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The low-temperature dependence of the microwave complex surface impedance (17 GHz) of pure
and Zn-doped high-quality YBCO single crystals is reported. The surface resistance of the pure
crystal shows a peaked structure around 40 K which disappears with Zn doping. The in-plane
penetration depth varies linearly with temperature below 25 K; a T contribution appears at the
lowest temperature when Zn impurities are added. This suggests that the former temperature
dependence is intrinsic to pure crystals whereas the T behavior, also observed in thin films, would
be due to defects. The linear temperature dependence is expected for superconducting gaps with
lines of nodes.

Since the discovery of high-temperature superconduc-
tivity in copper oxides, many experiments have been per-
formed to characterize the nature of this superconduc-
tivity, in particular the symmetry of the order parame-
ter. This question continues to be debated for various
high-T compounds, especially YBa2CusOq (YBCO),
and also for organic compounds. Among several phys-
ical properties, the magnetic penetration depth A(T)
is a fundamental quantity which can provide informa-
tion regarding the symmetry of the electron-pairing state
leading to superconductivity; it can reveal, for example,
the presence of nodes in the pair-wave function for cer-
tain directions in k space. Different techniques can be
used to measure this penetration depth: muon spin re-
laxation (@SR),s magnetization, and microwave surface
impedance. ' Thin films and single crystals of YBCO
compounds have been extensively studied by these tech-
niques; &om some experiments, an exponential temper-
ature variation, as predicted by the BCS theory, has
been reported, in contrast with a power-law temperature
dependence at low temperatures measured by others.
The observation of a power law at low temperatures on
A(T) is fundamental to establishing whether the order
parameter has nodes. However, we have to keep in mind
that the presence of defects in these materials may mod-
ify the power law; for example, in thin films, it has been
suggested that the T law observed for the in-plane pen-
etration depth may not be intrinsic but instead may be
related to the presence of defects. In the present pa-
per, we provide experimental proof that impurities can
indeed change the temperature dependence of A b from T
to T . This linear dependence of A b is measured without
contamination from A and with a simultaneous measure-
ment of the real part of the surface impedance. In order
to have direct access to the intrinsic behavior of A(T),
one has to use high-quality single crystals; this has been
exemplified by microwave experiments of Hardy et al.
and Bonn et al. In high-quality single crystals, the sur-
face resistance shows a broad peak well below T, (Ref.

12) whose physical origin is attributed to a rapid increase
of the scattering time of the normal carriers concomitant
with a decrease of the normal Quid density in the super-
conducting state. This maximum progressively disap-
pears as zinc impurities are added in the structure. The
apparently very small surface resistance observed in thin
films could then be an indication of the presence of de-
fects, which would result in a T temperature dependence
for A(T). ' ' ' ' Hardy et al. have measured the in-
plane penetration depth A b(T) on a high-quality YBCO
single crystal with a split-ring-type resonator technique
and a linear temperature dependence was then observed.
Such a dependence can occur for example in a clean d-
wave superconductor with line nodes in the gap. There
is however some controversy about these data concern-
ing the exact nature of the deduced A g(T). Since the
application of the ac magnetic field was parallel to the
ab plane, the observed A cannot be directly related to
the in-plane A g(T); corrections attributed to A, (T) have
to be included. In the experiment of Hardy et al. these
corrections should be small, but in order to eliminate any
remaining doubts and to confirm the linear dependence
at very low temperatures, it is essential to measure di-
rectly the temperature dependence of A b in high-quality
single crystals. We thus report in this paper very pre-
cise microwave surface impedance measurements on pure
and zinc-doped (0.15 %) YBCO single crystals. We used
a conventional perturbation technique which gives simul-
taneous access to the surface resistance and to the pene-
tration depth. The crystal quality is partly confirmed by
the observation of a peak in the surface resistance well
below T which disappears in the noise for the doped sam-
ple. The measured A b(T) in the pure crystal is in per-
fect agreement with the linear temperature dependence
reported by Hardy et al. ; this gives additional evidence
for an unconventional type of superconductivity in these
materials. In the doped crystal we observed a linear tem-
perature dependence with a crossover to a T law at the
very lowest temperatures. This last behavior is consis-
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A(1/2Q) + i = P(R. + iX.),

where N and o. are the depolarization and filling fac-
tors, respectively; the constant P is a geometrical factor
reflecting the dimensions of the sample and cavity. B,
and X, are, respectively, the surface resistance and the
surface reactance. In terms of the complex conductivity
o* = o.i —io2, the surface impedance is given by the
equation

Z, = R. + iX, = [i~pp/(o. g
—io.2)]'~ .

In the superconducting state (T ( T,) the surface reac-
tance X, is directly connected to the in-plane magnetic
penetration depth, namely

X,(T) = ~@pe g(T).

where po is the permeability of &ee space and u the an-
gular frequency. The two factors, P and n/[1 —N], are
diFicult to evaluate and this is why the absolute values
of the surface impedance were not determined.

In Fig. 1, we display both measurements of the sur-
face resistance R, (T) and the surface reactance X, (T)
for the pure sample for temperatures in the range 77—
115 K. The width of the transition observed on A, is very

tent with the temperature dependence observed on thin
films.

The high-quality crystals used in the measurements
were grown by a flux method in zirconia crucibles as de-
scribed elsewhere. The pure crystal YBa2Cu306 95 has
a T 93.7 K and very sharp transitions in resistiv-
ity, magnetization, and specific heat LT, ( 0.25 K. The
doped crystal YBa2(Cuq Zn )sOs gs with x = 0.0015
has been grown by the same technique as that used to
produce high purity crystals; but with Zn incorporated
into the flux; the transition width is similar to the pure
sample but the transition temperature is lower: 92.4 K.
These crystals showed no surface texture or defects and
are also free of the potential sources of extrinsic loss in
films, e.g. , grain boundaries, residual flux, and impurity
phases. Both types of crystals are twinned and, since the
microwave loss is very sensitive to mechanical damage,
no effort at detwinning has been made.

A conventional cavity perturbation method is used to
measure, with high sensitivity (10 ), the frequency shift
Ace/w and the variation of the quality factor A(1/2Q)
following sample insertion as a function of temperature
at 17 GHz in a TEip2 transmission mode. The platelet-
shaped sample (ab plane) has a 1.3 x 1.2 mm surface
and it was glued to a quartz rod that passes through the
cavity; it could then be easily inserted and oriented with
the maximum ac field H, perpendicular to the highly
conducting ab plane. In this field configuration the cur-
rents are flowing in the plane and the in-plane surface
impedance is obtained.

In the skin-depth approximation, the surface
impedance Z, = B, + iX, is related to the experimental
parameters by the expression
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FIG. 1. Surface resistance R, and surface reactance X, as
a function of temperature for the pure crystal.

narrow, AT 0.25 K, and the transition temperature
is high, T = 93.7 K. These parameters are consistent
with the values obtained from dc resistance for crystals
of the same batch. These parameters are important in-
dications of the high quality of the sample. Above T,
R, (T) and X,(T) are identical, an observation which is
compatible with the fact that for T ) T, in the normal
skin-depth regime, the real part of the conductivity cri
is much larger than the imaginary part o2 so that, fol-
lowing Eq. (2), R, = X, = (@pe/2o )~~ The . index n
refers to the normal-state conductivity. The microwave
loss B, is very small below 90 K and almost saturates to
zero on this scale; the surface reactance X,(T) decreases
more slowly with decreasing temperature. For the doped
sample, the data (not shown) are identical over this tem-
perature range, with the exception that the critical tem-
perature has been shifted to 92.4 K. These observations
agree with the measurements of Zhang et al.

Turning our attention to the data at lower tempera-
tures, Figs. 2(a) and 2(b) show R, (T) for, respectively,
the pure and the doped crystals below 60 K. In Fig. 2(a),
the surface resistance for the pure crystal presents a
broad peak centered around 40 K. This behavior had
also been observed by Zhang et al. 2 on the same crys-
tal at two different frequencies 3.8 and 35 GHz. Our
data obtained at 17 GHz are thus consistent with previ-
ous observations of the maximum. In Fig. 2(b), R, (T)
for the doped crystal shows only noise with an average
monotonic temperature dependence without the appear-
ance of a peak: this is again consistent with the data
of Zhang et al. , who observed that the peak is rapidly
suppressed by the addition of 0.15 % zinc impurities. In
our experiment the signal to noise ratio is not sufBcient
to confirm the existence of the small plateau observed
by Zhang et al. for this Zn concentration. Neverthe-
less, the lower-temperature features observed by Zhang
et al. are fully consistent with our data and we conclude
that our microwave experiment is adequate to study the
complete surface impedance of these crystals, including
the surface reactance that we now discuss.

The surface reactance X,(T) for the pure sample,
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FIG. 2. The temperature dependence of the surface resis-
tance of {a) the pure and (b) Zn-doped crystals.

presents a linear temperature dependence below 25 K,
reBecting directly the fact that the in-plane penetration
depth depends linearly on temperature. To make a com-
parison between our results and those of Hardy et al. , we
fix the absolute scale of our measurements, by requiring
that our linearly extrapolated value of X,(T) at T = 0
K equals the T = 0 K value of X,(0) calculated from Eq.
(3) using the same value of A b(0) as Hardy et al.s This
value is A b(0) = 1480 A. as given by the high-field IaSR
data obtained for crystals of the same batch. Using this
procedure to fix the scale, we can now plot

AA b(T) = A b(T) —A b(0).

In Fig. 3(a) results for AA b(T) obtained for the pure
sample are displayed on a logarithmic scale for further
comparison with the doped sample; the noise is impor-
tant since we have reached the resolution limit of the
experimental technique. However a clear linear temper-
ature dependence is observed below 25 K with a slope of
4.1 A/K. This is again in full agreement with Hardy et
al. and it confirms that their observed behavior is really
related to A b(T).

The surface reactance X,(T) for the doped crystal
also presents a linear temperature behavior in the range
10 —25 K but a different power law is observed below.
These data have been transformed into AA b(T) by ex-
trapolating the high-temperature (10 —25 K) linear be-
havior of X,(T) to zero temperature in the same man-

FIG. 3. Variation of the in-plane penetration depth AA g

as a function of temperature on a log-log scale: (a) pure crys-
tal: the solid line represents a linear temperature dependence.
(b) Zn-doped crystal: the solid and dashed lines represent, re-
spectively, a linear and a quadratic temperature dependence.

ner as in the pure sample. In Fig. 3(b) we show the
penetration depth on logarithmic scale to better appre-
ciate the power-law dependence at low T. This mea-
surement of AA b(T) shows a linear variation over the
range 10 —25 K and the appearance below 10 K of a T
law. Recently Arberg et al. have calculated the tem-
perature dependence of the London penetration depth for
a d-wave superconductor and they found that impurity
scattering modifies the temperature variation of LA from
a T to a T power law beginning at the lowest temper-
atures. More recently Hirschfeld and Goldenfeld have
also calculated the effect of strong impurity scattering
on the low-temperature penetration depth of a d-wave
superconductor and they found a crossover temperature
quantitatively consistent with our data. These results
would explain why, in YBCO thin films, where the con-
centration of defects is important, a T law is generally
encountered for the penetration depth.

In conclusion this paper reports both real and imagi-
nary parts of the microwave surface impedance obtained
during the same experiment on pure and doped high-
quality single crystals. Our data clearly demonstrate that
the addition of Zn impurities alters drastically both the
surface resistance and. reactance below T, . Our results
also confirm, on the one hand, previous studies concern-
ing the importance of the rapidly increasing quasipar-
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ticle scattering time in the superconducting state and
its reduction when defects are present and, on the other
hand, the linear temperature dependence of the in-plane
penetration depth at low temperatures when the eKect
of impurities is negligible. The quadratic temperature
dependence would then appear at the lowest temper-
atures when impurity scattering becomes important as
suggested by the crossover &om T to T observed in our
Zn-doped sample. These data give additional evidence
for an unconventional type of superconductivity in high-
T compounds: the linearity with temperature for the in-

plane penetration depth is consistent with lines of nodes
in the gap function in general, and in particular with
d-wave superconductivity.
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