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Collective oscillations in superconducting thin films in the presence of vortices
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A plasma wave propagates inside an anisotropic superconducting film sandwiched between two semi-infinite
nonconducting bounding dielectric media. In the presencemhais-parallel magnetic field, perpendicularly
applied to the film surfaces, we show how vortices, known to cause dissipation and change the penetration
depth, affect the propagative mode. We obtain the complex wave number of this mode and, using
YBa,Cu;0,_, at 4 K as anexample, determine a region where the vortex contribution is dominant and
dissipation is small[S0163-182608)02406-0

I. INTRODUCTION bounding medium of a very high dielectric constant. This is
the so-called superficial plasma mdtfawhich is made pos-

At the plasma frequency, a collective oscillation of the sible by the charges located at the interface of the supercon-
electron gas around the positive ionic background occurgjuctor and the dielectric medium, responsible for the cre-
which is fundamental to understand the electromagnetiation of an electric field mainly concentrated outside the
properties of conductors. For wave frequencies below thsuperconductor.
plasma frequency, the conductor reflects the incident electro- In a thin film, the coupling between the two superficial
magnetic radiation but, for frequencies above the plasma onglasma modes yields two possible branches, a symmetric and
it becomes transparent thus allowing a propagative mode antisymmetric branch, in a fusion similar to met&i¢?and
For metals, the plasma frequency is typically found in thesemiconductor$® The film thickness must be smaller than
ultraviolet region (16°— 10 Hz).! the London penetration depth in order for this coupling to be

A widely known feature of superconductors is the exis-established. Oscillations between the kinetic energy of the
tence of a gap, the energy required to break a Cooper pair isuperelectrons and the electrical field energy take place in
the ground state condensate. Typically for conventional suthese modes and for this reason they are cafibma
perconductors the frequency associated to the gap is in theodes The lower frequency branch was predicted for
10' Hz range, whereas for highs superconductors it is one superconductot$ 16 some time ago and observed in thin
order of magnitude highér. granular aluminum films, in the hundreds of MHz rarige,

The question of whether the superconductor can suppognd in thin YBaCuO,_, films,® in a higher frequency
collective modesvithoutinducing pair breaking effects is an range of hundreds of GHz. The highest frequency branch
old one, and has been discussed since the early days of thes predicted to be within experimental observation range
theory of superconductivity? Apart from the so-called for high-T, materialst® For highly anisotropic superconduct-
Carlson-Goldman mode, which happens under specidhg materials, measurements of such upper and lower
circumstance3® any other attempt to excite collective branches are expected to give information on the transverse
modes in isotropidulk superconductors has led to the de-and longitudinal London penetration depifisn conclusion,
struction of the superconducting state. This follows the wellplasma modes in superconducting films can be an important
known argumefitthat the Coulomb interaction shifts the fre- tool for probing many intrinsic electromagnetical properties
guency of such oscillations, the plasma frequency, to abovef superconductors.
the gap frequency. However, it was recently shown that Long time ago, Gittleman and Rosenbfthstudied the
highly anisotropic superconductors do display plasma oscileffects of an applied current at the radio and microwave fre-
lations below the superconducting gafihese oscillations, quency range on pinned vortices and obtained as a result the
especially for the layered structure, are due to the Josephs@ssociated surface impedance. For an ac applied magnetic
coupling between the superconducting planes. field and in the weak pinning regime, Campbkkhowed

Plasma modes in superconductors, isotropic or not, havthat the effect of vortices can be described by a frequency
been recently revisited from another point of view. Plasmadependent effective penetration depth, whose square is the
modes below the gap are possible without destroying theriginal magnetic penetration depth squared plus a new term
superconducting state, as long as they propagate in the intedescribing the elastic interaction between the vortices and
face between the superconductor and a nonconductinidpe pinning centers. In the beginning of this decade these
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models were generalized to convey the effects of feapd  the dielectric,v=2.1x10° ms 2, is substantially smaller

to provide a detailed description of the elastic properties othan c. Our work is restricted to identical top and bottom

the vortex lattice near the superconductor surfdce. dielectric media, which does not imply lack of generality.
In this paper we analyze the effects of a constant unifornSimilar conclusions should also apply to the general asym-

magnetic field, perpendicularly applied to the thin film sur- metric case.

faces, on the thin film propagative motfeA sufficiently This paper is organized as follows. In Sec. Il, we intro-

large magnetic field causes the thermodynamic stability of gluce the major equations governing the film mode in the

vortex system, which influences the collective oscillationspresence of vortices. Its dispersion relation is analytically

affecting considerably the above modes. The vortices are irflerived under some justifiable approximations. In Sec. lll,

duced into an oscillatory dissipative motion around their pin-We apply our model to the high; superconductor

ning centers. This motion couples to the electromagnetic/ B&CUsO;- 5, choosing a range of parameters such that the

fields resulting either in an underdamped or an overdampet@west energy film mode is mostly associated to the vortex

regime. This paper is developed in the context of independynamics, but yet remains underdamped. Finally, in Sec. IV,

dent vortex and superelectron degrees of freedom. We urfY® Summarize our most important results.

derstand by superelectron current, any supercurrent other

than that one necessary to bring the thermodynamic equilib- - PROPAGATING MODES IN SUPERCONDUCTING

rium of vortices. The vortex degree of freedom is described FILMS WITH PERPENDICULAR MAGNETIC FIELD

by its position in space. In this framework, the question of | his section we introduce the basic equations governing

whether the supereilectron or the vortex (;ontribution domiyyave propagation in a superconducting film sandwiched be-
nates the propagative mode behavior arises. Hereafter, Ry,een two identical nonconducting dielectric media and sub-
plasma mode we refer to the limit where superelectron cOngcieq to an uniform static magnetic field perpendicularly
tribution is the largest. Thus it may be evident that puré;pjied to the film surface. An external electromagnetic

plasma modes are only found in the complete absenc.e. of afjave of angular frequency and vacuum wave numbér
applied magnetic field. In this paper, we look for conditions_ /¢ s inserted in the dielectric bounded film. We deter-

that render the modes underdamped and vortex dominateg,ine the dispersion relation of the lowest energy film mode,

T_hls_|s the most interesting case because the atte_nuated_ Q¥hose imaginary part reveals the attenuation behavior. Phe-
cillations can be regarded as an energy alternation tak'nﬁomenological theories, such as the present one, only de-
plac_:e between the vortex pinning and the electrical field engqiipe the superconductor in a energy range much lower than
ergies. _ , _ , the pair breaking threshold.

The present work is done in the simplest possible theoret- 11,4 electromagnetic dynamics of fields and superelec-
ical framework, essentially a generalization of the Gittleman+,ons is described by the Maxwell's equations
Rosenblum approachi;?® in which vortices and superelec-
trons are independently coupled to Maxwell's V-I5=e(ns—n_s), 1)
electromagnetic theory. Here, we are mainly interested in a
low temperature range such that we can ignore the contribu-
tion of normal electrons to the problem. Thus, it must be
clear that any wave damping is only due to vortex dissipative -
motion and not to normal ohmic conduction. VXE= —Moﬁ 3)

We consider here an anisotropic superconductor with its at’
uniaxial direction ¢ axis) orthogonal to the film surfaces:
the two magnetic penetration depths, perpendicia) @nd I
parallel (\j) to the surfaces, give an anisotropy such that VXH:J”LWv 4
N /N>1. There are two dielectric constants, the noncon- o _
ducting medium and the superconductor onesand s;, ~ @nd consequently by the continuity equation
respectively. Thus we are assigning to the superconductor a an
frequency independent dielectric constant. We refer to the V.-J+ e_SZO' (5)

. - . . ~ . ot
speed of light in the dielectric as=c/\/;. The uniform
static applied magnetic field id,. For each individual vor- where ng represents the space and time dependent charge
tex, the viscous drag coefficient ig and the elastic restor- gensity, n, is its equilibrium value, and stands for the

ing force constaniLabusch parametpis ao. Their ratio, electron charge. The distinction betweramandn_s is neces-

wo=ao/ 7o, is the so-called depinning frequency, aboveg, . hecause, propagation through the system disrupts the
which dissipation becomes dominant in the vortex motion.

To have coupling between the two surfaces the film thick—neu”a“ty' as seen fYom Gauss’ laws-ns=0), and the
nessd must be smaller tha, . local charge density is no longer constant.

The choice of a nonconducting bounding medium of very As p?re\tnously not'eccji the c&onttrlbut;ﬁn of vortlfes %Imlj c')lfh
high dielectric constant is crucial to lower the frequencySlJpere ectrons are independent in he present model. ihe

range of the modes to below the gap frequency. For thidield J, the superelectron current density involved in net
reason we take SrTiQas the bounding media, whose dielec- macroscopic transport, and the fiald the vortex displace-
tric constant is known to be high up to the GHz frequéficy ment from its equilibrium position, are independent in the

at low temperatures ~2.0x 10°. Then the speed of light in present model. Hence the supercurrent derkitgrresponds

V-H=0, 2)
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to a macroscopic average of the total superelectron motions that the latter displays superficial charge densities at the
where the supercurrent necessary to establish each vortéikm-dielectric interfaces and the former does not. Such su-
averages to zero. This approximation, valid for the presenperficial charge densities stem from the supercurrent compo-
purposes, cannot give any information on the supercurrement orthogonal to the film surfack, which is discontinu-
distribution surrounding each vortex line. ous at the interfaces, thus rendering a strong coupling
The simplest possible model that treats the response of tHeetween the superconducting film and the bounding media.

vortices to the presence of a supercurrent external to them is Introducing the time dependence extf into Egs. (6)

the harmonic approximation of Gittleman and Rosenbfim, and(7) results in a change of the penetration depth parallel to

the surfaces due to the vortex contributfdrf

o ..
105 aoU=Po(IXN), (6) lopoh2=Ex, 1ouohfd,=E,, )
wheren is a unit vector parallel to the flux lines mean direc- N2 \24 Bo®o 1 (10)
tion. From its turn, the displacements of vortices from their A pgae | 1+ 10l wg)

equilibrium positions affect the propagating electromagnetic_ . , ) )
wave. Fiory and Hebafd have considered this question and This equation shows that vortices and superelectrons contrib-

found that besides the kinetic inductance due to the supet€ additively to the parallel penetration depth. Notice the

electrons, the moving vortices also contribute, producing afi€PINNINg frequencyy, establishes two distinct physical re-
electric field inside the superconductor: gions fort_he vortices response. Ferkw, dissipation is

weak and\ | is essentially a real number. Fe=w, and a
sufficiently large magnetic field, dissipation dominates the

: (M) vortices response becausg is complex.
The superconductor’s dielectric constant is tensoiial,

The assumption of anisotropy yields a tensorial London= ¢ ¢ E—1J/w= e, E, and for the TM mode we have that
penetration depth:

.
—Xn
ot

- 93
E=po\*- 5t~ MoHo

1 1

A O ST T2 Sz=8s—m. k (13)

0
sl OoN o ™
0 0 N + wonge? | N e The TM field equations for the dielectric mediumx (

° =d/2 andx<—d/2), are

Il
ol

® _
q JE, we JE,
We pick a coordinate system where the two plane parallel Ex=1=; ax Hy=leo=; o
surfaces separating the superconducting film from the dielec- T T
tric medium are ak=d/2 andx= —d/2, such than=x and 2E
propagation is along the axis. Vortex displacement is de- —2—72Ez=0, T2=0?— k%, (12

scribed by a vector field parallel to the surfaces; uy§/
+u,2, with no orthogonal components to them, £0). Ac-  and the ones for the superconducting film d/2<x=<d/2)
cording to symmetry arguments, all fields for the presenfollow:
geometry can be expressedRg§x)exd —1(qz— wt)], where

the wave numbeq have yet to be determined. Because vor- E,=1 & 0_EZ y= 60“’_‘22 ‘Q_EZ

tex motion is dissipative, the wave’s amplitude decays expo- T ey X 7 OX

nentially with distance, and one obtains for the fields’'s ex- 5

pression F;(x)exp@'2exd —1(q'z—wt)]. Then the wave J°E, _2F 2 %2 5 2

number is a complex numbegi=q’ +1q". xz T E,=0 7 qu ke (13

Solving Maxwell's equations for the chosen geometry
gives two independent sets of field components, the trans- The dispersion relations follow from the continuity of the
verse electri¢TE) and the transverse magnetitM) propa-  ratio Hy/E, at a single interface, say=d/2, once assumed
gating modes. In the former the nonzero electromagnetithe longitudinal fieldE, has a definite symmetry. It happens
field components arél,, E,, and H,, the nonvanishing in this way because, the superconductor film is bounded by
supercurrent isly, and the vortex displacement is along the the same dielectric medium in both sides. Solving B@)
direction of wave propagationug). This is an extremely one gets that above the filnx£d/2),
high frequency mode in the present theory, and so not inter-
esting because it lies above the gap. For the latter, the non-
zero electromagnetic field components &g H,, andE,,
the nonvanishing supercurrent components reand J,,
and the propagating wave displaces the vortices perpendicirom Eq.(13) we learn that for the superconducting film
larly to its direction of propagationu(). This is a very in- (—d/2<x=d/2) there are two possible states, symmetrical
teresting mode because it supports low frequency propagagnd antisymmetrical, where the longitudinal field is ex-
ing waves. The major difference between TE and TM modegressed byE,=Ejcosh¢x) and E,=Egsinh(rx), respec-

~ ~ ﬁy (1)60;
E,=Eqexp— 7x) and = w=dp=—"1—=—. (149

z T
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tively. As discussed earlier, we shall only consider Coupled modeFor sufficiently large frequencies, Ed.8)
the symmetric branch, the lowest mode in energy. Sao longer describes a linear response. In this range the su-
the ratio of the tangential fields becomés,/E,|,_q, perconducting film and the dielectric media are effectively

=lweye tanhd/2) /7. Continuity of this ratio across the in- coupled, which implies in a reduction of the mode propaga-

terface gives the following implicit relation: tion speed[(w/q’)/v<1]. This is the most interesting re-
gime since the film and dielectric produce a low energy

ipe d mode.
== —tanl‘( TE)' (195 Far away from the linear regime, and provided that the
7€z asymptotic frequency is still out of range, E{.8) is ap-

To find the dispersion relation we must solve Etf). Here  Proximately described by its second term, resulting in the
we use an approximate method to analytically solve it. Thidispersion relatiorg~ (2/d)[ /(v )\”)]2. From this, we ob-
approximation amounts to replace the function (&fzhin  tain its wave vector and attenuation:

Eq. (15), by another function 4/1+ (2/3)z%, which has an

extremely close behavior. Far<1 both functions coincide O ()= 2w2[)\2+ Bo®o 1 21)

up to the second order term in the Taylor series expansion dv?| " poag 1+ (wlwg)?]’

1—(1/3)z?+ - - - . As all our results are derived in the range

z<1 thus, we replace E@15) by the following approximate . Bo®o 0¥/ (wov?d)

dispersion relation: q"(w)=— oty 1T (wlag)? (22)
Py de, 1 In the frequency range where the above dispersion relation is
:%—7—. (16) a valid approximation, the ratio between the real and the
T V1+ 2(7d/2)? imaginary parts of the London penetration depth determines

: . . . .whether the mode is overdamped or underdampétyy” =
Squaring the above expression, one obtains a linear equation

for g*: —Re(\)/Im(\F). o
The crossover magnetic field
. )2 1+ (2w /dv)?[ A F+d?/6] @ Nkods
v 1-2/3(wlv) NN Bi=—5, (23

The term proportional tal?/6 in the numerator is irrelevant, splits the regimes of superelectroB4<B;), and vortex
assuming the film much thinner than the penetration deptk(‘B()»Bl) dominance. In these limits Ec(id) can be re-
(A>d). We restrict the present study to frequencies much laced bv approximated ex ressior§~)\2 and %2
below the asymptotic frequen¢Yw/v)4f“2)\f<1], thus ob- E Y app P i [

- . . . . ~(Bo®g/pmoag)/[1+1(w/wg)], respectively. Recall the as-
taining the following dispersion relation: sumption of the present model that the superelectron contri-

) —\ 2 bution is never dissipative. If in addition to an applied mag-
q2= 2) 1+ ( 2“”‘) (18) netic field much larger thaB,, we choose a frequency range
v dv ' w<wg, thenq”"<q’ and the mode is underdamped. The dis-

In the absence of an applied uniform magnetic fiekdy ( Eg:sgc;n relation follows a square root dependence, and be-

=0), consequently with no vortices, there is no dissipation
andq”=0. In this case we retrieve the well-known disper- dv2pgag
sion relation of plasma modes taking into account the retar- w’~———q'.
dation effect®!’ 2Bocbo
Next we study two different behaviors of the dispersion|n this interesting limit the mode energy shows many oscil-
relation in the presence of vortices. lations between vortex and electric field energies before dis-
Optical mode At low frequencies the mode is, in leading sjpation dominates. At higher frequency ¥ w) this is no
order, a plane wave traveling in the dielectric media  |onger possible, since the mode becomes overdamped due to
~wlv, with no attenuation along the direction of propaga-the large dissipation of vortices above the depinning fre-
tion (q"~0). Perpendicularly to the film, the amplitude quency. The frequency, coarsely defines a crossover re-
shows no attenuation, because-0, according to Eq(14). gion between the underdamped and the overdamped regimes.

(24)

We obtain, from the Taylor expansion of Ed.7), the lowest In the next section, using experimental parameters mea-
order corrections i to the above description of the optical sured on YBaCu;0,_, (YBCO), we search for favorable
regime: conditions in frequency and magnetic field to observe under-
damped coupled modes on a thin film.
w 1 Zw()\f‘l' Boq)olﬂoao) 2
q'=—{1+ 3 +---, (19
v 2 dv I1l. YBCO THIN FILM
,Bo®o In this section a _YBgCu307,5 thin film is take_n, as an
4o (N +Bo®Po/ moo) example, to determine a frequency and magnetic field win-
q'=- Moo - +--. (20 dow where the mode is coupled, underdamped and vortex
v°dwg dominated. The wave must be underdamped in order to
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TABLE I. Properties of the high, material YBaCu;0;_ 5 at 600 —
T=4 K.

500 |

ag (N/M?) 9 (N s/n?) ° A (wm) By (T)

0= % (10° rad/s)

3.0x10° 1.2x10°6 250 0.15 4.1

400 FJUND

OVERDAMPED T

MODES

travel over many wavelengths before its amplitude is com-
pletely attenuated. For this highs superconductor the an-
isotropy (\, /\j=5) and the zero-temperature London pen-

Frequency (10’ rad/s)
W
(=3
o

COUPLED
100 |

etration depth along the Cuplanes are well knowf 28 At , ' MODES

very low temperature several experiméntsave determined o L_OFTICAL MODES ) . -

the viscosity and the Labusch constant, all giving the same 0 Ts 10 15 20 25 30
numbers, which are summarized in Table I. Such parameters B1 B, (T)

have a temperature dependefitejot taken into account
here because we only consider a fixed low temperature; FIG. 2. The diagranB vs w for a very thin YBCO supercon-
namely, 4 K. The magnetic field dependence of the LabuscHucting film,d=10 nm thick, surrounded by the dielectric material
constant, known to exist for highz materialé! and lowT, SrTiO; shows three regions: optical, underdamped coupled, and
0nes3,2 is not considered either. For this discussion weoverdamped modes. The dashed line separates the superelectron
choose the film thickness= 10 nm. (below) to the vortex(above dominated regime.

Figure 1 provides a pictorial intuitive view of the wave
propagation inside the superconducting film for the TM sym-lower energy mode. We can distinguish several different re-
metric propagating mode. The dimensions are out of proporgions within theB, vs w diagram. Figure 2 shows such a
tion in order to enhance some of the most relevant featuresegion for YBCO, according to the above parameters. Two
Only the electric field lines inside the superconducting filmcrossover lines separate this diagram in three different re-
are shown. The superficial charges are also shown and regions: the optical regime, the underdamped coupled regime,
resent the sources of this propagating electric field. The elecand the overdamped coupled regime.
tric field lines show a very important feature of this wave, The lower line in Fig. 2, called,,, separates the optical
namely, the supercurrent component along the wave propaegion from the coupled regions. This crossover line is de-
gation directionJ, is dominant overJ,. A magnetic field fined through Eq(19), using as condition that the second
perpendicularly applied to the film surfaces produces vortiterm becomes a non-negligible fractiqn of the first term
ces, pictorially represented at the top surface. The oscillatorgnd so can no longer be ignored:
displacement suffered by vortices, because of the driving

Lorentz force caused by, [Eq. (6)], is also shown in this

i X1 dU

figure. Oy = (X1 , _ (25)
As previously discussed, the adequate choice of frequency 2 Nj+Bo®o/moa

and magnetic field windows is fundamental to observe the

We have arbitrarily chosen 10%y{=0.1) as our criterion
X for the optical mode boundary.
* y The upper line in Fig. 2, calledy. , is related to the
i~ dissipation and separates the underdamped to the over-
T . damped regimes. The criterion for dissipation is the ratio
z g’/qg”, which for the coupled regime, is approximately given
e by the ratio between the real and the imaginary part of the
1 3 e L squared penetration depttt’ [Eq. (10)], according to Eq.
g (22). Thus our second crossover line is defined byfﬁ)(
\\ \ Ty = XzRe(ﬂ“) where y, is an arbitrary factor. This condition
gives a second degree equation fofwg, szﬁ(w/wo)z
\ N ~ (Bo®o/ aropto) (@ wg) + x2(\F+Bo®o/ ague) =0, whose
J

d solutions,wq- (Bg), form the upper and lower branches of a
\ single curve that encircles the overdamped regime area:
N

o . g+ Bo Bo 0

FIG. 1. A pictorial view of wave propagation in a superconduct- o T ovB. T -5 1 (26)

ing film surrounded by identical nonconducting media in both sides. 0 X2B1

The scales are out of proportion in order to enhance some of the

features. The instantaneous electric field is shown here only insidéherefore, the dissipative region demands a minimum ap-
the film. The superficial charge densities and the motion of theplied field B, to exist, defined by the vanishing of the above
vortex lines are also sketched here. square root:



5494 DORIA, d’ALMEIDA, AND BUISSON 57
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FIG. 3. Dispersion relatiom versusq’ for a 10 nm YBCO film. FIG. 4. The ratioq’/q" is displayed here versus showing the

In this frequency range and for zero magnetic field the dispersion,gge damping for the same frequency range of Fig. 3. The ratio,
relation is purely optical. FaBy=20 T, the modes are associated t0 ajthough undergoes a dramatic change in this range, is always
the Vhorgex dynamic and are underdamped until the frequenc  |arger than one, thus signaling underdamped behavior.
reached.
underdamped until the frequenayy_ is reached. Above it
turns out to be overdamped. In order to better estimate the
B2=2x2(X2+ V1+x3)B1. (27 attenuation, we have pI(F))tted the ratig/q” for the same
frequency window(Fig. 4). Notice thatq’/q", obtained from
Hence the two curve®, andw_ have a common start at £q (18) and shown here, gives directly the mode attenua-
(B2,w3), where w,=(x2+ 1+ x3)wo, and approach the tion, whereas Eq(22) just provides an approximate criterion,
asymptotic lines @o/x2)(Bo/B1) and woyx., respectively. used to define the dissipative curwg. of Fig. 2. Figure 4
For the diagram in Fig. 2, we have takgh= 0.5 thus, ob-  shows that fow,, < w<wy_ the mode propagates over vari-
taining that B,~6.64 T and w,~4,05x10'" rad/s. The ous wavelengths before its amplitude goes to zero. Accord-
asymptotic lines becomey, /wy—2(Bo/B;) andwy-/wg  ing to Fig. 4q'/q" diverges for low frequencies within the
—0.5. optical regime. This behavior is explained recalling that all

As indicated by thé8, vs w Fig. 2 diagram, the modes are losses are caused by vortices and disappear at zero fre-
optical for frequencies below the,, line where they are quency.
weakly affected by the superconductor properties and the The reduced speed, defined as the ratio between the phase
vortex dynamics. In this region and f@,<B; the super- velocity and the speed of light in the dielectrie/Qq’)/v is
electron dominates over the vortex response and, effectivelylotted in Fig. 5. In the optical regime this ratio is essentially
there are plasma modes. F8§>B;, the w, line decreases equal to 1. This is quite verifiable at zero magnetic field but
inversely proportional tdB,. Above thewqy_ line, and, at not at 20 T, where the modes are strongly slowed by the
large magnetic fieldsB>B,, the modes become over- presence of vortices.
damped. Thus the interesting region lies abovedhgline ]
and below thewy_ line, where the modes are underdamped | - '
coupled and vortex dominated. In this intermediate region, ® /(v q') \
dissipation should be small enough’ ¢qg") to allow wave 0.9 | B=0T
propagation over some wavelengths before attenuation sets
in.

All figures discussed below were obtained using 8®)
expression. The complex wave numlagis then easily de-
rived as a function ofo. 0.7

Figure 3 shows the dispersion relatianvs q’ for B,
=0 and 20 T. In the case of zero magnetic field, the fre-
guency window considered in this figure is below the zero
magnetic field optical-coupled crossovem~2,10x10'
rad/9. Indeed, theB, equal to zero mode shows a quasilinear 055 = o0 oo 00
dependence. However for a magnetic fi@g=20 T, the 9

. : . : Frequency (10" rad/s)
presence of vortices changes dramatically the dispersion re-

lation. The frequencys., has dropped substantially, accord- G, 5. The retardation ratioa(/q’)/v is shown for the fre-

ing to this figure. Below the mode is optical, similarly to the quency range of Fig. 4. For zero applied field this ratio is near one
zero magnetic field case, and above the mode is slow ighowing that mode is essentially optical. This is not caseBipr
comparison to the zero field one. This effect clearly comes=20 T whose strong deviation from one signals coupling between
from the vortex’s overwhelming contribution at this large the dielectric and the superconducting film due to the presence of
magnetic field value. In this frequency window, the mode isvortices.

0.8 |

0.6 |
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IV. CONCLUSION jected to an uniform magnetic field; namely, the optical re-

In this paper, we have studied superficial coupled modeg'me’ underdamped - coupled regime, and overdamped

in a superconducting film, bounded by two identical dielec- oupled regime.

tric media, in the presence of an applied magnetic field per- We found that under very high magnetic fields, vortex
. ' P PP 9 €10 PeTrhotion and not the supercurrent dominates the film electro-
pendicular to the film surfaces. The superconductor is aniso-

tropic and its uniaxial directiond axis) is perpendicular to magnetic response. The m_ode_s are well described by the vor
the superconductor-dielectric interfaces. The choice of a nont—ex oscnlgnons around their pinning centers, where their en-
conducting media of high dielectric coristant helps to Iowerergy oscillates betvv_een the pinning energy and the elec_:tncal

one. We have studied th®, vs o diagram for a very thin

the propagating wave frequency far below the gap frequencguperConducting flm, made of the high- compound

range. The considered static magnetic field is greater than ”\?BCO We found three regions of distinct propagative be-

lowest critical field, which allows the existence of a vortex, -~ .
) . ) ; havior: optical, underdamped coupled, and overdamped
system. The vortices are considered pinned and their con- )
. . . . TR modes. Nested between the optical and the overdamped re-
strained movement is associated with dissipation. In the

. : gions, and above a certain threshold magnetic field, is the
present approach superelectrons and vortices contribute ag-

ditively to the film surface impedance. Vortices and super—reglon of interest. There exist, in this frequency and mag-

. . netic field window, underdamped propagative modes, whose

electrons interact with each other through the Lorentz forc% T .
e . ehavior is determined by the vortex system response to the
and the electric field, created by vortex motion and the su- -
: ; external excitation.

perelectrons acceleration. Here we have studied how thé
lowest energy branch, the TM symmetric mode, is affected
by vortices. Under justifiable approximations, we obtained ACKNOWLEDGMENT
an analytical expression for its dispersion relation, which can
describe simultaneously the three different possible behav- This work was done under a CNR3ance-
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