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We investigate the microwave electrodynamics of both artificial low T¢ superconduct-
ing / magnetic (S/M) layered structures and high T cuprates. In particular we focus
on Nb/CuMn (superconducting / spin-glass) bilayers, and on GdBazCuzO7_s (GBCO)
thin films, which show coexistence of superconductivity and long range ordered anti-
ferromagnetism below Tn=2.2 K. In both cases we are interested in the influence of
magnetism on superconducivity. Moreover, in the GBCO case, we want to shed light
on the problem of the determination of the pairing symmetry in the cuprates. First we
show surface impedance data at 10 GHz on Nb/CuMn bilayers. We extract informa-
tion about the induced order parameter in the magnetic layer and we compare it with
the exotic behavior predicted for S/M proximity systems. Then we present microwave
surface impedance data at three different frequencies on GBCO c-axis oriented epitax-
ial thin films. Both the resistance and the reactance data on GBCO show an unusual
low temperature behavior, mainly due to change in magnetic permeability. This result
indicates that the paramagnetism of the rare-earth ions has to be taken into account
when extracting the superconducting penetration depth as a function of temperature,
and thus determining the pairing state symmetry of the cuprates.

1. Introduction

The temperature dependence of the microwave surface impedance is a powerful tool
in the investigation of microscopic properties of superconductors. It gives valuable
information about the inhomogeneous superconducting properties of layered sys-
tems, both natural and artificial, and it is used to study the pairing symmetry and
other properties of the cuprates.

We investigate the microwave electrodynamics of both artificial low T¢ super-
conducting / magnetic (S/M) layered structures and high T¢ cuprates, with the
basic idea of using artificial layered conventional superconductors as model systems
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for the cuprates. In particular we focus on Nb/CuMn (superconducting / spin-
glass) bilayers, and on GdBa;Cu307_s5 (GBCO) thin films, where the Gd3* ions
carry magnetic moments which align parallel to the c-axis and order antiferromag-
netically below Ty ~ 2.2 K in the three crystallographic directions.! In both cases
we are interested in the influence of magnetism on superconducivity.

Exotic phenomena are predicted for superconducting/ferromagnetic (S/M) cou-
pled layered structures, such as critical temperature oscillations versus the M layer
thickness and spontaneous persistent currents in rings interrupted by an S/M/S
junction.?34 All of these properties depend on the presence of a spatially depen-
dent phase for the order parameter in the M layer that, for suitable thicknesses,
gives rise to a 7 shift between adjacent superconducting layers. From the experi-
mental point of view, observations of T, oscillations, seen as an indirect proof of the
7 phase theories, have been reported.>® More insights into this problem may result
from microwave surface impedance measurements on Nb/CuMn bilayers.

On another matter, the intriguing coexistence of long-range ordered antiferro-
magnetism and superconductivity appears in rare-earth element (RE) based com-
pounds, such as (RE)RhsB4 and (RE)MogSs,” (RE)BayCuzO7 cuprates,® and qua-
ternary borocarbides (RE)NizB2C.? In general the magnetic behavior is associated
with localized moments of the RE ions, and superconductivity exists in a separate
electronic subsystem in the material. The interplay of superconductivity (SC) and
antiferromagnetism (AF) in these systems can be quite complicated, and varies dra-
matically upon doping with different RE elements. Another important issue is the
effect of paramagnetism of the AF subsystem (above the Neel temperature Tn) on
the determination of the magnetic penetration depth temperature dependence in
cuprate superconductors, such as the electron-doped Nds_,Ce;CuQ,4. It has been
claimed that paramagnetism of the Nd ions above Ty = 1.2 K masks the true
behavior of the screening length in this system, leading to an incorrect conclusion
about the pairing state symmetry of the electron-doped cuprates.'® To address these
issues we have focused on the electrodynamic properties of GBCO.

We will discuss the measurements and results in the following section.

2. Measurements and results

We measure the effective (due to the finite film thickness) surface impedance!!
Zsess (T,w) = Bseps +iXsers = \/iop (T,0) o (T) coth [ty/iwp (T,w) o (7)),
where p = popr and o are respectively the complex magnetic permeability and
complex conductivity and t is the film thickness. The first factor on the right hand
side is the bulk surface impedance Zg, where u = o for non magnetic supercon-
ductors, and the second factor is the finite thickness correction. In the Nb/CuMn
bilayer case p = pg, and the measured surface impedance (or the penetration depth)
and the surface resistance are some overall quantities which do not correspond to
the individual impedance of the constituents, because of the non-uniform nature of
the superconducting proximity-coupled systems.

We perform the measurements with the parallel plate resonator (PPR) technique
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with the rf field in the film plane (the ab plane in the GBCO case) down to 1.4 K.12:13
The PPR resonance frequency f(T') and quality factor Q(T') data are converted to
changes in the effective surface reactance and the effective surface resistance and to
complex conductivity.14:15:16

2.1. Nb/CuMn bilayers

We have focused on Nb/CuMn bilayers, deposited by dc sputtering, with a Mn
concentration of 2.7%. We have analyzed seven samples characterized by the same
Nb layer thickness (dg = 1500 A) and different CuMn layer thicknesses (dv =
30,60, 90,120, 150, 180, 240 A), where the Nb is the first layer on the substrate.®
After the surface impedance measurements, the top CuMn layer of one pair of
samples was removed by using a dilute HNOj3 solution, in order to characterize the
underlying Nb layer.

Surface impedance measurements have been performed on the Nb /CuMn bilay-
ers and on the underlying Nb film at 10 GHz from 1.7 K to T¢.

Nb/CuMn Nb/Cu
2000 1000
1500 500
= <
% 1000 0 5
G <
3 <
500

Fig. 1. Changes in the effective penetration depth, A\, ¢¢(T'), with respect to temperature for the
bare Nb film and the Nb/CuMn bilayers (open symbols and left axis) compared to the Nb/Cu
data (solid symbols and right axis). The Nb/Cu data are shown with an arbitrary offset in the
vertical direction for clarity. The data are plotted versus the normalized temperature T'/T,. The
Cu layer thicknesses are 0, 90, 270, 390, 760 A. The CuMn layer thicknesses are reported in the
text and they do not show any systematic influence on A\ ¢ ¢(T).

Figure 1 shows the change in the effective penetration depth AM.ss (T) =
AXsers/pow for the Nb film and the Nb/CuMn (S/M) bilayers, compared to pre-
vious results on Nb/Cu (S/N) bilayers.!* Here we are not removing the geometric
correction due to the finite thickness of the sample. The shape of the AX.¢; (T)
curves for the S/M bilayers is not very different from the temperature dependence
for the Nb, but shows only an enhancement, while a strong linear-in-temperature
character was evident in AX.¢f(T) for Nb/Cu. Moreover there is no systematic
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dependence of AX¢sf(T") on the CuMn layer thickness, in striking contrast to the
case of Nb/Cu bilayers, where a strong dependence of AXss (T') on the normal
layer thickness has been observed.

By developing proximity effect models suitable for the S/M case,'®1¢ we find a
temperature independent proximity effect correlation length (as expected on the ba-
sis of the Radovic et al. picture predicting the 7-phase shift for S/M multilayers,?)
and we learn that the screening is dominated by the S layer with a strongly sup-
pressed order parameter near the interface. These results confirm that the CuMn
layer is acting as a ferromagnet in the screening process.

Similar conclusions can be extracted from the surface resistance data, which
again are in contrast to the Nb/Cu case in the same manner.

2.2. GBCO thin films

The samples we have investigated are pairs of identical c-axis oriented GBCO epi-
taxial films, laser ablated on (100)-cut LaAlOj single crystal substrates. The film
thickness is 300 nm, the superconducting critical temperature measured by AC
susceptibility is 92.5 K and the transition width is 0.3 K.

We measured the effective surface impedance of the GBCO thin films from 1.4
K to T, at three different resonance frequencies: 10.4, 14.7, 17.9 GHz. The changes
in surface reactance and surface resistance have been converted to absolute values
using Xsef¢(77K)=49 mQ and Rs.s7(77K) =0.48 m{ measured at 10 GHz by the
variable spacing parallel plate resonator technique.!”

In figure 2 we show Rsess(T) and Xsesr(T) at 10.4 GHz over the entire mea-
surement temperature range. The high temperature behavior is consistent with a
d-wave temperature dependence for the surface impedance.!” The deviations from
this behavior start below 30 K, where the magnetic effects due to u (T") come into
play.!® Both Rsess(T) and Xgess(T) show a minimum at two different tempera-
tures, T' ~ 25 K and ~ 7 K, respectively. Then Rgess(T") and Xgess(T) increase
upon reducing the temperature, and a strong peak is observed in Rg.f¢(T').
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Fig. 2. Effective surface resistance Rge¢(T) and reactance Xgey¢(T) of GBCO at 10.4 GHz.
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Fig. 3. Real pa.rt of the modified conductivity o1, at different frequencies (a), and rescaled
imaginary part A2 (same symbols as for the real part) (b).

The same behavior is found at the other two frequencies with some extra fre-
quency dependence other than the trivial Xg ~ w and Rg ~ w? observed for
superconductors. This is clearly seen in figure 3, where we show the data at the
three frequencies as modiﬁed complex conductivity om (T,w) = 0 (T,w) [p-(T,w),
defined through Zs (T',w) = \/iwpo/om (T,w). The real part, o1, = 2Rswpo/X3,
presents frequency dependent peaks around Ty (fig. 3(a)). In figure 3(b) we show
a rescaled imaginary part A2 = oamwpo = (wpo/Xs)?, where the frequency de-
pendence is less pronounced. This behavior, mainly due to change in magnetic
permeability, indicates that the paramagnetism of the rare-earth ions has to be
taken into account when extracting the superconducting penetration depth as a
function of temperature, and thus determining the pairing state symmetry.

3. Conclusions

In conclusion, microwave surface impedance measurements have been performed on
Nb/CuMn (superconducting/spin-glass) proximity coupled bilayers and on GBCO
thin films. The presence of magnetic contributions in these systems gives rise to
unusual surface impedance and conductivity behaviors at microwave frequencies.

In the Nb/CuMn case both AX.¢s (T') and Rs (T) are very different from the
Nb/Cu case, showing that the superconducting properties of the Nb layer are
strongly suppressed near the interface and the CuMn layer does not participate too
much in the screening of the applied rf magnetic field, as expected for a proximity
effect between a superconductor and a ferromagnet. Moreover, these measurements
can be described with a proximity effect correlation length which does not depend
on temperature, consistent with previous data on 7, oscillations vs. CuMn layer
thickness,5 and the Radovic et al. theoretical picture predicting a m-phase shift in
S/M systems.?

In the GBCO case strong unusual features are observed in the temperature de-
pendence of surface impedance and conductivity. The effects of paramagnetism and
antiferromagnetism are shown to have a significant influence on A(T") and Rs(T),
that may lead to incorrect interpretation on the pairing state symmetry of the
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cuprates. This conclusion indirectly supports some recent results showing predom-
inant d-wave symmetry also in the electron-doped cuprates.!?
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