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A theoretical and experimental justification of an approach proposed and developed by us for
surface impedance standard measurements of HTS films is presented. An analysis of the electro-
magnetic properties of quasi-optical dielectric resonators with conducting endplates, which pro-
vides a theoretical background for studies of HTS films in the millimeter wave range, is performed.
With this technique, the highest quality modes, namely whispering gallery modes, are excited in a
dielectric cylindrical disc sandwiched between HTS films. Considerable enhancement of the sensi-
tivity of surface resistance measurements in the millimeter wave range is demonstrated, which is
important for the fundamental investigation of superconductor physics. It is also shown that the
measured frequency shift in the resonator with the HTS endplates as a function of the temperature
reveals a possibility for accurate evaluation of the field penetration depth in HTS films.
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1. Introduction order of azimuthal modes, i.e., whispering gallery
(WG) waves [J.K. Wait, Radio Science, 2, 1005
(1967)]. The dimensions of such a resonator in the
millimeter wavelength range are acceptable for use in
resonant structures with HTS films [5].

We recently reported an accurate technique for the
R measurement of large-area HTS films using sapphire
quasi-optical dielectric resonator (QDR) with conduct-
ing endplates (CEP) [6]. In this approach, the WG
modes are excited in a dielectric cylindrical disc sand-
wiched between HTS films or between one HTS film
and one copper endplate (Fig. 1). The approach was
used in the Ka band and no fundamental limitations for
use in a shorter wavelength range were found. It has
been shown experimentally that the resonant frequency
shift of QDR with HTS film as a function of the temper-
ature can be used for the accurate measurement of sur-
face reactance X measurements and, hence, a field

Microwave surface impedance Z, measurements of
high-temperature superconducting (HTS) films are im-
portant for fundamental studies and also for technical
applications [1]. The resonant systems developed for
contactless measurements of unpatterned films are of
special interest [2]. A well known technique of surface
resistance R measurement based on a sapphire (Al,O3)
resonator with lower mode oscillations was used in the
classic microwave band (< 25 GHz) [3]. Various types
of the Hakki—Coleman dielectric resonator have the ad-
vantage of being able to evaluate the total energy dissi-
pation [4]. The dimensions of dielectric resonators oper-
ating in the millimeter wavelength range (> 25 GHz)
and utilizing lower-mode oscillations (waves) become
unacceptably small. The quality factor Q of the resona-
tors decreases correspondingly. The highest quality fac-
tor can be obtained for the resonators using the highest
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Fig. 1. Quasi-optical dielectric resonator with conducting
endplates: 7 — sapphire disc; 2 — HTS-films; 3 — dielec-
tric substrates.

penetration depth & = X /(0g1), where oy = 27fy; f
is a resonant frequency, py = 47n 1077 Hr/m [7].

The aim of the present work is a complete analysis
of the approach developed on the basis of QDR for
HTS microwave surface impedance measurements
which was reported briefly in [6,8,9]. The theoretical
and experimental investigation both of the impedance
properties of the HTS films and particular features of
the proposed approach itself are highlighted here.

2. Electrodynamics of the quasi-optical
dielectric resonators with conducting endplates

The electromagnetic fields distribution of mono-
chromatic oscillations in a disc QDR made of an
anisotropic uniaxial single crystal with its anisotropy
axis parallel to the disc axis is described in [10].

The frequency o, = o, —io), for the pth mode of
the resonant oscillation (where the subscript p equals
nsm, which are the azimuthal (n), radial (s) and axial
(m) subscripts, respectively) is found from a solution
to the characteristic equation

(g —op)e,0p —ag) =2, (1)
where
0 - 1 Jh(q]-ro)’
a1 Jn(qjr)
ag = LI By
%o H," (qor) q09 1"

prime denotes differentiation with respect to the argu-
ment; and J,(x) and H, (x) are the nth-order Bessel
and Hankel functions of the zero kind. For resonators
with the perfectly conducting endplates, the axial
component of the wave vector is kz =mn /I, where [ is
the height of the resonator and m =0, 1, 2,... The
subscript j stands for H or E; k = /c; the azimuthal
subscript n equals 0, 1, 2,..; g = (& - k22)1/2;qE =
e,/ )V ?qy and qq = (kfl k2 )JT/2 are the radial
components of the wave vector inside and outside the
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insulator, respectively; C, and D, are constant
. _ 2 9 _ 2
factors; and g9 =q% when r <% and g2 =¢j when
rzr.
A QDR supports independent EH and HE oscilla-
tions. When the condition

[y - op —ag) 2[5 1 (3)

is met, the free oscillations of the resonator are of the
HE type.

If the axis of the uniaxial crystal forms an angle 0
with the geometrical axis of the resonator, the per-
mittivity tensor components depend on the azimuthal
angle ¢. This dependence splits the EH and HE oscil-
lations into the ordinary and extraordinary modes, as
follows from experiments [11].

For the case where the endplates are not perfectly
conducting planes, a rigorous theory does not exist. In
the present work, the radial and azimuthal compo-
nents of the wave vector are described by the charac-
terization equation (1) and the effective height of the
resonator is defined as [y =mmn/kz.

The quadrature relations obtained from the Max-
well’s equations for resonant oscillations in resonators
with the perfectly and imperfectly conducting
endplates is integrated over the entire space [12].
Using the radiation condition, the continuity of the
tangential electric and magnetic field components at
the curved surface of the resonator, and the impedance
boundary condition at the end faces of the resonator,
one can obtain an integral equation that defines a shift
in the resonance frequency due to imperfect conduc-
tivity of the CEP

(o —(DZ)EF-IH; + E[Si]']E;)dV =
1%

=2iZ  [Tp.[e. H]] H,dS (4)
S

where e, is unit vector along the QDR axis; o, E and
H are the frequency and the electric and magnetic
field vectors for the resonator with the imperfectly
conducting endplates; and o,,E,, and H, are the
frequency and the electric and magnetic field vectors
for the pth mode of the resonator with the perfectly
conducting endplates. On the left-hand side of this
formula, integration is performed over the entire
volume V; and on the right-hand side, over the sur-
face S of the CEP having the surface impedance
Z, =R, +1iX;.

When Z, is small and the mode interaction is
neglected (I, =0 if p’ = p), one can obtain a rela-
tionship

p'p

Fizika Nizkikh Temperatur, 2006, v. 32, No. 6



Microwave properties of HTS films: measurements in millimeter wave range

2
(®—®;)+iZS‘];/w:0 (3
P
where [, is the surface current on the finite-conduc-
tivity endplates, which is induced by the electromag-
netic wave, and W), is the energy of the pth electromag-
netic mode in the resonator with the perfectly CEP.

Relationship (5) can be used to calculate the surface
impedance Z ¢ of the CEP from the measured QDR res-
onance frequency ». We also use (5) for evaluation of
the expected frequency shift of the QDR with HTS
CEP. This relationship defines the shift between the
resonance frequencies of a QDR with the imperfect
CEP and that with the perfect CEP for a particular os-
cillation mode. The shift in the real part of the reso-
nance frequency is specified by the imaginary part of
the surface impedance (surface reactance, X;)Z. The
reactance specifies the non-dissipative energy stored in
the surface layers of CEP. The surface resistance R is
responsible for the period-averaged Joule loss I ;,pR s in
the impedance CEP of the resonator.

The evaluations show that resonant frequencies of
the QDR made of Teflon with copper CEP differ from
those for the resonator with perfect CEP by ~ 10 MHz.
The estimated QDR frequency shift at superconduct-
ing-to-normal state transition in HTS CEP is approxi-
mately equal to the same value. This shift ensures a suf-
ficient sensitivity for reactance measurements of HTS
films.

The surface resistance R, of CEP is more conve-
nient to determine using a direct definition of quality
O-factor in terms of the stored and dissipative ener-
gies:

rad’

where Qy is the eigen Q-factor of QDR with CEP, co-
efficients k and A show the contribution of dielectric
and conductor losses in the energy total loss in QDR,
tand is the dielectric loss tangent, Q,,q is the radia-
tion loss quality. As shown in [6] one can neglected
Qr_;d in QDR in the case of CEP with a large diame-
ter (Qpq = 10°-1019).

The expressions for k and A can be obtained from
the electrodynamic solution of the field structure in
the QDR with CEP [10]

k=1/1+R)); 7

Ag =2/(@opnolRy). (8)

The expressions for R?; and Ry (index Y means HE
or EH mode) depend on the dimensions of the resonator
and the wave mode within it [13]. In the case of the
axially homogeneous HE,, mode, which is excited
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relatively easily, expressions for R) and Ry are cited in
[6]. Coefficient k is very close to 1 and coefficient A, is
shown in Fig. 2 as a function of the azimuthal index n
together with the corresponding values of frequencies
for the HE,;( and HE, 5y modes. It can be underlined
that (i) A decreases with increasing frequency increas-
ing, and (ii) the values of A, are the same for the
HE, ;o and HE, 5, modes at the same frequency (here,
however, the values of n are different for different
modes).

3. The QDR-based approach to surface resis-
tance measurement

The main element of the measurement set-up is a
sapphire (I = 2.41 mm) or ruby (/ = 2.54 mm) cylin-
drical disc with diameter d = 14.40 mm. The optical
¢ axes of the single crystals were found at the angles
56" and 15" with respect to the geometric (longitudi-
nal) axis for sapphire and ruby, respectively. Values
of the loss tangent (tand) measured at 77 K were
found to be 2.9-10% and 2.3-107°, respectively. The
coupling of the QDR to the transmission lines was
formed by dielectric waveguides with one side covered
by metal (quasi-image waveguides). The angle be-
tween the longitudinal axis of the input and the out-
put waveguides was about 10°. This allowed us to con-
trol the coupling between the QDR and the feeder
lines by moving the resonator between these lines.

A small splitting of the resonance line was observed
at R, measurements of high quality HTS films form-
ing CEP (Fig. 3). The Q-factor and R in the case of a
split resonance can be determined also. However, in
this case it is necessary to develop the special ap-
proach to determine the Q-factor [6,14]. At the begin-
ning, test measurements were carried out with an-
nealed Cu which showed very good coincidence of the
measured and calculated values of Ry at T =290 K
(48.8 mQ and 48.4 mQ, respectively). The experimen-
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Fig. 2. The coefficient A; and resonant frequency depend-
ence on azimuthal index n for HE,;; and HE,,, modes.
Symbols correspond to calculated values at the certain azi-
muthal index n.
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Fig. 3. Transmittance (i.e. resonance lines) of different
ODR configurations in the Ka band at T = 77 K: (@) a
sapphire disc with one HTS film and one Cu end-plate;
(b) a sapphire disc with two HTS film end-plates.

tal data on Ry (mQ) of three YBayCu3zO7_5 films,
measured at T = 78 K using a «<round-robin» procedure
[15], are as follows: film1 — 9.7, film2 — 8.3, film3 —
10.1. As an example Fig. 4 shows the temperature de-
pendence of R for two different YBaCuO films.

For accurate R; measurements both a dielectric
with minimal loss tand and the oscillation wave mode
with maximal A should be used. The coefficient Ry g
slightly depends on the resonator geometric dimen-
sions, the resonator material permittivity €', and the
wave mode. For the sapphire resonator one obtains
Ay =2.9210 30 and BAs /A =0.5%. It should be
noted that 3R /R, depends on the value of Ry itself.
Using the approach discussed in Ref. 3, the effects of
other several factors on 3R /R have been analyzed in
[16]. The accuracy of R, measurements is 5.5% under
the conditions of a given case, i.e., tand = 2.3 10°°
d(tand) /tand = 5%, 8k/k =0.5%, and can be 1Inpr0—
ved up to 1.5% by increasing the Q-factor measure-
ment accuracy equal to 1%.

Using the above mentioned approach [3,16], the
minimum value of R, available for measurement can
also be calculated

[ <8'° A 31
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4,%&%@:MA~A\ 669 2]
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S E -9 & 1
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ik °°H % B
3 & % 1
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Fig. 4. Temperature dependence of quality factor and sur-
face resistance of quasi-optical dielectric resonator with
HTS films.
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As follows from (9), R;nm is determined by the res-
olution of the O-meter, loss tangent of the dielectric
and the filling factor A of the superconductor. It can
be seen that even at SQO/QO = 0. 1 and tand = 107°
the value of R™™ is equal to 410" ® (). This value is
lower than R for the best HTS films in the Ka-band
[1], which allows one to perform new experiments on
fundamental study of R, at very low temperatures.

As a result, the QDR-based technique of R, mea-
surement of HTS films has a number of distinguishing
features, namely:

— the technique is convenient for application in
the millimeter wavelength range;

— the technique does not demand a calibration pro-
cedure, i.e., it is a first principle measurement one;

— for QDR with CEP, axially homogeneous WG
modes HE, are excited the most effectively (where n
is the azimuthal index, s means number of field varia-
tions along the radius of the dielectric disc and 0
means field homogeneous distribution along the disc
height);

— at excitation of the resonator in a regime of trav-
eling waves, an observed resonant line splits as a rule;

— there is the opportunity to apply distributed and
controlled (in a same temperature cycle of measure-
ment) coupling with transmission lines.

The above mentioned features allow us:

— to achieve the highest sensitivity of surface resis-
tance measurement at liquid helium temperatures
which opens up a new approach for studying the prob-
lem of microwave residual resistance both in HTS ma-
terials and other unusual superconductors;

— to measure microwave properties of large-area
HTS films;

— to develop sub-millimeter (THz) technique for
impedance measurements;

— to consider QDR with CEP as the basis for de-
veloping of new microwave devices in millimeter
waverange (for example, high-stability oscillators, fil-
ters, etc.).

RM = (9)

4. Approach to surface reactance study

Surface reactance X is the next important imped-
ance characteristic of the HTS thin film. As a rule, the
same resonant structure is used for both Ry and X
measurements. However, this method does not allow
us to obtain absolute values of X (in contrast to R)
which is due to the impossibility of determining the
eigen frequency of resonators with ideal conducting
surfaces and insufficient reproducibility of the fre-
quencies upon reassembling the resonator.

Fizika Nizkikh Temperatur, 2006, v. 32, No. 6
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Consideration of the above mentioned difficulties
allows one to conclude that, evidently, in a given
case, analogously to all other resonator techniques,
the most appropriate approach can be one at which
reactance variation X ((T) with temperature is deter-
mined and the relations [1]

_ 28
AX(T) = A (10a)
AT = 2@ (10b)
27foro

are used, where Afj is the shift of eigen frequency and
AW(T) is the temperature variation of .

Here small air-gaps (microslots) which exist be-
tween HTS films, used as CEP, and dielectric disc
with WG modes are one of the important consider-
ations affecting accuracy of impedance measurements.
It is worth noting that the air-gap effect was negligi-
ble in microwave measurements of the dielectric prop-
erties of low-loss materials by the lower-mode dielec-
tric resonator method [17]. This problem was later
considered numerically in connection with the use of
the same lower-mode dielectric resonator for HTS film
characterization [18]. It was confirmed that the calcu-
lated influence of air gaps between the sapphire disc
and CEP on the Q-factor can be accepted as insignifi-
cant. However, as the calculations showed, the same
air gap reduced the resonant frequencies of the resona-
tor rather noticeably. Naturally, the calculated data
demand experimental verification, all the more in a
given case, where the resonator is a quasi-optical ele-
ment with WG modes, because a rigorous solution of
the electrodynamic problem of QDR with air-gap has
not yet been obtained. In addition, it is important to
determine the temperature dependence of the air gap
effect. We are forced to study this effect in QDR be-
cause it is distinct in eigen frequency measurements at
reassembling of QDR with CEP.

To clarify the air-gap effect in QDR with CEP for
Z, measurement, the structures shown in Fig. 5 were
studied. In a structure shown in Fig. 5,a, a dielectric
disc of 14.40 mm in diameter with copper layers sput-
tered directly onto its end face is placed between bulk
copper discs of 30 mm in diameter. The thickness of
the copper layers is about 2 pm, i.e., £ >> 8 ~ 0.35 um,
where & is a skin depth. The copper discs are necessary
to avoid the edge effect.

Comparison of resonant frequencies of the HE 4
mode for the structure shown in Fig. 5,a (the air-gaps
are absent) and the structure shown in Fig. 5,b (the
air-gaps are present) demonstrates that the air-gap
cause a frequency increase of 120 MHz. The use of
springs to force the CEP onto the dielectric disc causes
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Fig. 5. Three versions of quasi-optical dielectric resonator
with conducting endplates in the form of copper films
sputtered directly on dielectric disc (@), cooper bulk discs
(b), and copper films sputtered directly on dielectric sub-
strates (c).

an increase of the frequency ~ 300 MHz (Fig. 5,c).
The latter is analogous to the case of QDR with HTS
CEP.

However, despite the variation of an absolute value
of the frequency, the temperature dependence of the
frequency shift for structures in Fig. 5,¢ and 5,c¢ is
practically identical (Fig. 6). Therefore, the presence
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Fig. 6. Temperature dependence of resonant frequency
shift of quasi-optical dielectric resonator with copper
endplates.
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of the air-gaps does not have a noticeable effect on the
temperature dependence of the frequency shift Af
which is used for the determination of AX((T) in ac-
cordance with (10a). The effect of the air-gaps on R
measurement can be evaluated easily by using the
coefficient A dependence on frequency. This makes
the error of the measured R, less than 1.5%. Test R,
measurements of the annealed Cu samples verify this
conclusion [6].

In our case the dependence X (T) for HTS films
can be determined by using experimental dependence
of the resonant frequency variation Afy(T) with tem-
perature for QDR with HTS films as CEP. However,
the observed dependence Afy(T) is related to both the
variation of reactance X (T) and variation As(T) of
permittivity As(T) = Ae'(T') + iAe"(T) of the dielectric
of which the resonator is made of, i.e.,

Afos (T) = Afs(T) + Af(T). (11)

Correctness of (11) follows from the condition
Afos (T) << Afyy. One can exclude Af, (T) from (11) by
carrying out additional measurements Afyy (T) of
ODR with CEP made of metal with the normal
skin-effect

Afon (T) = Afy (T) + Af,(T). (12)

From (11) and (12), we obtain the expression

Afos(T) = Afon (T) = Afs(T) = Afy (T) = AF(T).(13)
For small variations Af; (T) the true relation is

2AF(T)

AX (T) = AXN(T) = - (14)

s10
In (14) an unknown AX Y (T) will remain. How-
ever, use of the normal metal allows one to determine
AXN(T) by its measured ARY (T) because AX N (T) =
= ARN(T). It is worth noting that measurements of

0 _*.on-..
i -%N

- - A3

J-151 X
20} %
251 1 %

—30 1 1 1 1 1 1 I 1 1 1 1
78 80 82 84 86 88 90

T,K

Fig. 7. Temperature dependence of resonance frequency

variation for quasi-optical dielectric resonator with con-
ducting endplates: 7 — Y-123; 2 — Ti; 3 - curve is differ-
ence of curves 7 and 2.

800

0.5

0.4

3 0.3
X T
0.2+

0.1

Fig. 8. Temperature dependence of surface reactance varia-
tion: 7 — Y-123; 2 — Ti; 3 — curve is difference of curves
1 and 2.

frequency shift depending on temperature are carried
out at rather weak coupling. Here the coupling change
is shown to produce a negligible effect in the frequency
shift, contrary to the change in a loaded quality factor.
The approach described above was used for finding
X (T) of Y-123 films, the R;(T) of which was mea-
sured in a preceding Section. As a normal metal, Ti was
used (R, = 203.1 mQ, T =78 K, Ka-band). Figure 7
shows the temperature dependence of Afyq(T),
Afon (T), and their difference AF(T). The Y-123 thin
film dependence X (T) obtained from (14) is pre-
sented in Fig. 8. The error of X ((T') in the temperature
interval from 78 K to 89 K changes from 20% to 2% (at
the absolute value ~ 8mQ of X measurement error). It
is necessary to emphasize that the X, (T") displayed in
Fig. 8 is the dependence of the variation of the effective
reactance because the film thickness d ~ % and surface
impedance is a function of dy. A connection of the
effective impedance Z; =Z(d;) with the intrinsic
value Z (d; —o) = Z, can be found on the basis of
the impedance transformation rule in view of substrate
properties [1]. This enables us to compare the experi-
mental and calculated dependences of X (T) taking
into account the film thickness d (Fig. 9).

1.0 7
o Experiment i

0.8 Three-dimensional XY model :
I Ginzburg - Landau model i
~~~ Two - fluid model i/

Fig. 9. Comparison of experimental and calculated de-
pendencies of surface reactance of Y-123 thin films.
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Restricting the work so far to only phenomeno-
logical models for X (T') calculation, one can general-
ize an expression for A(T) on the basis of references
[19-21] in the form

AT /00) =[1 = (T /THT]", (15)

where .(0) and coefficients y and 7 are fitting parame-
ters. The use of different physical models causes dif-
ferent values of A(0), y and n which are obtained by
applying a fitting procedure (Table). As follows from
Fig. 9 the XY (3D) critical regime approach follows
the observed temperature dependence closer than
Ginzburg-Landau (GL) behavior and the two-fluid
(TF) model. This result seems to be in agreement
with a number of measurements of the field penetra-
tion depth in single crystals Y-123 for temperatures
very close to T, [19] and is inconsistent with [21],
where the experimental data have displayed good
agreement with GL theory. However, it might be also
to continue the work on the accurate measurement
and theoretical analysis of temperature dependence of
surface reactance near to 7.

Table. Fitting parameters for three phenomenological
models of MT)

Model AMT), nm n Y
XY 180 1/3 1
GL 100 1/2 1
TF 130 1/2 2

4. Conclusion

The QDR-based technique proposed and developed
by us allows the investigation of HTS film microwave
properties. It permits the highest sensitivity to be
achieved in the millimeter wave range. The evalua-
tion of the sensitivity enhancement obtained at very
low temperatures indicates the possibility of studying
residual microwave surface resistance, which is an im-
portant fundamental problem of high-temperature su-
perconductivity. The technique is also useful for the
study of reactance properties. No restrictions on devel-
oping this QDR-based approach to submillimeter
(THz) impedance measurements can now be found.
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