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Abstract— Propagation characteristics of the magnetostatic
surface wave (MSS W) in a YBazCU307 – r (YBCO)-yttrium iron

garnet (YIG) multilayered structure are investigated. Effects of

the superconductor on the MSSW are discussed with regard to the

dispersion characteristics of both the phase and attenuation con-

stants as a function of the air gap between YIG and YBCO, taking
into consideration the magnetic line-width of the YIG film. It was
found that the nonreciprocity of MSSW is enhanced significantly
by the superconductivity and depends on the magnetic line-width

of the YIG film. To examine the effect of a YBCO on the MSSW
propagation, experiments are carried out using a commercially
available YIG film. Magnetic losses at low temperature are briefly

discussed with experimentally observed nonreciprocity.

I. INTRODUCTION

sINCE THE discovery of superconducting materials, appli-

cations of high-temperature superconductors to microwave

and millimeter wave devices and circuits have been intensely

investigated [1]. Many papers on theory and experimental

characteristics of microstrip lines, filters, and resonators with

high and low temperature superconducting materials have been

published. Most papers emphasized the microwave supercon-

ducting devices with dielectric materials.

Little effort has been devoted to the studies on nonreciprocal

superconducting circuits and devices, such as circulators,

isolators and phase shifters using polycrystalline ferrites [2],

[3]. Although the surface impedance of a superconductor

in a dc magnetic field is increased [4], the ability of the

superconductor to significantly reduce propagation loss has

been preserved.

Yttrium iron garnet (YIG) film epitaxially grown on a

gadolinium gallium garnet (GGG) substrate has been widely

used for magnetostatic wave (MSW) devices [5]. YIG films

are preferred over the polycrystalline ferrite since line-width

AH is narrower in epitaxial films [6] [7].

In this paper, propagation characteristics of the magneto-

static surface wave (MSSW) in a YBCO (YBa2CU307_z )-

YIG film-layered structure is analyzed with emphasis on the

attenuation and phase constants, taking into consideration the

air gap between YBCO and YIG, and also the magnetic line-

width AH of YIG. Results are compared with experiments on

nonreciprocal behavior using a commercially available YIG
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Fig. 1. Magnetostatic surface waveguide composed from a YBCO-YIG

layered structure.

film prepared on GGG by the epitaxial technique, and the

YBCO prepared on a MgO substrate using the laser ablation

technique.

II. DISPERSION AND ATTENUATION

The waveguide geometry consists of the YBCO-YIG mul-

tilayered structure. A cross-view of the waveguide structure is

shown in Fig. 1. The high-temperature superconductor YBCO

of thickness d deposited on the semi-infinite MgO substrate is

separated from a YIG film of thickness s on the semi-infinite

GGG substrate by an air gap t. The MgO, GGG, and YIG

are characterized by dielectric constants EM, ZG, and cf. An

external static magnetic field II. is applied in the plane of the

YIG film. The MSSW propagates parallel to the plane of the

YIG film in the y direction.

In the two-fluid model, the superconductor medium is

defined by the relative dielectric constant [8]

where w; = e2n~/meo, w: = e2nm/me0 are the plasma

frequencies of superparticles and normal particles. n,. and n.

are the number densities of electron pairs and normal particles,

respectively, and the temperature dependence of n~ and nm can

be closely approximated by the Gorter-Casimir expressions

:=1-($)4:=(s)4‘=ns+nn‘2)
where T. is the critical temperature of the superconductor.
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Assuming w2i-~ <<1, (l)can be rewritten as where
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where A: = A~/ [1 – (T/TC)4], A. is the field penetration depth

at temperature T = O K, and o = on (T/Tc)4 [8]. The relative

permeability tensor of the YIG film is given in the ~, y, z

representation of Fig. 1
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‘h=’ko+’~)‘m=’4nM0 ‘4)
where AJOis the magnetic saturation, T is a gyromagnetic ratio

and the magnetic line-width AH which indicates the magnetic

loss tangent is taken into account [6][7]. The coordinate system

which is used for the analysis is illustrated in Fig. 1. The z

direction is chosen along the dc magnetic field II..

The wave equation in the superconductor is obtained from

Maxwell’s equation

k.z = ~~2–W2SOSfI.LOI.Lef and p.f = (U2 – fi2)/p.

The Ez component in the semi-infinite MgO substrate is

E, = ce71 (X+4 ~F~~Y ~ < _~ (9)

where TI = ~~2 – W2EOEMU0.

The E, component in the semi-infinite GGG substrate is

given by

where

‘yz = ~~2 – W2EOEGp,0

and E, in the air gap is

Ez = (El sinh lcz3x + E2 cosh kZ3x)e~~@ O<xg

(11)

where

V x H = jW&oE~E, V x E = –jwpoH (5)

with the relative dielectric constant of (3), and in the YIG film

V x H = jWEoEfE, VxE=–jwpojl. H (6)

with the permeability tensor of (4).

Since the rf fields are independent of z, 8/8z = O, the TE

mode (13Z, HZ, Hy) decouples to the TM mode (Hz, E., Ey)

in Maxwell’s equation [(5) and (6)]. The TE mode is important

because the MSSW propagates in the TE mode even if the

magnetostatic approximation in (6) is assumed [6]. For the

wave traveling in the y direction, electric field E= will have

a dependence of exp (+jjly). The following expressions for

J!3Zobtained from (5) in the superconductor

By requiring the tangential components of the electromag-

netic field to be continuous at the boundaries, and eliminating

unknown coefficients Al, A2, B1, B2, C, D, El, and E2 of

(7)-(1 1), the following transcendental equation is obtained as

shown in (12) at the bottom of the page. This follows, where

The dispersion relation of (12) is estimated numerically. The

material parameters used in the calculation are as follows:

o

E= = (Al sinh k.lz + A2 cosh kmlx)e+~py
~. = 2200 A, c. = 6.56 x 106 s/m, TC = 86 K,

–d<x~O (7)
47rLlo = 1730 Gauss, and Ho = 130 Oe.

The frequency dependence of the phase constant (? for
where

T/TC = 0.9 and AH = O is illustrated in Fig. 2. For the

#kzl = ~pz – w2&l)&#o
purpose of this calculation, the superconductor is either in

contact with the YIG (t = O) or removed (t = co). Fig. 2

shows that the bandwidth of the dispersion curve for t = O

and obtained from (6) in the YIG film is different for ,6+ (+v direction, 1.4 GHz–2.8 GHz) and

E= = {I?l cosh kzz(z – t) + Bz sinh kz2 (z – t) }e~~~g
~- (–y direction, 1.4 GHz-5.2 GHz) due to the metallization,

showing nonreciprocity [6] and that there is a transition point

t<x<t+s (8) from positive to negative group velocity fort= 20 #m and 40

tanh ~ 2S = f12pef~z2[(72 + ~kz3) Sinh &3t + (~m + k.3) cosh kzst]
z

(G+ I’ll) sinh kz3t + (FG + H) cosh kz3t
(12)
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Fig. 2. Phase constant of the dkpersion curve for different air gaps.

~m, and it has a peak. This means nonreciprocity decreases

as the air gap increases.

With the superconductor removed (t = co), the graph re-

verts to the typical dispersion curve of a magnetostatic surface

wave, showing the same frequency range in the dispersion

curve from 1.4 GHz to 2.8 GHz for the two propagation

directions +y [6]. It was found through calculations that the

phase constant was not significantly affected by the AH and

the critical temperature T/Tc. Fig. 3 shows the attenuation

constant for various values of AH, a zero air gap and

T/Tc = 0.9 which have the same frequency range of the

phase constant of Fig. 2. The attenuation constant for the

copper case is also shown in the figure for comparison to the

characteristic of superconductor where o of copper is assumed

to be o = 4.5 x 108 sjm at 77 K.

It can be seen that the propagation loss is reduced signif-

icantly due to the superconductor effect compared to copper

loading for the case of AH = O, and a marked difference

in propagation loss characteristics for the two propagation

directions 4cy for AH = 1 Oe, and they do not have the

same frequency bandwidth for the +y directions. However,

the attenuation constant increases with increasing AH, and

when AH exceeds 10 Oe, the attenuation is the same as for

copper in the +y directions. Thus, the large AH value of

YIG film (more than 10 Oe) will degrade the loss reduction

effect of the superconductor in the magnetostatic waveguide.

It increases the total loss so that the improvement in the

conduction loss brought by the YBCO is negligible. Fig. 4

shows the attenuation constant as a function of frequency for

an air gap of 20 pm. It can be seen from the figures that

loss is reduced due to the superconductor in the nonreciprocal

frequency region above 2.5 GHz in a bias field of 130 Oe.

III. EXPERIMENTAL RESULTS

To examine the effect of the YBCO on the MSSW propa-

gation, experiments were undertaken by using a commercially

available YIG film. The waveguide structure is shown in

Fig. 5.

A high-temperature superconducting film of YBCO was

deposited using the laser ablation technique on a 1 mm thick

0+
AH=IO 0.
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Fig. 3. Attenuation constant of the dispersion curve for a zero air gap.

MgO substrate. The YBCO film has a thickness of 6000

~, critical temperature of T. = 86 K, and dimensions of

20 x 15 mm2. The half wavelength microstrip line filter [9]

with such YBCO shows excellent microwave superconducting

properties. The 100 pm thick YIG film was epitaxially grown

on a 400 ~m thickness, 5 x 17 mm2 GGG substrate. The

magnetic line-width AH of the film is 1 Oe at X band. The

YBCO was attached mechanically to the YIG film through a

mica spacer as shown in Fig, 5. The fine-wire input output

transducers (diameter of 100 ~m) are located on the YIG film

edges with 16 mm of separation. A pair of Helmholtz coils

of 300 turns each is provided to apply a dc bias field to the

YIG film in the transverse direction of MSSW propagation.

The magnetic field intensity was 200 Oe for one ampere

electric current at the center of the coil. The waveguide,

together with the Helmboltz coils, was immersed in liquid

nitrogen to keep the YBCO below the critical temperature of

86 K.

Fig. 6 shows the typical transmission characteristics of

the YBCO-YIG composite structure MSS W waveguide for

a zero air gap and for Ho = 130 Oe. The dc magnetic

field intensity of 130 Oe is inadequate to completely saturate

the magnetization of the YIG film and as a consequence

which will lead to increase the loss. The strong magnetic
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field with high current was difficult to generate because of

the limited heat capacity of the refrigerator. For comparison,

Fig. 7 shows the characteristics of the copper-YIG composite

structure for a zero air gap. Transmitted power Slz in the

figures is observed by reversing the input and output ports

or reversing the magnetic field direction. In Fig. 6 S12 is

found to be weaker than S21 by 15 dB. Such a nonreciprocal

behavior due to difference between S12 and S21 occurs for

the asymmetric structure of the transducer, but it is small [10].
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Fig. 6. Nonreciprocal transmission characteristics of the MSSW in the

YBCO-YIG composite guide for a zero air gap.
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Fig. 7. Nonreciprocal transmission characteristics

CU-YIG composite guide for a zero air gap.

of the MSSW in the

Thus, the nonreciprocal behavior of 15 dB can be seen in the

frequency region from 2.45 GHz to 3.55 GHz. In contrast,

the nonreciprocal behavior of the transmission characteristics

of the copper-loaded waveguide of Fig. 7 is weaker and

has a narrower bandwidth (0.5 GHz) than the YBCO-loaded

waveguide of Fig. 6,

The enhancement of nonreciprocal characteristics by super-

conductivity was thus confirmed experimentally as discussed

in Fig. 3.

The effect of the air gap on transmission characteristics was

examined. Fig. 8 shows the transmission characteristics of a

YBCO-YIG waveguide for a 20 #m air gap. For comparison,

Fig. 9 shows the transmission characteristics of a copper-

YIG waveguide for a 20 pm air gap. The bandwidths which

exhibit nonreciprocity are reduced about 4570 compared to

the case of a zero air gap of Fig. 6. The effects of the air

gap on the waveguide characteristics were thus confirmed by

experiments to produce a narrow bandwidth (0.5 GHz) as

discussed in Fig. 4. Through these experiments the insertion

loss in the waveguide (30 dB) was relatively high. This

may be attributed to the unsaturated magnetization for a low

dc magnetic field with low electric current discussed above,

and the large mismatch of impedance between the transducer

and rf source. The latter could be confirmed by measuring

scattering parameter of S11 for a high dc magnetic field, and

the mismatch loss of 16 dB was evaluated including 6 dB on

perfect matching condition. Group delay characteristics were
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also measured as a function of frequency from 2.5 GHz to

3.5 GHz both for copper and YBCO at 77 K for a zero

air gap using a pulse technique. Fig. 10 shows the observed

propagation loss versus group delay time for a pulsewidth

of 100 nsec. It can be seen from Fig. 10 that loss was not

significantly reduced due to the superconductor, and that there

was only a few dB propagation loss difference between Cu

and YBCO.

One reason why significant loss reduction was not observed

may be due to increase more than 1 Oe in magnetic loss

AH below the liquid nitrogen temperature due to rare earth

impurities [11], [12]. To get significant loss reduction as

predicted, the AH value should be around 0.2 Oe at liquid

nitrogen temperature. Another reason may be the effect of

relaxation of the GGG at 77 K due to the paramagnetic Gd

ion.

IV. CONCLUSION

We have analyzed the propagation characteristics of MSSW

in the YBCO-YIG multilayered structure. The effect of the

superconductor on a MSSW waveguide has been examined

from the dispersion characteristics of both the phase and

attenuation constant as a function of the air gap between

YIG and YBCO, taking into consideration the magnetic line-

width of the YIG film. Comparing calculations to experimental

data, we found that the experimental bandwidth for allow-

ing nonreciprocity can be varied by changing the air gap,

and increases with superconductivity. However, we could

not observe experimentally the strong nonreciprocity due to

superconductivity that is predicted theoretically. This means

that magnetic losses in the YIG and GGG samples used for

the experiment were relatively large and may have increased

at low temperature. To prevent these magnetic losses, it is

necessary that single crystal slab of pure YIG (All = 0.2

Oe) is used and YBCO is directly deposited on the YIG

crystal [13]. The waveguide configuration proposed may have

considerable potential as a nonreciprocal microwave circuit

integrated with a superconductor [14].
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