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Surface impedance anisotropy of YBa2Cu3O6.95 single crystals:
Electrodynamic basis of the measurements
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An electrodynamic technique is developed for determining the components of surface impedance and com-
plex conductivity tensors of HTSC single crystals on the basis of measured quantities of a quality factor and a
resonator frequency shift. A simple formula is obtained for a geometrical factor of a crystal in the form of a
plate with dimensionsb@a.c in a microwave magnetic fieldHv'ab. To obtain thec-axis complex conduc-
tivity from measurements atHviab, we propose a procedure that takes into account of sample size effects.
With the aid of the technique involved temperature dependences of all impedance and conductivity tensors
components of YBa2Cu3O6.95 single crystal, grown in BaZrO3 crucible, are determined at a frequency off
59.4 GHz in its normal and superconducting states. All of them proved to be linear atT,Tc/2, and their
extrapolation to zero temperature gives the values of residual surface resistanceRab(0)'40 mV and Rc(0)
'0.8 mV and magnetic-field penetration depthlab(0)'150 nm andlc(0)'1.55mm.
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I. INTRODUCTION

Microwave measurements of the temperature depend
of the complex conductivity tensorŝ(T)5ŝ8(T)2 i ŝ9(T)
of high-Tc superconductors~HTSC! have advanced consid
erably our understanding of the mechanisms of quasiparti
transport along crystallographic axes of these anisotro
compounds. The real partŝ8(T) is susceptible to the scatte
ing rate of quasiparticles, as well as their density of sta
The imaginary partŝ9(T) is related to the magnetic-fiel
penetration depthl(T). In the local electrodynamics, whic
can be applied to HTSC,

ŝ~T!5 ivm0 /Ẑ2~T!, ~1!

where Ẑ(T) is the surface impedance tensor of the samp
v52p f and m054p31027 H/m. In HTSC the tensorsẐ
and ŝ are characterized by two components:Zab5Rab

1 iXab ~or sab5sab8 2 isab9 ) in weakly anisotropic ab
planes CuO2 and Zc5Rc1 iXc (sc5sc82 isc9) perpendicu-
lar to these planes.

In the temperature rangeT>Tc , Rab(T)5Xab(T) in the
ab plane of the optimum-doped YBa2Cu3O6.95 ~Refs. 1–5!
and Bi2Sr2CaCu2O81d ~Refs. 5–7! single crystals, and this
relation is equivalent to the condition of the normal sk
effect. The common features of these crystals are the lin
temperature dependence of the surface resistance@DRab(T)
}T# and of the surface reactance@DXab(T)}Dlab(T)}T#
at temperaturesT!Tc ~see Refs. 8–11 and referenc
therein!. The difference is that the linear resistivity regio
extends to nearTc/2 for Bi2Sr2CaCu2O81d and terminates
near or belowT,Tc/3 for YBa2Cu3O6.95 single crystals. At
higher temperatures,Rs(T) of YBa2Cu3O6.95 has a broad
0163-1829/2003/67~14!/144504~9!/$20.00 67 1445
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peak. In addition, thelab(T) curves of some YBa2Cu3O6.95

single crystals have unusual features in the intermediate t
perature range.4,12

In comparison with the microwave response of the c
prate layers of HTSC, the data concerning their microwa
properties in the direction perpendicular to these layers
scarce. Moreover, the available experimental data are con
versial. In this connection, the major electrodynamic pro
lem is the accuracy of the techniques used in determina
of Zc(T) andsc(T) in HTSC.

The most convenient technique for measurements of
surface impedance of small HTSC samples in theX-W mi-
crowave frequency bands is the so-called ‘‘hot-finge
method.9,13 The underlying idea of the method is that a cry
tal is set on a sapphire rod at the center of a superconduc
cylindrical cavity resonating at the frequencyf in the H011
mode, i.e., at the antinode of a quasihomogeneous mi
wave magnetic field. In the experiment the realR and imagi-
nary X parts of the surface impedance are derived from
following relations:

R5GD~1/Q!, X522Gd f / f . ~2!

Here G is the sample geometrical factor;D(1/Q) is the
difference between the values 1/Q of the cavity with the
sample inside and the empty one;d f is the frequency shift
relative to that which would be measured for a sample w
perfect screening and no penetration of microwave fields
the experiment we measure the differenceD f (T) between
resonant frequency shifts versus temperature of the loa
and empty cavity, which is equal toD f (T)5d f (T)1 f 0,
where f 0 is a constant. In HTSC single crystals the const
f 0 can be determined from measurements of the surface
©2003 The American Physical Society04-1
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Yu. A NEFYODOV et al. PHYSICAL REVIEW B 67, 144504 ~2003!
pedance in the normal state.14 Another quantity essential fo
determining the values ofR(T) andX(T) from Eq.~2! is the
sample geometric factor

G5
2vW

g
, W5

m0

2 E
V
Hv

2 dV, g5E
s
Ht

2ds, ~3!

whereW is the energy stored in the cavity,V is the volume of
the cavity,Hv is the microwave magnetic field generated
the cavity,s is the total sample surface area, andHt is the
tangential component ofHv on the sample surface. The e
ergy W is easily obtained for the resonator mode under u
therefore the task of deriving the impedance value is redu
to defining the integralg in Eq. ~3!. The task simplifies if a
typical HTSC crystal in the form of a rectangular plate w
dimensionsb@a.c and volumev;0.1 mm3 is radiated by
the microwave magnetic fieldHvib @L orientation, Fig.
1~a!#. If this is the case, in the superconducting state aT
,0.9Tc , when the magnetic-field penetration depth
smaller than the characteristic sample dimensions, the q
tity Ht.H0 can be taken out of the integralg, whereH0 is
an amplitude ofHv . Thus we obtaing.2H0

2(ab1bc), so
the surface impedanceZab1c for the sample in theL orien-
tation will be equal to

Zab1c.
abZab1bcZc

ab1bc
, ~4!

FIG. 1. Two experimental orientations of the sample with
spect to the microwave magnetic-fieldHv , ~a! longitudinal L ori-
entation,Hviab, and~b! transverseT orientation,Hv'ab. Arrows
indicate the direction of the high-frequency currents.
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where the subscripts ofZ denote the directions of the scree
ing currents. While deriving formula~4! we neglect not only
weak anisotropy in theab plane but also a contribution o
the crystalac faces which is apparently minute in compa
son with the summands in the numerator in Eq.~4! due to the
areas differenceac!bc,ab. The cleaving of the crysta
along theb edge into several needles multiplies up the co
tribution from the c axis, so that measurements ofZab1c
before and after the cleaving allowed to extractZc in the
superconducting state of YBa2Cu3O6.95 single crystal.15

However, this procedure has the following disadvantages~i!
it assumesabZab term in Eq.~4! to be nonalterable, which
results in an uncontrolled inaccuracy due to nonideal sam
cleaving into rectangular needles,~ii ! as it will be shown
below, the size effect takes place at temperaturesT.0.9Tc in
the L orientation; this restricts applicability range of Eq.~4!
within low temperatures and does not allow to extractlc(0)
value, and~iii ! in many cases one needs to save the ini
sample for further study, e.g., for investigation of evoluti
of its anisotropic properties with doping level.

Therefore, consecutive measurements of the crystal at
in transverse~T! orientationHvic @Fig. 1~b!# to obtainZab
and then in longitudinal~L! one appear to be a more natur
way to obtainZc value. A difficulty in determining the geo
metrical factorG or the integralg in Eq. ~3! in the T orien-
tation of the crystal arises while using this technique.
mentioned in Ref. 9,g.2H0

2a2@ ln(a/c)11# proves to be a
reasonable estimation for a square sample witha5b@c. It
is also known that the approximation of a rectangular plate
an ellipsoid inscribed in it results in an overestimated va
of g.

The purpose of this paper is~i! to calculateg for a typical
HTSC crystal in theT orientation,~ii ! to generalize formula
~4! for the L orientation of the crystal to the range of high
temperaturesT.0.9Tc , and ~iii ! to report on the measure
ment results for all surface impedance components of h
quality YBa2Cu3O6.95 single crystals, grown in BaZrO3 cru-
cibles, in the normal and superconducting states.

II. GEOMETRICAL FACTOR IN THE T ORIENTATION

Let us consider a rectangular ideal conductor with dim
sions Ly@Lx ,Lz placed in a constant magnetic fieldHiz
~Fig. 2!. The problem of obtaining the field distributio
around such a conductor becomes two dimensional an
solve it one can apply the method suggested in Ref. 16.
magnetic field outside the conductor satisfies Maxwell eq
tions “3H50 and“•B50. The former equation allows to
introduce a scalar potentialw, and the latter allows to intro-
duce a vector potentialA: H52“•w5“3A/m0. Let A be
directed along they axis: A5(0,A,0). Then the magnetic
field components will be as follows:17

Hx2 iH z52
dc

dw
, ~5!

where the complex potentialc5w1 iA/m0 is an analytical
function ofw5x1 iz variable, which determines the confo
mal mapping of (x,z) plane into (w,A/m0) plane. Schwarz
transformation

-

4-2
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dw

dc
52

i

H
A~c2c3!~c2c38!

~c2c2!~c2c28!
~6!

specifies the relationship between the unshaded area
Fig. 2. Placing the pointce into plain (w,A/m0) point of
origin, we get we50 and A50 ~c5w! along the path
1→2→3→e→38→28→18. Owing to the task symmetryw2
52w28 and w352w38 . Integrating Eq.~6!, we obtain the
following relationship betweenx,z coordinates and potentia
w on the conductor surface:

x52
w3

H

A12k2

k
ESA12

w2

w2
2

,
1

A12k2D
(z5Lz/2, 0<x<Lx/2),

z52
w3

H
ES w

w2
,
1

kD ~x5Lx/2,0<z<Lz/2!, ~7!

wherek5w3 /w2, andE(u,v) is an incomplete elliptic inte-
gral of the second kind. Equations~5! and ~7! define an im-
plicit dependence of the magnetic field against coordina
on the conductor surface. The upper inset in Fig. 3 displ
the distribution ofHz(z) and Hx(x) magnetic-field compo-
nents inLzLy andLxLy planes, respectively, for three diffe
ent Lz /Lx ratios.

From the formulas~5!–~7! one can easily calculate th
magnetic moment of the conductor

M5U12E j3r dvU524LyS E
0

Lx/2

xuHxudx1
Lx

2 E
0

Lz/2

HzdzD
~8!

and the integralg in Eq. ~3!,

FIG. 2. Complex planes (x,z) and (w,A/m0) used for conformal
mapping.
14450
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g54LyS E
0

Lx/2

Hx
2dx1E

0

Lz/2

Hz
2dzD . ~9!

In order to obtain this we change from integration ov
coordinates in Eqs.~8! and ~9! to integration over potential
taking formulas~5! and ~6! into account,

2
M

LyH
5

4

H S E
w2

w3
xdw2

Lx

2 E
0

w3
dw D

5
p~12k2!Lz

2

4
@E~k!2~12k2!K~k!#2, ~10!

g

LyH
2

5
4

H S E
w2

w3Aw2
22w2

w22w3
2
dw1E

w3

0Aw2
22w2

w3
22w2

dw D
52~Lxf x1Lzf z!, ~11!

where

f x5
K~A12k2!2E~A12k2!

E~A12k2!2k2K~A12k2!
,

f z5
E~k!

E~k!2~12k2!K~k!
, ~12!

with K(v) andE(v) being complete elliptic integrals of th
first and second kinds. Formula~10! coincides with the result
obtained previously in Ref. 18. Furthermore, the relations

FIG. 3. The values of@2M /vH21# ~dashed line! and
@g/sH221# ~solid line! calculated from Eqs.~10! and ~11! versus
the ratioLz /Lx . The upper inset represents the magnetic-field d
tribution on the surfacesLzLy ~upper three curves! andLxLy ~lower
curves! for the values ofLz /Lx50.25 ~dotted lines!, 0.1 ~dashed
lines!, and 0.03~solid lines!. The lower inset,g/sH0

2 as a function
of c/a. Solid and dashed lines correspond to the calculations
Eqs. ~11! and ~14!, respectively. Dotted line is the upper limit o
g/sH0

2 estimated from Eq.~15! for b54a.
4-3



ac

th
ce

ng
c

-
y
l
on

f

th
l

he

f
, t
f

t

on

n
pe

f
for

nt
5%,

n
su-
all

s

is

e

nc-

the
re
-

he
im-
t

stal

the
is

ion

Yu. A NEFYODOV et al. PHYSICAL REVIEW B 67, 144504 ~2003!
between the ratioLz /Lx and k is required to calculate the
values of the momentM /v (v5LxLyLz is a conductor vol-
ume! and the factorg/s @s52Ly(Lz1Lx) is a conductor
surface area#, which we obtain substituting the valuesx
5Lx/2 andz5Lz/2 into the left side of Eq.~7!,

Lz

Lx
5

E~k!2~12k2!K~k!

E~A12k2!2k2K~A12k2!
. ~13!

M and g dependences onLz /Lx ratio, computed from
formulas ~10! and ~11!, are presented in Fig. 3. IfLz@Lx ,
the magnitude of the magnetic field on the sample surf
tends to that of the applied one along with the values ofM
andg tending to (2vH) andsH2, respectively.

Presently we apply the formulas obtained to determe
HTSC crystal geometrical factor when transversely pla
with respect toHv field @Fig. 1~b!#. The field distribution on
the ideal conductor surface will coincide with alternati
magnetic-field distribution on the surface of a supercondu
ing sample of the same dimensions (Lx5a,Ly5b,Lz5c)
placed in microwave fieldHv5H, provided that the penetra
tion depth is smaller than the sample dimensions. It is eas
obtain a simple estimation ofg in case of a very thin crysta
(c!a!b). Upon keeping the first term from the expansi
into k!1 series of the right side of Eq.~13!, we get the value
k.A4Lz /pLx. Therefore, small values ofk correspond to
c/a!1. The subsequent substitution ofk5A4c/pa into
asymptotic formsf x(k).K(A12k2)21, f z(k).2/k2 with
k!1 in Eq. ~12! gives the following from Eq.~11!:

g.2H0
2abS p

2
211

1

2
ln

4pa

c D . ~14!

The lower inset in Fig. 3 represents the comparison og
values obtained from the general formula~11! and the
asymptotic one~14!.

Let us now consider the influence of a finite crystal leng
(b dimension! on theg quantity. Taking an arising additiona
contribution from ac faces of the crystal@Fig. 1~b!# into
account and assuming a tangential field component on t
faces to be the same as that on the other lateralbc faces,
from Eq. ~11! we obtain

g52H0
2~ab fx1bc fz1ac fz!. ~15!

However, estimation~15! gives an overestimated value o
g in the case of a real three-dimensional sample. Indeed
limitation of the crystal lengthb will result in a decrease o
the magnetic-field tangential componentHtia on the sample
surface. The appropriate decrease ing will not be compen-
sated by the appearance ofHtib component, which is absen
whenb→`. Thus, formula~15! is an upper limit ofg, and
its c/a dependence is shown in the lower inset of Fig. 3.

In order to check the accuracy of the above calculati
we have measured both magnetic momentM and geometri-
cal factorg of superconducting slabs with differenta/c and
b/a ratios usingac susceptibility and cavity perturbatio
techniques. The discrepancy between theoretical and ex
14450
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mentally obtained values ofM reached up to 20% in case o
short (b;3a) samples and decreased to less than 5%
substantially long samples (b;6a). In contrast to magnetic
moment, the values ofg proved to be in better agreeme
with the theory. In fact, divergence have never exceeded
probably, due to weaker~logarithmic! dependence ofg on
a/c ratio.

Both M andg integrals in Eqs.~8! and~9! are convergent.
At the same time, as follows from Eqs.~5! and~6!, the mag-
netic field diverges}1/r 1/3 at small distancesr from the
edges~point 3 in the Fig. 2!. In this connection the questio
arises about possible nonlinearities on the edges of the
perconducting slab. In the resonant circuits we applied sm
amplitude (H0,0.1 Oe) of theac magnetic field. The one-
order increase ofH0 did not give rise to any nonlinear effect
under the measurements of YBa2Cu3O6.95 crystals.

III. ELECTRODYNAMICS OF ANISOTROPIC CRYSTAL

The electrodynamics of a layered anisotropic HTSC
characterized by componentssab andsc of the conductivity
tensor. In the normal state ac field penetrates along thec axis
through a skin depthdab5A2/vm0sab and in the CuO2
plane throughdc5A2/vm0sc. In the superconducting stat
all parametersdab , dc , sab5sab8 2 isab9 , and sc5sc8
2 isc9 are complex. AtT,Tc , if s8!s9 the field penetra-
tion depths are given by formulaslab5A1/vm0sab9 , lc

5A1/vm0sc9. In the close neighborhood ofTc , decay of the
magnetic-field in a superconductor is characterized by fu
tions Re(dab) and Re(dc), which turn todab and dc at T
>Tc , respectively.

In the T orientation the surface impedanceZab is directly
connected with the in-plane penetration depthlab(T) at T
,Tc and the skin depthdab(T) at T>Tc . Both lengths are
smaller than the typical crystal thickness. Hence, when
crystal is in theT orientation and at an arbitrary temperatu
the surface impedanceZab is defined as a coefficient in Le
ontovich boundary condition,17 and is correlated with the
conductivitysab through the local relation

Zab5Rab1 iXab5S ivm0

sab
D 1/2

. ~16!

In case the HTSC microwave conductivity is real in t
normal state the real and imaginary parts of the surface
pedance are equal. Hence, in theT orientation the constan
f 0, essential to determineXab(T) in Eq. ~1!, may be found as
a result ofRab(T) and DXab(T) coincidence atT>Tc . It
should be pointed out that thermal expansion of the cry
may essentially affect the shape ofXab(T) curve in theT
orientation. Since the resonance frequency depends on
volume occupied by the field, the crystal expansion
equivalent to a reduction in the magnetic-field penetrat
depth and results in an additional frequency shiftD f l(T) of
the cavity:9
4-4
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D f l~T!5
f m0

8WE
s
D l i~T!Ht

2ds

5
f m0vH0

2

4W
@«cf x1~«a1«b! f z#, ~17!

where« i is a relative changeD l i / l i of the sample dimension
l i (a,b,c) resulting from the thermal expansion, and t
functionsf x and f z are defined according to Eq.~12!. In Ref.
9 the contribution~17! to the overall frequency shift is
shown to be negligible at low temperatures, however, it
comes noticeable atT.0.9Tc in the T orientation.

In the L orientation atT,0.9Tc the penetration depth in
an HTSC crystal is still smaller than characteristic sam
dimensions. It allows to treat the experimental data in ter
of impedanceZab1c averaged over the sample surface
accordance with Eq.~4!. In particular, taking account of th
measurements ofDlab(T)5DXab(T)/vm0 in theT orienta-
tion and the measured valueDlab1c(T)5DXab1c(T)/vm0
in the L orientation, we obtain

Dlc5@~a1c!Dlab1c2aDlab#/c. ~18!

This technique ofDlc(T) determination was used in m
crowave experiments3,6,15,19–23at low temperaturesT,Tc .
Nevertheless, this approach to investigation of the surf
impedance anisotropy in HTSC crystals atT,Tc does not
allow to determine the value oflc(T) from the measure-
ments of quality factor and resonance frequency shift,
may it be extended to the range of higher temperatures.
point is that the size effect provides with an essential in
ence in theL orientation atT.0.9Tc , when the penetration
depthslc anddc turn out to be comparable with the cryst
width. As a result, theRab1c(T) temperature dependenc
measured in the normal state does not coincide w
Xab1c(T), which makes the previous method of determini
f 0 nonapplicable.

In this case in order to analyze our measurements in b
the superconducting and normal states we shall use the
mulas for field distribution in an anisotropic long strip (b
@a,c) in the L-orientation.24 These formulas neglect the e
fect of thebc faces of the crystal@Fig. 1~a!#, but allow for
the size effect correctly. At an arbitrary temperature the m
sured quantitiesD(1/Q) and D f (T)5d f (T)1 f 0 are ex-
pressed in terms of a complex functionm(T)5m8(T)
2 im9(T):7,25

DS 1

QD22i
d f

f
5

im0mvH0
2

2W
, ~19!

which is controlled by the componentssab(T) andsc(T) of
the conductivity tensor through the complex penetrat
depthsdab anddc :

m5
8

p2 (
n

1

n2H tan~an!

an
1

tan~bn!

bn
J ,

an
252

a2

dc
2S i

2
1

p2

4

dab
2

c2
n2D ,
14450
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bn
252

c2

dab
2 S i

2
1

p2

4

dc
2

a2 n2D , ~20!

where the sum is performed over odd integersn.0.
If s8!s9 in the superconducting state, we get

m8.
8

p2 (
n

1

n2H tanh~ ãn!

ãn

1
tanh~ b̃n!

b̃n
J ,

ãn
25

a2

lc
2S 1

4
1

p2

4

lab
2

c2
n2D ,

b̃n
25

c2

lab
2 S 1

4
1

p2

4

lc
2

a2 n2D . ~21!

In particular,lab!c and lc!a at T,0.9Tc , so we de-
rive from Eq.~21! a simple expression for the real part ofm:

m852lc /a12lab /c. ~22!

One can easily check up that in the range of low tempe
tures the change inDlc(T) prescribed by Eq.~22! is identi-
cal to that in Eq.~18!.

In the normal state the conductivitys8@s9. If the sample
dimensions were much more than the penetration depths
would obtain the following from Eqs.~19! and ~20!:

DS 1

QD22i
d f

f
.~11 i !

m0vH0
2

2W S dc

a
1

dab

c D , ~23!

i.e., the temperature dependences ofD(1/Q) and (22d f / f )
would be identical atT.Tc , and the valuesRab1c(T) and
Xab1c(T), derived from Eqs.~2!–~4!, would be equal. In
practice, the valuedc;0.1 mm (f ;10 GHz) proves to be
comparable with the crystal widtha even for YBa2Cu3O6.95
crystals, which can be referred to as weakly anisotropic
comparison with other layered HTSC’s. So to determine
surface impedance components from the measuremen
the L orientation it is necessary to use general formulas~19!
and ~20!, as shown below.

IV. EXPERIMENTAL RESULTS

YBa2Cu3O6.95 single crystals were grown using th
method of slow cooling from a solution-melt with the use
a BaZrO3 crucible. The initial mixture was prepared from
mixture of oxides with mass portions Y2O3:BaO2:CuO
51:25:24 and subsequent pressing of the compound in
tablet of 40 mm in diameter under the pressure of 200 M
The initial components purities were 99.95% for both y
trium and copper oxides and 99.90% for barium peroxi
Crucible material porosity~2%! was taken into account whe
choosing a heating regime and homogenization time. P
liminary experiments have demonstrated that the melt un
use saturates the crucible walls through the whole width~3
mm! during the period of 5–7 h at the working temperatu
In 10 h crystals growth terminates due to a complete van
ing of the melt from the crucible. To reduce the melt homo
4-5
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enization time which amounts to 10–20 h at 1030 °C,
cording to Ref. 26, the method of accelerated-decelera
rotation of the crucible27 was used, which made intensiv
mixing of the melt possible. The homogenization time of t
melt at 1010 °C did not exceed 1 h. Crystals growth tim
amounted to 2 h at acooling rate of 3–4 °C/h, after which
the remaining melt was decanted at 950 °C and cooled d
to room temperature at a rate of 15–20 °C/h. The crys
obtained were saturated with oxygen at 500 °C in an oxy
flow, after which their critical temperature was equal to 92
The measurements of the dynamic susceptibility showed
the width of the superconducting transition in the samp
did not exceed 0.1 K at 100 KHz.

The surface impedance was measured using the hot-fi
technique9 at a frequency off 59.42 GHz in theT and L
orientations.

Figure 4 displays the typical temperature dependence
Rab(T) and Xab(T) for YBa2Cu3O6.95 single crystal in
the normal and superconducting states measured in thT
orientation. The sample represented a prolate parallelep
with dimensionsa3b3c50.431.630.1 mm3. The sample
geometrical factorG590 kV was calculated from Eqs.~11!
and ~3!.

The upper inset in Fig. 4 displays the measured temp
ture dependences ofDQ21 ~squares! and 22D f / f ~tri-
angles! in the normal state of the crystal. The curv
DQ21(T) and 22d f (T)/ f 522@D f (T)1D f l(T)1 f 0#/ f
~circles! coincide after taking into account the additional fr
quency shiftD f l(T) from Eq. ~17!, which arises due to the
sample thermal expansion,9,28, along with the constantf 0,
which is independent of temperature. The coincidence
DQ21(T) and 22d f (T)/ f curves and equalityRab(T)
5Xab(T) at T.Tc @according to Eq.~2!# demonstrate the

FIG. 4. Rab(T) andXab(T) of YBa2Cu3O6.95 single crystal (T
orientation!. The upper inset shows the measured temperature
pendences22D f / f ~triangles! and D(1/Q) ~squares!. Taking the
constantf 0 and thermal expansion into account we get22d f / f
~circles!. The lower inset displaysRab(T) andlab(T) dependences
at low T.
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fulfilling of the normal skin effect condition in theab planes
of YBa2Cu3O6.95 crystal in theT orientation. A linear tem-
perature dependence of resistivityrab(T)51/sab(T)
50.63T mV cm in the range 100<T,200 K together with
the skin depth dab(150 K)55 mm are derived from
Eq. ~16!.

The temperature dependenceRab(T) has a broad peak in
the rangeT;Tc/2, characteristic of YBa2Cu3O6.95 crystals
in the superconducting state. The dependencesRab(T) and
lab(T)5Xab(T)/vm0 are linear atT,Tc/3 ~lower inset in
Fig. 4!. Their extrapolation toT50 K results in the values o
residual surface resistanceRab(0)'40 mV and penetration
depthlab(0)'150 nm.

Equations~19! and ~20! are used to analyze the exper
mental data in theL orientation of the crystal. In the norma
state the real part of Eq.~19! defines the relationship betwee
DQ21(T) and the skin depthsdab(T) anddc(T). Upon mea-
suring the dependenceDQ21(T) @squares in Fig. 5~a!# at T
.Tc in the L orientation and taking the dependencedab(T)

e-

FIG. 5. ~a! DQ21 ~squares! and22D f / f ~circles! measured in
theL orientation of YBa2Cu3O6.95 single crystal atT>100 K. Solid
line shows the temperature dependence of22d f / f derived from
Eqs. ~19! and ~20!. The constant 2f 0 / f is indicated by arrow.~b!
DQ21 and 22d f / f calculated from Eqs.~19! and ~20! ~solid and
dashed lines, respectively! and from Eq.~25! ~dash-dotted and dot
ted lines! for a sample widtha50.2 mm. ~c! The same as~b! but
for a50.1 mm.
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5A2rab(T)/vm0 measured in theT orientation into account
from Eq. ~20! we obtain the function dc(T)
5A2rc(T)/vm0, dc(150 K)50.06 mm, and the tempera
ture dependencerc(T)5104124T mV cm in the range
100<T,200 K. Using already determined dependenc
dc(T) anddab(T) and having computed the real partm8(T)
in Eq. ~20!, from Eq. ~19! we calculate (22d f / f ) versus
temperature atT.Tc , which is shown by solid line in Fig
5~a!. This line is approximately parallel to the experimen
curve22D f (T)/ f in theL orientation@triangles in Fig. 5~a!#
at T.110 K. The difference22(d f 2D f )/ f yields the ad-
ditive constantf 0. Given f 0 andD f (T) we obtaind f (T) in
the entire temperature range in theL orientation.

It should be emphasized that the discrepancy of the cu
DQ21(T) and22d f (T)/ f atT.Tc in theL orientation does
not originate from the thermal expansion of the crystal
sential in theT orientation, but arises due to the size effe
This discrepancy becomes more noticeable with the decr
in the crystal widtha, when it becomes equal to the sk
depthdc . The computational result forDQ21(T) ~solid line!
and22d f (T)/ f ~dashed line! from Eqs.~19! and~20! for the
above-mentioned dependencesrab(T) andrc(T) is shown in
Fig. 5~b! and 5~c! for a50.2 mm anda50.1 mm.

It should be noticed that the surface impedance com
nentsRab1c andXab1c in Eq. ~4! cannot be found from the
values ofD(1/Q) and d f / f measured atT.0.9Tc in the L
orientation with the use of Eq.~2! due to the size effect in
anisotropic HTSC crystals. Moreover, it is also incorrect
substitute the valuesR andX in these formulas by their ef
fective valuesRe f f(d) andXe f f(d) for a thin metal plate of
width d;d, placed in microwave fieldHv parallel to its
infinite surfaces

Re f f~d!5R
sinhh2sinh

coshh1cosh
,

Xe f f~d!5R
sinhh1sinh

coshh1cosh
, ~24!

whereh5vm0d/2R, R5Avm0r/2. The point is that though
allowing the usage of formulas~24! in Eqs.~2! and ~4!, the
solution of Maxwell equations results in an incorrect~one-
dimensional! distribution of high-frequency currents in th
crystal. Indeed, forbiHv we obtain from Eqs.~2!–~4!,

DS 1

QD22i
d f

f
5

H0
2

vW
@abZab

e f f~c!1bcZc
e f f~a!#, ~25!

where the effective valuesZab
e f f(c)5Rab

e f f(c)1 iXab
e f f(c) and

Zc
e f f(a)5Rc

e f f(a)1 iXc
e f f(a) are defined by Eq.~24!. Figures

5~b! and 5~c! display the computational result forDQ21(T)
and 22d f (T)/ f from Eqs.~24! and ~25!, and above deter
mined dependencesrab(T) and rc(T) in the case of two
plates of dimensionsa3b3c50.231.630.1 mm3 and half
the widtha50.1 mm. Presently, having compared these
sults with these obtained from Eqs.~19! and~20!, we can see
that ata'3dc @Fig. 5~b!# approximation~25! proves to be
practically insensitive to the size effect, giving rise to weak
differing dependencesDQ21(T) and 22d f (T)/ f at T
14450
s

l

es

-
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se
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.100 K. Only in the case of the crystal widtha50.1 mm
@a;dc , Fig. 5~c!# does approximation~25! give rise to the
result resembling that obtained with the aid of formulas~19!
and ~20!.

Upon finding the dependencesDQ21(T), d f (T) and,
hence, the functionm(T) in Eq. ~19! in the normal and su-
perconducting states of YBa2Cu3O6.95 crystal in theL orien-
tation and using the conductivitiessab8 (T) andsab9 (T) found
from Eq. ~16!, we get thec-axis conductivity components
sc8(T) andsc9(T) from Eq. ~20!. All the conductivity tensor
components obtained are shown in Fig. 6. In case of lo
relationship between the electric field and the current alo
the c axis, the surface impedanceZc(T)5Rc(T)1 iXc(T) is
related to the conductivitysc(T)5sc8(T)2 isc9(T) through
Eq. ~1!. Figure 7 displays the components ofZc(T) obtained
in this manner.Rc(T) andlc(T)5Xc(T)/vm0 dependences
~insets in Fig. 7! demonstrate linear behavior atT,Tc/2.
The value of the penetration depth along cuprate plane
YBa2Cu3O6.95 single crystal is equal tolc(0)'1.55mm
when extrapolated at zero temperature.

From Eq.~4! one can easily estimate that in theL orien-
tation of our crystal the contribution of thec-axis currents
into measurable quantities is about two times greater t
that of theab plane ones:bcZc'2abZab . Taking the accu-
racy of determination ofRab(T) ~,5%! andDlab(T) ~a few
angstroms! values into account, we conclude that linear b
havior of Rc(T) andlc(T) at low temperatures is the prop
erty of optimum-doped YBa2Cu3O6.95, and is not due to the
inaccuracy of the method used. The linear temperature
pendence oflc at T,Tc/2 is also confirmed by the previou
microwave20,23 and low-frequency29 measurements o
YBa2Cu3O6.95. In contrast to the result of Ref. 15 we did n
observe an upturn inRc(T) at low temperatures. Our surfac

FIG. 6. The conductivitiessab9 /sab9 (0) and sc9/sc9(0) versus
reduced temperatureT/Tc . The insets displaysab8 (T) and sc8(T)
dependences.
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resistanceRc(T) measurements are in qualitative agreem
with other microwave data.3,20

V. CONCLUSION

In conclusion, we have developed the electrodynamic
proach for HTSC surface impedance anisotropy meas
ments. The major problems in analyzing these measurem
in HTSC single crystals are~i! determining the crystal geo
metrical factor in theT orientation (Hv'ab), which is
dependent on the microwave field distribution on the sam
surface;~ii ! allowing for the size effect, which influence

FIG. 7. Rc(T) and Xc(T) of YBa2Cu3O6.95 single crystal. The
insets demonstrateRc(T) andlc(T) at low T.
ra
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the quantities measured in theL orientation (Hviab) at T
.0.9Tc .

We have shown that both these problems may be so
in the case of a crystal in the form of a plate with dimensio
b@a.c. Furthermore, in this case we have calculated
magnetic-field distribution on the crystal surface in theT
orientation and found simple expression~11! for its geomet-
ric factor. In theL orientation of the crystal, we have show
that only the use of general formulas~19! and~20! allows to
take into account of the size effect correctly and to determ
the complex conductivity and the surface impedance in thc
direction of the crystal in the normal and superconduct
states. The experimental technique of measuring all the c
ponents of the conductivity tensor is described in detail, a
we hope that this technique will be useful in comprehens
studies of anisotropic characteristics of HTSC crystals.

The reported electrodynamic approach has been succ
fully applied to the analysis of the microwave (f
59.4 GHz) response measurements in both theT andL ori-
entations of YBa2Cu3O6.95 single crystal, grown in BaZrO3
crucible. The temperature dependences of all conducti
and surface impedance tensors components proved to be
ear atT,Tc/2. Their extrapolation to zero temperature giv
the values of residual surface resistanceRab(0)'40 mV and
Rc(0)'0.8 mV and magnetic-field penetration dep
lab(0)'150 nm andlc(0)'1.55mm.
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