Effect of the substrate on the ac response of superconductors
with strong pinning to an incident plane wave
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The influence of the electromagnetic properties of the substrate upon the size effect in hard
superconductors is theoretically studied. Within the frame of the critical state model we calculate the
distribution of the magnetic induction and the electric field inside a superconducting plate subject to
unilateral electromagnetic excitation. This calculation allows to obtain the dependences of surface
impedance and absorptivity on the amplitude of the external signal. We find that the manifestation
of the size effect in the ac response of the superconducting plate depends strongly on the value of
the dielectric constant of the substrate. 96 American Institute of Physics.
[S0021-897€06)06822-3

I. INTRODUCTION electromagnetic properties of the substrate affect notably the
) ] ) distribution of the field inside the superconducting plate and,
In view of the discovery of the high-temperature super-cqnsequently, determine its absorptivisurface resistange
conductivity the investigations on eIecFromaglfletlc pmpert'esl'herefore, the size effect should depend strongly on the kind
of hard superconductors have been intensified. So, a greg the substratésemiconductor, metal, perovskite-structure
variety of electrodynamic phenomena is actually studiedgyiqe etc!?). It is noteworthy that the measurements of the
Among these phenomena, the size effect in superconductogs, tce resistance of high-temperature superconductors can
is of particular interest. On its basis, for example, the new,, performed both in lineasee, for instance, Refs. 13917
contactless methdd for measuring the critical parameters of 4. 4'in nonlinear regime=181%Thys, in both cases the size
superconducting materials was developed. effect should be considered when the penetration depth of
Frequently, the size effect is analyzed in the case of thene ¢ field is of the same order as the plate thickness.
bilateral excitation of a superconducting platélts origin is The aim of the present work is to investigate the influ-
explained in the same way as is done for normal métals. o e of the substrate on the size effect in hard superconduct-
When penetration depth of the ac field in the sample is 5 4t ynilateral excitation. This work provides the full theo-
much larger than the plate thickneds(5>d), the electric  \qtical framework to our lettef® So, we shall study the ac
field is notably diminished since it is @ smooth function of \eghonse of a superconducting plate by using the critical state
coordinates and has opposite signs at the plate boundarigs,qe| which can be applied in a wide range of ac amplitudes
As a consequence, the absorptlylty decreases with increasg, 4 frequenciegsee, for example, Ref. 20characterizing
of 8. On the other hand, whea is much less tham the o honjinear region. In Sec. Il problem statement and fun-
surface resistance is small @d<1 and increases a8is  jamental equations are presented. In Secs. Il and IV we
augmented. This means that the real part of surface impediyain formulae for the distribution of the electromagnetic
ance has a maximum in the regién-d (size effect field inside the superconductor in the cases of small and
_Recently it was shown that the size effect takes place §hge amplitudes of the radio wave, respectively. Finally
unilateral excitation as welf As at bilateral excitation, there Sec. \J, we calculate numerically the electric field at the

are two waves in the sample that give rise to the size effecly 5o surfaces, the surface impedance and absorptivity. We
the external ac signal and the wave reflected from the 'nter(:ompare these results with analytical ones of previous sec-
face superconductor-substrate. This fact is important becaugg o

many experimentésee, for example, Ref. 1are carried out

precisely at the unilateral excitation and it appertains to all ac

experiments with superconducting films. In this kind of ex-

periments usually the dependence of the surface impedange prROBLEM STATEMENT

Z on external parametergemperature, magnetic field, fre-

guency, amplitudgs which determine the value of the pen- Let us consider a superconducting infinite plane-parallel
etration depths, is measured. So, maxima in the absorptivity plate of thicknessl which overlies a substrate with dielectric
(Rez) can be interpreted as a manifestation of the size effectonstant. Thex-axis is normal to the plate boundaries. The
Nevertheless, a lot of experiments with plateswith films) free boundary of the superconductor isxat0 and the in-
are carried out for the system plate-substrate. Evidently th&erface superconductor—substrateatd. The free boundary
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x=0 is irradiated by an external ac magnetic field, directednonlinear regiohis satisfied. The critical state equation is
along the plate surfacéalong thez-axis) and having the applied only in those sample regions where the electric field
form is nonzero. In other regions, whele=0, the distribution of
the magnetic inductioB(x,t) turns out to be frozen. It keeps

H(1)=Ho coswt). 2D the same shape as at the last moment of prehistory \Ehen
The magnetic inductioB(x,t) and the electric fielde(x,t) #0.
depend on a single spatial coordinatein this geometry. Boundary conditions for Eq$2.7) are

VectorsB andE are parallel taz- andy-axes, respectively:
B(x,t)={0,0B(x,t)}; E(x,t)={0,E(x,t),0}. (2.2

Considering that a shifit= 7/ @ in the time dependences of

B(0t)=uH(t), E(d,t)=B(d,t)/ue? (2.8

Let us introduce dimensionless variables

the fieldsB(x,t) andE(x,t) changes solely their signs, it is ho=Ho/H,, ¢&=x/d, 0s¢s<l, r=ot; (2.9
enough to analyze these functions only in the first half-
period, and dimensionless functions

Os<otsm. 2.3 b(&,7)=B(x,)/uH,, F(&7)=(c/pwdHy)E(Xt).

We shall calculate the electric fiek(x,t) at the bound- (2.10
ary x=0 and at the interfaca=d, thereafter the surface pereH,=4j.d/c represents the characteristic value of the
impedance; wave amplitudeH, at which the ac magnetic field penetrates

8w (o the whole volume of the superconductor up to the interface
zZ= CTJ dtE(0t)expimt). (24 x=d (¢é=1).
0Jo

The new notations allow to rewrite equatio(’s7) and
Herec is the speed of light in vacuum. Also, we will obtain boundary condition$2.8) as
the plate absorptivityA which is defined as the ratio of the
difference of the irradiances at the surface0 and the in-
terfacex=d to the incident irradiance:

IFldé=—odbldr, dIbloé=—signF;

b(0,r)=hg cos7, b(1,r)=aF(1,7), a=puwedlc.

(E(OH)H(0.1)) —(E(d,H)H(d,1)) 2.5 (21)
= 2 ; .

Ho/8 As will be seen in Sec. IV the parameigrcharacterizes the
where bracketg . . .) denote time averagingd (0,t) =H(t) role of the substrate in the ac response of the superconduct-
(2.1). Eq. (2.5 can be rewritten in the form ing plate. One can see that the critical state equation in Eq.

/ (2.7 and Eq.(2.11) does not contain the displacement cur-
A i wdt E(0.t)cos wt)— e Y2E2(d t)/H 1. rent. A S|m'ple comparison pf this current with shows its
mHgJo [E(Ot)codwt) —e (d.)/Hol smallness in accordance with the parametewdihy/c<1.

(2.9 Since the value ohg in our consideration is about unity,

It should be noted that in the case of unilateral excitationneglectlng of the displacement current is provided by the

the real parR of the surface impedance and the absorptivitymequalltywd/c<1, usual for the quasistationary situation.

A characterize different physical quantities. The valuR ig The solution of the formulated problem is quite distinct

connected to the wave energy passing through the Surfa(g?epending on whether the magnetic flux penetrates the whole
x=0, whereas the value & is related to the part of this plate volume or not. For this reason, we shall consider sepa-

energy dissipating within the superconducting plater"’l.te'y the cases of smalH<H,) and "'?“ge tp<Ho) am-
0<x<d. plitudes of the external electromagnetic wave.

According to the assumed geometry, the Maxwell equa-
tions within the critical state mod@?2 can be written as

follows: lll. SMALL AMPLITUDES OF THE RADIO-WAVE
B 1B B _ dmu. SianE 2.7 If the amplitude of ac magnetic field is less than the
X c at’ X ¢ JeSant ' penetration field,

In the last equation is the critical current density and Ho<H,, ie, ho=<L, (3.

pn=1 for monocrystals and films. For ceramic samglgss

the critical density of intergranular current and factorep-  the magnetic flux does not pass through the whole supercon-
resents the effective magnetic permeability<{(@<1) ductor volume, and inductioB(x,t) at the interfacex=d is
which allows for intragranular currents preventing magneticzero. Evidently, in this case there is no size effect and the
flux penetration into the grains. Here, we shall not take intosubstrate properties do not manifest themselves in the behav-
account the dependencejgfon B (j.= cons}. It should be ior of fields B(x,t) andE(x,t).

noted that the critical state equation ({@.7) is valid if the The magnetic inductiorb(&,7) and the electric field
London penetration deptk is the smallest parameter with F(&,7) within the superconducting plate are easily obtained
dimensions of length, and if the inequaliyo>4mj.A/c by solving equation$2.11). We get
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é+hgcost, O<é<é(n);
b(é,1)={ —&+hy, &r)<é<hg;

0, ho=s¢=<1, ’
—h sin 7(&(1)— &), 0=<E<E(7); 2
F(é,7)= ~ (3.2
0, é&(n=é=l, , 5
!
/:\

E(r)=hg SinA(/2).

Since the electromagnetic energy is not transmitted to 0 ! £(7) 1
the substrate §(1,7)=0), the absorptivity(2.6) of the su- ¢
perconductor turns out to be proportional to the real part of 5
the surface impedand@.4),

A=(c/m)ReZ, (3.3
which is straightforwardly calculated by using formulas 6
(3.2:

8uwhyd i

As is seen, in the case of small amplitud@sl) the
results for unilateral and bilateral excitations of a supercon-
ducting pIate agre(asee, for example, Refs. 1 anidl Bo, in FIG. 1. The spatial distribution of the dimensionless magnetic induction
this nonlinear regime the surface impedance turns out to bgté:?) inside the plate for different time moments) 7=0, (2) 7=, (3)
. . nd(4) r<7<7,, (5) 7=1,, (6) T=1.
proportional to the amplitudsy. ! 2 z

IV. LARGE AMPLITUDES OF THE RADIO-WAVE .
equal to zero everywhere in the superconductor and, conse-

The study of the region of large amplitudes, quently, F(£,0)0=F(1,0)>0. Subsequently, in the whole
. half-period(2.3) the second term in Ed4.2) is negative and

Hp<Ho, ie. Isho, 4.1 the field at the interfacd-(1,7) decreases withr. Under

is of great interest since precisely here the size effect takethese conditions the electric fieky &, 7) will decrease also.

place, being notably affected by the electromagnetic propert is clear that it will conserve its positive sign (sifi=1)

ties of the substrate. In the caée 1) the electromagnetic only up to certain time moment;, when the field at the free

signal goes through the superconductor and decays inside th@undary é&=0 vanishes F(0,7,)=0). After solving set

substrate medium. Magnetic inducti®{x,t) together with  (2.11) in the interval Gs 7<7;, we get:

electric fieldE(x,t), in general, are different from zero in the _

whole bulk of the superconducting plate and at the interface b(¢,7)=—¢+ho cos,

x=d. F(&,7)=—ho(1—¢)sin 7+ (hy cost— 1)/ a,
According to se{2.11), at the initial(starting time mo-
ment =0 dimensionless inductioh(&,7) has a maximum O<7<m. 4.3

(db(¢,7)/d7=0 at 7=0). Its spatial behavior inside the yUsing these expressions one can rewrite the equation for
plate is illustrated by straight line 1 in Fig. 1. With increasing 7,  i.e., F(0,r;)=0, in the form

¢, function b(£,0) decreases fronb(0,0)=h, at the free ) 1

boundaryé=0 up to the positive valub(1,0)=h,— 1 at the cosT—a sin T =Ny . 4.4
interface§=1. Beginning from this moment and during the Hence, in the first time interval€© < r, the spatial distri-
whole half-period(2.3), the induction decreases inside the pution of inductionb(£,7) has a linear behavid®.3). With
superconductordb(¢,7)/d7<0 at 0<7<). Nevertheless, time the plot of b(£,7) moves parallel from the initial
that decrease, as well as the spatial distributiorb@f, ), straight lineb=b(¢,0) to the side of smaller values &f
will have qualitatively distinct behaviors in different time gng, finally, is transformed into the straight line

intervals. In order to clarify this, let us integrate the firsth=p(¢ 7,). This line is labeled by number 2 in Fig. 1. Con-

equation from se€2.11) with respect to¢: sequently, in the first stage when<G-< ; the electric field
1 ab(g,T) in the superconductor decreases remaining positive every-
F(§,7)=F(1,7)+j df’T. (4.2 where.
3

The second stage beginsat 7, when the electric field
In accordance with the boundary conditionéat1 from  F(0,7;) at the irradiated surfacg=0 of the plate is equal to
set(2.11), at =0 the electric field at the interface=1 is  zero, being positive in the superconductor and at the inter-
positive (F(1,0)=(hy—1)/a>0). Besides, at this time- faceé&=1. With time, the spatial distribution d¥(¢,7) be-
moment the second term in the right-hand side of B®) is  comes sign variable: in the region<(< (1) near surface

6372 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 Pérez-Rodriguez et al.

Downloaded-26-Jul-2002-t0-131.111.62.56.-Redistribution-subject-to~AlP-license-or-copyright,~see=-http://ojps.aip.org/japo/japcr.jsp



¢=0 it is negative (sigrF=—1), and close to the interface the first stage only in the sign of the electric field within the
at §( 7)=<¢<1, remains positive (sigh=1). According to whole superconductor (si§= —1). The initial straight line,
the equation of the critical state from g@11), the spatial P=P(£,72), for this interval moves parallel towards the re-
distribution of magnetic inductioh=b(¢, 7) has the form of ~ 9ion of smaller val_ues ob, and, as a result, is transformed
a step-linear functiottsee broken lines 3, 4 in Fig).1This  INto straight lineb=Db(¢&, ) (see lines 5 and 6 n Fig.)1
stage finishes at=, when the electric field, and together 'Ntégrating set2.11, we get the following result:

with it the induction at the interfa(_:e vanishes b(£,7)=&+hg cosT,

(F(1,7)=Db(1,7)/a=0). Thus, everywhere in the super-

conductor (including its free boundary=0) both fields F(&71)=—hgy sin 7(1— &) +(hy cosr+1)/a, (4.12)
F(¢,7) andb(&,7,) become negative, and the broken line
degenerates into straight line 5 in Fig. 1 forb(&, 7). From TyS TS .

set (2.11) formulae for the dimensionless induction
b=Db(¢,7) and the electric fieléF (&, 7) at the second interval
of the time evolution take the form:

Hence, for large amplitudes of radiowaf41) the influ-
ence of the substrate produces a qualitative change in the
behavior of the electromagnetic field in the superconductor

éE+hgcosr, 0O< gs&ﬂ; in comparison with cas€3.1). It is noteworthy that here the
b(¢,7)= L e+14b(Lr), En=f<l, magnetic induction in each point of the superconducting
plate decreases with time and never is frozen as happens for
[ b(1,7) ob(1,7) — ho=<1 and, also, in the case of bilateral excitation for arbi-
T_ho sin 7(¢(7) = §)+ o~ (1=&(7),  trary values of the amplitude of the radiowave.
— We shall present formulae which are necessary for the
F(6r)= O=¢=<é(m); @5 calculation of the reaR(hy) and imaginaryX(ho) parts of
' b(1,7) db(1,7) ' the surface impedancg=R—iX and, also, the absorptivity
« " e 179 Aho):
E(r=e<1, R(h d
‘ fn=¢ (o) =—f drF(0mcosr, R(1)= ol
- R(1) 3c
7'1\ T 7'2
(4.12
From the continuity of magnetic inductidm(¢, ) at point
¢=¢(7) it is easy to get the relation between quantiies ~ X(ho) _ J’ q ZWde
s F(0 X(1)= ;
b(1,7) and&(n): X(1) THOmsinT, - X(1)=—c
_ 4.1
2¢(7)=b(1,7)+1—h, cos . (4.9 413
. : : : . A(h 3 F2(1,
There is an equation for the inductitfl,7) at the interface, ( 0) f dr| F(0,7)cos 7— aF"(1.7) ,
which follows from condition F(&(7),7)=0. Assuming A(1)  hg ho
&=¢(7) for F(¢,7) in Eq. (4.5 and using Eq(4.6), we find c 8uwd
2b(1,7)+ a[ 1+ hy cos 7—b(1,7)]ab(1,7)/a7=0. A)=TR()= 77 (4.1
(4.7)

. . . . i The analysis shows that in the transition from sni2ll)
It is necessary to complement this equation with the initial . . :
. — to large(4.1) values of the amplitude of the radiowave, i.e. at
condition at7= 14, where¢(7;)=0. From Eqs.(4.3), (4.4) point hy=1, functions R(ho)/R(1), A(hg)/A(1) and
or (4.6) one has: X(hg)/X(1) are continuous. At the same time their first de-
b(1,7)=hgy cosr;—1=ah, sin 7;. 4.9 rivatives at this point undergo a jump for every finite value
of parametera. This already indicates the existence of the
size effect at the unilateral excitation of a superconductor
which overlies a substrate with arbitrary dielectric properties.

The expression for electric fiekl( ¢, 7) (4.5 can be sim-
plified by using equatior4.7):

—ho(&(r) = &)sin 7, 0<é<é(7): Below we shall discuss in detail about the influence of the
substrate upon the size effect.
F&ED=\ b1n é-&0 _ According to Eqs(4.12, (4.13, (4.14) and (4.9 quan-
: §(r)sés<L tities R(ho)/R(1), X(hg)/X(1) andA(hg)/A(1) at large am-
@ 1-§(7)
4.9 plitudes (4.1) are functionals of dimensionless induction

b(1,7) at the interfac&€=1. In the second stage of the time
Finally, the equation for the last time-momentof the  evolution of fields the quantityp(1,7) is found by solving
second stage is obtained from E¢.6) by making there the nonlinear equatiori4.7). This solution can be analyzed only
substitutionsé(7,) =1 andb(1,7,) =0: for small and large values of parameterFor this reason in
oS 7= — =1 4.10 the following we shall solve analytically our problem only
2 o - ' for the cases of optically slow>1 and faste<<1 substrate.
Third (final) stage in the half-period is similar to the first Results for arbitrary values of parametewill be obtained
one. It occurs in the intervat,< <7 and is different from by numerical calculations.
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FIG. 2. Numerically calculated temporal dependences of dlmensmnlesEIG. 3. Numerically calculated temporal dependences of dimensionless

electric field at the free surfac&;(0,7) (dashed ling and the interface
plate-substrate; (1,7) (solid line), for hg=1.5 andae=0.1(a), 1 (b), 10(c).

A. Optically slow substrate

Let us analyze the case

a>1 e, (c/luwd)®<e. (4.15

Firstly, we should investigate what happens with each of

the three described stages of the evolutiorb¢f, 7). Ac-
cording to Eq.(4.4), with a— the time-point r; be-
tween the first and second stages tends
(7'1~(1—h61)/a). This means that in the case of optically
slow substraté4.15 the first stageé4.3) practically is absent
and the second one begins fram 0.

The first term in the equation(4.7) for induction
b(1,7) can be neglected when inequali@:15 holds. In this
case the solution of Eq4.7) have different form in two
distinct lapses of the second stage. Flatt 0< 7<), the
derivativedb(1,7)/dr=0. Here, in accordance with the ini-

6374 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996

electric field at the free surfacé;(0,7) (dashed ling and the interface
plate-substrate; (1,7) (solid line), for hy=10 ande=0.1(a), 1 (b), 10 ().

tial condition Eq.(4.8), and also Eq94.5), (4.9), the dimen-
sionless induction at the interface and the electric field at the
free boundary are:

b(1,r)=ho—1;
F(0,r)=—h3 sir?(/2)sin 7; (4.16
Os7<7.

to zero

At time-moment 7= 7, the derivativedb(1,7)/d7=0,
and the expression in square brackets of @q7) also van-
ishes. Hence, the equation faris gotten:

(4.17

Furthermore, at; <7< 7,, quantityob(1,r)/dr is differ-
ent from zero, and the expression in square brackets of Eq.
(4.7 is equal to zero. Therefore,

cost=1—2hg*.

Pérez-Rodriguez et al.
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curves. curves.

Note that results for large do not depend on the value
of the dielectric constanf.e., on the properties of the opti-
F(0,r)=—hg sin 7; (4.18 cally slow substrate Moreover, formulas for the impedance
and the absorptivity turn out to be the same as for bilateral
excitation. This is clear, since witta>1 practically all elec-
Fieldsb(1,7r) andF(0,7) have the same asymptotics in the tromagnetic energy, that comes from the superconductor to
third stage of their evolutiofsee Eq(4.11)). For this reason, the substrate, is reflected from the interface. The reflected
we extended the domain of definition of E4.18 up to the  wave from the substrate plays the role of a second wave,
end of the half-period. which at bilateral excitation irradiates the superconductor

In conclusion, in the case of large amplitudes of thefrom boundaryx=d. Therefore, in the case of an optically
radiowave(4.1) and optically slow substrat@.15 the three  slow substraté4.15 a manifest size effect takes place: from
stages characterizing the variation of the electromagneti€gs. (4.19 and (4.20 it follows that the real part of the
field in the superconductor become only two. impedance and the absorptivity reach a maximum at

After substituting Eqs(4.16) and(4.18) into expressions hy=4/3, and the imaginary part & has a steplike change at
(4.12, (4.13, (4.14 and doing some necessary calculations,the same value dfi.
we get for the case of optically slow substrédel5): The formulas obtained in the present Subsection can be

R applied in the situation when, for instance, a good conductor

(hg) A(hg) 3 2 - . o
= =—— = (4.19  serves as a substrate inside which the electric field is as-
R(1) A1) ho hg sumed to be zer@.e., F(d,t)=0, e —x).

X(ho) . 2—hg
X(1)

b(1,r)=1+hg cos;

TISTST.

2\2 B. Optically fast substrate
17, (o
0

2
arcco% 1- - +—
o/ T Now, let us consider the situation when the supercon-

16 ducting plate overlies a substrate with small dielectric con-
—1)2— 32 (o= 1)%2, (4.20  stant,
0
a<l ie. I<e<(c/pwd)? (4.2

During the calculation of the asymptotics for the imped-
ance and absorptivity we have restricted ourselves to the lin-
ear approximation in parameter For this reason, in the first

7 and third stages of the time evolution of the fields it is nec-
1.5} essary to use exact expressigds3), (4.11) for induction
01 b(&,7) at the interface&=1 and electric fieldF(&,7) at the
free boundar¥=0. In the second stagd.5 dimensionless
inductionb(1,7) is so small that it can be considered equal to
zero. Indeed, according to Eqd.7), (4.8) quantityb(1,7) at
0.5 the beginning of the second stage is proportionaktand
thereafter decreases, since derivatt€1,7)/d is negative
in the whole second stage. The decrease of fundtidnr)
0.0 : T o has an exponential behavior with a characteristic scale of the
ho order ofa. Then, in the second stage the terms wifid,r)
in formulae(4.12), (4.13, (4.14), are of the order® and can
FIG. 5. Plots ofX(ho)/X(1) at different values of indicated near curves. be omitted.

207

10

X(ho)/X(1)
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For small @ the expressions for the surface impedancenterface superconductor-substrate decreases with
and the absorptivity, which are valid in the whole region (F(1,7)=b(1,7)/«) wheread=(0,7) acquires the asymptotic
ho=1, are quite cumbersome. At the same time, for analytidorm given by Egs(4.16), (4.18).
investigations of these functions it is enough to study only  The calculation of the electric field at plate boundaries
the regiona®<h3— 1, excluding the narrow vicinity of point allows to find the surface impedanZe=R—iX Egs.(4.12,
ho=1. This allows to solve equatiof#.4) in the linear ap- (4.13 and the absorptivith (4.14. Figs. 4—6 show numeri-
proximation ina and to find the explicit form forr;. From  cally calculated plots foR(hg), X(hy) and A(hg) for the
the preceding, in the case of optically fast subst(4t2l) we  same values of as in Figs. 2, 3. From graphs it is evident
get that the manifestation of the size effect depends considerably
on the substrate. Thus, asis diminishedR(hy) (Fig. 4)

R(ho) (hs—1)*2 under brupt i t~1 and it i
— 2| arccosh=1)— n ; 4.2 goes an abrupt increase g and its maximum,
R(1) « €ho ) ho2 3_hg (422 which is observed in the case of an optically slow substrate

5 at hy~4/3, disappears. Noticg=ig. 5) that for small values

X(ho) 1 2 oty 2 (hg—1)"* 40 of a the curveX(hy) has a break nedr,~1. The absorp-

X(1) Farecosh, ) ™ hy (4.23 tivity A(hg) (Fig. 6), which exhibits a maximum for any

ho . value of the dielectric constant of the substrate, is notably

A(hg) 2 12 1 increased by lowering parameter So, the numerical results

A1) a_hé[G(hO_ D7 -6arccoshy )t al. (424 ¢4 ,— 0.1 anda =10 confirm the analytical ones obtained in

Secs. IV A, IV B for the limiting cases<1 anda>1.

The analysis of formulagt.22), (4.23 and(4.24) shows, In conclusion, the ac response of hard superconductors
that even in the caset.21), when the substrate has a small tg an incident plane wave is notably affected by the presence
&, the size effect manifests itself in the response of the supf the substrate. The peculiarities of the surface impedance
perconducting plate to an electromagnetic wave. With in4nq apsorptivity associated with the size effect turn out to be
creasing dimensionless amplitutig, the imaginary part of strongly correlated with the value of the dielectric constant
the impedance increases monotonously from the valugf the substrate. Our analysis is based on the critical state

X(1) atho=1 up to 2X(1) athe>1. In addition its deriva- model, however, similar results can be obtained by using
tive with respect tchy has a steplike change in the narrow other approaches.

vicinity ( with width of ordera) of pointhy=1. A consid-

erable size effect appears in the real part of the impedance

which increasesa '>1 times in comparison witfR(1).

However, absorptivity undergoes the more evident changeCKNOWLEDGMENTS

IAt<m327:(1)ia—T:tx pointh o that s found fr;nn?ger:qlhu:e This work was supported by Grant No. 3004-E-9306 of
tion 0o~ 'm thg Consejo Nacional de Ciencia y Tecnob(CONACyT,
Mexico) and Ukrainian National Program in High, Super-
(h2—1)Y2=2 arccogh,,}). (4.25  conductivity (Project “Colapse’).

V. NUMERICAL RESULTS
. . L. M. Fisher, O. I. Lyubimov, N. M. Makarov, I. F. Voloshin, V. A.
In F|9_5- 2, 3 we present 'nun_]encally calculated graphs Yampol'skii, and N. V. I'in, Solid State Commur.6, 141 (1990.
for the dimensionless electric fiel&#(&,7) at £&=0 and  2L. M. Fisher, V. S. Gorbachev, N. M. Makarov, I. F. Voloshin, V. A.
£=1. During the calculation we used formulés3—(4.11). Yampol'skii, N. V. Ilin, R. L. Snyder, J. A. T. Taylor, V. W. R. Amara-

. . _ koon, M. A. Rodriguez, S. T. Misture, D. P. Matheis, A. M. M. Barus, and
Curves of Figs. 2 and 3 were obtained fog=1.5 and 3. G. Fagan, Phys. Rev. 45, 10986(1992.

ho=10, respectively, and illustrate the effect of parameters| g voloshin, S. V. Gaponov, N. V. Ilin, M. D. Strikovskii, and L. M.
«a (i.e., dielectric constant, see(2.11) on the time depen-  Fisher, Sov. Phys. SPCE 94 (1989.

dences of the electric field at both plate boundaries. In eacﬁ\éhA- Astifg'gznys\;-(\{ég;mido"' N. E. Noginova, and A. E. Sobolev, Sov.
. - . . . yS. , .
graph we have indicated the time 'ntervah (7-2) in which 5V. V. Eremenko, D. E. Zherebchevskii, T. N. Moiseeva, and V. V. Cha-

the spatial distribution of the electric field inside the super- banenko, Sov. J. Low Temp. Phyks, 695 (1989.
conducting plate is sign variable. ®A. V. Velichko, E. V. Izhik, A. Ya. Kirichenko, N. T. Cherpak, A. I.

It is noteworthy that for arbitrary values of and 7Usoskin, and I. N: Chukanoya, Sov. J. Low Temp. PHy%.786 (1991).
ho>1 fieIdsF(O ) andF(l ) have the same magnitude at V. B. Geshkenbein, V. M. Vinokur, and R. Fehrenbacher, Phys. Rev. B
10 T T g 43, 3748(1991).
time momentsr=0,7 (F(0,0)=F(1,0), F(0,7)=F(1,m), 8H. Fisher and Y. H. Kao, Solid State Comm#.275 (1969.
see Figs. 2, B This fact can be easily verified with Egs. le- S. Chernov and V. G. Skobov, Phys. R@d4, 1 (1994.
; . -Rodrguez, N. M. Makarov, V. A. Yampol'skii, I. O. Lyubimova

(4.3), (4.11). For the caser=0.1 (Figs. 2a, 3a correspond- |- P@ez-Rodrguez, ' por'skil, y ;
. . . and O. |. Lyubimov, Appl. Phys. Let67, 419(1995.
ing to an oppcglly fast ;ubstratg, fpn_qtmﬂ's(_(),ﬂ and 11y A Gaspém\,’ Physi‘;'; ¢78y449(199]). (1999
F(1,7) have similar behaviors. This similitude is better for 123. M. Phillips, J. Appl. Phys79, 1829(1996.
large amplitudes of the ac signad=Hy/H,>1). As the “g- Rk Foltydn,RR-CE-TMt;Jent:\aulsinH R. I_Cégﬁ;i(%g\gu' L. Luo, D. W.

. . .. - . ooke, and R. C. Taber, Appl. Phys. , .
optical density i.e., ) ,IS increased(curves b,c in F'QS' 1R. Hiskes, S. A. DiCarolis, J. L. Young, S. S. Laderman, R. D. Jacowitz,
2, 3, ,—0 and functionsF(0,7), F(1,7) become quite and R. C. Taber, Appl. Phys. Lei9, 606 (1997).

different one from the other because the electric field at thé>zhengxiang Ma, R. C. Taber, L. W. Lombardo, A. Kapitulnik, M. R.

6376 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 Pérez-Rodriguez et al.

Downloaded-26-Jul-2002-t0-131.111.62.56.-Redistribution-subject-to~AlP-license-or-copyright,~see=-http://ojps.aip.org/japo/japcr.jsp



Beasley, P. Merchant, C. B. Eom, S. Y. Hou, and J. M. Phillips, Phys. Yampol'skii, Physica C235-240, 2901(1994.

Rev. Lett.71, 781(1993. 191, F. Voloshin, L. M. Fisher, V. S. Gorbachev, S. E. Savel'ev, and V. A.
163, S. Laderman, R. C. Taber, R. D. Jacowitz, J. L. Moll, C. B. Eom, T. L. Yampol'skii, JETP Lett59, 55 (1994.

Hylton, A. F. Marshall, T. H. Geballe, and M. R. Beasley, Phys. Rev. B?°L. M. Fisher, N. V. IIn, I. F. Voloshin, N. M. Makarov, V. A.

43, 2922(1991). Yampol'skii, F. Peez-Rodrguez, and L. R. Snyder, Physica2D6, 195
17p. Merchant, R. D. Jacowitz, K. Tibbs, R. C. Taber, and S. S. Laderman, (1993.
Appl. Phys. Lett.60, 763(1992. 21C. pP. Bean, Phys. Rev. Leg, 250(1962.

8. M. Fisher, V. S. Gorbachev, S. E. Savel'ev, I. F. Voloshin, and V. A. ?H. Dersch and G. Btatter, Phys. Rev.3B, 11391(1988.

J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 Pérez-Rodriguez et al. 6377

Downloaded-26-Jul-2002-t0-131.111.62.56.-Redistribution-subject-to~AlP-license-or-copyright,~see-http://ojps.aip.org/japo/japcr.jsp



	I. INTRODUCTION
	II. PROBLEM STATEMENT
	III. SMALL AMPLITUDES OF THE RADIO-WAVE
	IV. LARGE AMPLITUDES OF THE RADIO-WAVE
	V. NUMERICAL RESULTS
	ACKNOWLEDGMENTS

