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Investigation of MW Characteristics of HTS
Microstrip and Coplanar Resonators With
Ferrite Thin-Film Components

T. Nurgdliev, S. Miteva, Alan P. Jenkins, and D. Dew-Hughes

Abstract—Formulas for calculating of the magnetic-field
dependence of the resonance frequency and the quality factor of
HTS microstrip (MS) and coplanar-waveguide resonators with
a tangentially magnetized ferrite film component were obtained
within the framework of the perturbation method. The conditions
of attaining maximum magnetic tuning effect of the resonance
frequency (with reference to the external magnetic-field strength,
the field-orientation angle, and the ferrite film position in the
resonator) were determined and verified in the example of model
resonators, formed from copper M S and ground-plane electrodes,
a yttrium—ron—garnet (Y1G) ferrite film component, and dielec-
tric spacers. A YBCO MS resonator with a YIG component was
also prepared and its characteristics were measured at 77 K.

Index Terms—Ferrite film, High-temper ature superconducting
(HTS) microstrip (MS) and coplanar resonator s, magnetic tuning,
perturbation method.

I. INTRODUCTION

|GH-TEMPERATURE superconducting (HTS) thin-film

materials are characterized by extremely low microwave
(MW) lossesat temperaturesbelow 77 K and areattractivefor ap-
plication in low-loss high-performance circuits and devices[1].
Tunability of HTS devicesisimportant for MW electronics and
can be achieved either by variation of the kinetic inductance of
theHTSmaterial (by changing thetemperature[2] or theapplied
magnetic-field strength [3]) or by including into the devicestruc-
tureferroel ectricand magnetic material s, theparametersof which
are controlled by the electric and magnetic fields, respectively
[4]-{6]. Only anarrow tuning range can be achieved by variation
of the kinetic inductance. Ferroelectric material s have high MW
losses, resultingindeviceswithlow quality factors( Q) [4]. Mag-
netically tunable yttrium—iron—garnet (Y 1G) haslow MW losses
and plays a traditionally important role in MW electronics [6].
HTS YBCO films can be deposited onto buffered single-crystal
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and polycrystalline Y1G substrates [ 7]. Fukusako and Tsutsumi
[8] investigated the tunability of a YBCO microstrip (MS) res-
onator with a Y1G single-crystal component. The resonant fre-
guency wasvariedfrom5.24t05.42 GHz by appli cation of amag-
neticfield of 20-75mT with @@ ashigh as1000. Oatesand Dionne
[9],[10], by applying afield of 0-30 mT, tunedaY BCO M Sres-
onator with a polycrystalline YIG component from 7.25 to 7.7
GHz and maintained a () value of 2000 at 77 K.

In general, tunable MW devices are formed as layered struc-
tures, which can include superconducting electrodes, a tuning
ferrite layer, and dielectric substrates. The parameters of such
a structure depend on the device geometry, surface resistance,
and kinetic inductance of HT S electrodes, the permittivities and
loss tangents of the dielectric layers and dynamic permeability,
and the MW losses [11], [12] of the ferrite layer. Investigation
of the effect of these factors is important for the interpretation
of experimental data and for choosing optimal geometries for
such tunable MW devices.

Thus, thegoal of thispaper isan investigation of the magnetic
tuning effect in simple basic HTS MW devices, such asM S and
coplanar-waveguide (CPW) resonatorswith ferrite components,
using the perturbation method and an experimental verification
of the results using example model resonators with Y 1G—ferrite
components.

1. BACKGROUND

The relation between the wavenumber 3 and the frequency f
of the TEM modes in an M S line waveguide is determined by
the capacitance C and inductance L of the line per unit length
[13]

B =2nf(LC)Y2. (1)

When an MS line is prepared on a layered substrate, the ca-
pacitance can be expressed in terms of the effective dielectric
constant e, and the effective loss tangent tg(é. ), related to the
individual dielectric constants and | oss tangents of the dielectric
layers

C = Co[1 — jtg(6e)] @)

where j2 = —1; Cy = C1e. and C; is the capacitance of the
MS line of the same geometry when the permittivities of the
dielectric layers are assumed to be equal to that of vacuum. The
total inductance L of the MS waveguide per unit length can be
written as a sum of the external inductance L. of the structure

0018-9480/03%$17.00 © 2003 |IEEE



34 |IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 1, JANUARY 2003

and the complex kinetic inductance L;, of the HTS electrodes

[14]
L=1Lc+ Ly (3)
Lk = (27Tf)_1 [(GsXsl + GgXSQ) - j(GsRsl + GgRSQ)]
4
1 w2
Y9 = 5md [1 ~(30) }
.=, 12t 2 (2)] ®

where R, X1 and R, X0 are the effective values of the
surface resistance and reactance for the HTS thin-film strip and
ground-plane electrodes, respectively, related to the character-
istic surface resistance R,. and the penetration depth A of the
material [14], [15]; ¢ isthe thickness of the HTS electrodes, G,
and GG, are the geometric factors, d is the substrate thickness,
and w isthe strip width. The external magnetic field H, affects
the surface impedance of HTS material, resulting in an increase

[16], [17]

Iy = Ry, +p1He )\:)\L +p2He (6)
where Ry and )y, are the characteristic surface resistance and
London penetration depth for the case when the external field
isabsent H, = 0; p; and p, are the coefficients related to the
dynamic parameters of the magnetic fluxons, which depend on
the field orientation, temperature, and film quality [16].

The wavenumber /3 is determined by the resonator length [
(B = nw/l,wheren = 1, 2, 3, ..., are the mode numbers)
and, therefore, the complex resonance frequency f,, of the MS
resonator can be expressed as follows:

f _ n ~ f 1 GsXsl +GgX52
" Loy T 47 fonLe
i ) GsRsl + GgRSQ
*9 [tg(‘sﬁ) T o fonLe

)

where fo, = (mn/1)(LeCo) /2.

A similar method can be used to calcul ate the resonance fre-
guency of CPW resonators. The complex capacitance C' of a
CPW line per unit length, prepared on a layered substrate, can
also be expressed in terms of the effective values of ¢, and
tg(é.) asin (2) [18], [19]. The inductance of the CPW includes
the external and kinetic inductances L., L of the electrodes
[20], [21]

R,.
L= L€+N <N0)‘_7—>

2 f
p
N = ADEm
' L7 0.4
sin h(t/2)) \/[(B/A)Q_l] [1—(B/D)2]
a=-ty2 <%) +(w)?

w
B=__
4A
¢ t\? 1
P=B——+ <—> +2 (wy —w)?
s T 4
D:%—i—P (8)
T

where K (k) is the complete elliptic integral of the first kind,
k = w/w1, w and w; denote the widths of the central electrode
and the distance between the ground plane electrodes, respec-
tively, and 1o is permeability of vacuum. The complex reso-
nance frequency of the CPW resonator can be calculated using
aformulasimilar to (7), asin the case of an M S resonator

NuoX | j [tg(ée) + %} } - @

2L, 2
MW properties of the ferrite material are described in terms
of the dynamic permeability tensor 1. The components of this
tensor in the coordinate system, one of the axes of which coin-
cideswiththe external field H. and the magnetization direction,
are expressed as [6], [22]

fn:fOn{l_

p13 = 23 = fi31 = fiz2 =0

p3z =1

Hir = M2z = W

P12 = —p21 = tig

= Tue(fue+ fur) — f2
[ = 12

o = —fé{ — (10)
where far = v Hur /27, fre = fo + jof, fr = v.H. /2w,
Hy = M/pg, o isthe Landau—Lif§i1itz damping parameter,
~. 1S the gyromagnetic ratio [2.21 10° m/(A 9)], and M isthe
saturation magnetization (7).

I1l. CALCULATION OF THE COMPLEX RESONANCE FREQUENCY

Thebasic configuration of the structureisshowninFig. 1. An
HTSstrip (2) of awidth w issituated on the top of the dielectric
substrate (1) and separated by adiel ectric spacer (3) from an epi-
taxia ferrite film (4) deposited on a substrate (5). The structure
may contain either an HTS or metal bottom electrode (0), the
MS resonator, or two HTS electrodes (2a), placed at a distance
w; from each other, the CPW resonator. The length [ and width
wy of the structure are considerably greater than the width w of
the central strip electrode (2). The thickness of the HTS elec-
trodes (2), ferrite layer (4), bottom electrode (0), and dielectric
layers (1), (3), and (5) aret, ty, to and ¢y, t3, t5, respectively.
Therelative permittivities and the | oss tangents of media (1) and
(3)(5) are g1, e3—=5, and tg(61), tg(63)—tg(8s), respectively.
The permeabilities of all media, except theferrite, arep, = 1. An
external dc magnetic field H. isapplied paralel to the plane of
the structure and makes an angle ¢ with the central strip-line di-
rection. Primary and secondary coordinate systems z, ¥, z and
', 1y, 2/, the 0z and 0z’ axes of which are oriented parallel to
the strip line and the applied field directions, respectively (see
Fig. 1), are introduced. The 0y and 0y’ axes of these systems
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Fig. 1. The geometry of the MS and CPW resonator structures: 0—HTS or
metal ground plane (in the case of MSresonator); 1, 3, 5—dielectrics; 2—HTS
strip; (2a)—HTS ground plane (in the case of CPW resonator); 4—ferrite layer.
Electrodes 0 or (2a) are assumed to be absent in the cases of CPW or MS
resonators, respectively.

are assumed to be perpendicular to the plane of the structure,
whilethe 20z plane of the coordinate system coincides with the
bottom surfaces of electrodes (2), (2a). The components of the
permeability tensor of the ferrite have the ssimplest form (10) in
the secondary coordinate system.

A MS resonator structure, with electrodes (2a) in Fig. 1 ab-
sent, is first considered. The MS resonator of the same geom-
etry, where the ferrite film is replaced by the dielectric one,
(the permesability and permittivity of which are equal to those
of vacuum 1o and of the ferrite ¢ ¢, respectively) can be consid-
ered as an unperturbed resonator structure. The complex reso-
nance frequency f,, and the spatia distribution of the MW cur-
rent for the unperturbed resonator structure is known, and it is
necessary to deal only with the investigation of the permeability
effect of the ferrite film on the HTS M S resonator parameters.
The problem is considered in a quasi-static approach and MW
radiation losses are neglected.

The formulafor the perturbation method [22] for calculating
the complex resonance frequency f,,, can be represented in the
primary coordinate system as follows:

1o Wy /2 t+tz+ts l/2
fpn:fn 1_—/ da:/ dy/
4Eq —wp/2 t+ts —=l/2
1
. [(/u_ —Dhl hy + m (v — DR hy

+i % (A% hyr — hthw')} } dz (D

where piy = (2 — p2)/1; hor = hpcosp + h_sing, h =
h-cos¢ — hysing and h,y = h, are the components of the
MW magnetic field in the secondary coordinate system; h, h,
and A . arethe components of thefield in the primary coordinate
system; Ey is the energy stored in the resonator. The asterisk
in this expression denotes a conjugate complex quantity. The
components of the MW magnetic field can be expressed interms
of the MW current amplitude in the resonator 1,

Io . I\ mn
he = 2w L.(z, y) sin [(z + 5) T}

1 . I\ 7mn
hy = ﬁFy(az, ) sin [(z—i— 5) T}

h,=0

1 [ Y=y
Fa: ’ =— -
@) =7 //{ G2+ (=)
Y+
= J d
(x—x1)2+(y+y2)2} {wa)dzy
1 /2 T — 7
F = —
v ) =2 // {<x—xl>2+<y—yl>2

+ r — X1
(@ —x1)? +(y + 1)

:| Jl(xl) dl‘l
(12)

where 41 = 0.5¢; yo = 2t + 0.5¢; Ji(x1) is the function
which describes the dimensionless sheet MW current density
distribution in the short circuited plane of the MS line, which
isrelated to the current density distribution function J(z, %) in
the same plane

.t -w/2 -t
:E/ e, w)dy / dg:/ Tz, y) dy = I,
1o Jo —w/2 0

The energy stored in the resonator can be expressed in terms
of the MW current amplitude I, by the following approximate

formula:
Eo = L.I31/4. (13)

A substitution of expressions (12), (13) into formula (11) yields

Jon = fn {1 -5 {(NL — )G, cos® o + (N; 1)Gy}}

1 t+ts+t s ~'wf/2
o =— dy/ F(z, y)de
Wty Sy, —wy/2
1 t4ta4t wy /2 )
G, =— dy/ iz, y)da
! wyty t+ts —wy/2 Y
powst
S = . 14
8L w? (14)

After some manipulations formula (14) can be transformed to
the following:
n

Jon = 21(LC)L/2
7 N GsRsl + G R82
+§ [tg(éﬁ) + Tnlj + 2m2} }
(15)
2 g2
my =S foJ\; (ffrn fOn) .
(£ = £3.) "+ @ f3. (s +2fn)
X <G,,, cos? o + ff—H Gy> (16)
my = S C%LfOanM(fs2 + f3,)
(f)%m - fgn> +a? f§,(fu +2fm)?
2 4 f2
X <G,; cos® ¢ + % Gy> @an

fs = (fu + far)i frm = fu(fa + far)]/? isthe ferrimag-
netic resonance frequency of the tangentially magnetized film.
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The quality factor @,,,, can be calculated from the complex res-
onance frequency using the following formula:

Qpn, = Re(fpn)/ [2Im(fpn)] .

Secondly an HTS CPW line resonator with aferrite compo-
nent shown in Fig. 1 with electrode (0) absent is considered. In
this case, the following formula can be determined for the com-
plex resonance frequency f,, of the CPW resonator using the
procedure described above and formulas (9), (11):

(18)

N/Jo)\
Jon = fon {1 3L my
Jl. NR,,
+ [tg(ée) et 2m2} } (19)

where the parameters m; and m. are expressed by formulas
(16), (17) with G, and G, given in formula (14) with

Fy(z,y)

1 —wy /2 wy /2
= — / J2($1)F1xd$1+/ Jo(z1)Fip dxy

mw 7wf/2 'w1/2

w/2
—/ Jl(xl)le dl‘l) (20)
—w/2
Fy(xay)
1 —w1/2 wy/2
= — —/ JQ(.’IZ1)F1y d$1—/ JQ(.’IZ1)F1y da:l
™ —wy /2 wy/2
w/2
+/ J1(.’171)F1y d$1>
—w/2
Y-
Fy, =
T e ) ()’
Py, = — (21)

(x—z1)? 4+ (y—wn)?

Here Jy(x1) and Jy(z;) are the functions which describe the
distribution of the dimensionless MW current amplitude across
the central conductor (2) and ground plane electrodes (2a) (see
Fig. 1), respectively.

It can be noted that the perturbation method leads to correct
resultsif the variation of the parameters due to the perturbation
issmall. Thisis satisfied when the absolute values of the terms
containing the parameters m; and m in (15) and (19) are con-
siderably smaller than one.

IV. ANALYSIS OF THE RESULTS

A reduced numerical analysis of formulas (15)—(18) was
made for a M S resonator with a strip line width w = 0.25 mm,
a dielectric spacer thickness ¢; = 0.5 mm, a width and
thickness of the ferrite layer wy = 3 mmand ¢ty = 0.01 mm
[Fig. 1 without electrodes (2a)]. In this case an unperturbed
resonance frequency of the first mode Re(f;) = 3 GHz
[see aso formula (7)] and an unperturbed quality factor
Q1 = Re(f1)/2Im(f1) = 3000 (which a priori takes into
account the individual parameters of the dielectric layers
and electrodes ¢t = 0.3um, R,. = 0.36 m2, A = 0.35 um,
k1 = ko = 0, and of the Cu ground plane) were used asinitial
parameters in the computations. An uniform MW current
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Fig. 2. Dependence of the resonance frequency f,. on the position y of the
ferrite film in the M S resonator computed from (15): B = poH. = 10 mT
(curves 1, 3,and 5); B = 30 mT (curves 2, 4, and 6); ¢ = 0 (curves 1 and 2);
@ = 7/4 (curves3and 4): ¢ = w/2 (curves 5 and 6).

distribution in the 20y plane of the strip was assumed and the
parameters of the ferrite were chosen to be close to those of
YIG material at 77 K: M = 235 mT, o = 0.000 125 [8], [12].

A complete numerical analysis (allowing the resonator
parameters to be computed directly from the individual param-
eters of the components of the layered structure) was made
for the basic resonance mode of a CPW resonator structure
[Fig. 1 without bottom electrode (0)] consisting of a high
quality YBCO strip and ground plane electrodes (2), (2a)
(t = 0.3um, w = 0.4 mm, w; = 0.6 mm, resonator length
l=12mm, R,, = 0.3 mQ, A = 0.35um, ky = ks = 0)
deposited on an LaAlO; substrate (1) (£ = 0.5 mm, e; = 24.5
and tg(81) < 3107° [23]) and separated by a dielectric layer
() (t3 = 0.05 mm, e3 = 2.4, tg(83) = 210~°) from the
YIG ferrite film (wy = 3 mm, ¢y = 0.015 mm, ¢; = 16.7,
tg(6y) = 5107° [24], M = 235 mT [8], o = 0.0002), which
is deposited on gadolinium—gallium—garnet (GGG) substrate
(5) (ts = 0.5 mm, e5 = 12.5, tg(8;) = 210~* [24]). In the
computations, the MW current in the HTS CPW resonator was
assumed to be distributed uniformly over the cross sections of
four narrow strips with dimensions ¢ x A, placed at the edges
of the central and ground-plane electrodes.

For the both types of resonators, the direction of the shift of
the resonance frequency due to the coupling effect of the ferrite
to the resonator is determined by the sign of the term m; [see
(15)—17), (19)]. Thisterm possesses a negative sign when

87(2 2
Hiy + ,YZO"

e

1 1
H€<H1*:_§H/\/I+_

5 (22)

and the sign is positive when H., > H,.. Asaresult, the reso-
nance frequency is shifted to higher valuesif 4, < H,. and to
lower onesif H, > H,.. Fig. 2 showsthe dependence of theres-
onance frequency on the position of the ferrite film in the MS
resonator computed from (15) when H, < H,.. Maximum cou-
pling (and a maximum shift of the resonance frequency) occurs
when thefield H, isparalel (¢ = 0) to the strip direction and
the ferrite film is placed between the ground plane and MSline
(=0.5mm < y < 0), closeto the latter (Fig. 2, curves 1 and 2).
A ferrite situated closeto the top surface of theMSline (y > 0)
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Fig. 3. Dependence of the resonance frequency f,1 (curves 1-9) and the
quality factor Q1 (curves 10-18) of the MS resonator on the magnetic-field
strength B = poH.. The positions of the ferrite film in the resonator are
y = —0.4 mm (curves 1-3and 10-12), y = —0.1 mm (curves4—6 and 13-15),
and y = 0.1 mm (curves 7-9 and 16-18). The values of the field-orientation
anglearep = 0 (curves 1, 4, 7, 10, 13, and 16), » = #/4 (curves 2, 5, 8, 11,
14, and 17), » = «/2 (curves 3, 6, 9, 12, 15, and 18).

can efficiently couple with the resonator (Fig. 3, curves 1 and
2) aswdll if ¢ = 0. Coupling between the MS resonator and
ferrite israther ineffective (the shift of the resonance frequency
isminimum) when the external field H.. isoriented perpendicu-
larly (¢ = 7 /2) totheMSline(Fig. 2, curves5and 6). Thefield
dependencies of the resonance frequency and the quality factor
of the MS resonator computed from (15) are shown in Fig. 3.
It can be seen that the magnetic tunability of the resonance fre-
quency isamaximum when ¢ = 0 if the ferrite is placed close
to the M S between the ground plane and strip (Fig. 3, curve 4).
On the other hand, more MW losses are coupled from the fer-
rite to the resonator in this case and the quality factor of the
resonator decreases significantly (Fig. 3, curve 13). If ¢ = 0, a
relatively good magnetic tunability of the resonator can be ob-
tained by placing the ferrite layer close to the top surface of
the resonator (Fig. 3, curve 7). An increase of ¢ from 0to /2
leadsto agradual decrease of the magnetic tunability of theres-
onator and the tuning effect is very weak at ¢ = #/2 for the
case with the ferrite layer placed near the ground plane (Fig. 3,
curve 3). Here, the MW losses resulting from the ferrite film
arelow and the resonator is characterized by the highest quality
factor (Fig. 3, curve 12). It can also be noted that tuning of the
resonance frequency can be achieved by achange of the external
field-orientation angle even if the field is not strong (see, eg.,
curves 4 and 6 in Fig. 3, calculated for ¢ = 0 and ¢ = #/2,
respectively).

Dependence of the resonance frequency of the CPW res-
onator on the external magnetic-field strength computed from
(29) using the above initial parametersisshownin Fig. 4. It can
be seen that the resonance frequency is shifted toward higher
frequencies if poH. < poH, = 45 mT, whereas the converse
is true for the case when H, > H,, as discussed above. In
principle, the magnetic tuning behavior of the CPW resonators
with aferrite component is similar to that of the M S resonators.
It can be shown that the tuning factor is maximum when the
field is parallel to the central strip direction and the ferrite
film is placed close to the resonator structure. Dependencies

3.6 - 1
2
Y ] 3
o’. / ) 5
W5 32 J
3
c 6
) T 5 /’%ﬂ
& 4
£ 3
L 28
7 2
1 1
T [ T [ f [ T [
0 20 40 60 80

External field, mT

Fig. 4. Dependence of the resonance frequency of the CPW resonator
on the magnetic-field strength B = poH. computed from (19) for
the field-orientation angles ¢ = 0, 7/6, w/4, 7/3, #/2 (curves 1-5,
respectively). Unperturbed resonance frequencies of the resonator and the
ferrite layer are shown by curves 6 and 7, respectively.

I
-
'\,

T

I I
N -
[, B>

T T
w s
Quality factor, Q,,/1000

Frequency fp1, GHz

0 15 30 45 60 75 90
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Fig. 5. Dependence of the resonance frequency (curves 1-6) and the quality
factor (curves 7-12) of the CPW resonator on the field-orientation angle ¢
computed from (19) for the field strengths B = 10, 20, 35, 55, 65, 80 mT
(curves 1-6, respectively, and curves 7-12, respectively).

of the resonance frequency f,; and the quality factor ¢,,; on
the field-orientation angle calculated from (19) are shown in
Fig. 5. The resonance frequency is more sensitive to the field
strength and the field-orientation angle in the ferrimagnetic
resonanceregion H. ~ H, although, in this case, the resonator
is characterized by a lower value of the quality factor (Fig. 5,
curves 3 and 9). It can also be noted that f,; and ,; versus
¢ dependencies for the angle ranges 0 < ¢ < /6 and
7/3 < ¢ < w/2 are not so pronounced as for the angles
/6 < ¢ < 7/3 (Fig. 5, curves 1-6).

Formulas (15) and (19) were obtained by taking into account
only the spatially uniform ferrimagnetic resonance. However,
the nonuniform magnetic field of the MW currents may lead
to the excitation of magnetostatic waves (MSWSs) in the ferrite
[11], [12] and to an additional decrease of the quality factor of
theresonator. It can a so be noted that the characteristics of such
HTSresonators can be destroyed at high levels of MW power as
both the ferrite and HTS materials manifest strongly nonlinear
characteristics in electromagnetic fields of high intensity [6],
[16], [25].
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V. EXPERIMENT AND DISCUSSION

The MS resonator structures of meander type were used for
the experimental study of the magnetic tuning effect because
of their small dimensions, which simplifies the problem of
application of the tuning magnetic field. Structures containing
a 30-pm-thick and 0.3-mm-wide copper MS meander line
formed on astandard MW substrate (¢ = 2.44), a 10-psm-thick
epitaxial Y1G film prepared on a 0.5-mm-thick GGG substrate,
a0.5-mm-thick LaAlO3 spacer, and acopper ground planewere
used in experiments performed at room temperature. The planar
dimensions of al components were 5 mm x 5 mm. These
components were clamped together to form the layered MS
resonator structures with theferritefilm placed closeto the strip
(resonator 1. MW substrate/Cu—MS/Y IG/GGG/LaAlO3/Cu
ground plane) or to the ground plane (resonator 2: MW
substrate/ Cu—-M S/LaAlO3/GGG/Y1G/Cu ground plane). The
magnetic field was applied parallel to the plane of the structure
and was varied over angles ¢ = 0 and ¢ = = /2 with respect to
the main part (about 70%) of the strip length in meander.

In the next experiment, a 0.24-;m-thick and 0.5-mm-wide
YBCO MSmeander line, prepared ona5mm x 5mm x 0.5mm
LaAlO; substrate, was used together with the Y1G ferrite com-
ponent described above. The meander was formed using the
photolithography and ion milling proceduresfromaYBCO film
(T. ~ 89K, J, =~ 10° A/lcm? at T = 77 K) deposited by alaser
ablation process. This MS resonator contained the following
layers. YBCO-MS/LaAIlO;/Y IG/GGG/Cu—ground plane (res-
onator 3). Measurementswere made at 77 K inamagneticfield,
which was parallel to approximately 60% of the M Sline length.

The MS resonator structures were assembled into a cylinder-
shaped measuring fixture with an outer diameter of 18 mm. The
ends of 50-§2 semirigid coaxial lineswere used to excitetheres-
onator and to receive the transmitted MW signal. The fixture
was placed between the poles of a small electromagnet and the
field direction in the plane of the structure could be changed
by turning of the fixture around its principal axis. The electro-
magnet could be sunk into the liquid nitrogen together with the
fixture for measurement of the parameters of YBCO resonators
a 77 K.

The measured transmission characteristics of resonators 1
and 2 are given in Figs. 6 and 7. Each of the measured re-
sponses, presented in Fig. 6, is characterized as exhibiting two
different peaks. The external field is not strong, H. < H,., and,
therefore, the peak appearing at low frequencies corresponds
to that of the ferrimagnetic resonance, while the peak of the
MS resonator appears at higher frequencies. A maximum
sensitivity of the resonance frequency to the field strength is
observed for the case when the ferrite film is placed close to the
MS (resonator 1) and when the field is parallel to the main part
of the strip length (¢ = 0, Fig. 6, curves 1-3). The tunability
of the same resonator is less (Fig. 6. curves 1, 4, and 5) when
¢ = m/2, which isin a qualitative accordance with the results
of the calculations. The tunability factor was very small for
resonator 2 with the ferrite film placed close to the ground
plane for both cases of field orientation ¢ = 0, ¢ = 7/2
(Fig. 7). This can be explained by the fact that the MW current
direction is opposite in different sections of the meander and
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Fig. 6. Transmission characteristics of the Cu MS resonator 1 with a YIG
component measured at room temperature. Magneticfield B = 0 mT (curve 1),
55 mT (curves 2 and 4), and 69 mT (curves 3 and 6) is applied parallel to the
plane of the structure. The main part of the MS is parallel (curves 2 and 3) or
perpendicular (curves 4 and 5) to the external field direction.

3600 4000
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2800

Fig. 7. Transmission characteristics of the Cu MS resonator 2 with a YIG
component measured at room temperature. Magneticfield B = 0 mT (curvel),
55 mT (curve 2), and 69 mT (curve 3) is applied parallel to the plane of the
structure and perpendicular to the main part of the MS.

the magnetic fields of these sections are compensated at some
distance from the strip, causing a decrease of the coupling
efficiency of such aresonator with the ferrite layer placed near
the ground plane. The measured quality factor of these Cu MS
resonators was (2 ~ 100, which is mainly determined by the
MW losses in the copper electrodesat H < H,. and was seen
to decrease additionally at H ~ H,. dueto losses in the ferrite
material.

The resonance frequency and quality factor of the YBCO
MS resonator 3 measured without any external field were
4.68 GHz and 660, respectively (Fig. 8, curve 1). Increasing the
magnetic field to 77 mT leads to an increase of the frequency
to 4.76 GHz and to a decrease of the quality factor to 500
(Fig. 8, curve 2) The tunability of the resonator for such
fields was approximately 8 MHz/mT. The tunability factor
will be higher for cases of thicker ferrite layer and smaller
distances between the MS line and ferrite component (in our
case, these parameters were 10 m and 0.5 mm, respectively).
In the ferrimagnetic resonance region, the quality factor of
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Fig. 8. Transmission characteristics of the YBCO MS resonator 3 of meander
typewithaY |G component measured at 77 K. Thefield B = 0, 77, 85, 93 mT
(curves 1-4, respectively) is applied paralel to the plane of the structure and
approximately 60% of the strip length is parallel to the field.

the resonator decreases strongly due to the MW losses of the
ferrite film (Fig. 8, curve 3). The quality factor was higher
(approximately 900, Fig. 8, curve 4) for the case when reso-
nance frequency of the ferrite layer is higher than that of the
resonator f., > fo (or H > H,). However, such values of the
quality factor were significantly smaller when compared with
those measured for the same M S structure without any ferrite
component (YBCO-MS/LaAlO;/Cu—ground plane structure;
Q > 1600 and fy = 4.13 GHz in parale field H < 100 mT
a7 = 77 K). Additional MW losses could be caused by the
substrate (GGG) of the ferrite film and by the surfaces of the
different layers being in a mechanical contact with each other
in the resonator structure. Such MW losses would be expected
to be less in monolithic versions of the layered structure.

V1. CONCLUSION

In conclusion, the MW characteristics of HTS MS and CPW
resonator structures containing atangentially magnetized ferrite
layer have been investigated using the perturbation method. The
formulas, relating the resonance frequency and quality factor to
the complex permittivity, permeability, and kinetic inductance
of the layers of the structure have been obtained and analyzed.
It has been shown that a maximum magnetic tuning effect of the
frequency can be expected when the ferrite film is placed close
to the strip and thefield is oriented along the resonator (¢ = 0).
Tuning of the resonance frequency of MS and CPW resonators
can be performed by changing both the magnetic-field strength
and the field-orientation angle. The conditions of obtaining a
maximum tuning effect have been investigated in the example
of a copper MS resonator, containing a Y1G film component.
Qualitative agreement of the experimental results with the cal-
culated ones has been obtained. A version of a YBCO MS res-
onator with a Y |G ferrite component has also been investigated
and itstransmission characteristics have been measured at 77 K.
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