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Excitation of Josephson plasma waves in a layered
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The nonlocal optical response of a layered high-temperature superconductor slab embedded in a dielectric
medium is theoretically studied. It is assumed that the layers inside the high-temperature superconductor are par-
allel to the slab surfaces. We calculate its p-polarization optical spectra by using an average permittivity tensor
which depends on both the frequency and the wave vector of the electromagnetic wave. Consequently, additional
electromagnetic modes just above the characteristic Josephson plasma frequency, being in the terahertz range,
are generated. It is shown that the p-polarization reflectivity spectra for a Bi,Sr,CaCu20g.+5 (Bi2212) supercon-
ductor slab, embedded in high refractive index dielectric, exhibit prominent dips breaking the total internal re-
flection. For very small superconductor slab thicknesses, the optical spectra resonances are associated with
Fabry—Perot resonances of the short-wavelength electromagnetic modes. In contrast, the long-wavelength elec-
tromagnetic modes, having anomalous dispersion relation, are excited at relatively-large slab thicknesses and
manifest themselves as strong resonances in both absorption and transmissivity spectra, suppressing the specular

reflectivity.
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1. Introduction

For more than two decades, the optical properties of
layered high-temperature superconductors have attracted
the attention of scientists because of their intriguing behav-
ior in the terahertz (THz) frequency range and the excitation
of Josephson plasma waves. Such layered superconductors
are commonly modeled as periodic systems with intrinsic
Josephson junctions in the unit cell [1-7]. However, as was
shown in the works [4-6,8], in the long-wavelength, their
optical properties are well described by using an average
nonlocal permittivity tensor, &,,, which depends on both the
frequency o and the wave vector kgs) of the electromagnetic
wave. The nonlocality of the layered high-temperature su-
perconductor is originated by the induction of charge in the
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superconducting layers, which is responsible for the so-called
capacitive interlayer coupling [6]. According to Refs. 4-6, 8,
the nonlocal optical response of layered superconductors is
relevant at frequencies near the frequency Josephson plas-
ma frequency o, being in the THz range.

If the dynamical breaking of charge neutrality in the
layered superconductor is neglected, the average permittiv-
ity tensor is independent of the wave vector and the super-
conductor becomes a local anisotropic medium. Within the
local approach, several optical properties of layered high-
temperature superconductors have been studied and ex-
plained (see, for example, [8-13] and references therein).
In particular, it has been established [8] that a layered su-
perconductor behaves as a hyperbolic metamaterial at
©> o, since the local permittivity components, parallel
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and perpendicular to the superconducting planes, have dif-
ferent signs. Therefore, the layered high-temperature super-
conductors are included in the class of natural single-phase
hyperbolic metamaterials [15,16].

The dispersion relations of surface and waveguide Jo-
sephson plasma waves in a superconducting slab embedded
in a dielectric medium, have been studied in Refs. 9, 11, 13,
and 14 using a local permittivity tensor. In Ref(s). 9
([11,13,14]), it was assumed that the superconducting layers
are parallel (orthogonal) to the slab surface and the electro-
magnetic waves have transverse-magnetic (TM) polariza-
tion. As follows from such studies, the structure of the
eigenspectrum is determined by the ratio between the dielec-
tric constants of the surrounding medium and the insulator
separating the superconducting layers, respectively €4 and e.
Besides, it was shown that the predicted waves can be de-
tected by applying the attenuated-total-reflection (ATR)
technique [9,13,14]. Interestingly, for certain parameters of
the heterostructure, the excitation of the waveguide modes in
the layered high-temperature superconductor is accompa-
nied by the total suppression of specular reflection.

In our previous works [10,17], we have studied the far-
infrared reflectivity and transmissivity of a layered high-
temperature superconductor slab, embedded in vacuum and
having superconducting planes parallel to its surfaces. The
optical response of the hyperbolic negative-index super-
conductor was modeled by using both a local permittivity
tensor [10] and a nonlocal one [17]. In the local case, the
optical spectra exhibit Fabry—Perot resonances, which are
associated with the quantization of the wave vector for TM
electromagnetic modes and observed in the passband of the
anomalous dispersion. As was shown there, the quantized
modes turn out to be quasi-longitudinal because of the strong
anisotropy of the far-infrared optical response of the layered
superconductor. According to our more-recent work [17],
the superconductor nonlocality leads to the generation of
additional electromagnetic modes just above the Josephson
plasma frequency © . Indeed, the calculated therein p-pola-
rization optical spectra for a BiySroCaCuyOg+s (Bi2212)
superconductor slab show very narrow resonances associat-
ed with the quantization of the wave vectors of both long-
wavelength electromagnetic modes, having anomalous dis-
persion, and short-wavelength additional (nonlocal) modes
with normal dispersion.

In the present work, we shall calculate and analyze the
TM optical spectra of a nonlocal layered high-temperature
superconductor slab, which is embedded in a dielectric
medium, having a dielectric constant €4 larger than the
permittivity ¢ of the insulating layers in the superconductor
(eq >¢€). Such a situation is of interest because the total
internal reflection (TIR) for TM modes could be frustrated
by the hyperbolicity of the layered high-temperature super-
conductor as it occurs in artificial normal-metal/dielectric
hyperbolic metamaterials [18]. Moreover, the phenomenon,
which is now called hyperbolicity-frustrated total internal
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reflection (HF-TIR), should be altered by the excitation of
additional electromagnetic modes inside the layered-super-
conductor metamaterial.

This paper has been organized as follows: The formal-
ism, based on the use of a nonlocal average permittivity ten-
sor, for calculating the TM optical spectra of the embedded
layered superconductor slab, is described in Sec. 2. Sec-
tion 3 contains our analysis of the calculated dispersion rela-
tion of TM modes and the reflectivity spectra for a Bi2212
superconductor slab. Besides, the effect of the layered-
superconductor nonlocality upon the HF-TIR is here stud-
ied. The obtained optical spectra for the high-temperature
superconductor metamaterial are compared with those ob-
served in artificial hyperbolic metamaterials. Finally, there
is a section of Conclusions (Sec. 4).

2. Theoretical formalism

2.1. Formulation of the problem

Let us consider a layered high-temperature supercon-
ductor slab, embedded in a dielectric and occupying the
space 0<z<d (see, Fig.1). The superconducting layers
are assumed to be parallel to the x—y plane, i.e., to the
superconductor surfaces at z=0 and z=d. It is also as-
sumed that a monochromatic electromagnetic plane wave
with p-polarization is incident on the front surface (at z = 0)
of the superconductor slab. According to the geometry, the
magnetic field of the incident wave can be expressed as

H; = (0, H;,0)exp ik, x + ik, —ioot), )

where ky =ky/gq sin® and k, = kg4 C0sO denote the
components of the incident wave vector k;, K =w/c, C is
the velocity of light in vacuum, g4 is the scalar permittivity
of the dielectric medium, and 8 is the incidence angle. The
magnetic component of the reflected p-polarized electro-
magnetic wave is written as

H, =(0,H,,0)exp (iky,x —ik,z —iwt), z£0. (2)

Insulating Layer
Superconducting Layer

Ea '

Fig. 1. Scheme of a high-temperature layered superconducting
slab embedded in a dielectric medium. k; and k, are respectively
the wave vectors of the incident and reflected light.
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Hence, the total magnetic field HMW in the upper dielectric
space (z <0) is simply given by

H(U):Hi+Hr, z<0. 3

The magnetic field of the transmitted electromagnetic
wave into the lower dielectric space (z > d) is written as

HO = (0,H,,0)exp (ikyx+ik, (z—d) —iot), z>d. (4)

In order to calculate the electromagnetic field inside the
layered superconductor slab, we shall model the material
equation, relating the displacement vector D and the electric
field E,

D =&,E, 5)

by applying the nonlocal average permittivity tensor &,,
derived in the works [5,8]. Accordingly, the principal values
of &, are functions of the wave number k;* and frequency
® as

2.2 .
sx(co):'sy(oa):s{l—y 2p]+m, (6)
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where y =& | /%” symbolizes the anisotropy parameter giv-
en by the ratio between the transverse (X ) and parallel (7»”)
magnetic-field penetration depths, and D is the period of the
array of insulating and superconducting layers (Fig. 1). The
Josephson plasma frequency o, is defined by [5,6]:

o, =c/ (A e). ©)

Moreover, ¢, and o, are the averaged transverse and in-
plane quasi-particle conductivities, respectively, and o is the
nonlocality (capacitive coupling) parameter.

Using the average permittivity components (6) and (7)
and solving Maxwell equations, the magnetic field inside
the superconductor slab can be expressed as a linear super-
position of four TM plane electromagnetic waves:

HE = (0, H{ (2),0)exp (ikyx — ioot), (10)
where
4D
1P @= Y A =
=1

Here A;j and k§1) (j=1, 2, 3, 4) are, respectively, the am-
plitudes and wave vectors of the plane waves. The explicit
dispersion relation kgj)(u)) for such electromagnetic waves
is found by solving the characteristic equation:
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As was shown in Refs. 5 and 17, Eq. (12) leads to a bi-
quadratic algebraic equation for k(s), having four solutions:

kD, j=1,234, (13)

where k§1) = —k§3) and k§2) = —k§4). Also, it is assumed that
Imk{ >0 and Imk{® >o0.

Consequently, the first and second (j =1, 2) electromag-
netic modes decay in the positive direction of the z axis,
whereas the third and fourth modes (j =3, 4) decay in the
opposite direction.

Using Eq. (11) and Faraday law, the x and z compo-
nents of the electric field inside the superconductor slab
can be straightforwardly calculated. We get

c < o ki)
ES(2)=— > akiDeke 2, (14)
®Ex =1

4 A T
E§S>(z):-ﬂz i kD2, (15)

o 73 & (o kgj))

2.2. Boundary conditions

The amplitudes of the electromagnetic waves in the die-
lectric medium (H, and H; in Egs. (2) and (4)), as well as
in the superconductor slab (A;, j=1, 2,3, 4, in Eq. (11))
are calculated by using Maxwell boundary conditions: the
continuity of the tangential components of the electric and
magnetic fields at the front and rear slab surfaces:

EV©O=e®©), E®P)=eP(@)

HO©O=HP©O, HP@=HD@). @6)

Besides the four equations in (16), it is necessary to derive
two additional boundary conditions (ABC) for calculating
all the amplitudes. Here we shall apply the ABC related
with the fact that the surface Josephson junctions have only
one neighboring junction and, therefore, the average of the
polarization component, parallel to the growth direction of
the layered superconductor, just outside the slab should be
equal to the polarization of the external medium [5,17].

For the anisotropic layered superconductor having a non-
local dielectric response, the polarization vector in the aniso-
tropic layered superconductor can be written in the form:

PO = (PP (2), 0, P (2) Jexp (ikyx—iot),  (17)
Here, the polarization x- and z-components are given by
R (2) = 1, EL (2) (18)

where x, = (e, —1)/ 4r, ES® (2) has the form (14) and
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PO =Y e (KD ED (kD)2 9)

j=1
with x, (k) = (e, (k) -1) / 47 and
. A:
EO(y=-S B (20)

© g, (0k)

Now, let us apply the procedure proposed in Refs. 5 and
17 for determining the ABCs by averaging the polarization
z-component over the width (= D < d) of imaginary Jo-
sephson junctions just outside the slab and equating it to
the polarization in the dielectric medium. Finally, we get

1. opY

POIO-20T 0= EV O, @
1_ oY

PO+ 0P @) = 0@, @2)

where yq = (eq —1)/4n is the susceptibility of the dielec-
tric. If the external medium is vacuum (g4 =1), the right
hand sides of Egs. (21) and (22) vanish and the ABCs go
over into those derived in Ref. 17. The new ABCs belong to
the class of generalized ABCs [19]. Using Maxwell bounda-
ry conditions (16) and the ABCs given by Egs. (21) and (22),
one can numerically calculate the p-polarization reflectivity
(Rp =IH, / H; |2) and transmissivity (T, =[ H; / H; |2) spec-
tra for the layered superconductor slab embedded in a die-
lectric medium.

3. Results and discussion

3.1. Excitation of short-wavelength modes

Let us apply the above described theoretical formalism
to calculate and analyze p-polarization optical spectra of a
Bi2212 superconductor slab embedded in a high refractive
index dielectric 4, being larger than that (¢) of the insulat-
ing layers. The calculated p-polarization reflectivity Rp,
transmissivity T, and absorption A, =1-R, —T, as func-
tions of both frequency o and incidence angle 6 are re-
spectively shown in panels (a), (b) and (c) of Fig. 2. The
superconductor parameters used in the calculations are [8]:
©p =102 radJs, vy =500, € =12.0. Other parameters are:
the nonlocality parameter o = 0.05, which corresponds to
the regime of strong nonlocality [17], a very small super-
conductor slab thickness d = 0.13, where & is the smallest
of the penetration depths for the anisotropic superconductor
(6=nx =c/ (ymp\/g) =173.20 nm), and the lattice constant
D =15.35 A of the layered structure. In the calculations, we
have used realistic values for both in-plane (o, = 3.6 -104mp
[8.20-22]) and transverse (o, =1.8-10 %0, [8,22,23])
conductivities. The external dielectric medium is assumed
to be Ge with g4 =16.

As is seen in Fig. 2, the reflectivity considerably decreas-
es at angles 6 > 70°. Comparing it with the transmissivity

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 5

Reflectivity

=N WU A0S
(SR RN F ) S RN |

coooocooor

0, deg

O
Il
=
—_
7]

cococococococo—
— Wiy
ROASKVGQ

0, deg

0, deg

098 1.00 1.02 1.04 106 1.08

Fig. 2. (Color online) Dependence of the p-polarization reflectiv-
ity (a), transmissivity (b) and absorption (c) spectra for a Bi2212
superconductor slab of thickness d =0.16 on frequency ® and
incidence angle 6.

and absorption spectra, such a reflectivity decrease is mainly
connected to the increase of absorption just above the Jo-
sephson plasma frequency (panel (c)), and to the enhance-
ment of the transmissivity at higher frequencies. To explain
such a behavior, we present the frequency dependence of
the optical spectra (Rp, Ty, and Ap) for the same super-
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Fig. 3. (Color online) (a) p-polarization reflectivity (Rp),
transmissivity (T) and absorption (Ap) spectra for a Bi2212
superconductor slab of thickness d = 0.18 at 8 = 75°. (b) Disper-
sion relation k§s)(m) for p-polarized modes in a Bi2212 super-
conductor.
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Fig. 4. (Color online) p-polarization reflectivity (Rp),
transmissivity (Tp) and absorption (Ap) spectra for a Bi2212
superconductor slab of thickness d = 0.15 at 0 = 85°.

conductor slab, but at the angle of incidence 0=75
(Fig. 3(a)), as well as the dispersion relation curves of the
TM electromagnetic waves (panel (b)). Note that the optical
spectra exhibit a rich resonance structure which is due to the
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Fig. 5. (Color online) Dependence of the p-polarization reflectiv-
ity (a), transmissivity (b) and absorption (c) spectra for a Bi2212
superconductor slab of thickness d =0.56 on frequency ® and
incidence angle 0.

excitation of quantized short-wavelength electromagnetic
waves, whose wave vector satisfies the Fabry—Perot condi-
tion Rek{?d =nr (n1=1,2,... and 0 < Imk? <« Rk?) in
the thin superconductor slab.

In Fig. 4 we show p-polarization optical spectra (re-
flectivity, transmissivity and absorption) for a supercon-
ductor slab as that considered in Figs. 2 and 3, calculated
with 6 = 85°. Evidently, the overall decrease of the reflec-
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tivity is correlated with the enhancement of both absorp-
tion and transmissivity. Unlike the resonances observed in
optical spectra for very thin layered superconductor slabs
embedded in vacuum [17], the predicted here resonances
for the case when the external medium has a high refrac-
tive index \/a > e are well discernible.

3.2. Excitation of long-wavelength modes

We have also calculated p-polarization reflectivity Rp,
transmissivity T, and absorption A, =1-R, T, for a
Bi2212 superconductor slab of thickness d = 0.56 as func-
tions of both frequency o and incidence angle 6 (panels
(@), (b) and (c) of Fig. 5, respectively). As is seen, the re-
flectivity is practically suppressed at incidence angles
0> 70°, whereas the absorption and transmissivity are
enhanced just above the Josephson plasma frequency ®,.

Figure 6(a) presents the frequency dependence of p-
polarization reflectivity, transmissivity and absorption spec-
tra for the same superconductor slab as in Fig. 2 at the angle
of incidence 6 =75°. The panel (b) of Fig. 6 exhibits the
dispersion relation curves of the electromagnetic modes in

1.0
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0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.17

Spectra

kdn

~.o

Fig. 6. (Color online) (a) p-polarization reflectivity (Rp),
transmissivity (Tp) and absorption (Ap) spectra for a Bi2212
superconductor slab of thickness d = 0.55 at 6 = 75°. (b) Disper-
sion relation k§5)(co) for p-polarized modes in a Bi2212 super-
conductor.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 5

1.0-
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1-_

Spectra

Fig. 7. (Color online) p-polarization reflectivity, transmissivity
and absorption spectra for a Bi2212 superconductor slab of thick-
ness d = 0.58 at 0 = 85°.

the superconductor slab. According to these results, the res-
onances associated with the short-wavelength modes are
smoothed out because of their coalescence. In contrast, the
resonances associated with long-wavelength electromagnetic
waves emerge in the optical spectra at frequencies where the
Fabry—Perot condition |Re k§1) |[d=nt (n=1,2,... and
0 < Imk{Y «|Rek® |) is fulfilled. It should be noted that
the dispersion relation for these modes is anomalous (i.e.,
the phase velocity w/k, is opposite to the group velocity
ow/ k).

In Fig. 7 we show p-polarization optical spectra for a
superconductor slab embedded in Ge as that of Fig. 6, but
calculated with an incidence angle 6 =85°. As is seen, the
resonances associated with the quantized long-wavelength
modes are even more pronounced at 6 =85°. These results
allow us to conclude that the quantization of long-wave-
length modes in a layered superconductor slab, embedded in
a high refractive index dielectric, are more clearly observed
in comparison with the case of superconducting samples
being in vacuum [17].

3.3. Breaking of the total internal reflection

The numerical results presented in this section can be
qualitatively interpreted within the local approach [5,9,10,17],
according to which, the dispersion relation of the TM elec-
tromagnetic modes in a layered superconductor is given by

k, = %\/sx(l—ad sin%0/¢,), (23)

where the permittivities components, ¢, (0) and &, (®), re-
spectively have the forms (6) and (7) with the capacitive-
coupling parameter o = 0. In the THz range and neglecting
the energy losses, namely the contribution of the averaged
in-plane and transverse quasi-particle conductivities to the
imaginary parts of permittivity components, &, is a negative
real quantity (e, (o) <0), whereas €, (o) is a real quantity
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having a zero at ® = ®,. The permittivity z-component is
positive (negative) above (below) ®,. Since we have as-
sumed that g4 > ¢, the factor (1-g4sin%0/¢,) in Eq. (23)
is positive for angles smaller than the critical one 6, =
= Jarcsin(e, /e4) at o> o, and, consequently, k, (23)
turns out to be imaginary. For such subcritical incidence
angles the p-reflectivity is close to 1 as it is observed in
Fig. 5. On the contrary, when 6 > 0., the wave number k,
(23) becomes a real one and the reflectivity is suppressed
as it is seen in Fig. 5. Such a phenomenon has been pre-
dicted for artificial type Il hyperbolic metamaterials [18]
and called hyperbolicity-frustrated total internal reflection.
However, because of the energy losses in the layered su-
perconductor the breaking of the total internal reflection is
characterized not only by enhanced transmissivity, but also
by a large absorption. For very thin superconductor slabs
the nonlocal effects are well manifest [17] and, according
to our theoretical predictions (see Fig. 2) the breaking of
the total internal reflection is mainly related with the exci-
tation of short-wavelength electromagnetic waves, produc-
ing well-discernible resonances in the absorption optical
spectrum.

4. Conclusions

We have studied the spatial dispersion effects in a lay-
ered high-temperature superconductor slab embedded in a
dielectric medium, assuming that the insulating layers inside
the high-temperature superconductor are parallel to the slab
surfaces. Using an average nonlocal permittivity tensor for
describing the optical response of the layered superconduc-
tor slab, embedded in a high refractive index dielectric, we
have derived a generalized additional boundary condition
(ABC), which allows us to calculate the amplitudes of the
electromagnetic waves in the structure. In particular, we
have calculated and analyzed the p-polarization optical
spectra of a BiySroCaCup0Og+5 superconductor slab, em-
bedded in Ge. It was found that for very thin superconduc-
tor slabs (with thickness d ~ 17 nm) the optical spectra show
resonances associated with the excitation of quantized short-
wavelength electromagnetic modes only. On the other hand,
if the slab thickness is sufficiently larger, such resonances
coalesce and are smoothed out. However, in that case new
resonances, which are connected to the excitation of quan-
tized long-wavelength waves, having anomalous dispersion,
appear. It is established that the manifestation of both
short- and long-wavelength quantized Josephson plasma
waves is quite strong when the layered superconductor slab
is embedded in a high refractive index dielectric, instead of
vacuum or air [17].
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Excitation of Josephson plasma waves in a layered high-temperature superconductor slab

36ymKeHHs 4Ko3epCOHIBCbKUX NITa3MOBUX XBUITb
y NAacTUHi WapyBaToro BUCOKOTEMMEPATYPHOro
HaanpoBigHWKa, Sk BByaoBaHO y AienekTpuk
3 BUCOKUM MOKa3HMKOM 3aIiOMI1EHHS

S. Cortés-Lépez, F. Pérez-Rodriguez

TeopeTHYHO IOCTIHKEHO HEJIOKAIbHUA ONTHYHHHA BIATYK
IUIACTUHY LIAPYBaTOr0 BHCOKOTEMIIEPATYPHOTO HAANPOBIHHUKA,
SKUi BOYIOBaHO Y JielieKTpHyHe cepenoBuiie. [lepenbadaerses,
[0 WIApH BCEPEOMHI BHCOKOTEMIIEPATypHOTO HAIIPOBIAHHKA
napajenbHi ITOBEPXHSM IUIACTHHH. PO3paxoBaHO ONTHYHI CIEKTPH
Jutst P-riojsipu3atiii. s po3paxyHKiB BUKOPHUCTAHO YCEepeAHCHUI
TEH30p JAieJIEeKTPUYHOT IPOHUKHOCTI, SIKHil 3aJIe)KUTh 5K Bij 4yac-
TOTH, TaK 1 BiJi XBHJIBOBOTO BEKTOpA €JCKTPOMArHIiTHOI XBHJI.
BHaCITiIOK /10J1aTKOBO TCHEPYIOTHCS CJIEKTPOMArHiTHI MOIM 3
YacTOTOIO TPOXH BHUILE XapaKTePHOI MK03e()COHIBCHKOT MIIa3MOBOT
YaCTOTH, IO HAJIEGKUTh TepareploBoMy aianasoHy. ITokaszaHo,
110 [t P-TIoJIsIpr3aLii CreKTp BiAOUTTS IIACTUHU HA/AIPOBIJHUKA
Bi,SroCaCuyOgys (Bi2212), BOyIOBaHOTO B Ji€NEKTPHK 3 BHUCO-
KHM IIOKa3HHKOM 3aJIOMJICHHS, JI€MOHCTPYE CHJBHE IIOPYIICHHS
TIOBHOTO BHYTPIMHBOTO BinouTTs. [IpH Iy>ke Mauii TOBIMHI IDTa-
CTHHM HAJUIPOBIJHUKA PE30HAHCH B ONTHYHUX CIHEKTpax CXOXi 3
pezonancamu @abpi-Ilepo mis KOPOTKOXBUIIBOBUX EJICKTpOMAr-
HITHHX Mon. HaBmaku, NOBroXBHJIBOBI €IEKTPOMArHITHI MOJIH,
SKi MalOTh aHOMaJbHE IUCHepciliHe CIIiBBIAHOIICHHS, 30ymKy-
IOTBCSl TIPYU BiTHOCHO BENHKIW TOBIIMHI IUIACTUHU Ta IPOSBIIS-
FOTBCSI Y BUIUISIII CHIIBHUX PE30HAHCIB B CIEKTPAX SIK IOTJIMHAH-
Hsl, TaK 1 MPOIYCKaHHs, Ta MPHUTHIYYIOTh A3EPKalbHY BiIOHBHY
3JIaTHICTD.

KurouoBi cioBa: 1x03e()COHIBChKI MIa3MOBI XBHIII, BHCOKOTEM-
NepaTypHUi HAIPOBIIHKK, JiCICKTPUK 3 BUCOKHM MOKa3HUKOM
3QJIOMJICHHSL.
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Bo3byxaeHne mxo3edCOHOBCKNX NNa3MeHHbIX BOJTH
B MMacTUHE CNOUCTOro BbICOKOTEMMEPaTYPHOro
CBEPXNPOBOAHMKA, BCTPOEHHOIO B AN3NEKTPUK

C BbICOKMM NoKasaTenem rnpenomseHns

S. Cortés-Lopez, F. Pérez-Rodriguez

TeopeTuyeckn H3y4eH HEIOKAJIbHBIA ONTUYECKUH OTKIMK
TUTACTUHBI CIIOMCTOTO BBICOKOTEMIIEPATYPHOTO CBEPXMPOBOIHUKA,
BCTPOEHHOH B amdnekTpuk. Ilpeanonaraercs, 4ro cliou BHYTpH
BBICOKOTEMIIEPATYPHOTO CBEPXIIPOBOJHHMKA TapajieNbHBI I10-
BEPXHOCTSM ILIACTUHBL. PaccunmTaHbl ONTUYECKUE CHEKTPBI AJIS
p-nonsipusaruu. sl pacueToB UCIOIb30BAaH YCPEIHEHHBIN TEH-
30p IUAICKTPUYECKOM IPOHULIAEMOCTH, KOTOPBII 3aBUCUT KaK OT
YacTOTHI, TAK U OT BOJHOBOTO BEKTOpA 3NEKTPOMArHUTHOMN BOJI-
Hbl. B pesynbraTe NONONHUTEIBHO IEHEPUPYIOTCA DIICKTpOMAr-
HHUTHBIC MOJBI C YaCTOTOW 4yTh BBILIE XapaKTepHOH MKo3edco-
HOBCKOII IJ1a3MEHHOM 4acTOTSHI, IPUHAAJIEKALICH TeparepLioBOMY
Juanasony. [loka3aHo, 4To 171 P-MONSPH3AIUY CIIEKTP OTPAXKEHHUS
IUIACTUHBI CBepXnpoBoHHKa BiySroCaCuyOgss (Bi2212), BeTpo-
€HHOTO B JAMIJEKTPHK C BBICOKMM IIOKa3aTeleM IPEIOMIIECHHS,
JIEMOHCTPUPYET CUJIBHOE HApyLICHUE HOJIHOTO BHYTPEHHEIO
oTpaxkeHus. Ilpu odyeHp Manol TOJILMHE IUIACTHHBI CBEPXIPO-
BOJIHHKA PE30HAHCHI B ONITHYECKHX CHEKTPAX II0JOOHEI pe30HaHCAM
Dabpu—Ilepo 11 KOPOTKOBOIHOBBIX 3JIEKTPOMArHUTHBIX MOJ.
Hanportus, AIMHHOBOJIHOBBIE 21EKTPOMATHUTHBIE MOJBI, UMEIO-
IHE aHOMAJIbHOE JMCIIEPCHOHHOE COOTHOILIEHHUE, BO30YKIat0TCs
IIPU OTHOCHUTENBHO OOJBIION TOJIIMHE INIACTHHBI U MPOSIBIAIOT-
Csl B BHJE CHJIBHBIX PE30HAHCOB B CIEKTPaxX KaK MOTJOIIECHUS,
TaK U IPOIYCKAaHWs, I[OJABIAA 3EPKAIbHYIO OTPaKaTCIbHYIO
CMOCOOHOCTb.

KiroueBble cioBa: mK03e()COHOBCKHE IUTa3MEHHBIC BOJHEI, BBI-
COKOTEMIEPATYPHBII CBEPXNPOBOAHUK, IUINEKTPHK C BBICOKHM
[OKa3aTeseM MPEeIOMIICHHS.
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