BicHnk XHY, Ne 1135, cepis «®isunka», sun. 21, 2014. c. 16-20

VYJIK 537.867, 537.9, 538.945.
PACS: 74.78.Fk, 74.50.+r, 74.72.-h.

Transmittance of electromagnetic waves through finite-length
layered superconductors in presence of external static magnetic
field

T.N. Rokhmanova, Z.A. Maizelis

V.N. Karazin Kharkov National University,
Svobody Sq. 4, 61022, Kharkov. Ukraine
A.Ya. Usikov Institute for Radiophysics and Electronics,
National Academy of Sciences of Ukraine,
Proskura st. 12, 61085 Kharkov, Ukraine.

We study the transmission of electromagnetic waves in the presence of external DC magnetic field through a sample of layered
superconductor of finite thickness. We show that the external DC magnetic field can be a useful tool to adjust the transmittance of
the sample and to vary it over a wide range. Moreover, the right choice of the external DC field provides the total transparency of the
sample for the wide range of frequencies.
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H3ydeHo mpoxoxkJIeHHe >IEKTPOMATHUTHBIX BOJH B IIPUCYTCTBUHU BHEIIHETO MOCTOSHHOTO MarHUTHOTO IIOJIsI CKBO3b 00paser|
CJIOUCTOTO CBEPXIPOBOIHUKA KOHEYHOW TONLIMHBI. [T0oKa3aHO, YTO BHEIIHEE ITOCTOSHHOE MAarHUTHOE I0JIE MOYXKET OBbITh MOJIE3HBIM
HWHCTPYMEHTOM JUIsl YIIpaBJIeHNs! Ko UIMeHToM nporyckaHus oOpasiia ¥ BapbUpOBaHMs €ro B IIMPOKOM JuanasoHe. boree Toro,
MIPaBHJIGHBIN BHIOOpP BHEIIHETO MAarHUTHOTO ITIOJSI MOXKET 00ECHEUHTH ITOJIHYIO MPO3PAavHOCTh 00pa3na s IIMPOKOTO JHara3oHa
acTOT.

KuroueBble ci10Ba: CIONCTHIN CBEPXNPOBOTHNUK, MATHUTHOE TI0OJIE, KOY(DPUITIEHT MPOXOKICHUS.

JlocipKeHO MPOXODKEHHS eIEKTPOMArHiTHUX XBUJIb B MPUCYTHOCTI 30BHIILIIHBOTO MOCTIHHOTO MarHiTHOTO IOJIsI KPi3b 3pa3ok
[IapyBaTOro HaIPOBIJHUKA CKiHYEHHOi TOBHIIMHH. [loka3aHO, IO 30BHIIIHE MOCTIHHE MarHiTHE II0Jie MOXXEe OyTH KOPHCHHUM
IHCTPYMEHTOM JUIS YHPaBIiHHS KOS(imi€HTOM NPOIyCKAaHHS 3pa3ka i BapilOBaHHS HOTO B INMPOKOMY AiamasoHi. binem Toro,
MPaBUIbHUI BUOIp 30BHIIIHHOTO MarHiTHOTO ITOJISI MOXKE 3a0€3MeUNTH IOBHY IPO30PICTh 3pa3Ka y MIMPOKOMY Jialla30Hi 4acToT.

KurouoBi ciioBa: mapyBatuii HAAIPOBITHUK, MarHITHE 10J1€, KOS(Ii€HT MPOXOIKEHHS.

Introduction superconductors are nonlinear. The nonlinearity originates

High-temperature  layered  superconductors are
interesting materials from different perspectives [1]. The
experimental studies for c-axis conductivity in

BiZSI‘ZCB.CU208+§ (see, e.g., Refs. [2,3]) proved that interlayer phase difference ¢ of the order parameter. This

can lead to a number of non-trivial nonlinear effects
accompanying the propagation of JPWs, e.g., slowing
down of light [6], self-focusing of terahertz pulses [6,7],
excitation of nonlinear waveguide modes [8], as well as
self-induced transparency of the slabs of layered
superconductors and hysteretic jumps in the dependence of
the slab transparency on the wave amplitude [9,10]. The
noticeable change in the transparency of the cuprate
superconductor when increasing the wave amplitude was
recently observed in the experiment Ref. [11], where the
excitation of Josephson plasma solitons led to effective
decrease of the Josephson resonance frequency.

The external DC magnetic field can be used to control

from the nonlinear relation J oc SIN@  between the
Josephson interlayer current J and the gauge-invariant

layered superconductors can be represented as the periodic
structures where thin superconducting layers (with
thicknesses s of about 0.2 nm) are coupled through thicker
dielectric layers (with thicknesses d of about 1.5 nm and a
dielectric constant & ~16) via the intrinsic Josephson
effect. The anisotropy of the structure causes propagation
of the specific electromagnetic excitations, the Josephson
plasma waves (JPWs) (see, e.g., Refs. [1,4] and references
therein). The frequencies of JPWs are in terahertz range,
which makes layered superconductors promising in
applications for THz devices (see, e.g., Ref. [5]).

The electrodynamic  equations  for  layered
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propagation the electromagnetic wave in different media.
For example, in the works [12,13] the external DC magnetic
field allows to adjust the parameters of the excited surface
Josephson plasma waves propagating across the junctions
in layered superconductors. In the present work, we
concentrate our attention on the transmission of the waves
of transverse magnetic (TM) polarization through a sample
of layered superconductor in the presence of the external
DC magnetic field. We show that the DC magnetic field can
be a useful tool to control the transmissivity of the sample
of layered superconductor.

Geometry of the problem
We study the transmission of the electromagnetic
waves through a sample of layered superconductor of finite
thickness D (see Fig. (1)). The coordinate system is chosen
in such a way that the crystallographic ab -plane of the
layered superconductor coincides with the xy -plane, and
the c -axis is along the z -axis.
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Fig.1. Schematic geometry for the reflection and
transmission of waves through the sample of layered
superconductor. Here S and | stand for superconducting
and insulator layers, respectively, D is the thickness of
the sample. The sample is infinite along y and z
directions.
The waves are irradiated at an angle @ in xz -plane
and have TM-polarization:
E={E,.0,E,},H ={0,H,,0}. )
The external DC magnetic field H, is directed along
y -axis in the vacuum regions. We study the relatively
small magnetic fields when Josephson vortices do not
wholly penetrate inside of the sample.

Fields in the vacuum regions
The electromagnetic field in the vacuum regions to
the right and to the left from the sample (see Fig. (1)) is
superposition of the DC magnetic field and the field of the
incident, reflected and transmitted waves. Using Maxwell
equations one can derive following tangential components
of the incident and reflected fields in the left region:

Huyen _ Hie'(kxx+kzz_“’t) + Hre'(_kxx+kZZ_C"t),

cer _k_X(H_ei(kxx+kzz—wt) . ei(—kxx+kzz—a)t)j )
z k I r ’
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where H, and H, are amplitudes of incident and reflected

waves, respectively, k, =kcosd, k,=ksing are

components of the wave vector, k = w/ ¢ is its module, &

is the incident angle, c is the speed of light.

The tangential components of the transmitted field in

the left region are:

H;gm _ Hte'(kx(X_D)JrkZZ_wt),

KL ik (x-D)+k z—at) ®)
E™ = X He™™ : ,

where D is the thickness of the sample (see Fig. (1)), H,

is the amplitude of transmitted wave.

The field in the layered superconductor
Theelectromagneticfield inthe layered superconductor
is defined by the distribution ¢(F,t) of interlayer gauge-
invariant phase difference of the order parameter. This
phase difference is governed by a set of coupled sine-
Gordon equations [1, 14-18]. In the continual limit and in
the main order with respect to the small parameter 4, / 4,

(for Bi,Sr,CaCu,0O A | 2, is about 1/200), the

coupled sine-Gordon equations reduce to the following
equation:

8+o

. 10 ,0%
sing+——-12=—=0. 4
YT )

/2

Here A, and A =c/w,e"? are the London

penetration depths across and along the layers, respectively,
o, = (8red], / he)'? is the Josephson plasma frequency,

J. is the maximal Josephson current density, and e is the

elementary charge, d and ¢ are the thickness and dielectric
conductivity of insulator layers, respectively. We do not
take into account the relaxation terms since they are small
at low temperatures and do not play an essential role in the
phenomena considered here.

The gauge-invariant phase difference of the order
parameter ¢(r,t) defines components of the field in the

layered superconductor (see e.g., Ref. [1]):

1 op
E; = s
o a (5)
oH 2
My T sin¢;+iza—(f .
ox A Iox

The component E, of the electric field causes the
breakdown of electro-neutrality of the superconducting
layers and results in an additional, so-called capacitive,
interlayer coupling. Inour case k, ~ k, ~ k , when incident
angle is not close to 7 /2, and capacitive coupling can be
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safely neglected because of the smallness of the parameter
a=R2¢/sd . Here R, isthe Debye length for a charge in
a superconductor.

Penetration of external DC magnetic field into the
sample

At first we describe how the external DC magnetic
field penetrates into the sample of layered superconductor.
The DC field exponentially decreases inside the sample.
Here we assume that the sample is sufficiently large,
D > 4., then we neglect interaction between "tails” of
the field from the right and left boundaries. Using Eq. (4)
we can derive expressions for the phase difference in the
vicinity of the left and right boundaries:

Qe (&) = —4arctan(e
(&)= ( ), ©)

o (&) = 4arctan[e5’(5"f°)],
where we introduce dimensionless coordinate & =X/ 4,
and normalized thickness of the sample 6 =D/ 4, . The
constant &, is determined by the magnitude H, of external

DC field:
1 7d A
&, =arccosh—, h, =H =, @)
0 ho 0 0 CDO

where @, = zch/e is the magnetic flux quantum. The

field h, is normalized in such a way that Josephson vortices
penetrate the superconductor when h, >1. So, in this work
we study relatively small fields 0<h, <1, and the DC

field exponentially decreases into the sample at a character
distance much less than the thickness of the sample D .

Penetration of electromagnetic field of the wave into
the sample

Now we describe the distribution of the fields when
the incident electromagnetic wave is penetrating into the
sample in the presence of external DC magnetic field. We
consider the amplitude of incident wave to be much smaller
than the amplitude of the DC magnetic field. In this case
the gauge-invariant phase difference can be presented as a
sum of three components:

P, 2.0 =" () + ™ () + 9, (E,2.0), )

where first two terms are given by the equations (6). The
last term is the small addition, which oscillates with the
frequency of the incident wave.

We expand Eq. (4) over a small parameter ¢, and

seek it in the form:

o, 2ty =a()e (7N,

©)

Then Eqg. (4) reduces to:
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{ 2 + 2 +f22}a(§)
cosh®(£+&,)  cosh®(6+&, &)

o%a(g)
0E?

where Q is the normalized frequency:

=2 a=Jor-1
a)J
It should be emphasized that the first and second
summands in the square brackets in Eq. (10) are independent
from each other and essential only in the vicinity of the left
and right boundary, respectively. Then the solution of the
Eqg. (10) can be found analytically:

aé) =Ce¥[p’a (&) +a,(&)- pQl

(10)

(11)

.~ (12)
+C,e"[a, (&) + p*a, (£) + pQ],
where
a(§) = tanh(&, + &) -1,
a, (&) =tanh(§, +6-5) -1, (13)
1400
==

Using equations (5) and (8), we can find the field in
the layered superconductor. The tangential variable
components of the field, normalized by the typical field

@,/ 7zd 4, i.e. in the same way as in Eq. (7), are:
H, 7d4, _ h, = la,(g)el(kzz—a)t),
D, 2
dA, iQ i(k,z—at) 0
71' J—
E t=e,=———=a(f)e* .
z @0 z 2\/; (5)

The transmission coefficient
Matching tangential components of the field in
vacuum regions (2) and (3) with the field inside of the
sample (14), we can find the unknown constants C, and C,
in Eq. (12). Then we derive the transmission coefficient:

_Ih P
LY
o (15)
, heh?
[l+s|n (Qé' ¢){[_+(Q4QZ +1)®] —1}]
where
hy = 1-hZ, @‘QZQ—\/EZCOSH
2(h; +Q°)
2
=Z _arctan 1-0 (16)
2 2Q ZQh2

_ O’ccos’d ﬁo Q? N
QZ+(h0 -0? )ecos®d ﬁ +1 .
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As was mentioned, the DC field h, varies from 0 to 1.
One can reduce the equation (15) for these two cases. When
there is no external field, h, =0, we can simplify the

equation (15) to the following form:
-1

T(h,=0) = {1+sin2(§m)(41 -0,)° | ,

3 0 (17)
0, = 9£cosH,

Q2

When cosH:Q/(fz\/E), the multiplier of sine is

equal to zero and the full transmission occurs regardless the
thickness of the sample. Note, that in the absence of DC
field the phase ¢ in argument of the sine, Eq. (16), is either

zero or 7, sing, = 0. The deviation of phase ¢ from this

value is the main effect from applying DC magnetic field.
If the value of the DC magnetic field is almost critical,
h, =1, the transmittance takes the form:

-1
1 2
-0 ,
40 :) }

1

T(h, =1)= {1+ sin*(Q5 —¢)(

Qe

=2arctan(), ©, = ——~c0s6,
) 'S8

| N

0,8

(18)
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Fig. 2. Transmittance T versus normalized thickness
(6 =D/ 4,) in the absence of DC magnetic filed (thick
black curve, h,=0) and in the field h,=1 (thin gray
curve). The arrow shows shift of minima with applying
of the DC magnetic field. Other parameters: Q =1.2,
O=nl4, i =410%cm, 4, =2000 A, o, /27 =0.3
THz, ¢=16.
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When cosd =Q/ (Q«/E) , the transmittance is equal
to 1. Thus, we see that for h, =0 one can attain full
transparency of the sample by choosing the angle for
frequencies Q> (1-&™)™*, while for h, =1 the full
transparency can be achieved for any prescribed frequency
Q>1.

Analysis of results
The dependence of the transmission coefficient on the
thickness & in equation (15) is only via sin(Q5—¢).
When the sine multiplier is equal to zero, the sample is
transparent. In the absence of external DC magnetic field
(see Eq. (17)) the sample is fully transparent, when the
thickness is the integer number of the half-wavelengths,

S=nklQ, k=1,2.. (19)

If we turn on the DC field (see Eq. (15) or (18)), the
sine acquires a new DC depending term ¢ in the argument.
The DC magnetic field shifts the maximum only, while the
periodicity of the function T (&) remains the same. This
shift is shown in the Fig. 2 by the arrow.

The variation of transmittance can be significantly
increased by changing the DC field. To demonstrate this,
we plot Fig. 3. The upper and lower curves represent the
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Fig. 3. Transmission T versus normalized frequency
Q . The gray region shows the variation of transmittance
when changing the external DC magnetic field, the
upper black and bottom gray curves show the maximum
and minimum possible transmittance, respectively.
Other parameters: #=x/4, 5=30, 4, =4-10° cm,
A, =2000 A, @, /27 =03 THz, ¢£=16.
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transmittance maximized and minimized over the DC field
amplitude as a function of frequency Q. The gray

intermediate region between the upper and lower curves
shows the range of transmittance variation.

As one can see from Fig. 3, the range of transmittance
variation depends significantly on the choice of the
frequency. For example, we can compare the ranges marked
by the a and b dashed lines (see Fig. 3). For the frequency
corresponding to the line a, one can vary the transmittance
nearly from zero to one, while the range is much smaller
for the line b and one even cannot attain the full transmission.
So the choice of the wave frequency defines the range of
transmittance variation. In order to obtain the wide range,
one should use relatively small frequencies, but not very
close to the Josephson plasma frequency o, (see Fig. 3).

Conclusions

In this paper, we have studied theoretically the
transmission of transverse magnetic waves through a finite
sample of layered superconductor in the presence of external
DC magnetic field. The dependence of the transmittance
on the thickness of the sample is periodical. The DC field
effectively changes the thickness and shifts the maxima
of transmittance, but does not affect the periodicity. Also
we show that the choice of the wave frequency defines
the range of transmittance variation when changing the
DC field. Thus, with the right choice of parameters the
transmittance can be adjusted by the external DC magnetic
field in a wide range.
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