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Complex Conductivity of YBCO Films in Normal
and Superconducting States Probed by
Microwave Measurements

J. Krupka, J. Wosik, C. Jastrzebski, T. Ciuk, J. Mazierska, and M. Zdrojek

Abstract—We report on microwave frequency characterization
of yttrium barium copper oxide (YBCO) thin films in both nor-
mal and superconducting states. A microwave single-post dielec-
tric resonator technique using two different resonators was used
for the complex conductivity determination of YBCO samples
deposited on dielectric substrates. The intrinsic complex conduc-
tivity of YBCO films was determined from the measured res-
onator quality factor Q and resonant frequency values employing
rigorous electromagnetic modeling of the resonant structures with
the mode-matching and Rayleigh—Ritz techniques. Such approach
allowed us to determine the intrinsic properties of the films
(conductivity, permittivity, and penetration depth) without any
simplifications and errors associated with approximate modeling
employing perturbation theory. We describe the superconducting
material only through its intrinsic material properties, such as
the complex conductivity, which does not depend on the thickness
of the sample and other parameters. From both simulations and
experimental results, we show that the proposed method of in-
trinsic complex conductivity determination is particularly useful
for the characterization of very thin YBCO layers. To support the
novelty of our approach, it is shown that significant differences
appear between the rigorous and perturbation computations for
thin superconducting films (below 50 nm).

Index Terms—Microwave conductivity, superconductors, two-
fluid model, yttrium barium copper oxide (YBCO).

I. INTRODUCTION

ORMALLY, at microwave frequencies, the intrinsic elec-
tromagnetic properties of superconductors can be char-
acterized by the complex conductivity or by the complex
permittivity tensors. At microwave frequencies, the real part of
the complex permittivity of a superconductor is negative and
describes the so-called kinetic inductance, while the imaginary
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part describes the losses. Superconductor in the normal state
behaves like a normal conductor that can be characterized by
normal conductivity.

Most methods intended for the characterization of the mate-
rial properties of the superconductors at microwave frequen-
cies employ resonance cavities and other resonators, since
resonators exhibit high measurement sensitivity due to their
large ()-factor values. The ideal resonator for this purpose
should have parasitic losses that are small compared to losses
in the sample. One of the most convenient resonators intended
for measurements of the surface resistance of high-temperature
superconductors (HTSs) in the superconducting state is a sap-
phire rod dielectric resonator with two end plates made of
superconducting samples. Such resonators were introduced in-
dependently by a few research groups [1]-[3], and now, they
are routinely used for the characterization of the HTSs by
many research and industrial laboratories [4]. The sapphire rod
resonator method is simple and has almost negligible parasitic
losses due to the extremely low dielectric losses of sapphire.

A very useful technique for microwave characterization
of superconducting materials having small sizes and com-
plex structures, such as high-7. superconductors, is a cavity-
perturbation technique. A sapphire-hot finger combined with
the TEy11 resonators, made out of bulk niobium [5] or coated
with PbSn alloy [6], is used in this technique. The supercon-
ducting sample is placed at an E-field node, which is an -
field antinode, and on an independently temperature-controlled
sapphire rod, whereas the superconducting resonator is kept at
liquid helium temperature. Such a configuration allows one to
differentiate the temperature-dependent HTS sample response
from the superconducting resonator background. This tech-
nique allows precise determination of the surface resistance
as well as the determination of the penetration depth for HTS
single crystals and thin-film samples. It can also be used for
anisotropy measurements due to the polarization of the mi-
crowave field in the sample location. A similar approach, with
better filling factors, was also reported when split or gap loop
resonators were employed [7].

Another resonator that has been frequently used for mea-
surements of the sheet impedance of thin superconducting
films is the TEp;; mode cavity terminated at one bottom by
a superconducting sample [8]-[10].

Usually, there are two parameters reported for HTSs at
microwave frequencies, namely, the wave resistance and the
penetration depth, or wave impedance. The wave impedance
which is defined for bulk material describes the surface
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resistance of a superconducting film deposited on a dielectric
substrate very well when the film thickness is two to three times
larger than the penetration depth. Determination of the electri-
cal parameters of superconductors at temperatures around the
critical temperature is not as simple as it is for temperatures
well below T.. At higher temperatures, the superconducting
film thickness (typically a few hundred nanometers) becomes
comparable (or smaller) to the penetration or normal-state skin
depth. In such a case, electromagnetic fields penetrate partly
through the film, and the sample cannot be treated as a bulk
case. As a consequence, the surface impedance of the sample is
no longer defined just in terms of the intrinsic properties of the
superconductor but also depends on other parameters, including
thickness and substrate permittivity. In addition, the Q)-factors
of sapphire resonators terminated by thin superconducting films
in the normal state, deposited on dielectric substrates, are too
suppressed to be measurable. Therefore, for such measure-
ments, another types of resonators are preferable, including,
for example, copper TEq;; mode cavities. All these problems
become more pronounced when the thickness of the film is
small and the permittivity of the substrate is large and, in
addition, exhibits strong temperature dependence as, e.g., for
SrTiOg3 substrate [8].

The typical approach for the determination of the wave
impedance of the superconductors is perturbation theory. Prop-
erly used extended perturbation theory [8], [10] (with the
impedance transformation) allows the determination of the
wave impedance of a superconductor with similar precision
that would be achieved with rigorous electromagnetic approach
particularly for superconducting films of a typical thickness (a
few hundreds of nanometers). As it will be shown in this paper,
more significant differences between rigorous and perturbation
approaches may appear when film thickness becomes very thin
(below 50 nm) and at temperatures that are close or higher than
the critical temperature of a superconductor.

The first objective of this paper is to use such approach to
determine the intrinsic complex conductivity (or the complex
permittivity) of thin superconducting films at a broad tempera-
ture range from 4 K to 300 K and at few frequencies, employing
identical relatively small samples deposited on typical 10 mm x
10 mm substrates. The second objective is to provide the com-
plex permittivity and the complex conductivity measurements
for yttrium barium copper oxide (YBCO) films.

II. THEORY

Here, we briefly describe the electromagnetic properties of
the thin superconducting films at microwave frequencies. The
two-fluid conductivity model [11], [12] is generally accepted
for the formal description of the electromagnetic properties
of superconductors. According to this theory, the conductivity
of a superconductor at temperatures lower than the critical
temperature of a superconductor 7, is a complex quantity
o(w) = 01(w) — joa(w) (where oy is responsible for loss, and
o4 1s responsible for the kinetic inductance). At temperatures
higher than the critical temperature, the imaginary part of the
conductivity is equal to zero, and the real part fully describes
its electric properties.
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Measurement and modeling of superconductors at mi-
crowave frequencies require accurate knowledge of their ma-
terial properties. To determine measurable quantities for a
specific device, such as a resonant cavity containing a super-
conducting sample, it is necessary to solve Maxwell’s equations
assuming that all cavity parameters (material properties and
dimensions) are known. Electromagnetic properties of a physi-
cal medium in Maxwell’s equations for time harmonic electro-
magnetic fields are characterized by the complex permittivity
and the complex permeability. Conductivity of the medium,
if present, is included in the imaginary part of the complex
permittivity according to the following formulas:

e =& (slp — jeap —jf@) (1)
where £ is the permittivity of the vacuum, £, and &5, are the
real and imaginary parts of the permittivity due to dielectric
polarization mechanisms, w is the angular frequency, and o is
the conductivity.

Substituting the complex conductivity into (1) and neglecting
€1p and £g,, one obtains the following expression for the
complex permittivity of a superconductor:

£ = e (—2 —jﬂ> : 6)

wWEeQ wWEeQ

One can notice that, at microwave frequencies, the real part
of the complex permittivity of a superconductor in its su-
perconducting state is negative. Additional quantities that are
defined for a bulk medium, to characterize its interaction with
electromagnetic fields, are the intrinsic wave impedance Z =
(p/€)?® and the complex propagation constant v = o + 33,
where 2 = —w?ep. For a nonmagnetic superconductor (p =
o), its intrinsic wave impedance and propagation constant
can be expressed as Zgs = (—wpg/oy +501)%° and 42 =
wpo (o2 + joi), respectively. This shows that, for a perfect
superconductor, where o1 = 0, the wave impedance is purely
imaginary, while for substances with 5 = 0 (metals, including
superconductors in the normal state), it is a complex quantity
with equal real and imaginary parts. Electromagnetic fields in
superconductors in both the superconducting and the normal
state decay exponentially. The length over which the electro-
magnetic field decays by a factor of e is called the penetration
depth A. It can be evaluated as A = 1/, and it generally
depends on the two complex conductivity components. For a
perfect superconductor with ¢; = 0, the penetration depth is
equal to the London penetration depth A\;, = (1/wpgo2)%?. It
should be noted that a perfect superconductor does not dissipate
electromagnetic energy, and the electromagnetic fields decay
exponentially along the direction which is normal to its surface.
For superconductors in the normal state, as for all other normal
conductors, the depth at which the electromagnetic fields decay
to 1/e is called the skin depth ¢ and can be determined as
§ = (2/wpoo1)?. As it will be shown later, at microwave
frequencies, for YBCO films of thicknesses in the range
30-600 nm, the penetration depth will frequently be larger than
the film thickness. In such a case, films become semitransparent
to the electromagnetic field, and as the result, the surface
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Fig. 1.

Sketch of the experimental setup. (a) TEg, s mode 13.3-GHz single-post dielectric resonator made of BZT ceramic with permittivity equal to 27.93 at

300 K. (b) Sapphire rod resonator operating at 28.2 GHz (TEp11 mode) and 44.40 GHz (TEp21 mode) at 13 K. All dimensions in the resonators are marked in

millimeters.

resistance and the surface reactance will depend not only on the
complex conductivity of the film but also on other parameters
such as the film and substrate thicknesses, the substrate permit-
tivity, and the electric properties of metal surfaces behind the
substrate.

III. EXPERIMENTS

Two different configurations of dielectric resonators were
used in our experiments. The first—the single-post dielectric
resonator—was designed to measure the conductivity of the
very thin semitransparent and lossy films. Its construction was
similar to that used for measurements of the sheet resistance
of graphene [13]. The dielectric resonator was made from
low-loss high-permittivity barium zirconium titanate (BZT) ce-
ramic. With this resonator, we have performed the temperature-
dependent measurements of the conductivity o; of YBCO
in the normal state and the conductivities ¢; and o5 in the
phase transition from the normal to the superconducting state.
The second configuration—the sapphire rod resonator—was
used for measurements of the conductivities ¢, and o5 in
the superconducting state. Sketches of our resonators showing
their configurations and dimensions are presented in Fig. 1. It
should be noted that, in experimental setups, square YBCO
samples extend well beyond the copper cavity enclosures for
both configurations. Resonators were mounted on a cold finger
of our closed-cycle two-stage helium cryostat.

In our modeling, regions outside the diameter of the cavity
enclosures have been neglected because the electromagnetic
fields there have evanescent character. It should be noted that
both resonators that are shown in Fig. 1 have similar inner
diameters of the metal cavities and that the thickness of the
gap where our rectangular samples are inserted is only about
0.5 mm. The gap size is therefore much smaller than the
half of wavelength corresponding to the resonance frequencies
for both resonators. As the result, the electromagnetic fields
in the substrates decay rapidly in radial direction outside the
diameter of the metal cavities. Similar simplifications have been
used in the past with sapphire rod and single-post dielectric
resonator techniques. They are well justified, and they reduce
electromagnetic modeling to axially symmetric structures.

Experiments have been carried out with two types of YBCO
thin films, which were obtained from THEVA. The films
were deposited on sapphire substrates having dimensions of

10 mm x 10 mm x 0.55 mm. The substrates were initially
covered with CeO, buffer layers of 40-nm thickness, and then,
YBCO films of thicknesses of 30 and 280 nm, respectively,
were deposited on them. For the 30-nm extra-smooth-type
films, the critical temperature and the critical current density
specified by the manufacturer were 83.5 K and 0.9 MA/cm?,
respectively. The critical temperature of 280-nm films was
nominally equal to 86 K. Measurements of the resonance
frequencies and ()-factors have been performed employing a
microwave network analyzer (Agilent Technologies four-port
PNA model operating up to 50 GHz) which displays informa-
tion on the loaded @Q-factor (Q;, of resonators in transmission
mode using multipoint fit on the complex values of Sy; (trans-
mission coefficient). Our resonators were equipped with precise
coupling mechanisms based on coupling loops terminated with
1.I-mm-diameter semirigid coaxial cables. They allowed us
to adjust couplings on both two resonator ports to such weak
values that their influence on the unloaded @Q-factor Q) is
only on the order of 1%. It requires both ports to have equal
couplings and transmission coefficient |S21| < —40 dB at the
resonance frequency. In addition, the influence of coupling was
accounted for, employing a well-known relation between the
loaded and the unloaded -factor values for equal couplings:
Qu=Qr/(1—[Snl).

The results of the measurements of the TEy;s mode reso-
nance frequency shifts and )-factors versus temperature for
our 13.3-GHz single-post dielectric resonator containing 30-
and 280-nm YBCO films are shown in Fig. 2. Changes of
the resonance frequency f(7T) — f(T =13 K) were deter-
mined with respect to the resonance frequency f(7 = 13 K)
of the resonator containing a bulk copper sample kept at
13 K (the lowest temperature available in the cryostat con-
taining the resonator). Fig. 2(a) shows that the resonance-
frequency—temperature drifts of the resonator containing the
blank substrate and the resonator containing the bulk copper
sample have identical shapes and differ by about 39 MHz. For
the 280-nm-thick YBCO film, the resonance frequency shifts
versus temperature are only slightly different than that for the
bulk copper sample. For the YBCO film of 30-nm thickness, the
resonance frequency shifts are similar to that for bulk copper
only at temperatures below 80 K (at the superconducting state
of the film). At temperatures above 80 K, the resonance fre-
quency shifts for 30-nm-thick sample become large. This is be-
cause the 30-mm sample in the normal state is semitransparent
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(a) Plot of the TE(15 mode resonance frequency shifts and (b) Q-factors as a function of temperature performed in the 13.3-GHz single-post dielectric

resonator containing single YBCO films having thicknesses of 30 and 280 nm, respectively, and deposited on 0.55-mm sapphire substrates.

to the electromagnetic fields. It should be noted that the res-
onance frequency shifts due to the presence of the supercon-
ducting sample f — fiof can be determined by subtracting the
resonance frequency shifts f(7') — f(T = 13 K) for the bulk
copper sample from the shifts for superconducting samples.
The Q-factors due to the presence of the superconducting film
(QvBco) were obtained from the following equation:

-1 -1 3)

-1 .
QYBCO — Wsup  ¥parasitic

where Qs,p is the measured unloaded ()-factor of the res-
onator containing the sample under test, whereas Qparasitic and
QvyBco are the Q-factors due to the parasitic and bare sample
losses, respectively.

The Q-factor due to the parasitic losses depends on all losses
in the resonator except the losses in the sample and can be
determined on the basis of measurements of the Q)-factor of the
resonator with bulk copper sample @,,, from

-1 _ -1 -1
parasitic Qm - QCOPPER “)

where @,, is the measured unloaded -factor of the res-
onator containing copper reference sample and Qcopprg is the
Q-factor due to the losses in the reference copper sample only

Qcopper = Gs/Rscu- (5)

The value for Qcopprr Was determined from independent
measurements of the surface resistance of bulk copper Rscu
with the sapphire rod resonator knowing the computed value
of the geometric factor Gg for the sample in our resonator. It
should be mentioned that the surface resistance value Rgcy,
must be appropriately scaled to the frequency of our res-
onator and that the geometric factor is determined with a
Rayleigh—Ritz technique from

w [ff poH - H*dv
|4
JJ He - Hids
S

Gs = (6)

where H is the magnetic field vector in the resonator containing
a perfectly conducting sample, V' is the volume of the resonator,

S is the surface of the sample, and * is the complex conjugate
symbol.

The volume integral in the numerator of (6) extends over the
whole volume of the resonator, and the surface integral in the
denominator extends only over the surface of YBCO sample(s).
Thus, from the measurements of the resonance frequencies
and Q-factors of the single-post dielectric resonator containing
the sample under test, and the reference (copper) sample, it
is possible to determine the resonance frequency shifts and
(Q-factors due to the presence of the test sample.

For the measurement with the sapphire rod resonator,
@-factors depend predominantly on the losses in the test sam-
ples because parasitic losses are almost negligible for the sap-
phire resonator inserted in a sufficiently large diameter cavity
enclosure. The resonance frequency shifts for the sapphire
resonator are determined as the difference between the reso-
nance frequencies measured with the superconducting sample
and the resonance frequency measured with a reference bulk
copper sample. The resonance frequency and )-factor changes
of the sapphire rod resonator due to the complex conductivity
of test sample(s) are much larger than those of the single-
post dielectric resonator. Therefore, the sapphire rod resonator
allows precise measurements of the Q-factors, which depend on
the losses in the samples in the superconducting state. However,
this technique has some drawbacks. First, in order to maintain
its high ()-factor and high measurement sensitivity, the sapphire
rod resonator requires two identical test samples. Second, due
to the rapid changes of the Q)-factor with increasing losses in the
samples, it is impossible to measure samples in the normal state.
This is due to the ()-factor degradation of the resonator with
such samples to below measurable values. Third, disassembly
is required to replace the samples; therefore, measurements of
the resonance frequency shifts with the sapphire rod resonator
are more difficult (and less accurate) than those with the single-
post dielectric resonator. For the reasons discussed previously,
measurements with the sapphire rod resonator were only possi-
ble at temperatures lower than the critical temperature of YBCO
films. The results of measurements of the resonance frequency
shifts and ()-factors due to losses in the superconducting sam-
ples employing the TEy;; and TEj2; modes excited in the
sapphire rod resonator are shown in Fig. 3.
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In order to evaluate the complex conductivity of the sam-
ples, we performed a rigorous electromagnetic modeling of
our resonance structures employing the mode-matching and
Rayleigh-Ritz techniques and the complex resonance fre-
quency formalism [14], [15]. Alternatively, any commercial
microwave simulators like HFSS, QuickWave, or Microwave
Studio can be used for this purpose. Analyses have been per-
formed assuming that all parts of the resonator (e.g., metal
enclosure and dielectrics), but not the superconductor film, are
lossless.

Now, we discuss the methodology of the conductivity deter-
mination for YBCO films in the normal state from the measure-
ment data shown in Fig. 2. The results of the computations of
the resonance frequency shifts and ()-factors due to conductor
losses in the sample for our single-post dielectric resonator
are shown in Fig. 4. It is important to distinguish between the
resonator behavior for the case of thin samples having thickness
smaller than the skin depth and for bulk samples having thick-
ness a few times larger than the skin depth. For thin samples,
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the Q-factor slope above the minimum is equal to unity and
depends on the product of conductivity and film thickness,
while for bulk samples, the slope is equal to 0.5 and depends
on the conductivity but not on the film thickness. Curves for
thin samples and for bulk samples cross over at the conductivity
value for which the skin depth is approximately equal to the
film thickness. More information about such behavior and about
the method of conductivity determination can be found in [13]
and [16]. Apart from rigorous solutions, we have also shown in
Fig. 4(a) and (b) the results of the computations of resonance
frequency shifts and @)-factors for 30-nm sample employing
the extended perturbation theory which assumes impedance
transformation approach for the layer structure of the YBCO
film and the constant value of rigorously computed geometric
factor for a well-conducting sample. One can conclude that the
results of the perturbation theory for 30 nm agree very well
with rigorous results for conductivity values that are larger than
2 x 10 S/m. For small conductivity values, the slopes and
shapes of the curves obtained with rigorous calculations and
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perturbation theory agree, but there are qualitative differences
in both resonance frequency shifts and Q-factor the order of
50%. For thicker samples, the range of conductivities where
the two theories match is extended toward lower conductivity
values, which indicates that, for such samples, perturbation and
rigorous approaches can alternatively be used.

Experimental values of the resonance frequency shifts and
Q-factors due to the losses in the sample are presented in
Fig. 5 along with theoretical curves for our 30- and 280-nm
samples, and Fig. 6 shows the extracted conductivity values of
these samples. To show this, we used a reconstruction algorithm
for the conductivity determination. In the conductivity range
where the slope of the resonance frequency shift is steep and
the ()-factor value approaches minimum, we have determined
the conductivity from the frequency shift values; otherwise, we
have determined the conductivity from the )-factor values. Due
to unavoidable experimental errors, the overdetermined system
of two nonlinear equations with respect to the one unknown

(conductivity) will not be perfectly satisfied, which leads to
the discrepancy between experimental data and that theoretical
curve that was not used in the conductivity determination.
There are two possible solutions to get a better fit between
experimental and theoretical results. In the first approach, one
can solve the system of two nonlinear equations with respect
to conductivity in the sense of minimum least square error, but
the problem is how to choose the weight coefficients on two
different measured quantities (resonance frequency shifts and
Q-factors). The other way is to introduce an additional parame-
ter, e.g., thickness of the substrate, as the second unknown and
solve the system of two nonlinear equations with respect to two
unknowns but at the cost of substantial numerical effort.

Based on the results that are shown in Fig. 6, one can con-
clude that the conductivities of 30- and 280-nm films are com-
parable and exhibit similar slopes versus temperature, although
the Q-factor slopes versus temperature for these samples have
different signs [as can be seen in Fig. 2(b)]. Both the 30- and
280-nm samples have a thickness much smaller than the skin
depth. The extended perturbation theory (with impedance trans-
formation) gives conductivity results that are almost identical
to those which were obtained with the rigorous method for
280-nm sample, but for 30-nm sample, the perturbation theory
gives ()-factor values below experimental data points, as can be
seen in Fig. 4. See the comparison of rigorous and perturbation
techniques in the supplementary information.

Determinations of both the real and imaginary parts of the
conductivity in the superconducting state are more complicated
than the conductivity in the normal state. This is because,
generally, both the resonance frequency shifts and the (-factors
due to the losses in YBCO samples depend in a complicated
manner on both the real and the imaginary part of the complex
conductivity as well as on the thickness of the samples. In order
to determine both conductivity components, we first computed
the resonance frequency shifts for fixed resonator geometry
and the number of expected values of o and o3, creating
“lookup tables.” Then, we used the nonlinear equation solver
(fsolve) in MATLAB to find the complex conductivity values
for each experimental data point. To obtain the goal function
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of continuous variables o, and o5, a cubic spline interpolation
was used on the lookup table data. In Fig. 7, experimental
values of the resonance frequency shifts and Q-factors due to
losses in the sample are presented along with theoretical curves
for the 30-nm sample measured in the 13.3-GHz single-post
dielectric resonator. The results of the complex conductivity
determination in broad temperature range are shown in Fig. 8.
It should be mentioned that, by employing 13.3-GHz single-
post dielectric resonator, it would be theoretically possible
to perform measurement close to the absolute value of the
complex conductivity (and London penetration depth) at low
temperature range on a hypothetical single-layer YBCO film
because, for such sample, the resonance frequency shift values
would be relatively large (a few megahertz) even at liquid
helium temperatures, as it can be concluded from the theoretical

prediction that is shown in Fig. 9(a). The London penetration
depth value of 300 nm corresponds to the imaginary part of
conductivity value of about 10% S/m, so for such a case, the
resonance frequency shift would be equal to —7.5 MHz.

A similar measurement procedure was applied to deter-
mine the real and imaginary parts of the conductivity in the
superconducting state from measurement data obtained with
the sapphire rod resonator. In Fig. 10, experimental data are
shown along with the theoretical resonance frequency shift and
Q-factor for the TE(11 mode of our sapphire resonator operat-
ing at 28.2 GHz. The results of conductivity determination for
30- and 280-nm samples from the measurement data with the
sapphire resonator at two frequencies (28.2 and 44.4 GHz) are
presented in Fig. 11.

We should remark that the determination of the absolute
values of the imaginary part of conductivity at low tempera-
tures (below the critical temperature of the superconductor) is
difficult, and it is subjected to experimental uncertainties. One
reason for this is that the reference frequency value is measured
on a flat reference copper sample. Although the influence of a
finite conductivity of copper on the resonance frequency shift
is relatively small, such influence was taken into account, but
larger experimental errors are still present due to the finite
flatness and roughness of copper and YBCO surfaces. As the
result, the surfaces of copper and YBCO films in real experi-
ment are situated effectively at slightly different positions in the
resonator along its z-axis. There are also additional systematic
errors associated with resonator assembling/disassembling pro-
cess, which are the main sources of measurement uncertainties
for the imaginary part of conductivity (or penetration depth)
determination. Because the resonance frequency shifts for very
thin samples are few times larger than for the thicker samples,
the determination of the absolute value of the imaginary part of
conductivity for thin samples is possible, and it is much more
accurate than for the thicker samples. As it is seen in Fig. 3, the
resonance frequency shifts for our 28.2-GHz sapphire resonator
with two 30-nm samples in the superconducting state are in
the range from —44 MHz at 13 K to —117 MHz at 76 K.
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Fig. 10. Experimental data points measured at 28.2 GHz in sapphire resonator for two YBCO films are shown on the background of (a) the theoretical resonance
frequency shift and (b) Q-factors plotted versus YBCO film losses. Discrete lines correspond to the values of o1 equal to [0.5,1.0,1.5, 2.0, 2.5] x 10% S/m.

These values are few times larger than the variance of statistical
errors of the resonance frequency measured after resonator as-
sembling/disassembling. The value of the resonance frequency
variance on five subsequent measurements of the 28.2-GHz res-
onance frequency resonator after its assembling/disassembling
was about 5 MHz, and the theoretical value of the resonance
frequency shift due to the finite conductivity of copper (related
to the resonator with perfectly conducting surfaces) is about
—0.8 MHz at 13 K. Thus, the total uncertainty of the resonance
frequency shift is about eight times smaller than the resonance
frequency shift value at 13 K (—44 MHz). This was one of the
reasons for our experiments with 30-nm samples, so we can
claim that measurements of the complex conductivity (and the
London penetration depth) on 30-nm samples can be treated
as the absolute ones, although with some degree of errors. The
uncertainty of the absolute value of conductivity determination
is additionally related to the uncertainties in the determination
of the thickness of the sample. The London penetration depth
value computed from o at 13 K for our 30-nm sample proved
to be 330 nm. This result is about 80 nm larger than the value

obtained by Klein et al. [10] on 160-nm sample deposited on
SrTiOj substrate. Klein’s value Az (0) = 250 nm given at 0 K
limit was based on the empirical two-fluid model fit relation.
For very thin samples, we can expect the degradation of their
electromagnetic properties with respect to the samples of a
medium thickness (200-300 nm), so the agreement between
our result and Klein’s result is quite good. Unfortunately, the
resonance frequency shift value for the samples of 280-nm
thickness at 13 K was only —6 MHz, which is within our
measurement uncertainties, so the London penetration depth
value for 280-nm-thick samples at 13 K cannot be treated as an
absolute one. This is valid for any thicker samples. Therefore,
we cannot exclude the possibility that the London penetration
values for 30-nm samples are larger than those for 280-nm
samples. On the other hand, the agreement between o> values
for 30- and 280-nm samples at 13 K is excellent, which is
shown in Fig. 11.

In the case of measurement uncertainties of the complex
conductivity employing resonance techniques, it should be
pointed out that their main source is always related to the
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(a) and (b) depict the results at 28.2 and 44.4 GHz, respectively. (c) 280-nm sample at (green color) 28.2 GHz. The blue curves show the complex conductivity
values evaluated for the reference frequency value shifted down by 2 MHz with respect to the original value.

determination of the initial resonance frequency shift between
resonator containing superconducting sample(s) and resonator
containing reference sample(s). To illustrate this, we have per-
formed additional simulations (determination of the complex
conductivity) assuming that the reference frequency value was
shifted down by 2 MHz with respect to the measured value.
The influence of such reference value change on the complex
conductivity determination in 28.2-GHz sapphire resonator is
shown in Fig. 11(c). As it is seen, changes of the reference
frequency level have significant influence on the extracted con-
ductivity values for 280-nm film. This is because the resonance
frequency shift value for 280-nm sample at 13 K is small
(=6 MHz). For 30-nm sample, the change of the reference
frequency value by 2 MHz is not significant since the resonance
frequency shift value at 13 K is about —44 MHz for this sample.

The following generally known conclusions can be drawn
from our experimental results. The imaginary part of the
conductivity varies with frequency as w~!. Such frequency
dependence is confirmed with the measurement results at
13.3 GHz, where the frequency-scaled (from 28.2 to 13.3 GHz)
imaginary part of the conductivity for the 30-nm film is also
shown. The real part of the conductivity values is flat versus
temperature for our samples, depending, to some extent, on the
thickness of the sample and the measurement frequency, but
their values are in the range from 0.5 x 10° to 1.2 x 10° S/m.
Knowing the conductivity values, additional parameters such
as the wave impedance for bulk samples and the penetration
depth were evaluated employing (4) and (7). The results of

the wave reactance, the wave resistance, and penetration depth
computations are shown in Fig. 12. Wave reactance and wave
resistance values were evaluated at 28.2 and at 44.4 GHz for
the samples with 30- and 280-nm thicknesses. Note that the
wave resistance scales with frequency proportionally to w?. The
penetration depth in the superconducting state below the critical
temperature practically does not depend on frequency, and at
temperatures higher than the critical temperature, it converges
to the frequency-dependent skin depth of a metal.

IV. MODEL

A. Theoretical Model of YBCO for Electromagnetic
Simulators

The measurements results obtained on our samples, obtained
from a leading manufacturer (THEVA), proved that, for the
high-quality YBCO films, the real part of the conductivity o
does not vary much as a function of temperature and frequency.
Such regular behavior is probably related to the fact that,
for the good-quality films, a normal conductivity component
is predominantly related to nonpairing charge carriers [17].
Frequency and temperature dependences of the electrical prop-
erties of our YBCO films are therefore predominantly related
to the temperature and frequency variations of the imaginary
part of the conductivity. Let us assume for simplicity that
oy 1s constant and determine the wave reactance and the
wave resistance for a hypothetical bulk YBCO sample as a
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function of frequency for two different normal conductivities are shown here.
The wave reactance values are the same for both conductivities.

function of frequency at a fixed temperature of 13 K. In our
model, we assumed the imaginary part of the conductivity as
8.54 x 107 S/m at 13.3 GHz and its frequency dependence
to be proportional to f~!. This corresponds to the relative
permittivity value of —1.154 x 10® at 13.3 GHz. The frequency
dependence of the permittivity is proportional to f~2. The
results of the wave impedance determination for two different
values of the real part of the conductivity are shown in Fig. 13.
Computations have been performed for two values of the real
part of the conductivity, namely, 5 x 10 and 10° S/m, because
our experimental results mostly belong to this range. It is shown
in Fig. 13 that, at 10 GHz, the real parts of the wave resistance
values are 58 and 116 u£2, respectively, which are in a good
agreement with the manufacturer’s (THEVA) datasheet.
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Let us now compare the temperature dependence of o, that
is shown in Fig. 8 with the theoretical model. In our model, we
assume that 7. = 84 K and that the temperature dependence of

5(T) = 0(0) [1 - (%)4

The results of our modeling together with experimental data
are shown in Fig. 14. It is seen that the agreement between
theoretical model and experiment results is very good. This
shows that the theoretical modeling of the microwave devices
containing YBCO films of arbitrary thickness can be performed
employing the two-fluid model. The advantage of such an
approach is that, in commercial electromagnetic simulators,
permittivity and conductivity are used as basic parameters for
material description. Two constant quantities are sufficient for
electromagnetic modeling in a broad frequency range, namely,
the real part of the permittivity at a certain frequency (large

)
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negative number) and the real part of the conductivity. If
modeling is necessary as a function of temperature, then (7)
can be used. It should be mentioned that the real part of the
conductivity formally describes superconductor losses, regard-
less of their origin. These losses are the film quality dependent
and may vary from one sample to another, depending on the
manufacturing process.

V. CONCLUSION

A method that is based on rigorous solutions of Maxwell’s
equation has been proposed for the contactless measurements
of the complex conductivity of the YBCO films. Such ap-
proach, which is typically used for accurate measurements of
dielectrics and lossy ferroelectrics, allowed us to determine
the intrinsic properties of the films without any simplifications
and possible errors associated with the approximate modeling
employing the perturbation theory. The complex conductivity
of the YBCO films was determined from the measured res-
onator quality factor () and resonant frequency values as a
function of temperature. We have shown that, for thin films,
our model significantly improves the accuracy of the complex
permittivity determination when compared with the extended
perturbation model. This is particularly for temperatures close
to or higher than the critical temperature of a superconductor. It
should be also noted that the proposed method is particularly
useful for experimental studies of very thin superconducting
films, because for such films, the measurement sensitivity is
substantially enhanced with respect to the sensitivity for thicker
films, thus allowing measurements of the absolute value of the
imaginary part of conductivity (or London penetration depth).

Defining the electric properties of a superconductor by the
frequency/temperature-dependent complex permittivity (with
negative real part) allowed us to describe the superconductor
in the same terms as any other material in electromagnetic
modeling and to accurately specify the parameters of the model
that can be conveniently used in electromagnetic simulators
which are very important for microwave engineers. Very good
agreement was achieved between the experimental data of
complex conductivity and the values obtained from theoretical-
based simulations. We should emphasize, however, that the
properties of the YBCO films may vary from one manufacturer
to another or even from one sample to another, so the complex
permittivity/conductivity results that we obtained in this paper
should not be treated as absolute values but rather as a good
approximation of the parameters that characterize the high-
quality YBCO films.
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