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Frequency Dependence Measurements of Surface
Resistance of Superconductors Using Four
Modes in a Sapphire Rod Resonator
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SUMMARY  The frequency dependence of surface resistance
Rs of high temperature superconductor (HTS) films are mea-
sured by a novel measurement method using four TEqmp modes
in a sapphire rod resonator. At first, a loss tangent tand of the
sapphire rod and Rs of the HTS films are evaluated separately
from the results measured for the TEg2; and TEg12 modes with
close resonant frequencies. Secondly, Rs values at two different
resonant frequencies for the TEg11 and TEg22 modes are mea-
sured using a well-known relation for sapphire tand/f = con-
stant, where f is a frequency. Rs values of HoBagCuszO7_, thin
films were measured in the frequency range of 10 to 43 GHz by us-
ing four sapphire rod resonators with different sizes. As a result,
it is found that these measured results of Rs have a characteristic
of frequency square.

key words: high-T. superconductors, microwave, surface resis-
tance, frequency dependence

1. Introduction

A dielectric resonator method using a low loss mate-
rial such as sapphire and LaAlOgz, which is called the
Hakki-Coleman method, has been commonly used to
measure the surface resistance R, of high-T, supercon-
ductors (HTS) in the microwave range, where a loss
tangent tan o of the dielectric rod is ignored [1]-[3]. On
the other hand, a two-dielectric resonator method us-
ing two sapphire rod resonators has been proposed to
measure tand and R, separately [4],[5]. This method
has been adopted as the international standard mea-
surement method of R [6]. However, we must prepare
many pairs of rods, measuring frequency dependence of
R,.

Recently, the authors have proposed a novel mea-
surement method using four TEqy,, modes in a sapphire
rod resonator, where a sapphire rod is placed on a bot-
tom of a conductor cavity made of two HTS films and a
copper (Cu) ring, to evaluate the frequency dependence
of Ry [7]. In this method, the tan § and R, values are at
first measured separately from the results measured for
the TEg2; and TEg12 modes which have close resonant
frequencies each other [8],[9], and then the R, values
are measured at two different resonant frequencies of
the TEg1; and TEges modes by using the well-known
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relation for sapphire tand/f = constant. In the esti-
mation of R, however, the influence of the Cu ring has
been ignored on the assumption of the sufficiently large
diameter of the Cu ring.

In this paper, measurement formulas are derived,
where the influence of the Cu ring is taken into account.
Then, the resonator is designed from the mode charts
made by taking account of an uniaxial-anisotropic char-
acteristic of sapphire. By using four sapphire rods
with different sizes, the frequency dependences of R,
of HTS films are measured in the frequency range of 10
to 43 GHz to verify the effectiveness of this method.

2. Design of a Sapphire Rod Resonator

Figure 1 shows a structure of a sapphire rod resonator
used in this measurement. A sapphire rod having diam-
eter D and length L is placed in the center on a lower-
side HTS film having surface resistance R;. Then, this
structure is shielded by an upper-side HTS film with
the same R, value and an oxygen-free Cu ring with di-
ameter d, height h and surface resistance R,,, where

M7 .
I (a) TE,,, Sapphire rod (b) TE,,
(&, tand)
(c) TEy, (d) TEy,,

Fig.1 Fields plots of four TEqmp modes (m, p: integer) in a
sapphire rod resonator.
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Fig.2 Mode chart for G at X?=3 and S=4 calculated for the
sapphire rod resonator.

M = h — L is an air-gap distance between the sap-
phire rod and the upper-side HTS film. Fields plots
of four TEqy,p modes used in this measurement are
shown in Fig. 1. The relative permittivities of the sap-
phire rod having an uniaxial-anisotropic characteristic
are denoted to be ¢, in the c-axial direction which is
parallel to the z-axis and ¢, in the plane perpendicular
to the z-axis.

In this resonator design, some mode charts for the
sapphire rod resonator having &,=9.28 and e,=11.3
measured at 20K have been calculated on the basis
of the rigorous analysis by the mode matching method
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At first, for M =0, the appropriate dimension ratios
of the resonator X2=(D/L)?=3 and S = d/D=4 were
determined so that fy12 was nearly equal to foe1 [7],
where S=4 was chosen so as to be able to ignore the
loss of the Cu ring for a R; measurement. In this case,
the influence is estimated to be 0.005%, as described in
Sect. 4.3.

Then, to discuss the air-gap effect, a mode chart
was calculated as a function of G = M /D at X2?=3 and
S=4 [5],[11]. The result is shown in Fig.2, where nor-
malized value &,.(D/)\)? is taken as the vertical axis. It
is seen from the figure that the appropriate G value is
G=0.002, where each of the four TE¢y,, modes is sep-
arated over ten times of the 3dB bandwidth from the
other unwanted modes. Also, for G=0.002, fpo; is 0.4—
0.8% higher than fp12, which depends on D. This is an
enough separation for high () measurements over a mil-
lion. In this case, the &,(D/\g)? values obtained from
the Fig. 2 are 1.63, 4.06, 4.10 and 6.76 for the TEg;q,
TEp12, TEg21 and TEg22 modes, respectively. As a re-
sult, the appropriate values at 20 K were determined to
be X2=3, S=4 and G=0.002.

3. Measurement Principle
3.1 Measurement Principle of ¢,

The relative permittivity €,omp of the rod is calculated
from fomp measured for the TEgy,p, mode by [2]

2
c
Er0mp = (m) {ugmp + rl}(z)mp} +1 (1)

where c is the velocity of light and vomp is given by

D fomp \ ~ i
U(%Inp: (Ly) {<2h§'§nlp> _1} (2)

where we take h = L + M as the length, because there
is no electric field in the air-gap region. Also, an eigen
value ugmp is given by [2]

1 Jl (’LLOmp)
omp Jo(Uomp)
1 L(vompS) K1 (Yomp) — 11 (Vomp) K1 (Vomp S)
UOmp Io(Vomp ) EK1 (VompS) + 11 (VompS) Ko (Vomp)
3)
where J,,(z) is the first-order Bessel function and I, (z)

and K, (z) are the modified first-order and second-order
Bessel functions.

3.2 Measurement Principle of tand and R,

For the TEpmp mode, the unloaded quality factor
Quomp of the sapphire rod resonator is represented by
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QuOmp AOmp

. (tan 5Omp + BOmpRsOmp + COmpRsyOmp) (4)

where tan domp is the loss tangent in the plane per-
pendicular to the z-axis at fomp and geometry factors
Aomp; Bomp and Cop,p, are given by Egs. (A-7) to (A-9)
in the Appendix.

Then, for the TEg12 and TEg2; modes having close
frequencies fp12 and fgo; each other, we assume the
following well-known relations:

tand  tandpiz  tandopop (5)

o fore fo21

for sapphire,

Rsy _ Rsy012 _ R$y021 (6)
VI Vo2 Vi

for Cu ring, and

Rs _ Rso12 _ Rsoz
f? fé12 foon
for HTS films, where f is taken as any frequency near
fo12 and fy21 to minimize the errors.
Substituting Egs. (5) to (7) into Eq.(4), we can
obtain the following relations:
7 (Bon S s — Borafiiodiis)
Boo1 f§1 for2 — Bor2f312 fo1

B Ry /T (Bo21Co12 /321 forz — Bo12Co21 fg12V foz1)

Bo21 181 for2 — Boi2 &2 fo21

(7)

tand =

(8)

7 (Fo2g22s — o g%
* " Boo1 2 for2 — Boi2f31s fozn
 Rsy f17 (Coz1 for2V/ forr — Corzfoz v/ for2)

Boo1 f31 for2 — Boi2 f&12 fon

Thus, we can calculate tané of the rod and R, of the
HTS films separately from the measured values of fg12
and f021, and Qu012 and Qu021 by Eqs. (8) and (9)

Finally, Rs011 at fo11 for the TEgp;; mode and
Rsp22 at fooo for the TEg2 mode can be calculated
by Eq. (4) from the measured values Q011 and Q022
and values of tan dg11 and tan dgos estimated on the as-
sumption that Eq. (5) holds in the wide frequency range
including fp11 and fp22, respectively. As a result, Ry
at three different frequencies can be evaluated by using
only one sapphire rod resonator.

(9)

4. Experiments
4.1 Mode Identification

We prepared four sapphire rods (Shinko-sha Co.) and
four Cu rings to measure the frequency dependence of
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Fig.3 Measured results of a Cu circular empty cavity at
18 GHz [13].
Table 1  Sizes of four sapphire rods and Cu rings. (@293 K)
Sapphire rod Copper ring
Resonator No. Dy (mm) Lo (mm) dy (mm) ho (mm)
1 12.002 6.931 47.98 6.977
2 10.001 5.753 40.00 5.793
3 8.001 4.625 32.00 4.660
4 5.995 3.463 23.98 3.497

R, in 10-40 GHz. In order to realize X?=3, S=4 and
G=0.002 at 20K, we estimated Dg, Lo, dy and hg at
room temperature, taking into account of a thermal
expansion coefficient of sapphire (Alumina [12]) and the
temperature dependence of dimensions measured for a
Cu circular cavity at 18 GHz, as shown in Fig. 3(a) [13].
The result is shown in Table 1.

The experiment of the mode identification was per-
formed to verify the validity of the mode chart. A res-
onator was constructed using the No. 2 resonator in Ta-
ble 1 and two HoBagCu3O7_, (HoBCO) films (0.4 pm
in thickness), each of which is deposited on a sapphire
substrate with a CeO buffer layer (¢ = 3", t=0.5 mm,
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Fig.4 Frequency responses at 20 K around the four TEqmp modes of the No. 2 resonator

and the calculated resonant frequencies.

Sumitomo Electric Industry Co.). This structure was
set in the GM type cryostat (AISIN Co.) and cooled
down from room temperature to 20 K. The distances
between the resonator and coupling loops were adjusted
by three-dimensional mechanical stages in the cryostat,
so that the reflection coefficients |S11| and |Saa| were
adjusted to have the equal values and the transmission
coefficient |Sa1| was adjusted to be about —30dB at
20K [14].

The measured frequency responses at 20 K around
the TEg11, TEg12, TEg21 and TEgs2 modes are shown
in Fig.4. The resonance modes indicated on the top of
the figure were calculated from the mode chart shown
in Fig.2. The measured resonant frequencies of the
four TEgmp modes agreed well with calculated ones
and could be identified clearly from the other resonance
modes. On the other hand, measured resonant frequen-
cies of the TM, HE and EH modes are considerably
higher than the calculated ones, because the resonant
frequencies are affected strongly by M at 20 K.

4.2 Measured Results

After the AC supply of the cryostat was turned off at
20K, fo12 and Q012 for the TEg2 mode were mea-
sured automatically every 1K going up naturally from
20K to T,. Then, after the resonator was cooled down
to 20K again, similar processes were repeated for the
TEg21, TEp11 and TEges modes. The measured re-
sults for the No. 2 resonator are given in [7]. Similar
measured results for the No. 3 resonator are shown in
Fig.5. Figures 5(a) to (c) show the measured values
of fomp and Quomp for the four TEgy,, modes. Fig-
ure 5(d) shows the e,omp values calculated by Eq. (1)
from the measured fomp values, where D is estimated
by taking account of the thermal expansion of Alumina

[12], and h and d are estimated from the ho and dy
values using Fig.3(a). In Fig.5(d), the temperature
dependence of the London penetration depth may af-
fect rapid increase of these e,omp values above 70K.
The tand values calculated by Eq.(8) from the mea-
sured values of fg21, fo12, Quo21 and Q012 are shown
in Fig. 5(e), where R, values were calculated by Eq. (6)
from the surface resistance of Cu measured at 18 GHz
using a circular Cu cavity, as in Fig. 3(b). In Fig. 5(e),
the tan § values below 30 K are negative because of the
measurement limit. Then, the R values calculated by
Eq.(9) are indicated by dots in Fig.5(f), where R,
values were ignored because the influence to Ry is es-
timated to be below 0.005%, as described in Sect. 4.3.
Moreover, Rs011 and Rgga2 were estimated by Eq. (4)
using measured @,011 and Qo22, where tandgy; and
tan dgoo were ignored. These results are indicated in
Fig.5(f) by triangles and crosses. As a result, the tem-
perature dependences of R at 16, 25 and 32 GHz could
be measured by using only one sapphire rod resonator.

Similar measurements were performed for Nos. 1
and 4 resonators given in Table 1. The measured re-
sults of R, are summarized in Fig. 6, where the tané
values were ignored for No. 4 resonator because of the
measurement limit described above. Discontinuities of
the measured R, values are observed around 40K as in
Fig.6. It is explained that residual gas in the cryostat
frozen below 40 K such as oxygen gasifies around 40 K,
the temperature of the resonator is increased rapidly,
the computer could not chase the resonance peaks and
could not take a data. However, if the residual gases can
be pulled out sufficiently by a vacuum pomp in room
temperature, the R; can be measured continually as
shown in Fig. 5(f).

Then, the measured R, values at 20K, 50K and
70K are plotted as a function of frequency in Fig. 7(a),
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in which fitting lines of Ry = af? in log scale are indi-
cated, where a is constant. It is seen from the Fig. 7(a)
that the measured R, values have a characteristic of fre-
quency square in the range of 10 to 43 GHz, although
the square characteristic of Ry in Eq. (7) is used only
near f012 and f021.

Moreover, the R values at 20K and 70K of the
HoBCO films are compared with that of Cu plates
measured at 12GHz by the two-dielectric resonator
method. The results are shown in Fig. 7(b), together
with the fitting lines of R, = bf'/? in log scale, where

b is constant. It is seen from Fig.7(b) that the R;
values of the HoBCO films and the Cu plates cross at
320 GHz at 20K and 140 GHz at 70 K, respectively. We
can expect to apply HTS films to RF devices also in the
millimeter wave region.

4.3 Estimation of Measurement Errors

The root mean square errors of tan d and R, measured
using the TEg12 and TEgy; modes, Atand and AR;,
will be discussed below. They are determined mainly
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by the measurement precisions of @, and Ry, AQy/Qu
and AR, /Ry, and are expressed by (See Appendix)

Atand? = Atan§(Q,)? + Atan §(Rs,)? (10)
AR? = AR,(Q.)* + AR, (R.y)* (11)

where Atand(Q,) is an error of tand due to
AQuo21/Quo21 and AQyuo12/Quoi2 and Atand(R,,) is
an error of tand due to AR,y /Rs,. Also, AR:(Q,) is
an error of R, due to AQuo021/Quo21 and AQuo12/Quo12
and AR, (Rsy) is an error of R, due to ARy,/Rs,.
These error components are given by Egs. (A-12) to
(A-15) in the Appendix.

Using AQuoi2/Quotz = AQuo21/Quo21= 1% and
ARy /Rsy= 2% obtained from the repeat measure-
ments, we estimated Atand/tand to be below 22%
for No. 1 resonator with 16.6 GHz, 37% for No. 2 res-
onator with 19.9 GHz and 72% for No. 3 resonator with
24.8 GHz. Thus, the effects of tand on Rs can be ne-
glected in the Rs measurement over 24 GHz, because
tan § values are too small. Similarly, we estimated the
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AR;/R; values from Eq.(11) to be below 2% for the
four resonators, where AR, (Rs,)/Rs was below 0.005%
using the measured R, values in Fig.3(b). Thus, the
influence of R, on the R, measurement can be ignored.

5. Conclusions

The sapphire rod resonators were designed successfully
from the mode charts calculated on the basis of the
mode matching method. The measurement formulas
including the influence of Cu ring were derived. By us-
ing four sapphire rod resonators, the temperature de-
pendences of R; of HoOBCO films were measured in the
frequency range of 10 to 43 GHz. As a result, it was
found that these measured results of Rg have a charac-
teristic of frequency square. This method is useful to
evaluate the frequency dependence of Rg of HTS films.
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Appendix

For the TEomp mode resonator shown in Fig. A-1, @,
is determined from

1 1 2 1

— = Al
Qu Qd Qc Qcy ( )
where
Wy Wy Wy
Qd_wpvac_wpchcy—wpcy

The dielectric loss Py due to the tan d, the conduc-
tor loss P. due to the R, of the two HTS films and the
conductor loss P, due to the Ry, of the Cu ring are
defined by

P;=wWjtané (A-2)
R 27 b 9 9
P = 78/ / ( ’Hrl(z:O)| + ‘Hrz(z:o)‘ )
0 0
-rdfdr (A-3)
d=2b
D =2a
0., P.(R) Az
A
i=h = g | &=1
, P T 2
B G ul o
( W) tand w. | w.
_ 1 2
z=0 >r
r=0 r=a r=b
Fig. A-1 Configuration of a dielectric rod resonator.
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Rsy 27 h 2
Pcy = T . /0 |H22(T:b)‘ rdedz (A4)

where Wy = W7 4+ W5 is the total electric energy stored
in the resonator structure, W7 and W5 are the electric
energy stored in the rod and in air region and they are
defined by

B £0Er 2m a h 9
Wy =— |Eg1|” rdfdrdz (A-5)
2 Jo Jo Jo

W — €0 27 b h 9
= = | Ega|” rdfdrdz (A-6)
2 0 a 0

The electric energy filling factor Agmp and the ge-
ometric factors Bomp and Comp indicated in Eq. (4) are
given by

AOmp =14+ —

3
cp 1+ Womp
Bomp = A-8

O (thmp > 480772p£r0mp ( )

028 c 3
Comp = 607 r0mp <D mep)
. Jf (u)
Jf (u) = Jo(u)J2(u)
_ {Io(qu)K1 (S) + I (v8) Ko (vS) }2
I (v)K1(vS) — I1(vS) K1 (v)

(A-7)

(A-9)
where €,0mp is given in Eq. (1) and Womp is given by

Ji(u) K1 (vS) }2(
Il(’U)Kl(’US> — Il(US)Kl(’U>

Womp = Y { A-10)

and Y is given by
b 2
.[1 (’US)
/a r {Il(kgr) K (05) Kl(kgr)} dr

Y = .
/ rJE (kyr)dr
0

(A-11)

where kia = u, kea = v, kob = vS.
The error components indicated in Eq.(10) are
given by

Jtand >/ 9tans .
Atan 6%(Q,) = <78Qu021 AQuo21> +<78Qu012 AQuom)
_ <_ f&12f Ao21Boi2 1 AQu021)2
Boo1 f81 forz — Boi2 [ fo21 Quozt Quozt
+ ( Joo1f Aor2Boz 1 AQu012>2
Bo21 131 fo12 — Boi2 312 fo21 Quorz Quoiz
(A-12)
9 OJtand 2
Atand”(Rsy) = (mARsy)
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Bo21Co12 f321V/ for2 — Bo12Co21 G2V Foxn
Bo21 f& for2 — Bor2 f&12 fo2n
2

(A-13)

Also, the components indicated in Eq.(11) are
given by

AR*(Q
2 2
OR,
= AQ, AQy
<8Qu021 Q 021> <6Qu012 Q 012)
_ ( for12f? Ao 1 AQuom)Q
Bo21 &1 fo12 — Boi2 312 fo21 Quo2i Quozt
+< foo1 f2 A1z 1 AQu012>2
Boa1 f¢1 forz — Bor2f312fo21 Quotz Quorz
(A-14)
AR%(R,
2
= AR,
(aRsy )
_ (Comfozn/fmz - 0021f012\/f021f SR ARsy>2
Bo21 f&1 for2 — Boi2 &2 fo21 ' Ry
(A-15)

Toru Hashimoto was born in 1976.
He received the B.E. and M.E. degrees in
electrical engineering from Saitama Uni-
versity, Saitama, Japan, in 1999 and 2001,
respectively. Now, he is a doctor course
student at the same university. His cur-
rent main interests include measurements
and theory of microwave and millimeter-
wave properties of high-Tc superconduc-
tors. Mr. Hashimoto is a student member
of the Institute of Electrical and Electron-
ics Engineers, Inc (IEEE).

IEICE TRANS. ELECTRON., VOL.E86-C, NO.8 AUGUST 2003

Yoshio Kobayashi was born in
1939. He received the B.E., M.E., and
D.Eng. degrees in electrical engineering
from Tokyo Metropolitan University, To-
kyo, Japan, in 1963, 1965, and 1982, re-
spectively. Since 1965, he has been with
Saitama University, Saitama, Japan. He
is now a professor at the same univer-
sity. His current research interests are
in dielectric resonators and filters, mea-
surements of low-loss dielectric and high-
temperature superconductive (HTS) materials, and HTS filters,
in microwave and millimeter wave region. He served as the Chair
of the Technical Group on Microwaves, IEICE, from 1993 to 1994,
as the Chair of the Technical Group of Microwave Simulators,
IEICE, from 1995 to 1997, as the Chair of Technical Committee
on Millimeter-wave Communications and Sensing, IEE Japan,
from 1993 to 1995, as the Chair of Steering Committee, 1998 Asia
Pacific Microwave Conference (APMC’98) held in Yokohama, as
the Chair of the National Committee of APMC, IEICE from 1999
to 2000, and as the Chair of the IEEE MTT-S Tokyo Chapter
from 1995 to 1996. He also serves as a member of the National
Committee of IEC TC49 since 1991, the Chair of the National
Committee of IEC TC49 WGI10 since 1999 and a member of
the National Committee of IEC TC90 WGS since 1997. Prof.
Kobayashi received the Inoue Harushige Award on “Dielectric
filters for mobile communication base stations” in 1995. He is a
Fellow of IEEE.



