature. Such a behav-
ior is caused by the manifestation of the size effect in
sample 2, the thickness d = 30 pm of which is compa-
rable with the field penetration depth 6(7) in the sam-
ple. At T~ T,, the skin layer depth is 8 = (2p/wy) "> =
10 um. It can be seen in the inset of Fig. 2b that
d/8(50 K) = 1 at temperatures of about 50 K. There-
fore, the R(7T) and X(7) values measured in sample 2
should be interpreted as the components of the effec-
tive (including the size features) impedance Z {(7),
which in the limiting case & <€ d should coincide with
the surface impedance Z(7) of a semi-infinite plate.

The calculations show that the Z(7) and Z (T)
components in sample 1 (d/3(7T) > 1) almost coincide
over the entire temperature interval (Fig. 2a). Thus,
the R(T) and X(7T) dependences measured in sample 1
should be considered true (“semi-infinite”) compo-
nents of the surface impedance in the ac planes of the
bulk k-(BEDT-TTF),Cu[N(CN),]Br crystal. Figure 2b
shows the results of the calculation of the effective
impedance components in sample 2 (solid and dashed
curves). For that the data for sample 1 were used as
true R(7) and X(7) values. It is seen that the calculated
curves for sample 2 coincide with those measured at
T < 40 K in the region of the normal skin effect and
qualitatively present the behavior at 40 < 77< 100 K in
the region where the size effect in sample 2 becomes
significant.

The measurements of the reactance X(7) at T< T,
make is possible to determine the temperature depen-
dences of the field penetration depth in the conducting
layers of superconductors 1 and 2: M(7T) = X(T)/ow,
(Fig. 3). The k-(BEDT-TTF),Cu|N(CN),|Br crystals
in which the coherence length in the ac plane &, =
4 nm [17] are pure (/(7,) > ;) London (A > &) super-
conductors. Therefore, the A, (7) values given in
Fig. 3 correspond to the London depth A, (7).

The 2,.(0.6 K) ~;(0) = 0.7 um values in samples 1
and 2 measured at the minimum temperature differ
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less than by 20%. The A,.(7T) curves in Fig. 3 are obvi-
ously and, therefore, the k-(BEDT-
TTF),Cu[N(CN),|Br crystals are not conventional
Bardeen—Cooper—Schrieffer superconductors with
the s-type symmetry of the order parameter. The
Aao(T) dependence for sample 1 agrees well with the
linear dependence A, (7) = A;(0) + o7 = 0.67 +
0.0247 [um] at T < T,/2 (Fig. 3a), while the depen-
dence for sample 2 is linear in the interval 2.5< T< 6 K
but switches to quadratic at 7'< 2.5 K. It was shown in
[18] that such a behavior is inherent in superconduc-
tors with the d-type symmetry of the order parameter,
in which the crossover from the linear to the quadratic
temperature dependence of the field penetration
depth (T < T* < T,) is due to the resonance scattering
on impurities in the low-temperature region and is
described to the interpolation formula A(7) — A(0) =
bT?/(T + T*). The parameters that provide the best fit
of the data to this formula are given in Fig. 3 (T* <<
0.5 K in sample 1). The shape of the temperature
dependences of the imaginary parts of the conductiv-
ity 6" (7)/c"(0) = A2(0)/A*(T) in the insets of Fig. 3 is
similar to those observed in high-temperature super-
conducting crystals [5]. This also indicates the non-
trivial symmetry of the superconducting order param-
eter in k-(BEDT-TTF),Cu[N(CN),|Br. Similar
results of the measurements of AA,.(7) and conclu-
sions about the nature of the superconducting state in
k-(BEDT-TTF),Cu[N(CN),]|Br were presented ear-
lierin [19, 20].

To conclude, the microwave measurements of the
surface impedance components in the ac planes of the
k-(BEDT-TTF),Cu[N(CN),|Br crystals with 7, =
11.5 K demonstrate a series of features in the super-
conducting and normal states of these crystals. First,
the measurements at 7' <€ T, indicate the d symmetry
of the superconducting order parameter. Second, in
the interval T, < T < 40 K, the R(T) and X(7) curves
coincide (the normal skin effect) and the temperature
dependence of the resistivity is Ap,.(7) « T'3. Finally,
at T > 40 K, the resistance tends to saturation (the
Ioffe—Regel limit) and the X(7) value becomes larger
than R(T) owing to the additional contribution of the
antiferromagnetic spin fluctuations. The A,(0) =
0.7 um, T,) = 30 nm, and &(7,) = 10 um values were
determined.
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