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Phenomenological Description of Temperature and
Frequency Dependence of Surface Resistance of High-
T. Superconductors by Improved Three-Fluid Model

Tadashi IMAIT and Yoshio KOBAYASHI!, Members

SUMMARY A calculation method by the improved three-
fluid model is shown to describe phenomenologically tempera-
ture and frequency dependence of surface resistance Rs for
high- T, superconductors. It is verified that this model is useful
to describe temperature dependence of R, for such high-T,
superconducting films as Y-Ba-Cu-O (YBCO), Eu-Ba-Cu-O, and
Tl-Ba-Ca-Cu-O films. For the frequency dependence of Rs of a
YBCO bulk, furthermore, the measured results which have not
depended on f? in the frequency range 10-25 GHz, can be
described successfully by this model. Finally, a figure of merit is
proposed to evaluate material quality for high-7¢ supercon-
ductors from the values of electron densities and momentum
relaxation time determined by the present model.
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1. Introduction

To design such transmission lines as microstrip and
coplanar ones fabricated from high-7, superconduct-
ing films, it is necessary to establish an appropriate
model, by which we can explain microwave character-
istics of these films. It is well known that the two-fluid
model is useful to explain phenomenologically the
microwave behavior of low-7, metallic supercon-
ductors having lower values of residual surface resis-
tance Rsrs. However, this model is not valid for
high-T. superconductors having the greater values of
Rsres. To overcome the disadvantage, recently, the
authors have proposed an improved three-fluid model
[1], where the concept of nonpairing residual normal
electron density #y.s which is independent of tempera-
ture is introduced and momentum relaxation time r is
assumed to depend on temperature both in the super-
conducting and normal states, on the basis of the
experimental results for temperature dependence of ¢
presented by Romero et al. [2]. For a Y-Ba-Cu-O
(YBCO) bulk, the present model was successfully
introduced to explain the measured results of tempera-
ture dependence of surface impedance Zs=Rs+ jXs,
where R; is the surface resistance and Xj is the surface
reactance, and of complex conductivity ¢ =gy —jo [1].
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It was verified that the present model is valid also for
other some YBCO bulk materials [3].

In this paper, the validity of the present model is
discussed also for such high-T¢ superconducting films
as YBCO, Eu-Ba-Cu-O (EBCO), and TI-Ba-Ca-Cu-O
(TBCCO) films by comparing the calculation for R
with measurements. Then, the frequency dependence
of Rs for a YBCO bulk is evaluated by the present
model. Furthermore, a figure of merit is proposed to
evaluate material quality for high-T, superconductors
from the values of electron densities and 7 determined
by the present model.

2. Calculation Method of R,

In the improved three-fluid model [1], R; is expressed
as
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and w=2xf is the angular frequency, f is the fre-
quency, p=po=47x10""H/m is the permeability in
free space, T is the temperature, T. is the critical
temperature, 7, is the normal electron density, #; is the
super electron density, 7. is the total electron density
which is independent of T, e=—1.6022X10"*C is
the electron charge, m=9.1096 X 10"* kg is the elec-
tron mass, 7 is the value of 7 at 7. K, 7o (>17.) is one
at 0K, and « is a constant to be determined from
fitting of the measured results, as described later. Also,
the values of s, 1, 7, and 1 are given by
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In the above, Ry and X are Rs and X at T=0K,
respectively, Rq, is Rs at T=T1, K.

The temperature dependence of Rs can be calcu-
lated from Egs.(1)-(6), if the values of fitting parame-
ter A and ¢ are determined in accordance with a flow
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Fig. 1 A flow chart to determine the fitting parameter 4 and a.

499

chart shown in Fig. 1; that is, the process of determina-
tion is as follows:

1. For bulks, actual value of Rs, is obtained from the
measured results of Rs at T=T,K, and ones of Rs
and X, are determined by extrapolating the measured
results of Rs and X; until 7=0K, respectively. For
films, measured results of X; are not obtained because
the measurement is very difficult. The value of X is
determined from the relation Xg=wgA, using the
London’s penetration depth A;.

2. The values of o, 020, and o1 are calculated from
Eqgs.(11)-(13) by using the Rso, Xso, and Ry, values.

3. The values of #es, 1, ¢, To, s, Hn, and n, are calcu-
lated by substituting the o1, 020, and o1 values and
arbitrary value of 4 into Egs.(7)-(10), (4), and (5).
4. The temperature dependence of r is calculated by
substituting the values of ., 7, and arbitrary value of
a into Eq.(6).

5. The temperature dependence of ¢: and ¢: are
calculated from Egs.(2) and (3) by using the values of
Ns, A, Hres, and 7.

6. The temperature dependence of R, is calculated
from Eq.(1) by using the values of ¢1 and oca.

7. Ifthese Rs values do not agree with measured ones,
the values of 4 and « are adjusted by a cut-and-try
method so that the calculated ones are fitted best to the
measured ones.

Furthermore, the frequency dependence of Rs is
calculated from Egs.(1)-(3) on the assumption of the
values of 7, fin, Mres, and 7 determined above are
independent of f.

3. Temperature Dependence of R;

For four YBCO bulks, it was verified [1], [3] that the
present model is useful to explain the measured results
of temperature dependence of R,. The parameters
using calculation of R, are shown in Table 1. We
discuss the validity of the present model for such
high-T, superconducting films as YBCO, EBCO, and
TBCCO films. Figure 2(a) shows the measured results
for the YBCO film at 18.9 GHz presented by N. Klein
et al. [4]. By using the process described in Sect. 2,
Rs,=0.80 Q, Rs0=0.43 mQ, X50=15.0 mQ which is cor-
respond to A, =0.10 pum, A,s=6.59 X 10* m?, n=2.17
X10¥ m™2, n,=2.83x10 m™3, ,=1.46 X 107 ®s, 1=
325%x107s, 4=4.5X10"% and @=0.30 are deter-
mined. These values are summarized in Table 2.
Figures 2(b) and (c) show the temperature depen-
dence of 1/7, Myes, Bs, Ny, and ng, respectively. The
temperature dependence of R; is calculated from Eqgs.
(1)-(3) by using the values in Figs. 2(b) and (c). The
results are indicated by “3-fluid (r)” in Fig.2(a). As
a result, these results fit well with the measured ones.
In comparison with these, calculated results by the-
two-, three- [5], and “enhanced” two-fluid models
proposed by Vendik [6] are also indicated by “2-fluid,”
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Table 1 Parameters used to calculate Rs by the improved
three-fluid model for the bulk materials.
Tc(K)| f(GHz) |Rsa(Q) | RsomQ)| Xsom®) | nres (m3) | m (m3) 0 (s) @) | o | nres/nt | 10/t
bu(kal 92 | 214 | 092 340 | 850 |5.94x10%3 | 1.12x10%4|4.85x10°11]3.15x1012] 0.50 | 0.528 |1.54x10!
Y'f]ioz 92 | 214 [ 048] 125 | 360 |[2.19x10%| 6.29x102 | 3.63x10M | 2.07x102| 1.00| 0349 |175x10!
'YBCO3 25 25 -12 -13 1
bul | 92 | 214 | 061 235 | 133 |326x10% | 6.38x10% |5.05x1012| 126x10"3| 1.10 | 0.511 |4.00x10
Ylf;]io‘i 95 | 970 | 040 | 220 | 152 |425x10% | 7.31x10% |2.08x1011 | 1.19x102 1.00| 0.058 [175x10!
Table 2 Parameters used to calculate Ry by the improved
three-fluid model for the films.
Te(K)|f(GHz) |Rsn(€2) [Rs0(mO) |AL(um) [XsomQ)| nres m3) | ne m3) | 10(s) 1wc(s) | o |nesnt] toc
Yfﬁgo 90.0 | 18.9 [ 0.80 | 043 | 0.10 | 15.0 [6.59x10%6|2.83x10%7(3.25x10°11 [1.46x10°15 | 0.30| 0.233 | 2.22x10%
B8O 1900 | 9.69 | 0.80 | 012 | 013 | 100 [3.48x1026[1.66x1077[1.42x1010 | 1.28x105 | 0.13] 0210 | 1.11x105
TBECO1107.6] 100 | 0.52 | 0011 | 002 | 150 |1.07x10%8)7.84x10%%| 1.47x10%6.61x1017 | 0.13] 0.137 | 2224106
100 0.4
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Fig.2 Calculated results for a YBCO film.

(a) Measured results of R, presented by Klein et al. [4] and
calculated ones by improved three-, two-, three-, and enhanced
two-fluid models.

(b) Calculated results of temperature dependence of 1/r by
improved three-fluid model.

(c) Calculated results of temperature dependence of electron

densities by improved three-fluid model.

“3-fluid,” and “Enhanced 2-fluid,” respectively. These
results do not agree well with the measured ones.
Recently, Kaparkov et al. [7] have proposed a new
model where the concept of residual resistance has
been introduced into the “enhanced” two-fluid model.
However, we have not succeeded in calculating Rs, yet,
as the above model has many fitting parameters.
Figure 3 shows results for the EBCO film measured by
authors and calculated ones by the presented model.
The agreement of Rs between the calculation and
measurement is good also in this case. On the other
hand, calculated ones for other models do not agree
well with the measured ones. Similarly, for the
TBCCO film measured by W. L. Holstein et al. [8], the

present model was successfully introduced as shown
in Fig. 4. As a result, we can described
phenomenologically that R, decreases with decrease of
T because n, decreases with decrease of T, ns increases
with decrease of T', and r increases with decrease of 7.
It is verified that this model is useful to describe tem-
perature dependence of Rs for such as YBCO, EBCO,
and TBCCO films as well as YBCO bulks.

4. Frequency Dependence of R;
In this section, the frequency dependence of R; is

evaluated phenomenologically for the YBCO bulk
(YBCO4 in Table 1) by the improved model. We have
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Fig. 3 Measured results of Rs for a EBCO film and calculated

ones by improved three-, two-, three-, and enhanced two-fluid
models.
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Fig. 4 Measured results of Rs for a TBCCO film presented by

Holstein et al. [8] and calculated ones by improved three-, two-,
three-, and enhanced two-fluid models.
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measured the temperature dependence of R for the
YBCO bulk at 9.7, 13.4, 16.2, 20.7, and 25.5 GHz [9].
These results at 50 K and 77 K are shown in Fig.5
as a function of f. The results at 50 K are propor-
tional to £, and the ones at 77 K are proportional to
F1%. Also, the calculated results by the improved
model are shown in this figure, which are obtained
from Eqs.(1)-(6) by using the values of nres, 1e, Tc, To,
and @ in Table 1. As a result, these results agree with
measured ones. Therefore, it is verified that the im-
proved three-fluid model is useful to explain the fre-
quency dependence of Rs for the YBCO bulk which
does not depend on f?.

5. Evaluation of Material Quality

For application, it is necessary to evaluate material
quality for high- T, superconductors. In this section, a
figure of merit is proposed using the values of electron
densities and r values derived from the present model.
Generally, we think that the material having the lower
value of Rs is good one. However, it is difficult to
evaluate material quality by Rso which are measured in
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Fig.5 Measured results of frequency dependence of R; for a
YBCO bulk (YBCO4 in Table 1) and calculated ones by the
improved three-fluid model.
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different frequency, because the value of Rs depend on
frequency. Therefore, we evaluate the quality by the
normalized value Rgo/Rsn. The value of #rs/n: has
been proposed before as figure of merit of high-Tc
superconductor bulk materials [5]. That is, it was
assumed that the value of Rso/Rs. decreases with
decreases of #res/n:. In addition to #es/n:, in this
paper, the normalized value z/z. is introduced as
another figure of merit. That is, it is assumed that Rso/
R, decreases with decrease of #y.s/n: and with
increase of rp/7.. Thus, if this assumption is right, it is
expected that Rgo/Rs, decreases with increase of (wo/
7o)/ (Mres/n:). Figure 6 shows the calculated results of
Rso/Rsn versus (to/te)/{(nres/n:) for the four bulk
materials [1], [3] in Table 1 and three films in Table 2.
As a results, we obtain the following relation

Rso/ Rsn :025[ (1o/7e) / (nres/nt) ]_0'56 (15)

As is expected, it is verified that Rso/ Rsn decreases with
increase of (zo/7.)/(fres/n:). Therefore, the material
quality becomes better with increase of (zo/7e)/ (Fres/
n:). Thus, we can use this value as figure of merit of
high-T, superconductor materials.
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6. Conclusion

It was verified that the improved three-fluid model is
useful to calculate the temperature dependence of Rj
for the YBCO, EBCO, and TBCCO films as well as
YBCO bulks. Furthermore, the frequency dependence
of Rs for the YBCO bulk was evaluated by this model.
Therefore, we expect that this model is used to describe
phenomenologically the microwave characteristics of
high-T7. superconductors. Also, the value of (z/z.)/
(Rres/n:) is useful as figure of merit to evaluate mate-
rial quality for high-T7, superconductors.
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