Love-like waves in the heterostructure consisting
of superconducting YBa,Cu;0s.x and La,.,Sr,CuO,

Bogdan Maruszewski', Andrzej Drzewiecki?, Roman Starosta®

! prof., Poznan University of Technology, Institute of Applied Mechanics, ul. Piotrowo 3, 60-965 Poznan, Poland,
e-mail: Bogdan.maruszewski@put.poznan.pl

2 dr., Poznan University of Technology, Institute of Applied Mechanics, ul. Piotrowo 3, 60-965 Poznan, Poland,

e-mail: andrzej.drzewiecki@put.poznan.pl

3 dr., Poznan University of Technology, Institute of Applied Mechanics, ul. Piotrowo 3, 60-965 Poznan, Poland,

e-mail: roman.starosta@put.poznan.pl

The Love-like waves propagation solely in the magnetic vortex field existing in a superconducting
heterostructure that consists of a layer applied on a half-space is investigated. The amplitude
distributions of those waves have been presented.
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Introduction. Magnetic flux can penetrate a type-II superconductor in the form of
Abrikosov vortices (also called flux lines, flux tubes or fluxons), each carrying a quan-
tum of the magnetic flux. These tiny vortices of supercurrent tend to arrange themsel-
ves in a triangular or quadratic flux-line lattice. Since the vortices are formed by the
applied magnetic field, around each of them the supercurrent flows. Moreover, there
also exist some Lorentz force interactions among them. Those interactions are an origin
of an additional mechanical (stress) field occurring in the type-1I superconductor [1-6].
The vortex field near the lower critical magnetic field intensity limit H,; is of the
elastic character. However, if the density of the supercurrent is above its critical value
and/or the temperature is sufficiently high, there occurs a flow of vortex lines in the
superconducting body. In such a situation vortices behave as a fluid rather than as an
elastic lattice. The «fluidity» of the vortex array is also observed when the applied
magnetic field tends to its upper critical limit H,. In this way we encounter a very
interesting situation in a type-IlI superconductor. We may say that two mechanical
fields in the medium there coexist. One of them is of a pure elastic character coming
from the mechanical properties of crystal lattice of the superconductor. The second one
comes from the vortex array which, being of elastic character near the lower magnetic
field strength limit H.,,, transfers smoothly into «fluid» form near the upper magnetic
field strength limit H,,. This way within the mixed state, the ordered and disordered
states of the vortex field can anomalously coexist. The paper deals with an analysis of
an elastic wave propagation solely along vortices in a heterostructure consisting of the
superconducting layer applied on the superconducting substrate. Dispersion and ampli-
tude distributions of such waves in the vortex field in that structure have been presented.
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1. Formulation of the problem

The subject of our investigations is now the Love-like wave propagation along x;,
direction in a heterostructure that consists of two type-II superconductors in the form
of a layer —h <x, <0 (YBa,Cu304x - YBCO) — «1» of thickness /4 and a half-space
x1 > 0 (Lay,SrxCuQy4 - LSCO) — «2».

For the sake of simplicity our considerations are related to the lattice-like state of
the vortex field (a =1, B =0) [7, 10] as well as we have omitted the temperature influ-
ence on the vortex field (isothermal process).

The general, linearized equations describing the propagation of harmonic waves
in the above heterostructure (solely in the vortex field, assuming completely depinned
vortices) read as follows [7-10]

. 1 . ..
M, + Mg +(7\.+|,l)ujj[j +§nujjij + Lo (hr,i —hi,r)Hg —-pti; =0,
Mohy =l +uy HY =y H =0 (1)

Since the viscosity coefficient 1 is very small the damping features in the vortex
field in the sequel are neglected. The linearization has been done assuming the total
magnetic field in the structure to be

H=H" +h, |h|<<‘HO, Hoz[Hf),o,o], H =const , )

where h is the small contribution to the total magnetic field H coupled with the displa-
cement vector u. Lame’s constants, A and p, have been calculated from H, and H,
[5, 11], p, is the permeability of vacuum and 2 is the London penetration depth.

Note that (1) are valid simultaneously for both arrays «1» and «2» in Fig. 1.
Now assuming the solutions of (1) in the following form (see Fig. 1)

f(xl,xz,t):7(x1)exp[i(mt—kx2)], 3)

where f(x;,x,,t) stands for all fields in the set (1), that s,
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Fig. 1. Geometry of the problem (H" = [H(,,0,0])

104



ISSN 1816-1545 ®izuko-maTemaTUyHe MoAeNiOBaHHA Ta iHcdopmauiiHi TexHonorii
2011, Bun. 13, 103-111

f(xl,xz,t)z{u3,h3}(xl,x2,t) 4)

and Love’s mode concerns only #3 component, (1) may be rewritten as follows [12-14]
Wty ; — Pohs HY —pyiis =0 and Aohy ; —hy +us,H =0both withj=1,2, (5)

where K = 1, 2 distinguishes the layer «1» and the halfspace «2» (Fig. 1).

To facilitate investigations of (5) and analysis of its solutions the above formula
are converted to dimensionless form (see [9]). Recasting the set (5) into dimensionless
form and using (3), (4) we obtain

_odtE oor L, o\ x ., dhX
MKFJfF(V PK—HK)MZ + R e =0,
2 2 K
ng%_[ng%+1Jh§+Ho e o, ©)

[ix denotes Lame-like shear elastic coefficient, u f is the component of elastic displace-

ment, Q is the wave frequency, V is the phase velocity, py is the density of vortices,

[i, is the permeability of vacuum, H, is the applied magnetic field, hZK is the compo-

nent of perturbed magnetic field coupled with displacements, A,y is the London
penetration depth and (x, y, z) are dimensionless coordinates (Fig. 1).
The boundary and jump conditions for the dimensionless variables in (5) across
the characteristic planes of the heterostructure are
hz1 =0 (continuity of the tangent component

x=-1: of the magnetic field intensity),

“;,x =0 (the plane is stress free),

and
h; - hz2 =0 (continuity of the tangent component
of the magnetic field intensity),
=00 ui - uz2 =0 (continuity of thedisplacements),
“i,x - uzzjx =0 (the plane is stress free).
The characteristic equation of (6) for both layer and substrate reads
71(%1(@1(]94 + |:7~\'3KBK (Q,V) - Fy (QﬂV)FlK - l:lng ]Pz -
—Fy (V) By (V) =0, )
where the solutions of (6) were assumed to be in the form
{uf,th}z{ uk th}epx (8)
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and
Q* L. -, QF
BK(Q,V)zﬁ(VZpK—pK), FK(Q,V)=k6K7+1>O.
1

The waves under consideration propagate if the solutions of (8), u, and h; , are

convergent, that is, the squares of the roots p; and p, of the characteristic equation (7)
in the layer are both real and p; and p, in the substrate are of opposite signs. To avoid

divergence of solutions (8) in the substrate, it is additionally assumed that uf and hz2
vanish if x — oo. The above requirements for p; — p, are satisfied, if

Pi0y B (QV)<05 V2 <[y, /P,
P304 B (QV)>05 V2 > [1,/p, .

Hence, the very important propagation condition for Love’s wave is obtained. That
wave runs if

El—z << # (dimensionless form)
P2 P1
or
Vo <V <vp (dimensional form). )

That is a new result and it differs from the classical one for the elastic Love’s
wave propagating along the interface between two elastic materials (layer and substrate)
[12-14]. For the latter case inequality (9) is reciprocal.

As a result, the solutions (8) for the layer are:

ul = S,e”* + S,e M + Sieft + e (10)
and
h=—M (p,,QV)Se" + M (p,QV)S,e " -
—M (5, Q,V)S3e"" + M (p,,Q,V)S,e ", (11)
where
0 Sl e
M(p,QV)=—L+ g ) i=12. (12)
RoHy  V°Hyp,
For the substrate the solutions are as follows
u? = Sse P, (13)
h =N(ps,Q,V)Sse ", (14)
where

~ 2 2~ o~
N(p, Q1) =t2l2 +Q~(V2pz “2). (15)
HoH, HoV"Hyps
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Now using solutions (10)-(13) for the boundary and jumps conditions, we arrive
at the homogeneous algebraic equations

W, (QV)S, =0, mn=15. (16)
Equation (16) has nontrivial solutions only if its determinant satisfies the relation below
det”,, (Q,V)=0. (17)
We have thus proved that Love’s waves can propagate in a superconducting
heterostructure and that their dispersion relation is given by (17) [9] (Fig.2).
2. Numerical results

The numerical analysis of the problem considered in the paper has been done for the
superconducting heterostructure consisting of two ceramics: YBa,Cu;O¢.x (YBCO) as
the layer and La,Sr,CuQ, as the half-space. All the necessary data are collected in
Table 1. The results of the use of these data in the solutions (10), (11), (13) and (14)
are presented in Fig. 3-10.

Table 1
Data for the superconducting heterostructure
Quantity YBa,Cu30¢:x La, Sr,CuOy, Unit
Ao 4107’ 2,510’ m
p 10°° 510°° kg/m’®
le 0,0I/HQ 0,0I/HQ Alm
H(Q 120/”0 120/”0 Alm
& 107 1,510°° m
H. chg/(x(,\/i) chi/(%\/i) Alm
ci pOHloz/4n ]J.OHloz/4TC N/m?
Cos (1-0,296)(1-bY bH? i6n | (1-0,296)(1-b)’ bH?2i6n | Nim®
b HoHlo/ch HoHlo/ch VslAm
5 Co6 Ce6 N/m2
A 011_2066 011_2066 N/m2
Ho 4m-1077 4m-1077 VslAm

Very important result obtained from (17) is that the waves considered here
propagate only if the thickness of the layer satisfies inequality

107 m<h<10"m. (18)

Then from Fig. 2 it is seen that there are two frequency regions where waves are
practically nondispersive. That means that they can be stably modulated in order to
transmit signals carrying information. Between those regions there is a forbidden inter-
val (for frequencies)
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Fig. 2. Dispersion for various applied magnetic field intensities
and fixed layer thickness 7 =10""m

0,2<Q<2  (10°rad/s <w<107rad/s),  H{ =40H,, (19)

because of the very strong Love’s wave dispersion is observed there. For the detailed
discussion see [9]. In Figs. 3-8 the u; and /, wave amplitudes along the heterostructure
have been shown then the dispersive region Q €(0,5; 1,0) is presented in Fig. 2.

To compare the above results for the dispersive region in Fig. 9 and 10 the uy
and /; amplitude distributions have been presented for the nondispersive region
Qe(2,4) (Fig. 2).

~08  —04 0 0.4 —08  —04 0 0.4

Fig. 3. uz wave amplitude distribution
for fixed & = 10~ "m, fixed H, = 5H,
and various frequencies Q

1 fH() = IH(-l 2,0
2 fH() = SH(-l
3 —H,=20H.

U,

-0,8 -04 0 0,4

Fig. 5. u; wave amplitude distribution
for fixed 1 =10""m, Q=0,7
and various magnetic field intensities H,
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Fig. 4. h; wave amplitude distribution
for fixed & =10~ "m, fixed H, = 5H,
and various frequencies Q

1 fH() = IH(-l h
2 fH() = SH(-l Z
3 —Hy=20H.

____-#_--_ - 2
-0,8 -04 0 0,4

Fig. 6. h; wave amplitude distribution
for fixed 2 =10""m, Q = 0,7 and various
magnetic field intensities H,
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-0,8 -04 0 0,4 -0,8 -04 0 0,4

Fig. 7. u; wave amplitude distribution Fig. 8. h; wave amplitude distribution
for fixed Hy = 5H,, Q=10,7 for fixed Hy = 5H,, Q=10,7
and various thickness 4 and various thickness 4

1—Q=2 1—Q=2
2—Q=3 2—Q=3
3—Q=3 3—Q=3
x X
-0,8 -0,4 0 0,4 -0,2 0 0,2 0,4
Fig. 9. u; wave amplitude distribution Fig. 10. h; wave amplitude distribution
for fixed & = 10~ "m, fixed H, = 5H, for fixed & = 10~ "m, fixed H, = 5H,
and various frequencies Q and various frequencies Q

Figs. 3, 5, 7 demonstrate that for a lower frequency and a higher thickness of the

layer and stronger external magnetic field the distribution of the u, waves in the layer
remains practically constant within the dispersion region. So, in that region the bigger
frequency of those waves, the thinner layer and the weaker magnetic field, the u;
waves become more stable. That situation confirms Fig. 9 for u, (its dispersion disap-
pears). Similar situation one can observe in Fig. 4, 6, 8 and 10 for 4; wave amplitude
distribution, respectively. Only the energy of /4, wave is generally much more focused
in the vicinity of the heterostructure interface.

Conclusions.

It occurred that the Love-like wave can propagate in the heterostructure
consisting of two vortex fields coming from two different superconductors.
There are two dispersionless regions concerning Love’s modes in the structure.
There is a forbidden region where dispersion is very high.

The waves under consideration propagate with acoustic phase velocity and opti-
cal wave frequency. It is a very peculiar, anomalous and interesting property.

In the case of strong dispersion the u, component amplitude indicates that the
majority of the mechanical energy of vortices remains in the layer decreasing
rapidly along the half-space depth.
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. Similar situation has been observed for u. amplitude distribution.

. However, the /., component amplitude distribution behaves differently: the mag-
netic signals propagate almost solely along the interface of the heterostructure
(like Love’s modes in elastic structures).

. For the nondispersive region we observe both for u, amplitudes and 4. amplitu-
des that the Love-like energy perturbations propagate almost solely along inter-
face of the structure being very stable.

Acknowledgement

The paper has been supported by MNiSzW 1101/T02/2006/30 grant.

(10]

(11]
[12]

[13]

[14]

110

References

Tilley, D. R. Superfluidity and superconductivity / D. R. Tilley, J. Tilley. — New York; London:
Van Nostrand Reinhold Co., 1974. — Vol. iii. — 262 p.

Tinkham, M. Introduction to superconductivity / M. Tinkham. — New York: McGraw-Hill Book Co.,
1975.

Orlando, T. P. Foundations of applied superconductivity / T. P. Orlando, K. A. Delin. — Massa-
chusetts: Addison-Wesley Publ. Co., Reading, 1991. — 410 p.

Cyrot M., Introduction to superconductivity and high-T / M. Cyrot, D. Pavuna // Materials World
Scientific, Singapore 1992. — P. 174.

Vortices in high-temperature superconductors / G. Blatter, M. V. Feigelman, V. B. Geshkenbein
et al. / Rev. Mod. Phys. — 1994, — Vol. 66. — P. 1125-1388.

Brandt, E. H. The flux-line lattice in superconductors / E. H. Brandt // Rep. Prog. Phys. — 1995. —
Vol. 58, No 11. — P. 1465-1594.

Maruszewski, B. T. On a nonclassical thermoviscomechanical stress in the vortex field in the type-II
superconductor / B. T. Maruszewski // VILEY-VCH: physica status solidi (b). — 2007. —
Vol. 244, No 3. — P. 919-927.

Rayleigh and Love’s waves in a vortex field of the Il-type superconductor / A. Drzewiecki,
B. T. Maruszewski, J. A. Kotodziej, L. Restuccia // Trends in Continuum Physics TRECOP’04, ed.
by B. T. Maruszewski et al. — Poznan: Publ. House of Poznan University of Technology, 2004. —
P. 111-127.

Maruszewski, B. T. Propagation of a surface wave in a vortex array along a superconducting hatero-
structure / B. T. Maruszewski, A. Drzewiecki, R. Starosta // Journal of Mechanics of Materials and
Structures. — 2008. — Vol. 3. — P. 1097-1104.

Maruszewski, B. T. Anomalous features of the thermomagnetoelastic field In a Hortex array In a
superconductor. Propagation of Love’s waves / B. T. Maruszewski, A. Drzewiecki, R. Starosta //
J. Thermal Stresses. — 2007. — Vol. 30. — P. 1049-1065.

Ketterson, J. B. Superconductivity / J. B. Ketterson, S. N. Song. — Cambridge University Press,
Cambridge, 1999.

Achenbach, J. Wave propagation in elastic solids / J. Achenbach. — Amsterdam: North-Holland,
1976.

Maruszewski B. Plasmomagnetoelastic waves in a semiconducting heterostructure. II. SH-magneto-
elastic modes / B. Maruszewski, A. A. F. van de Ven. — In: Nonlinear waves in solids, ed. by J. L. Weg-
ner, F. R. Norwood. — ASME Book No AMR 137, 1995.

Maruszewski, B. Charge carrier and elastic waves in a thin epitaxial film grown on a semiconduc-
tor / B. Maruszewski // Wave Motion. — 1991. — Vol. 13. — P. 89-106.



ISSN 1816-1545 ®izuko-maTemaTUyHe MoAeNiOBaHHA Ta iHcdopmauiiHi TexHonorii
2011, Bun. 13, 103-111

XBuni Tuny JlsBa B reTepoCcTpyKTYypi, YTBOPEHin
HagnposBiaHuMu YBa;Cu30g.x Ta LazxSrkCuOy4

BboraaH Mapywescki, AHgxen [xeBeuki, Poman Ctapocta

Jlocniodceno nowupenns xeuno muny JIaga 6 noni MazHimHux UXopis, w0 GUHUKAIOMb 34 HAAAG-
HOCMI 308HIUHBLO20 NOCMILIHO20 MAZHIMHOO NOJISL 8 2emepPOCmpPyKMypi, YMeopeHill HAONPOGIOHUM
nigNPOCmMopoM, HA NOGEPXHIO SIKO20 HAHECEHO HAONPO8iOHe NOKPUMmMs CKiHYeHHOI MOGUJUHU.
Hageodero po3nodin amniinyo xéunb 3MilyeH s IPAMKU MASHIMHUX BUXOPIG I 30YPeHHs MACHINHO20
NOJSL 8 OKOJIE MedHCT NOOLTY PIZHOPIOHUX HAONPOBIOHUX MAMEPIAiG.

BonHbl TMNa J1ABa B reTepoCcTpyKkType, o6pa3oBaHHOMN
cBepxnposoasawmmm YBaCu3Og.x M LazSrCuOy

BoraaH Mapywescku, AHgxen [keseukn, PomaH CtapocTa

Hccnedosano pacnpocmpanenue 6onn muna JIaga @ noie MacHUmMHsIX GuUxXpetl, 603HUKAIOWUX NPU
HAnUyuu BHeWHe20 NOCMOAHHO20 MASHUMHO20 NOJsL 8 2eMepoCmpyKmype, o0pa3o8aHHoOl ceepx-
NpoBOOAWUM NOIYNPOCIPAHCINGOM, HA NOBEPXHOCHIb KOMOPO20 HAHECEHO CBEpXNPOBOOsiyUe
nokpelmusi Konewnou monwgunsl. Ilpedcmasneno pacnpedenenue amnaumyo 60JH CMeWjeHus
peutemky MAZHUMHBIX BUXPEll U BO3MYUEHUS MACHUMHO20 NOJiA 80IU3U 2PaHUYbl paz0end pa3Ho-
POOHBIX C8EPXNPOBOOAUUX MAMEPUATOB.

Otpumano 16.12.10
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