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Effective Microwave Surface Impedance of
Superconducting Films in the Mixed State
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Abstract—The effective microwave surface impedance of mul- B
tilayer structures mz_ade of_ high-T.. superconducting films in_the B2(0)
mixed state, lossy dielectrics, and normal metals are theoretically ¢
calculateq. The linear response of the superqonductor to a mi- 6"f
crowave field is analyzed within both transmission line theory and n
the framework of self-consistent treatment of vortex dynamics Pnf
reported by Coffey and Clem [18]. The microwave properties On
are investigated as a function of static field and film thickness  §,__
for nonresonant structures. The effect of substrate thickness on  ~
the resonant phenomenon is carefully studied as well. Numerical Pv
results reveal that the substrate resonance in the Meissner state ?0
behaves like a parallel lumped-parameter resonantor, while in the Ho
vortex state it behaves as a series lumped resonant circuit. The 7
basip di_stinction suggests that care sh.ould. be t_aken in microwave Py
applications when using superconducting films in the vortex state.

Index Terms—Microwave surface impedance, mixed state, res- Kp
onant phenomenon, superconducting films.

Kp0
NOMENCLATURE

Z Surface impedance (defined &s = R, + jX). L

R, Surface resistance. I

X, Surface reactance. 0

w Angular frequency. U

S Linear frequency. ko

i Permeability of the material. ZB

G AC conductivity (defined ag = o' — jo'). dl

Zeot Effective surface impedance (defined Zsz = h

Reg + jXes)- 7

T, Transition temperature of superconductor. 0

T Temperature. c

~ Propagation constant in superconductor (defined asE(T)

: v =k =a+jp).

k Complex wavenumber in superconductor (defined

> ' tan 6
ask =k — jk").
Attenuation constant in the superconductor.
J5) Phase constant in the superconductor. #o
Aac Complex penetration depth (definedag = ' — ZO
JA7).
A Temperature and field dependence of penetrationr
depth. g

Ao London penetration depth gt = 0.

t Reduced temperature (definedtas 7/1%). s

B Static magnetic field. o
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Temperature dependence of upper critical field.
Upper critical field at” = 0.

Normal-fluid skin depth.

Normal-state skin depth.

Normal-fluid resistivity.

Normal-state resistivity.

Effective skin depth due to vortex motion.
Effective resistivity due to vortex motion.

Flux quanta.

Dynamic mobility due to vortex motion.
Viscous drag coefficient.
Flux-flow resistivity (defined
pnB/Be(T)).
Temperature-dependent restoring force constant of
pinning potential.

Restoring force constant of pinning potential at
T =0.

Modified Bessel function of the first kind of order
one.

Modified Bessel function of the first kind of order
zero.

Barrier height of pinning potential.

Boltzmann constant.

Wave impedance of the superconductor.
Thickness of superconducting film.

Thickness of the dielectric substrate.

Wave impedance of the vacuum.

Relative permittivity of the dielectric substrate (de-
fined ase = £ — j¢”).

Temperature dependence of the relative permitivity
of SrTiOs.

Loss tangent of the dielectric substrate (defined as
tand = £”/¢€).

Permeability of the vacuum.

Permittivity of the vacuum.

Reduced static magnetic field (defined &as=
Effective reflection coefficient.

Standing wave ratio.

Propagation constant in the substrate (defined as
Y2 = az + jf).

Wavelength in the substrate (defined as =
27?//32)

Complex wavenumber of the substrate.

Wave impedance of the substrate.

Conductivity of the ground metal.

Wave impedance of the ground metal.

Length of the transmission line.

as py =
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|. INTRODUCTION predicted the existence of substrate resonance phenomenon in

HE DISCOVERY of high-temperature superconductor@e substrate-thickness-dependent effective surface resistance.

(HTSC’s) has diversified their applications in the mif\ the substrate-resonance thickneBsy shows a peak, while
crowave regime. In designing microwave passive devicelett Makes an abrupt transition from maximum to minimum.
such as filters [1], resonators [2], [3], and delay lines [4jl:he transition inX.g is (_:Iosely related to the ground bulk
the most important quantity in determining performance [9€tal used at the backside of the substrate [12].
the microwave surface impedanc&, = R, + jX,, of The electromagnetic propagation-dominated problems of
the superconductor. The surface resistaficeindicates the WYPe-ll superconductors involving multilayer structures are
dissipation, while the surface reactandg, is related to &lSO Of interest and importance. The vortex dynamics can
the field screening in the superconductor. Measurements6t investigated through the measurement of the vortex lattice
surface impedance are widely used not only to determine ifg$PONSe to microwave fields. The microwave field generates
performance of the device but also to extract basic physic@rentz forces on the vortices near the surface, which in tum
of the superconductor. As a fundamental aspect, the electf@/Ses an oscillation of vortices. These oscillating vortices
conduction mechanism can be better understood from tfdl Propagate into the interior of the superconductor under
knowledge ofZ, according to the familiar two-fluid model the influences of pinning and viscous forces. The intrinsic

[5]-[8]. surface impedance, therefore, strongly relies on the vortex
The microwave surface impedance of the bulk sample fotion. A phenomenologically unified theory dfi of type-
usually described as Il superconductors has been developed by Coffey and Clem
: [18]-[20] with the method of self-consistent treatment of
g o [IYH @ vortex dynamics where the effects of pinning, flux flow,
? o) and flux creep are incorporated. The electromagnetic trans-

wherew is the angular frequency, the permeability of the mission and reflection problem in type-Il superconductors in
material, ands the ac conductivity defined as= ¢’ — jo”/. the mixed state is then solvable on the basis of their theory
Equation (1) is, in fact, the intrinsic surface impedance derivédl]. Experimental verification on this propagation-dominated
for a semi-infinite sample. However, single crystal samplésoblem in a multilayer structure has been available from the
utilized in microwave measurements are usually arrang@@rk of Moseret al [22]. According to the Coffey—Clem
in the shape of a platelet. A more relevant alternative fépodel, many investigators have studied the vortex dynamics
studying microwave properties is therefore the complex R¥y the measurements of surface impedance of Higtthin
permeability instead ofZ, in (1). On the other hand, su-films [23]-[25]. The intrinsic surface impedance of type-lI
perconducting thin films are frequently used in microwav@uperconductors can be calculated via (1) if the ac conductivity
devices. Thus, the use of (1) is not adequate to investigéieknown. The development of the Coffey—Clem theory has
the microwave characteristics of a thin-film layered structurglearly extended the attention on Meissner response to that in
the usual one conducted in the experiment. The structiif® mixed state. Therefore, we are motivated to specifically
is made of a superconducting film on a dielectric substrafévestigate the resonant phenomenon in the mixed state. The
with a ground metal such as copper or gold. Thereforéssential distinction of resonant behavior between Meissner
we must resort to the so-called effective microwave surfaé@d mixed states will be clearly illustrated in this paper. Some
impedance,zeff = Reg + leH’ which encompasses a||diSCUSSi0n on its physical argument is given as well.
possible material properties together with the thicknesses offwo layered structures will be studied in this work. One
the film and substrate. Besides, in the limit of infinite films the structure made of a superconducting film deposited
thickness, Z.z will naturally reduce to the intrinsic surfaceOn @ semi-infinite lossy dielectric substrate. The other is
impedance. That is, if the thickness increases to some extdh€ film on a substrate with finite thickness in addition to
the substrate will have no influence &g because it may be & gold ground plane. The superconducting thin film used
effectively shielded by the superconducting film. in this study is the typical higfiz. superconductore axis

To date, a great deal of investigation in effective microwav@iented YBaCu;O7_, (YBCO). The substrates considered
surface impedance has been theoretically and experim@€ MgO, LaAlQ, or SrTiOs;, which are commonly utilized
tally done. In the Meissner state, the film response to i microwave measurements.
microwave field is theoretically interpreted based on the well-
known two-fluid theory and impedance transformation in
transmission line theory [9]-[12]. For experimental data on the II. EFFECTIVE SURFACE IMPEDANCE OF A
thickness-dependerff.;, we mention the papers of Oates SUPERCONDUCTINGFILM IN THE MIXED STATE
al. [13] and other work [14]-[17]. An interesting phenomenon Let us first consider a superconducting thin film with
shown in the above-described reports is the observation tbfcknessi deposited on the semi-infinite substrate, as depicted
the resonant behavior in effective surface resistance. Klémthe inset of Fig. 1. A uniform TE microwave field traveling
et al [9] and Drabecket al. [10], [11] have experimentally in the +x direction in vacuum impinges normally on a plane
observed that the normal-state response exhibits a resoriamindary with superconducting film at = 0. A static
behavior in the temperature-dependent surface resistancen@agnetic fieldB is applied along ther direction to put the
high-T. films deposited on the substrate SrfiMoreover, superconductor in the mixed state. The complex propagation
in the Meissner state, Hartemann [12] has also theoreticatlgnstant in the superconducting filmis= jk = a + j33,
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R — — : — pn(T) = 1.1 x 10737 + 2 x 1077 Q — m, Ao = 140 nm. The
i ] temporal part of the electromagnetic field is assumed igtfe
in this paper. The wave impedanZg of the superconductor,

therefore, is given by

Jw .
Zi(w,T,B) =/’ 5“0 = jwitoAae 4)

where the complex ac conductiviy=o’ — jo"' = —j JwpoA2.

has been adopted. The effective surface impedance at the
vacuum/superconductor interface, = 0, can be directly
calculated with the help of the impendance transformation.
The result is

Zo + Z tanh(jkd)
" Zy + Z tanh(jkd)
where Z, is the wave impedance in the dielectric substrate

Zeff = Reff +leff =Z (5)

EFFECTIVE SURFACE RESISTANCE , Log R,,, (©)

6L I B M . [ ] .
9 P - . 5 given by
Z j
Log d (m) Ty = \/—0_/ <1 + %tan 6). (6)
Fig. 1. The thickness-dependent effective surface resistance in (5) at various €

reduced static fieldsp = 0,0.005,0.01,0.02, and 0.05. The material

H st / Py
parameters used are given in the text. The substrate is $rTiO In (6)’ the substrate has relative permittivty= &’ — je and

the loss tangentan é = £”/¢' and the wave impedance of
vacuum isZy = +/po/e0 = 377 Q.

where the real party, is the attenuation constant, adds the gy, takingo SITiG, Oéso a subtrate, in Figs. 1 and 2 we
phase constant. Based on the Coffey—Clem model [21], thgye respectively plotted th&.z and X.g in (5) as a

complex wavenumber is = &’ — jk” = —j/Aac, where the fynction of film thickness at various reduced static fields,
complex penetration depth,. is expressed as b = B/B.»(0), at fixed frequency 10 GHz and temperature
1/2 77 K. The permittivity of SrTiQ at 77 K ise = 1000 — j0.5

A = (§/2)65,

(2) [12] and B.»(0) = 1127 is taken for YBCO. The calculated
1425026, 7

parameters for YBCO at 10 GHz, 77 K, ahdd= 0.01 are

_ _ 7 _ = 6
where )\ is the temperature and magnetic field dependef\it_ 2/07 nm, o’ _51'73_1X 10// Sim, o" = 52")4_>1< 10
penetration depth) = A\o(1 — #*)~Y/2(1 — B/Bu(T))~1/? Sim, k' = 7.67 x ,10 m”", k" = 888 x 10° m™" and
where)\ is the London penetration depth&t= 0,t = T'/7.. Z1 = 0.044 + 50.051. As can be seen in Fig. 1, at= 0,
is the reduced temperature, aBid(T") = B.»(0)(1 — £2)(1 + corresponding to the Meissner-state response, for a thickness
t2)~1 is the temperature dependent upper critical field, wheeater than about 590 nfog d ~ —6.3), Reqt IS ess.entlally .
B.»(0) is the upper critical field af’ = 0. The normal-fluid a constant and the film behaves as a bulk material. That is,
skcin depths,; = (2pnf/uow)l/2 is related to the normal- the effect o_f the_ _substr_ate has_been complete_ly shielded by
state skin depté,, = (2p,, Y2 by s =6, //f(T.B) Fhe film. This critical thickness is obser_v_ed to _mcreaseb as
where af,)]d ;rg {#gwr)lorma}ll—flu{d and/ ngr(mél_g}[aténcreases. For example, &t= 0.01 the critical thickness for
resistivipt?écs resppgctively and(T,B) = 1 — (1 — t4)(1 — complete shielding is estimated to be 2500 nm, which is five

B/B.(T)). The complex effective skin depth due to vorte§imes as large as that at= 0. We can easily understand
motion is defined by2. = 25, /10w, wherep, is the effective this from the complex penetration depiy. in (2). Fig. 3

resistivity given by, (w, B,T) = Béofi(w, B, T), with the show?/the magnit_ude of,., the rea! part’, and the_ imaginary
dynamic mobility expressed as [18] part)\_ as a funct_lon_ of redL_Jced field. It clegrly |nd|cates_that
|Aec| increases with increasirig namely, the field penetration
jon 1 -1t through the superconducting film becomes more considerable
1+ {m + m} B at largerd field. Accordingly, in order to shield the substrate,
poToV the film thickness should effectively get larger. One can also
where ¢ is the flux quantay is the viscous drag coefficientinterpret this phenomenon from the viewpoint of transmission
defined asp = B¢o/py With py = pn,B/B(T), K, is the coefficient. According to the paper of Coffey and Clem [21],
restoring force constant of a pinning potential well given bthe transmission coefficient increases with increasiagfixed
kp = kpo(l — t3)? and @ = I1(z)/Io(z) where I1, 1, are temperature and frequency. The better candidate for effectively
the modified Bessel function of the first kind of order one arghielding the influence of substrate is, therefore, the thicker
zero, respectively, and the argument Uy(B,T)/2kpT (kp film. The above arguments are consistent with the results
is the Boltzmann constant) is dependent on the barrier heighiown in Figs. 1 and 2. We also observe that the difference,
of the potential,lUy(B,T) = U(1 — ¢)*/2B~1. The material Reg(b # 0)— Reg(b = 0), is about one order of magnitude for
parameters for the YBCO system used in this study asevery thin film, sayl = 1 nm, whereas it can reach five orders
T. = 91 K, U = 0.15 eV = T k0 = 2.1 x 10* N/m, of magnitude a®h = 0.05 for a thick film with d = 10 pm.

Aae =N — 5N =

1
fow, B, T) = -
( ) n
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Fig. 2. The thickness-dependent effective surface reactance in (5) at varigys 4 The effective surface resistance in (5) versus film thickness for three
reduced static fieldsp = 0,0.005,0.01,0.02, and 0.05. The material ¢ pstrate dielectrics af = 10 GHz, T = 77 K, and b = 0.01. The

parameters used are given in the text. The substrate is $rTiO permittivities of the dielectrics are given in the text.
20 . =;a.j;‘a' This makes the conductivity imaginary withg ~ —jo" =
(23 S — 35/ 1owA?, a_result of the conventl|o.nal_ two-fluid model.
=77 K In the two-fluid theory, the conductivity is expected to be
1er & =o' —jo" ~ —jo", with the fact thatr”’ >> o’. Moreover,
14 o / the complex conductivity can be explicitly expressed in terms
2] = . :
= e of the complex penetration depth and the result is
g 1.2 ///// ) 2 N\ Y 1 ()\/)2 _ ()\//)2
T B _=F O =—N 4 9 = . (7
5 1.0 //// b How |)\ac|4 How |)\ac|4
@ 0.8 //i/ From Fig. 3 itis seen that the imaginary pattis nearly equal
05 7 to the real part\’ at larger values ob, which implies that the
' g ] ac conductivity is approximately real according to (7). In this
04l 4 | case, the response at 77 K and higher field is very similar
/ to that of either a flux flow-dominated limit or simply the
02 normal state. The investigation so far obviously encompasses
0o L ‘ ‘ ‘ all the previous studies, especially in the Meissner state
0.00 0.01 0.02 0.03 0.04 0.05 [9]-[12], together with normal state [10]-[11]. Moreover, the
REDUCED FIELD, b effective reflection coefficient’ = (Zeg — Zo)/(Zegt + Zo)

, , _ o at the interfacex = 0 can be evaluated, which is more
Fig. 3. The magnitude of complex RF penetration depih,.|, imaginary . . . .
and real parts of.., as a function of reduced static field At= 10 GHz convenient for analyzing the propagation-dominated problem
andT = 77 K. The material parameters used are typical of the High- for superconducting films in the mixed state. Meanwhile, one
superconductor, YBCO. can readily determine the associated standing-wave $atm
important parameter in microwave engineering.
Another interesting feature dt # 0 is the very different  Fig. 4 illustrates theR.¢ versus film thickness for various
behavior inX.g as illustrated in Fig. 2. The magnitude ofsubstrates at 77 K, 10 GHz, ahd= 0.1. The permittivities of
discrepancy,X.g(b # 0) — X.g(b = 0), increases with the substrates aee= 1000— ;0.5 for SrTiO3,24—51.2x 107
increasingb. Furthermore, theX 4 (b # 0) initially increases for LaAlOz, and 9.7 — j9.7 x 10~% for MgO. The effect
with increasing film thickness and reaches a peak. The peafkdistinct substrates is considerable only for thinner films.
height then decreases with increasingAlso there exists a However, there is nothing different i®k.g for these three
valley before reaching the critical thicknessdfThis peculiar substrates for thicker films. Also, thé.g is basically the same
behavior inX.g will introduce an associated change in phader both LaAlO; and MgO. The results can be explained as
which is an important factor in microwave applications. follows. For a very thin film, say = 1 nm, the substrate effect
Some physical insight can be further gained from Fig. 3. As pronounced for SrTiQbecause of its high-loss tangent. The
b = 0, the complex penetration dep¥y., is essentially a real loss tangent of LaAl@ and MgO is about 1¢°, i.e., smaller
number and, in fact, equals the London penetration dapththan that of SrTiQ by two orders of magnitude.
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Fig. 5. The effective surface reactance in (9) as a funcigiho, at Fig. 6. The effective resistance in (9) versys\, for various film thickness,
various reduced field$, = 0. 0.01, 0.02, 0.04, and 0.05.\, is the substrate d = 5 nm, 10 nm, 50 nm, 100 nm, and 200 nm,Jat= 77 K, 10 GHz, and
wavelength in value of 6.1237 mm &t = 77 K and f = 10 GHz. The b = 0. Az = 6.1237 mm.

substrate is LaAl@. The material parameters used are described in the text.

multilayer structure is equivalent to a lossy transmission line

lll. I NVESTIGATION OF SUBSTRATE RESONANCEPHENOMENON  haying length of an odd multiple of quarter wavelengths with

We proceed to investigate the interesting resonance plsgort-circuited termination. This transmission-line resonator
nomenon arising from the effect of the substrates. The layereghaves effectively as a parallel lumped-parameter resonant
structure considered is shown in the inset of the Fig. 5. Tk&cuit, which makes a maximuni.; at resonance. It is
substrate used is LaAlDwith thicknessh and no ground referred to as a short-circuit antiresonance transmission line
plane. The effective surface impedance of the superconductlg§l- Second, ab # 0, such ash = 0.05, the resonance also
film at = = 0 can be obtained by two successive impedan&@ppens wheh/A; is an odd multiple of quarter wavelengths.

transformations. The impedanceaat= d is given by The resonant peak is, however, a minimum f; and
more broadened than fdr = 0. Besides, forb # 0, the

resonance behavior is strongly suppressed at |@wéit the
condition of b # 0, the structure acts as a transmission line
with length equal to an odd multiple of quarter wavelengths

. ZO + ZQ tanh(]]fgh)

- , 8
*Zy + Zo tanh(jkoh) ®

Z(d)

Consequently, the effective surface impedance: at 0 is
expressed as

Z(d) + Z, tanh(jkd)

: (9)
Z1 + Z(d) tanh(jkd)

Zeff = Reff +leff = Zl

wherek; is the complex wavenumber in the substrate

ko = wy/pocoe = w\/u060\/5<1 - ‘%tan 6) (20)

with corresponding propagation constant= jko = as+7%.
Accordingly, the wavelength; in the substrate af = 10
GHz is directly evaluated ag, = 27/8, = 6.1237 mm.
Taking a film thickness! = 5 nm, and temperatur¢’ = 77

and an open-circuited termination, implying an equivalent
series lumped resonator. Thus, it is similar to the so-called
open circuit resonance transmission line [26]. We have so far
clearly elucidated two basic lumped resonant circuits which
are equivalent to responses for the Meissner-state= 0)

and the vortex-statéh # 0), respectively. The results reveal
that a salient resonance phenomenon is expected at higher
field in the vortex state. This is well understood from Fig.

3 where the penetration depth increases with increaking

will consequently couple more energy to the substrate layer.
Therefore, the resonance is more prominent at laigéor

a fixed film thickness. Nevertheless, the resonance appears
to be less pronounced than = 0. But one should note
that for the occurrence of resonance in the mixed state, the
substrate contains the maximum energy, whereas it has the

K, the dependence oR.g on substrate thickness is plottedeast energy in the Meissner-state. For this reason we refer
in Fig. 5 at various reduced static fields. Some features atethe parallel circuit as an antiresonator, and the series one
of interest and worthwhile to note. First, &t= 0, which as a common resonator. Fig. 6 shows the effective resistance
corresponds to Meissner-state response, the resonance (pealgush /A, for distinct thicknesses of film dt= 0. In order

of R.g occurs at the values of/\, being equal to an to reach resonance in the substrate, it is naturally required that
odd multiple of quarter wavelengths. In this condition thée penetration depth be larger than the film thickness. It is
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Fig. 7. The effective resistance in (9) versiug\, for various film thick-
5 nm, 10 nm, 50 nm, 100 nm, and 200 nm,Z7at= 77 K, 10

nesses¢d =

h/i

2

GHz, andb = 0.01. Ao = 6.1237 mm.

reasonable to conclude that when film thickness increases the
observation of resonance becomes less prominent, as shown in

2353

illustrative purpose.

a b=0.  w=63.1639+ j8.3253(GHz),
whenh = 1),
w =62.9423 + j2.7655(GHz),
whenh = 2,
w =62.8982 + j1.6582(GHz),
whenh = 2,.
b) b=00L: w=61.8782+ j13.9441(GHz),
whenh = ),
w =62.5417 + j4.6704(GHz),
whenh = 2,
w =62.6608 + 52.8051(GHz),
whenh = 2,.

C) b=005 w=622263+ j42.5273(GHz),
whenh = 1),
w =62.6312 + j14.2665(GHz),
whenh = 2),,
w =62.7116 + j8.5709(GHz),
whenh = 2X,.

Fig. 6. This consequence @t= 0.1 is also in Fig. 7. Also, for The solutions forw in (13) implicitly include much informa-
thicker a film,d > 50 nm, the resonance behavior is obviouslyion about the resonance phenomenon. First, the introduction
obscure. We thus deduce that the conditions of higher field @scomplex angular frequency is not surprising in that (13)
well as thinner film would be predominant in observing thi mathematically a complex-number equation. The real part
interesting resonant results.
The above-mentioned resonant behavior can be furthgreement with the observation in Fig. 5 where we have
understood on the basis of the so-called transverse resonattassen the frequency as 10 GHz, corresponding to 62.8318
technique (TRT) [27]. We now adopt TRT to treat the res@sHz in angular frequency. The imaginary partafhowever,
nance more carefully. Let us again go back to the structutepresents the loss in the resonant structure. Moreover, the
depicted in the inset of Fig. 5. The impedance of lookingigherw, the greater the loss. Second, looking at the results
backward atr = d is given by

Similarly, the impedance of looking toward the filmaat= d is

Zy(d) =

Zi(d)=2

ZO + ZQ tanh(]kgh)

ZO + Zl tanh(J

> Zy + Zo tanh(jkoh)’

d)

7, + Zo tanh(j

k
kd)’

The resonance occurs at the condition of

Zb(d) =+ Zf(d) =0

(11)

(12)

(13)

of w is the real resonant frequency, which is in fairly good

of b = 0, it is interesting to see that the magnitude of the
imaginary part decreases with increasihgimplying lower
loss in the thicker substrate. This phenomenon is attributed
to the fact that shunt conductance is inversely proportional to
the thickness of the parallel-plate transmission line, that is,
the substrate thickneds. Therefore, the increase df will
decrease the conductance loss, which agrees with the results
obtained for the imaginary part of the complex frequency. A
similar argument also holds whén# 0. Regarding the real
component of the complex frequency, it shows no significant
variation for the three respective conditions considered.

In Fig. 8, the temperature-dependent effective surface resis-
tance displays an oscillating behavior which is very similar
to the observation in the normal state as reported in the
work of Drabecket al. [10]. The substrate used is SrEO
with permittivity (7)) = ¢1/[coth(Ty/T) — ¢2], wherec; =
2.14 x 10%,¢, = 0.905, and Ty = 42 K [10]. To compare

according to the TRT. In order to self-consistently check the oscillating behavior in the normal state as observed by

results given in Fig. 5, we again takk=

5 nm for the film Drabecket al. [10], [11], Fig. 8 has been obtained from their

thickness and temperatufE,= 77 K. By treating the substrate conditions, i.e., the thicknesses of the film and substrate are
thicknessh as a parameter we can solve (13) for angular= 600 nm andh = 1 mm, respectively, and the frequency is
frequencyw. Listed below are three arbitrary conditions forl00 GHz. In addition, we take the reduced fieldbas 0.05.
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Figi 8. The effective surrface resistance in (9) as a function of temperatu’ggg' 10. The effective surface resistance verdys\, for different film
at f =100 GHz, b = 0.05,d = 600 nm, andh =1 mm. thickness,d = 5 nm, 10 nm, 50 nm, 100 nm, 200 nm, and 400 nm. The
conditions and parameters are the same as in Fig. 8.

22— —_— 1 12
1ol f=10GHz 10 (8) by Z3, where Zs = \/jwpug/om, is the wave impe_dance
7;22 *:m of the ground metal. The resonant behavior is now inspected
08| b=001 ] o8 around the value ok = A2/2, as shown in Fig. 9. Here, the
conditions considered argé = 10 GHz, T = 77 K, h = 50
06 108 nm, andb = 0.01. The addition of the ground metal has
greatly increased the magnitude &t as compared with
g 04 1 94 = Fig. 7 and enhanced the resonance as well. Another change
o s made is the occurrence of a resonance whéh, equals a
02t {02 X : S
multiple of half-wavelength. It now acts as a transmission
00 L 0.0 line with length,! = n(A\:/2),n = 0,1,2,---, and short-
circuit termination, or a series lumped resonant circuit. The
02t 1-02 reactance shows an abrupt change from capacitive to inductive
around the resonance point. The result shown in Fig. 9 is a
047 1-0.4 key feature about resonance, which is quite analogous to the
N P S J5s resonance spectra_ o_f_anoma!ous d_ispersion cha_racteristics of
0485 0490 0495 0500 0505 0510 0515 the complex permittivity of dielectrics [28]. In Fig. 10, we

plot the R.g versush/A, for various thicknesses of film for

the same conditions as in Fig. 9. The effect of film thickness

Fig. 9. The effective surface resistance and reactance vérsus around 0N resonance is basically similar to that in Fig. 7. However,

the resonance point. The conditions are given in the figure. The matetiglg suppression of resonance for a thick film is not as severe

parameters are given in the text. as in Fig. 7, which in turn indicates that the ground metal has
o ] ] _a positive influence on the appearance of resonance. It is also

As can be seen, the oscillation amplitude increases rapidinterest to note that the resonance position is not shifted due

with increasing temperature, especially ndar The rising 4 the variation of the film thickness. This observation is quite

rate of amplitude is greater than that in the normal state, S§gerent from that in the Meissner state shown in the work

Fig. 1 in [10]. This oscillation phenomenon is due to standing Hartemann [12]. In the Meissner state the increase of film

waves confined in the substrate and is closely related to tp¢-kness not only lowers the resonance peak but also moves

highly temperature-dependent permittivity of Sr3i@esides, he peak position to the right, an increase of ratjo\,. This

the oscillation is not seen when= 0. It indicates that the g,ggests a basic difference in the dependence of resonance on

inclusion of vortices has increased the oscillation becausef, thickness between mixed and Meissner states.

the high resistance from vortex motion.

Finally, we examine the resonant structure where a ground

metal, gold(,,, = 4.1 x 107 S/m) is deposited at the backside V. SUMMARY

of the substrate. The effective microwave surface impedanceThe study of effective microwave surface impedance is im-

is again described in (8), (9), and (10), but we replagein  portant for microwave applications and also for understanding

2,
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the fundamental physics of hidhi- superconductors. Aided [8] Y. Kobayashi, T. Imai, and H. Kayano, “Microwave measurement of
by the Coffey—Clem model, in addition to transmission line
theory, we have systematically examined the effective surface
impedance of HTSC in the mixed state. In a nonresonan®]
structure the effective surface impedance has been investi-
gated as a function of film thickness and static field. The

possible influence of substrate material on impedance is afsa
considered. Our results demonstrate that the field-dependﬁrﬂt

critical film thickness for shielding the substrate increases wi
increasing static field. This fact is clearly elucidated in light

of field-dependent complex RF penetration depth.
Considering the resonant structures, we find a very fu

damental distinction between the Meissner and mixed-state

responses. In the Meissner state, the layered structure acts a3

antiresonant transmission line or, equivalently, a lumped par-
allel resonator when the backside of the substrate is vacuum.
However, it behaves like a lumped series resonant circuit Y
the mixed state. The switching from parallel to series, or vice

versa, is closely connected with the strong difference in thed]

wave impedances of distinct states. The resonant phenomenon
is further well described by the transverse resonance technigue}

Results indicate that the thin film will be a preference for

obtaining the resonance. By adding the ground metal at the

backside of the substrate, the resonant behavior is highly
enhanced together with a shift of one quarter-wavelength

in peak position. It is of practical interest to understanﬂ8
the distinctions associated with the resonance phenomenon.

The results given here strongly suggest that for microwave

applications, attention should be given to this phenomenon!1
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