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ABSTRACT

The surface impedance of various high
temperature superconductors has been
examined in the millimeter wave spectral
range. The ceramic, thin film and single
crystal samples are characterized by a
residual surface resistance R~(T - O) and a
temperature dependent contribution RS(T).
RS(T ~ O) is accounted for by a model of

Josephson coupled grains. The surface

resistance exceeds the Mattis-Bardeen limit

in both ceramic and thin film specimens.

The surface

discovered high

is an important

the application

materials. The

impedance of the recently

temperature superconductors

parameter for determining

potential of these

surface resistance R. has
been investigated by several groups1~2*3,
mainly in ceramic materials and at microwave

frequencies. We report exten~ive
measurements in both ceramics and thin
films5,6 in the millimeter wave spectral

range.

For a superconductor, with a complex
conductivity u = al - j 02 , the surface

impedance

Zs =
[

can be

j POW 1
1/2

=Rs+j Xs(l)
ul-ju2

calculated assuming certain
temperature dependence for al and 02 which

relies on the detailed form of the
superconducting state properties, such as

gap anisotropy, mean free ath, etc.
?

Both

U1 and 02 can be evaluated using weak
coupling BCS theory for an isotropic gap A
at various temperatures. The overall
temperature (T) and frequency (u) dependence
at low temperature (ice. kBT<<A) is

R~=A$($)ln(&)exp( -$),(2)

where A is a numerical factor reflecting the

properties of the normal state at T > Tc.
The exponential behavior is a consequence of

the gap, while the u 2 dependence of Rs
reflects the inductive response of the

superfluid. In contrast, for a normal metal
Rs and Xs are proportional to 01/2.

We have measured Rs and Xs by employing

resonant cavities which operate at 100 GHz

and 150 GHz8. The superconducting material

or a polished copper plate forms the bottom
part of the TEo1l resonance cavity and the

resonance frequency and bandwidth are
measured as a function of temperature. The
difference between the sample surface

impedance and the copper surface impedance

is proportional to the change in bandwidth

AW = Wsample - Wcu and the resonance

frequency Af = fsample - fcu :

AZs =ARs+ j AXS= T-l (AW/2 -jAf), (3)

where y is the resonator constant for the
mode.

Ceramic materials were made by the well
know technique. The YBa2Cu307.~ thin films

were prepared by reactive magnetron co-

sputtering from three metal targets in an

oxygen background onto (100) SrTi03

substrates. The Y2Ba4Cu801fj-~ films were

electron beam evaporated rather than

sputtered, and BaF2 was used instead of a

metallic Ba target. The films are

disordered as deposited. Epitaxial films

result after high temperature oxygen

annealing. The compositions of the films

were very close to the 1:2:3 and 2:4:8

stoichiometry, with a compositional
variation across the film of about 1 at. %.

The films were polycryatalline.
Bi2.caSr~cu208 single crystals were grown by

the standard techniques for these materials.
The temperature dependence of Rs iS
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displayed in Fig. 1, with the full line
being the calculated Rs based on the Bardeen-

Cooper-Schrieffer (BCS) theory7. The ceramic

materials were found to have large residual

losses Rs(T+O), typically 0.65 ~ at 100 GHz4

and losses are also high for the Bi single

crystal. The thin films represent a

significant improvement, with oriented films
at 150 GHZ giving RS(T+O) = 0.070 n for the

123 film and RS(T+O) = 0.020 il for the 248

film5. It is also evident from the figure,

that the losses are two orders of magnitude
larger than that predicted by the BCS theory
even if R~(T) is regarded as the surface

resistance reflecting the contributions of
carriers excited across the single partical

gap. Also, at low temperatures, c-axis
films consistently show R~(T)- R~(T=O) - T
5,6 in contrast to the exponential behavior

predicted by BCS theory. Our measurements

of the c-axis oriented films are consistent

with an U2 frequency dependence of the

surface resistance in the millimeter wave

spectral range6.
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Fig. 1. Temperature dependence of the
surface resistance in ceramic YBa2Cu307 (A),

thin film 123 (rectangle), thin film

y2Ba4CU8016 (SqUaKe), and in a Bi2CaSr2Cu208

single crystal (diamond) at 150 GHz. The

full line is calculated from the BCS model
assuming weak coupling and an isotropic gap.

We have also measured the penetration

depth Xeff by measuring the dc or low

frequency susceptibility of specimens with
dimensions comparable to Aeff, or by

examining the surface reactance X5. The

latter is, at low temperature, proportional

to ,ieff. The London penetration depth, AL =

(c/u ) where c is the speed of light and up
—— 2.? eV is the plasma frequency, is

calculated to be AL = 1500 A. Aeff is
expected to exceed this value due to
increased penetration caused by

irregularities such as grain boundaries,
second phases, etc. We have indeed found
that Aeff > AL and the values obtained are

displayed in Fig. 3. The temperature
dependence of Aeff measured by magnetization

in the case of ceramics and by measuring the

surface reactance X5 in thin films is

displayed in Fig. 2. The full line is AL(T)
calculated on the basis of the BCS model.

The residual losses are most likely the

result of inhomogeneities, second phases,

grain boundaries, etc. We have developed a

simple model to describe the effect of grain

boundaries on the surface impedance9~10. The

film is modeled as a network of

superconducting grains of dimension ‘a’

coupled by Josephson junctions, which we

describe as the standard resistively shunted

junction with negligible capacitance. The

kinetic inductivity of the grains is ~ =

poX2 where A is the penetration depth of the

grains, while the unit areal inductance of

the junction is Lj = h/2eJc with J= the

critical current of the junction. The shunt
resistance of the junction is R. In the

limit. where the conductance is dominated bv
the inductive channel,

is given by

Z5 =Rs+jXs

2

.
the surface impedance

] 1/2

(4)

(4a)

(4b)

where Aj is the effective continuum
penetration depth due to the network of

grain boundaries alone, and is significantly

larger that the London penetration depth AL.
In the limit of a uniform film with

vanishing Josephson effect, the penetration

depth
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(5)

equals the London penetration depth AL,

and Rs = O. With increasing Aj, due to the

increased number of boundaries, both ,ieff
and Rs are determined by AL, Aj, and the ICR

product. The model leads to R~ which is

proportional to U2, and this has been

established by several recent experiments on

YBa2Cu307.
In addition to establishing Rs $T -+ O)

and Aeff (T + O) we have also found ,6 that

in all of our specimens the temperature

dependence of the penetration depth is

given, at T << Tc by

A(T) - x(O) = AT* (6)

In Fig. 3 we display Aeff and A as a
function of Rs(T -+ O), where we have also
included both Aeff and Rs measurements3*12
on single crystals. We recover the expected
correlation between Rs and Xeff namely,
with increased sample quality (i.e. Rs +
O), ~eff approaches the London penetration

depth AL = 1500 ~. In our proposed model,
this would correspond to a larger grain size
and thus a smaller number of junctions in
the film. In addition, the coefficient A
which characterizes the temperature
dependent part of A, also approaches zero,
indicating that within experimental error
A(T) - A(O) agrees with the negligible
temperature dependence at low temperatures
as given by the BCS ground state.

In conclusion, our experiments on
YBa2Cu307 ceramics and thin films and on
(evidently fairly poor quality)
Bi2CaSr2Cu*08 single crystals give effective
penetration lengths which exceed the London
penetration depth and finite and significant
surface impedance in the micro and
millimeter wave spectral range. We find
both Rs and Aeff decrease with increasing
sample quality, and the temperature
dependence of A approaches the form expected
for singlet pairing. These observations are
in agreement with a model where the surface
impedance is dominated by losses and
effective magnetic field penetration caused
by Josephson type effects at grain
boundaries.

Work at University of California (Los
Angeles, CA) was supported by the Office of
Naval Research. Work at Stanford was
supported by the National Science
Foundation. One of us (T.H.) would like to
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Fig. 2. Temperature dependence of the

effective pen~;ration depth as measured by
magnetization or surface reactance. The

full line is calculated from the BCS model.
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Fig. 3. Effective penetration depth Aeff

and the coefficient A of Eq. (6) versus the

zero temperature surface resistance Rs (T +
o) . For the various values and error bars,

see the references quoted in the text.
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