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A sapphire rod resonator operating at microwave frequencies was used to determine the electric
properties of 600nm thick YBCO films in the superconducting state. The rigorous electromagnetic
modelling was applied to transform the measured Q-factor and the resonant frequency to the complex
conductivity of high accuracy, which was previously shown to describe the intrinsic properties of
superconductor thin films in more precise manner than the complex impedance. Static external
magnetic field induces typical transition to normal state due to introduction of magnetic vortices
into the sample. Observed magnetic hysteresis has the origin in the strong temperature dependent
pinning. Additional energy absorption at about 1.5T was observed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4868305]

The sapphire rod resonator is considered to be one of the
most precise instruments for the conductivity determination in
the microwave frequency regime.' A resonant system designed
to work at the 28.2 GHz in the TE;; mode can theoretically be
characterized by the internal quality factor as high as 10
ideally matching the requirements for the high accuracy studies
of the low-losses materials, e.g., the YBCO thin films.” What
is important, such studies are of particular interest from the
industrial point of view due to the potential applications of the
high-temperature superconductors (HTS) in the high-frequency
telecommunication devices,> in the magnetic resonance tech-
nique,* or in the advanced quantum systems.’ Because the
magnetic field is often an intrinsic part of above mentioned
systems our work can be useful for mentioned application.

Results of experimental investigations of the electrical
properties of thin YBCO films under the magnetic field pub-
lished recently® ' are mostly using the concept of the sur-
face resistance. This parameter is typically obtained from the
measured Q-factor and the resonant frequency using pertur-
bation theory. In this theory, it is assumed that the electro-
magnetic field distribution in a resonator with samples under
investigations is the same as for the resonator with perfectly
conducting samples.! Although such an approach is formally
correct for bulk materials, it fails for sufficiently thin films.""
This problem is related with the e-m field reconfiguration in
the whole metal enclosure for the semi-transparent samples.
Because the changes cannot be simply predicted or are small
enough, a need for rigorous electromagnetic modelling has
emerged. So far, only one work has shown the microwave
conductivity measurements.'? However, the transmission/re-
flection method in pulse magnetic fields has been used,
which implies very inaccurate data, and therefore, should be
treated only qualitatively.
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In this paper, we use the complex conductivity approach
to determine the properties of the thin YBCO films as a func-
tion of a static magnetic field. The details of such approach
are presented in our earlier paper.'' In the contrary to the
direct surface impedance determination the complex conduc-
tivity approach has the following advantages: (1) it describes
the intrinsic properties of the material and it is valid for arbi-
trary thickness of films (see supplementary material for dis-
cussion on differences between complex conductivity and
surface impedance approaches'®); (2) naturally occurs in
Maxwell equations giving a conceptual clearness into theo-
retical considerations and allowing direct applications in
modern electromagnetic simulators. We should admit, how-
ever, that for relatively thick YBCO films that are employed
in our experiments the surface impedance approach can be
alternatively used employing perturbation theory for sap-
phire rod resonator terminated by perfectly conducting plates
as the unperturbed resonator.

In our experiments, we employed the custom-made
dielectric resonator with the copper cylindrical enclosure.
First, it allows noncontact measurements so the electrical
properties of the samples can be investigated noninvasively
without electrodes preparation. Second, in the contrary to, e.
2., the copper cavity technique, the accuracy of the dielectric
resonator method is not limited by the losses in the metal
walls, which could be larger than the losses in the HTS. As
the dielectric, we choose the sapphire because off all dielec-
tric materials only single-crystal sapphire has a dielectric
loss tangent which is even lower than 5 x 107."* The fre-
quency of 28.2 GHz is defined by the sapphire rod geometry.
The motivation for which we used the TEq; (generally the
TE, family) mode is the fact that the lack of the ohmic con-
tact between the metal enclosure and the superconducting
surfaces does not affect the Q-factor.

The YBCO thin films produced by THEVA are depos-
ited on the MgO substrate and are 600 nm thick. The applied
static external magnetic field is parallel to the YBCO
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FIG. 1. (a) Sketch of the microwave cavity: 1—two samples of YBCO films
on MgO substrate (on both sides), 2—sapphire rod (d =4.92), 3—copper
enclosure, 4—coupling cables. All dimensions are marked in millimeters.
(b) Electromagnetic fields configuration in the sample.

crystallographic c-axis that is perpendicular to the plane of
the sample (see Fig. 1(b)). The electric field that induces
electric currents lays in the ab-plane, which is parallel to the
plane of the sample. The critical temperature of studied HTS
films is about 84 K.

The sapphire rod resonator was placed into Oxford
Instruments Spectromag 4000 cryostat allowing measure-
ments at temperatures from 4.2K and in the magnetic field
up to 7T. The Q-factor and the resonant frequency were
determined using Agilent N5245A PNA-X Microwave
Network Analyzer operating in the S21 mode.

The results of our experimental investigations are pre-
sented in Fig. 2. Plots denoted as (a) and (c) show the static
magnetic field dependence of the resonant frequencies for two
temperatures —4.2K and 70K. For the lower temperature
(T=4.2K, Fig. 2(a)), one can see a hysteretic behaviour of
the f,.; due to the pinning of the introduced magnetic vortices.
When the temperature increases the pinning potential
decreases and the full reversibility can be achieved (T=70K,
Fig. 2(c)). It should be also noted that for 7= 70K changes in
the frequency are larger than for 7T=4.2K, which is in
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FIG. 2. Plots of (a) and (c)—resonant frequency, (b) and (d)—unloaded
quality factor versus static external magnetic field. Pictures (a) and (b) are
for T=4.2K, whereas pictures (d) and (e) for T=70K. Field sweep step
equals 0.1 T.
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agreement with the fact, that at higher temperature it is easier
to destroy the superconducting state by application of the
magnetic field.

The presented data are plotted as the difference between
the resonant frequency of the resonator with YBCO sample
and some adjusted reference resonant frequency, instead of
raw resonant frequency of the empty resonator (or the resona-
tor with perfectly conducting endplates). It is due to the fact,
that the biggest advantage of the sapphire rod resonator—its
sensitivity, is the biggest problem because the resonant fre-
quency is highly dependent on the geometry of the copper en-
closure, particularly on the distance of two endplates. Even
small changes in the screw tightening produce changes in the
resonant frequency of the order of 1 MHz that are comparable
to the difference between the resonant frequency of the resona-
tor with and without 600 nm thick YBCO sample. For thinner
samples, where the frequency shifts are larger the problem is
negligible, however, in our case, uncertainties of the order of
measured quantity are inacceptable because they led to prob-
lems with further unambiguous calculations of the complex
conductivity, particularly, its imaginary part in zero magnetic
field. It is well known that microwave resonator measurements
do not allow for the determination of absolute value of the pen-
etration depth (except for very thin films). However, the abso-
lute values of the penetration depth can be extracted by
comparing the measured temperature dependence with existing
models, e.g., with the standard BCS model as it has been done
in Refs. 14 and 15. We have used similar procedure for the ref-
erence frequency shift and penetration depth adjustments (see
supplementary material for adjustment procedure'®). The
adjusted values of fre;—freraqj are equal 2.66 MHz and 3.51
MHz for T=4.2K and 70K, respectively, which correspond
to adjusted value of penetration depth 2 =220 nm at 4.2 K.

In Figs. 2(b) and 2(d), the data of the unloaded (cor-
rected by the coupling losses and the losses in the lateral sur-
face of the copper enclosure) Q-factor are shown. For the
lower temperature (T=4.2K, Fig. 2(b)), as previously, a
hysteresis can be observed. For the higher temperature
(T="70K, Fig. 2(d)), obtained curves are fully reversible and
achieve lower values due to the higher magnetic field impact
on the reduction of the superconducting state.

Having for particular magnetic field and temperature
both f,. and Q,-factor one can calculate the complex con-
ductivity. The transformation details can be found else-
where,11 however it should be noted, that we assume that
e-m field can penetrate YBCO films and exist in MgO sub-
strates (in the contrary to the perturbation method). The com-
plex conductivity was introduced by the two fluid model of
the superconductivity in HTS in order to describe the
high-frequency energy dissipation. Formally, one can write
as follows: a(w) =a(w) — i-g,(w), where a(w) is responsi-
ble for the losses due to the existence of the charge carriers
in normal state, whereas g,(w) stands for the kinetic induct-
ance and is related to superconducting electrons.'®

The results of the rigorous electromagnetic calculations
are presented in Fig. 3. Pictures (a) and (d) show the real and
imaginary parts of the complex conductivity for 4.2K and
70K, respectively. The hysteretic behaviour clearly seen in
Fig. 3(a) (but also in Figs. 3(b) and 3(c)) is a simple conse-
quence of the fact, that the calculated data follow the row
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FIG. 3. Plots of (a) and (d)—calculated conductivity, (b) and (e)—London
penetration depth, (c) and (f)—surface resistance versus static external
magnetic field. Pictures (a), (b), and (c) are for T=4.2 K, whereas pictures
(d), (e), and (f) for T=70K.

data. On the contrary, the results for T=70K (Figs.
3(d)-3(f)) are fully reversible in magnetic field. The imagi-
nary part of ¢ can be used, if desired, to find the density of
the superconducting electrons n, in the two fluid model
through the formula g, = nsez/mew. The interpretation of the
real part of the complex conductivity is, however, more
complicated, due to the fact, that the energy dissipation in
magnetic fields can originate not only from electrons in the
normal state but also from the flux flow. Therefore, one
cannot interpret the results with the simple equation
0 znnezrn/mea), where n, stands for the normal electron
density, and 7, for the relaxation time.

Figs. 3(b) and 3(e) present the London penetration
depth as a function of the magnetic field. The values of A(B)
were calculated from the complex conductivity as below:
A= [Re(y)]fl, y2 = wuo(o,+10;), where y is the propagation
constant. It should be noted that for T=70K and B="7T the
penetration depth reaches the value of the YBCO film
thickness.

The last parameter we want to focus on is the surface
resistance depicted in Figs. 3(c) and 3(f). Its value was
found through the concept of the complex conductivity in

Appl. Phys. Lett. 104, 102603 (2014)

@ 1.8¢10° |

1.6x10°
-3.05 -

1.4x10°

-3.10

-3.15 ;P\ 1.0x10° center 15147 ||

® FWHM 34mT
%,

-3.20 \ 8.0x10*

10 12 14 16 18 20 10 12 14 16 18 20
B(M) B(T)

1.2x10°

£, (MHz)

res T
Q-factor

FIG. 4. Zoom on the resonant frequency (a) and Q-factor (b) from Figs.
2(a) and 2(b).

the following way: R,=Re(Z), Z=[—wpuo/(o>+ia;)]"2
Calculation of the Rg from the complex ¢ values obtained
from the rigorous electromagnetic modelling has one advant-
age over the typical perturbation method. Namely, it is valid
for an arbitrary ratio of the film thickness to the penetration
depth value. Therefore, for films, that are semi-transparent
to the electromagnetic field our method gives more precise
results. The experimental data both for T=4.2K and
T=70K can be divided into two regimes. For lower temper-
ature, it is difficult to draw precisely conclusions concerning
the type of dependency due to observed hysteresis. For
higher temperature, two linear regimes can be easily distin-
guished, in the contrary, e.g., to paper of Ohshima, where for
lower magnetic field the dependence is linear, but for higher
fields the dependence is proportional to square root of B.®
The fit details can be found in the picture.

At the end we would like to discuss a feature found in the
raw experimental data, that can be seen as a kink just below
*2 T in Figs. 2(a) and 2(b). In order to verify if it is an instru-
mental artefact, we performed few measurements from =1T
to =2 T in steps of 0.01 T. The results presented in Figs. 4(a)
and 4(b) are clear evidence of an additional absorption that
exist in our system. The deep in Fig. 4(b) was fitted with a
Lorentzian function centred at 1.514 T with full width at half
maximum of 34 mT, whereas, the distortion on Fig. 4(a) has a
shape of the derivative of the Lorentzian function. What is im-
portant, the centre of the feature exhibit hysteretic behaviour,
like all quantities at the 4.2 K. Moreover, the feature is not
seen at T=70K. We suggest that observed phenomena is the
electron paramagnetic resonance of Fe®" ions in sapphire.'” It
is due to the fact, that our system could be treated as a highly
sensitive EPR spectrometer because of its very high Q-factor.

In this work, we provided a high quality measurements
of the resonant frequency shift and the quality factor for thin
600 nm YBCO film deposited on MgO substrate in the static
external magnetic field. Using rigorous electromagnetic
modelling, we have calculated the complex conductivity that
was further used for obtaining the London penetration depth
and the surface resistance. The differences in two approaches
to the problem of calculation of R, are discussed. Finally, an
electron paramagnetic resonance that has been noticed in the
experimental data is discussed.
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