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The surface impedance at 10 GHz was measured systematically in single-crystal La& ~Sr Cu04
for carrier concentrations 0.09 & x & 0.19, from which the penetration depth A was determined. The
anisotropy and the dependences on x and temperature T of A are extensively studied for the Srst
time. The anisotropy of A(T = 0) decresses with increasing z, and still remains larger than 10 for
z = 0.19. The out-of-plane penetration depth (A, ) has a different temperature dependence from the
in-plane one (A q). These results suggest that the electrodynamic properties in the superconducting
state along the c axis can be explained by a Josephson-coupled layer model.

PACS numbers: 74.25.Nf, 74.72.Dn, 75.30.Gw

A large number of experimental results have re-
vealed that high-T, superconductivity occurs in the Cu02
planes. There are many theoretical models reflecting its
two dimensionality. It is still unknown, however, how
we can describe the coupling between the layers in the
superconducting state. In other words, it should be clar-
ified whether the electronic properties of the supercon-
ducting state are essentially two or three dimensional.
So far many anisotropic superconducting properties [1,2]
have been analyzed in terms of a so-called "effective-
mass model, " where the anisotropy of various parame-
ters is ascribed to the anisotropic effective masses in the
Ginzburg-Landau (GL) theory. This model can be ap-
plied only when the electrodynamic properties are essen-
tially three dimensional.

Recent studies have shown the anomalous properties of
high-T, cuprates across the CuOs planes [3—5]. In par-
ticular, the c-leis resistivity in the normal state shows
nonmetallic behavior, suggesting the two-dimensional na-
ture of high-T, superconductors [3]. However, less inves-
tigated are the out-of-plane electromagnetic properties
in the superconducting state, which are suitable for a
crucial test of the dimensionality of the superfluid. It
is well known that the measurement of the penetration
depth A provides quantitative information on the mass
anisotropy. The London penetration depth is given by

where n, and m' are the density and the efFective mass of
the superconducting carriers, respectively [6]. In high-T,
superconductors, the experimental studies of the pene-
tration depth have been performed mainly on A~g with
the screening current flowing in the Cu02 planes (a-b
planes) [7]. The c-axis penetration depth A, has received

much less attention, partly because high-T, crystals are
not thick enough in the c direction.

In this Letter, we report the magnitude and the tem-
perature dependence of the anisotropic penetration depth
in large high-quality single crystals of Lag Sr~Cu04 at
five compositions (2: = 0.09, 0.12, 0.15, 0.18, 0.19). As far
as we know, this is the first determination of A, /Aab as
a function of z and T over a wide range of the car-
rier concentrations in this system. Las ~Sr~Cu04 has
the simplest crystal structure with only one Cu02 plane
per primitive cell, and is appropriate for a critical test
of the theoretical models. We find that the magnitude
and temperature dependence of A, are consistent with a
Josephson-coupled layer model.

Single crystals of La2 ~Sr~Cu04 were grown by a
traveling-solvent-floating-zone method, as described else-
where [8]. Note that the crystals are large (up to 5 mm
along the c lucis) enough for various anisotropy measure-
ments. The crystals were thoroughly characterized over
a wide range of x, using the inductively coupled plasma
etnission spectroscopy, resistivity anisotropy, and suscep-
tibility measurements [8]. These measurements show
that the crystals are of high quality.

The surface impedance was measured at 10 GHz us-

ing a superconducting Pb cavity resonator with the sam-
ple on the heated rod [9,10]. The quality factor Q of
the cavity is typically 1 x 10s and we achieved sta-
ble resonant frequency (6f/f & 10 s) at 4.2 K. One
can obtain the surface resistance R, and the surface
reactance X, from the Q value and the resonant fre-
quency f by the formula R, = Gz (Q —Qbt z) and
b,X, = G24f, where Gq a—nd Gz are geometrical fac-
tors. Qbt»t, is the Q of the cavity without a sample,
and b,X, is the change of X,. The geometrical factors
were determined experimentally by using Pb as a refer-
ence sample. Lap Sr Cu04 crystals were cut into the
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FIG. 1. Temperature dependence of the surface resistance
A, and the surface reactance X, in La&.85Sro.»cu04 crystals
vrith microwave Geld parallel and perpendicular to the CuOg
planes.

R. = X, = —,poiu6. t
1 (3)

in the normal skin effect regime (mean free path l && 6,t),
where b,t = (2/@ciao.t) ~ is the classical skin depth
and ot the real part of the conductivity [13]. Since
we measured R, and AX, simultaneously, the magni-

tude of X, and hence the magnitude of A can be de-

termined from Eqs. (2) and (3) [10]. This method is

supported by the excellent agreement between pSR mea-
surements and our estimations of A,b(0) for YBa3Cu307
and BizSr3CaCu30s [10]. It should be emphasized that
in our method no special theoretical forms of the tem-
perature dependence of A are required for the determina-
tion of A(0). This shows clear contrast to other measure-

ments, such as magnetic susceptibility measurements [2]
and usual frequency shift measurements in the rf region

[14].
Figure 1 shows the temperature dependence of the sur-

face resistance and the surface reactance for the 2: = 0.15
samples. A large anisotropy in,the surface impedance
is clearly seen in both the normal and the supereon-
ducting states. Similar temperature dependence of the
anisotropic surface impedance was observed for all the
compositions except for x = 0.09 with H I c [15].
In the configuration of H

[~ c, the screening current
flows in the Cu03 planes in the region with the length
A b(= X~b/pour) from the edge below T,. In contrast,

specimens of typically 1 x 1 x 0.2 mm3, having two types
of crystal orientations, large faces parallel and perpen-
dicular to the a bpla-nes. The weak microwave magnetic
field K is applied perpendicular to the large faces for
the two types of crystals (see Fig. 1) [11].The small size
of the sample ensures the cavity perturbation method.

In the superconducting state, the surface reactance is

proportional to the penetration depth A by [12]

X, = po~A,

where po is the permeability of free space and iu = 2~f.
In the normal state, we can show the equation

FIG. 2. (a) Magnitude of the in-plane penetration depth
A b(0) and the c-axis penetration depth A, (0) for the wide
range of x. Estimations for A, (0) in the Josephson-coupled
layer model are also shown (x). (b) Compositional depen-
dence of A, (0)/A, b(0) and T, determined by the onset in

Z, (T).

when H is perpendicular to the c axis, the current Bows
both in and across the Cu03 planes. Thus, the pen-
etration depth A, (= X;/go~) with the current flowing
across the CuOq planes can be estimated using the for-
mula X, oc AA b + CA„where A and C are the ap-
propriate dimensions (A C 1 mm) of the sample
perpendicular to H~ [16].

In Fig. 2(a), we show the magnitude of A~b(0) and

A, (0) for the wide range of the compositions. Both A b(0)
and A, (0) become shorter as the composition x increases.
The orders of magnitude of A~b(0) ( 0.4 pm) and A, (0)
( 5.5 pm) for x = 0.15 are consistent with the @SR
measurements for polycrystalline samples [17] [A b(0)
0.3 pm] and an estimation of A, (0) ( 5 Iim) from
optical measurements [4], respectively. The anisotropy
A, (0)/A b(0) becomes small with increasing x [Fig. 2(b)],
but still remains larger than 10 for x = 0.19.

First, let us show that the three-dimensional (3D) ap-
proach cannot easily explain the c-axis electrodynamics.
If this system can be regarded as an anisotropic 3D metal
(this assumption is not good at all as will be discussed be-

low), the anisotropy of the surface reactance X;/Xa~b in

the normal state is equal to the square root of anisotropy
of the conductivity according to Eq. (3). In this picture,
the band mass anisotropy can be estimated through the
simple Drude model where crt ——ne 7/m'. Recent in-

frared measurements [4,18] show that the anisotropy of
the low-frequency scattering time 7 is about 1.7 for op-
timum concentrations. Thus, in this model we estimate
the band mass anisotropy to be 530 just above T, for
x = 0.15 (see the inset of Fig. 3). In the anisotropic
GL theory below T„(A,/A b) [= (X;/X, ) 200 «r
x = 0.15] should be equal to the band mass anisotropy
in the normal state, when the superconducting gap is
isotropic [19]. The estimated mass anisotropy in the nor-

mal state is considerably larger than that in the super-
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FIG. 3. A q(0)/A z(T) and A, (0)/A, (T) as functions of re-
duced temperature T/T, So.lid curve represents the temper-
ature dependence of AL, predicted by the BCS theory, while
the dashed curve is calculated according to Eq. (4). The inset
shows the temperature dependence of the anisotropy of the
surface reactance X;/X, .

conducting state. Therefore, such a 3D approach cannot
explain the magnitude of the anisotropy factor A, /A, s
and the steplike feature in the temperature dependence
of X;/X, b demonstrated in the inset of Fig. 3. Similar
steplike features are observed for all the samples, suggest-
ing that the SD analysis within the efFective-mass model
is not appropriate for this system.

It is claimed by some papers that the SD analysis is
inconsistent with the normal-state behavior, such as the
nonmetallic nature of the c-axis conductivity [3,4]. Next
we shall show that whether or not we start from 3D in
the normal state, anisotropic SD treatment is inappro-
priate in the superconducting state. In the BCS theory
[6], the determined penetration depth is described by the
expression A(T) = Al, (T)(1+(p/Jp(T)l)i/~, where (0 is
the coherence length, f the mean free path, and Js(T)
the BCS range function with a value Js(0) = 1. In the
hole-doped high-T, superconductors, the in-plane pene-
tration depth is given by the local clean-limit approxi-
mation ((0/l (( 1) [17], and A,y is nearly equal to the
London value.

Figure 3 shows the temperature dependence of
A (0)/A (T) for the z = 0.15 crystals. The tempera-
ture dependence of A ~ is roughly explained by the local,
clean-limit BCS theory [20], which resembles the case of
YBa&CusO& film [21]. In contrast, A, (T) clearly devi-
ates from this formula, and is rather consistent with the
expression

A2(0) b, (T) b, (T)
A2(T) 6(0) 2k~T' (4)

where A(T) is the BCS-type temperature dependence of
the superconducting gap. This result indicates that the
electrodynamics along the c axis is clearly different from
the in-plane dynamics in the superconducting state. The
above expression [Eq. (4)] is predicted by the Josephson-
coupled layer model, which will be discussed later, as well
as by the dirty-limit approximation ((0/I )) 1).

If the dirty-limit approximation were a true picture,
the mean free path of the superfiuid at low temperatures
should be much smaller than the c-axis coherence length

( 3 A. [22]). This means that the superfluid is nearly
con6ned in the CuO~ planes. In such a situation, the
mean free path in the c direction is quite meaningless, and
the three-dimensional effective-mass approach cannot be
applied. Thus, the dirty-limit picture is not good and
a two-dimensional approach should be examined for the
out-of-plane electrodynamics.

Now we show that a better description is the
Josephson-coupled layer model of two-dimensional super-
conductors, which was originally suggested by Lawrence
and Doniach [23]. In this model, the superconducting or-
der parameter in adjacent layers is coupled by Josephson
tunneling. If we apply this model to La2 Sr Cu04, the
c-axis penetration depth is dominated by the Josephson
penetration depth [24,25]

1/2

(8+2sJ,)
where s is the distance between the Cu02 planes (
6.6 A), and J, the Josephson tunneling current density.
In the BCS theory [26], J, is related to the tunneling
resistance per unit area in the normal state R„by

J,(T) = tanh
mh(T) b, (T)

When we adopt the BCS gap value of 6(0) 1.76kgT,
[27] and assume R„=p, s [28], we can calculate AJ(0)
by

Ag(0) (cm) 1.1 x 10 x p, (Acm)

C

where p, is the c-axis resistivity in the normal state and
T, is shown in Fig. 2(b). In this study we use the values
of p, just above T, which are determined by the resistiv-
ity measurements, and the results are shown in Fig. 2(a).
These estimations show excellent agreement with the ex-
perimental data of A, (0). The ambiguity of estimation
of p, is not so serious in the scale of Fig. 2(a). These re-
sults strongly suggest that this model is an appropriate
picture; i.e. , Laq ~Sr, Cu04 can be described as an array
of Josephson-coupled superconducting layers along the c
BXls.

Next we turn to the temperature dependence of A, . In
the Josephson-coupled layer model, when we substitute
Eq. (5) into Eq. (6), we obtain Eq. (4) as the temperature
dependence of the Josephson penetration depth AJ. This
temperature dependence is quite consistent with the data
of A, (T) (see Fig. 3). Thus, the observed temperature de-
pendence of A, can be interpreted as another evidence for
the intrinsic Josephson coupling between Cu02 planes.

Recently, Kleiner et aL [5] have suggested the
intrinsic Josephson coupling in Biqsr2CaCuq08 from

2265



VOLUME 72, NUMBER 14 PHYSICAL REVIE% LETTERS 4 APRIL 1994

the I-V characteristics measurements. Their result in
BiqSr2CaCu208 is consistent with our penetration depth
measurements in Laz Sr Cu04, suggesting that these
features are common to these two superconductors.

In summary, we have measured, for the first time,
the magnitude and the temperature dependence of
the anisotropic penetration depth A i, and A, in high-
quality La2 Sr Cu04 single crystals. The anisotropy
A, (0)/A i, (0) decreases with increasing x, and is larger
than 10 even in the x = 0.19 crystals. The magnitude
of A, (0) shows excellent agreement with the Josephson-
coupled layer model over a wide range of the composi-
tions. We have also found that the temperature depen-
dence of A, is different from the local-limit BCS formula,
and that it is consistent with the Josephson-coupled layer
model. These results imply that the electronic states of
Laz ~Sr~Cu04 (0.09 & x & 0.19) can be regarded as
two dimensional in the superconducting state, and that
the interlayer coupling is characterized by Josephson-like
interaction.

We would like to thank I. Terasaki, N. Nagaosa, T.
Kisu, K. Yamafuji, and S. Uchida for fruitful discussions.
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