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Abstract—A magnetically tunable microstrip superconducting [ vic W YBCO [ 1 Mgo
resonator using an yttrium—iron—garnet (YIG) single crystal was y y
demonstrated experimentally. Tunability of 200 MHz at a center A > * A > -
frequency of 5.3 GHz was observed, and a quality factor of 965 0.5mm

with minimum insertion loss of 19.5 dB was measured for a
half-wavelength microstrip line consisting of a YIG-YBCO-MgO
composite structure. The dispersion relation of the resonator
was analyzed using the spectral-domain method and discussed
with experimental results on the mixed states of TEM and ] ) . )
magnetostatic-wave modes. Power dependence of the characterSig- 1. Magnetically tunable superconducting half-wavelength microstrip
istics is also discussed. line resonator.

Ground plane

Index Terms— Ferrite, magnetically tunable resonator,
microstrip line, YBCO, YIG single crystal.

l. INTRODUCTION - 17mm >
PPLICATIONS of high-temperature superconductors to 0.5mm MaO
. . . . A=10mm g
microwave devices have been extensively studied by ! . —
many workers to obtain ultra low-loss high-performance cir- E | ——
cuits and devices. Superconducting resonator structures of e A>‘ S( > s‘
interest are microstrip-line resonators fabricated on dielectric

MgO substrates and dielectric resonators with superconduct- VBCO strinli $=0.5mm
ing walls. Recently, little effort has been devoted to fer- SHIPUNE — or 0.3mm
rite—superconductor composite devices such as circulators &igl2. Layout for a superconducting half-wavelength microstrip line res-
phase shifters without significant conductor losses [1], [2] or f§2t"
magnetically tunable filters using the vortex effect under weak
magnetic fields [3]. The authors have studied for the first time
a magnetically tunable superconducting microstrip-line filter
using yttrium—iron—garnet (YIG) film grown epitaxially on Fig. 1 shows a superconducting microstrip-line resonator
a gadolinium—gallium—garnet (GGG) substrate, and discussammposed of sandwiched structures of MgO substrate with a
the magnetic loss of the YIG film on the GGG substrate, whichBCO (YBa;CuzO) circuit and YIG single crystal. The YIG
significantly reduces the quality factor of the filter [4]. Thesingle crystal was arranged on the YBCO strip to obtain strong
GGG substrate is necessary to mechanically support andirtteraction of RF fields with the superconductor [4]. A half-
epitaxially grow YIG film, but it is not necessity for bulk YIG wavelength microstrip single resonator on 17 mni0 mm
single crystal. MgO substrates was designed with a B0eharacteristic
This paper investigates magnetically tunable superconduigipedance, 10-mm length, and 0.5-mm width. It was coupled
ing half-wavelength microstrip-line resonators using YBC@ith input and output lines withs = 0.3 and 0.5-mm
and bulk YIG single crystal, discusses the magnetically tunaljapacitive gaps, as shown in Fig. 2. The YBCO grown by
characteristics of the resonators in experimental results, dgader deposition is 6008-thick and has &l of 86 K [4],
presents calculated dispersion relation. [5]. The YIG single crystal was used to achieve magnetically
tunable resonator characteristics to change susceptibility using
an applied dc magnetic field, and to eliminate the effect on the
s e i e e, o Eones a1 iomaige2 GG subsirate, which recuces the qualty factr 4] The
Sciénce, Kyoto Institute of Technology, Kyoto 606, Japan. He is now with th IG is @ 10 mmx 10 mm, 1 mm thick in (1 1 0) plane with
Department of Electrical and Computer Engineering, Kumamoto Universitg, magnetic linewidth ofAH = 1 Oe at room temperature and
Kumamoto-shi 860, Japan. _ ~__atX-band. The YIG is the same length as the half-wavelength
M. Tsutsumi is with the Department of Electronics and Information Science L . .
Kyoto Institute of Technology, Kyoto 606, Japan. of the resonator, which is a typical YIG single crystal used for
Publisher Item Identifier S 0018-9480(97)08016-2. magnetostatic-wave devices [6].
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Fig. 5. Frequency response of the tunable resonator for a different magnetic

Fig. 3. Test structure with Helmholtz coil. field.
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Fig. 4. Characteristics of superconducting half-wavelength microstrip res-
onators without the YIG. Fig. 6. Magnetic-field dependence fif and(;, for the resonator.
. . Hpy:
The resonator test structure of Fig. 1 was shielded by o179 300 500 700
. . . .. $,,[dB] 240 1400 / 600 800 O
aluminum foil to suppress the radiation loss arising from the 0 1/ u p e
discontinuities between the input—output terminals and the A A A
L 20 A
stripline. AN
The dc magnetic field was applied in the transverse direction A X AN NA,
" . X i 40 -~ s A
to the wave propagation (as shown in Figs. 1 and 3) by a pair
of Helmholtz coils of 300 turns each. Such a magnetic-field SN —
direction has less demagnetizing effect and strong interaction 60 5.3 5.4 5.5

ious y Frequency (GHz
between the superconductor and surface-wave mode [4]. The Spurious résponse Frequency (GHz)

magnetic-field intensity at the center of the coil was abo#iy. 7. Magnetic-field dependence of the resonator for a narrow capacitive
200 G per ampere. The test setup was then immersed iffodar-
liquid nitrogen together with the Helmholtz coil. function of the dc magnetic field, up to 790 Oe. It can be
Experiments were conducted in the frequency range frogaen from the figure that the center frequerfigan be tuned
5.55 to 6.05 GHz, and at the liquid-nitrogen temperature @fagnetically from 5.24 to 5.42 GHz, for a useful range of
77 K. The resonator characteristics without the YIG were firgno0 MHz. Fig. 6 shows the magnetic-field dependenceof
examined to confirm the effect of the superconductor. Theéd ;. The maximum@; of 965 can be read from the
result is shown in Fig. 4. The loaded quality factQy of figure, which is close to the value of the resonator without
1050 and an insertion loss 626 dB can be observed atYIG (Fig. 4). Thus, no significant increase of magnetic loss
the center frequency of 5.81 GHz for the capacitive air gap 77 K was found, though such loss had been observed for
of 0.5 mm. This resonator quality factor is much lower thathe YIG film with the GGG substrate [4]. However, it has
that of conventional superconducting resonators, which yieddhigh insertion loss of 20 dB. To reduce the insertion loss
unloaded@y of 10* or more at 6 GHz, because the surfacef the resonator, a resonator with a narrow capacitive gap
impedance of YBCO is about 1002 at 4.2 K [5]. Hence, (0.3 mm) was examined, as shown in Fig. 7. The magnetic
the low @ may be due to the imperfect suppression of thigeld dependence of, and @, of the resonator is similar to
radiation mode resulting from discontinuities of the terminalshat of Fig. 6, but the insertion loss of the resonator at 77 K
Magnetic-field dependence on the superconducting regas 12 dB, with a maximun@;, of 762. (TheQ, of a half-
onator was confirmed experimentally. No significant changesvelength resonator using a copper microstrip line with a
of the center frequency @, are observed for magnetic fieldsYIG film substrate was 166 at room temperature at 6.3 GHz.)
up to 1¢ G. However, for very weak magnetic fields (less The high sensitivity of the resonator response to the mag-
than 1 G), a center-frequency change of about 1 MHz wastic field of 600 Oe of Figs. 6 and 7 may be due to the
observed due to the vortex effect of the YBCO [3]. tight coupling between the electromagnetic field on the super-
The characteristics of the magnetically tunable resonatmwnducting strip through direct contact between the YIG and
were next investigated by applying the YIG single crystakBCO. The magnetic tunability of the resonator is limited by
Fig. 5 shows a typical frequency response of the microstrifite generation of the magnetiostatic-wave mode, as discussed
line resonator for the capacitive air gap of 0.5 mm, asia Section Ill.
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y and the dc magnetic field is applied in thalirection in Fig. 8
[8].

Helmholtz equations in the YIG region in the hybrid form,
obtained from Maxwell’s equation with (1), are given by

9% - . .
! ' H, _ —
i 0 5y be = PEe =QH,
\ ¢x A\ 2o
\_a ' N \ § X _8y2 H,— RH,=5F,
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Fig. 8. Geometry of the microstrip line.
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Fig. 9. Calculated dispersion curve of the line. S
K, =
[ll. DISCUSSIONS WITHDISPERSIONRELATIONS Q
: . . K =—"—
To compare the experimental results with theory, the disper- v —P
sion relation of the microstrip line with a YIG-YBCO-MgO , 1 5
substrate was calculated by using the spectral-domain method Tx = 5(_Y +VY?-47)
[7], [8]. The exact analysis of the superconducting microstrip Y=_P_R
line with YIG is more complex. We assume the exact solution Z =PR-QS

of the dispersion relation is derived for the TEM mode,
and therefore, does not include the full spectrum of thghere  denotes the Fourier transform.

magnetostatic-wave modes [8], [9]. We further assume theBoundary conditions, including current distributions in the
superconducting strip is a perfect conductor. Even if thesgip, together with fields in the air and MgO regions, lead to
assumptions are false, the fundamental characteristics of ﬁ’ﬂﬁeigenvajue equation in the form of the Green’s function.

line will be preserved [8]. The dispersion relation was derived through
The geometry of the problem, which consists of a

- I TT T Y TY o
Y1G—MgO sandwich structure, is shown in Fig. 8. The line is i Kij Ky o Ky [ay T
surrounded with an electric wall having the dimensi@ns< b : . : : . :
to obtain the Fourier transform. The tensor susceptibility of K ... K¥p K% . K%
. ;i . 1 17 I1 iJ ar
the ferrite (YIG) is given by v - " " b | = 0 3
K ... K K ... Ky 1
LK ... K K o K
i=ul0 4 gk J1 JI J1 | .JJ N
0 —jk wheregq;, b; are the unknown coefficients. Thus, a nontrivial
_q Whwm solution of the matrixK reduces to the dispersion relation.
p=1+ wi — w? Fig. 9 shows the typical dispersion curve calculated numer-
L Wwwy ically from (3) for an applied magnetic field of 500 Oe.
b= wi — w? There are two branch modes in the dispersion curve depicted
wi, =vpoHo in Fig. 9. One is the TEM mode, which is the main mode
of the line. The other is the magnetostatic surface-wave
Wm :’YNOMO

(MSSW) mode for the frequency domain betwegn =

¥ =176 x 10" rad/(T -s) Yo/ Ho(Ho + Mo)/2n and f; = vypo(Ho + Mo/2)/27.
Ar My =2350G  (at77 K) (1) The latter exhibits weak nonreciprocities and a magnetostatic
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Fig. 10. Magnetic-field dependence of dispersion curve for fixed propagatio . . .
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for a half-wavelength microstrip line in which a YIG single

crystal is put onto the superconducting strip. The dispersion

backward-volume wave (MSBYW) .mode, which radiates th|‘319Iation for the experimental result was briefly discussed with
wave in the dc magnetic-field direction of[8]. From another theory on mixed solutions of TEM and magnetostatic-

point of view, the microstrip line with YIG proposed herg, ;¢ modes, and agreed well with the predicted value. Tuning
operateg as a magnetostatic-wave transducer (8], 9. Hoyé{hge of the resonator was about 3.7% at 5.4 GHz, but this
ever, th|s is beyond the scope of this paper. Therefore, tig."he frther enhanced approximately 28% by changing the
dispersion curve of MSBVW betweef}, = yu0Ho /27 and magnetic-field direction [10].

fe Is not given. . . To develop the resonator characteristics further, the disconti-
'_I'he resonance frequengy can be estimated by Choos'ngnuity problems between YIG and the microstrip line should be

point f in Fig. 9; half-wavelengthA = 10 mm = /4, on investigated, and temperature dependence of the magnetic loss

the curve. Thefo of 5.26 GHz at 500 Oe can be read from th%f the YIG should be studied. As a result, a superconducting

figure at pointf, and corresponds to the experimental Valufﬁter using a YIG single crystal was developed and exhibited

of 5.31 GHZ. at 500 Oe of Fig. 6. o Better magnetic tunable characteristics than the YIG film.
We can discuss the magnetic tunability of the resonator by

rewriting the dispersion curve of Fig. 9 as a curve with a
fixed propagation constafgy = = /A and changing the applied ACKNOWLEDGMENT
magnetic field, as shown in Fig. 10. The experimental resultsThe authors would like to thank Dr. T. Inui and
of Fig. 6 are also plotted in Fig. 10. Dr. T. Yoshitake of NEC Corporation, Tokyo, Japan, for
From the dispersion curves of Figs. 9 and 10, it is found thgdbricating the superconducting resonator.
the spurious responses, along with resonance in Figs. 5 and 7,
are the frequency responses of the MSSW mode [9]. This
mode will degrade the resonator response in the configuration
discussed here. Thus, experimental results agree well withl
theory.
In the experiments, the effect of the YIG a@; with
magnetic lossAH was not found at 77 K. This may be
a negligible effect on the temperature dependence of tHe!
magnetic linewidthAH for the pure YIG crystal. However,
to develop resonance characteristics, the YIG slab should 8
less than 1-mm thick, considering the reduction of radiation
loss due to the discontinuity of the strip line. [4]
Finally, we measured the power dependency of the resonator
with YIG at 77 K, as shown in Fig. 11, for different air gaps [s5)
s in the strip-line resonator of Fig. 2. It can be seen from the
figure that the resonator input power can significantly reducFG]
Q. The saturation level is-10 dB, which is a considerably
lower power level than for the case without YIG [5], as by
open circles. This may be attributed to the nonlinear effect o’
the YIG single crystal.
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