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Plasmo—magnetoelastic waves in a semiconducting hetero—

structure. I. Plasmo—elastic longitudinal modes

A A F van de Ven
Eindhoven University of Technology. Department of Mathematics and Computing Science,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands

B Maruszewski
Technical University of Poznarn, Institute of Applied Mechanics, ul.
Poznati, Poland

Piotrowo 3, 60-965

Wave propagation in semiconducting heterostructures is studied. Interactions of the electrical
field with mechanical (elastic) and magnetic fields are considered. This first part deals with
longitudinal (Rayleigh-type) plasmo—elastic waves in a thin layer on a half space (substrate);
both layer and substrate are semiconducting. The waves show an exponential decay with depth
in the substrate; the longer the waves the more of the wave energy is transmitted through the
layer. Also purely plasmonic waves can exist. These waves are dissipative, and exist only for
values of the wave number exceeding a certain critical value. In our general model an electrical
relaxation term is included in the generalized Ohm’s law; the influence of this relaxation aspect

has received special attention.

INTRODUCTION

Semiconducting media are very rich in many physical

phenomena occurring there simultaneously because of their

comparable significance. Not only their electrical prop-
erties are important, but especially the interactions be-
tween electrical and mechanical, magnetic or, possibly,
thermal fields give a new look on applications of semicon-
ductors in practice. An example of such an interaction is
the elastodiffuse eflect: an interaction between electrical
and elastic fields. In the example we have considered, it
was found that the influence of the plasmonic field (i.e.
the electronic charge) on the elastic one is small (in fact
negligible) but, on the other hand, the elastic field gener-
ates extra plasmonic fields of technically relevant magni-
tude. All this is in correspondence with known physical
observations on semiconductors (Maruszewski and Van
de Ven (forthcoming)).

The aspects mentioned above become very evident in
heterostructures built up of a thin layer on a half space
(substrate). In this first part the propagation of longi-
tudinal plasmo—elastic waves in such a heterostructure is
considered, whereas the second part is more concerned
with magneto-elastic shear waves in a semiconducting
heterostructure.

Relaxation effects in semiconducting media is a rela-
tively new aspect in the study of semiconductors. Here,
we have included a relaxation time 7 in the diffusion equa-
tion for the electronic charge. The influence of relaxation
is investigated by comparing the results for 7 # 0 with

those for 7 = 0. All numerical calculations have been per-
formed for a heterostructure consisting of a ZnSe-layer
on a Ge-substrate.

BASIC EQUATIONS

Consider an elastic semiconducting body, possibly built
up of two or more semiconducting sub-bodies (heterostruc-
ture). The material is isotropic and, at least for each
sub-body separately homogeneously. The semiconductor
is doped (extrinsic semiconductor of n-type) and, there-
fore, hole field quantities may be neglected in comparison
with the electronic field ones. The diffusion of impurities
is neglected, but the relaxation nature of the charge field
(plasmonic field) is taken into account. Such a situation
mainly occurs in so—called relazation semiconductors.

We are interested in the propagation of waves in
such bodies. These waves show an interaction between
the elastic and plasmonic fields, hence, they are called
plasmo-elastic waves. The equations which govern these
processes have been derived from an extended thermo-
dynamical model (Maruszewski and Van de Ven (forth-
coming), Maruszewski (1987a,b)). As shown there, these
equations can be reduced to a set of two equations for the
unknowns: the displacement u = u(x,t) and the elec-
tric charge density per unit of mass N = N(x,t). These
two equations read (index notation, including summation
convention is used here)
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Here, A and p are the Lamé parameters, A™ is the elastod-
iffusive constant, p the density, 7 and 7t are the relax-
ation time and the life time of the electrons, respectively,
D is the diffusion coefficient and o the electrical conduc-
tivity. A superimposed dot () means differentiation with
respect to the time t, whereas ,: stands for §/8z;. In
the first equation, the equation of motion, the influence
of the plasmonic field on the elastic field is represented
by the elastodiffusive term: A" N ;, whereas the opposite
effect, i.e. the influence of the elastic field on the plas-
monic field appears in the second equation, the diffusion
equation, as the term preceded by oA™.

The set (1) must be accompanied by the following
jump conditions

Di(ws i + uji)n + (Aue = X" N)ni = 0,
, (2
DN n;[+[s(1+7 s Ni=0,

where s is the coeflicient of surface recombination. The
first relation expresses the continuity of the stress vector.
The outer surface is supposed to be free of stress. At
material interfaces between sub—bodies still some more,
physically trivial, jump conditions hold (i.e. continuity
of displacements and electron charge).

As shown by Maruszewski and Van de Ven (forth-
coming) by means of a dimension analysis, the influence
of the plasmonic field on the elastic field, i.e. the terms
preceded by A" in the first (mechanical) equations of (1)
and (2), is negligibly small. On the other hand, the oppo-
site effect, that is the influence of the elastic field on the
electric charge field, represented by the A®-term in (1), is
of physical relevance. All this is in correspondence with
physical observations on semiconductors. Therefore, we
shall neglect in (1)! and (2)' the elastodiffusive terms
with A™. These equations then represent the purely elas-
tic wave problem, which is assumed to be well-known (cf.
Farnell (1978)).

LONGITUDINAL WAVES

We wish to apply the equations of the preceding section
to a heterostructure consisting of a half space (substrate)
with grown on it a thin epitaxial film (layer) of thick-
ness h. In this layer longitudinal (Rayleigh—type) waves
can propagate. We take a coordinate system {Oz z;z3}
with the Ozza-plane coinciding with the interface be-
tween half space and film, and the z3-axis pointing into
the half space. Hence, the upper (free) surface of the
layer is given by 23 = —h and the interface by z3 = 0,

whereas in the half space z3 > 0.

Let us assume that the propagation of the waves is
along the z;-axis. This implies that the resulting prob-
lem is two— dimensional, in the Oz;z3-plane, meaning
that the variables u and N are functions of z,,z; and
t only and that u; = 0. In that case, the displacement
components u; and u3 can be expressed in potentials ac-
cording to

n=e1-¥3, uws=@3+¥:. (3)
Then, (1) yields three equations for the three unknown
variables ¢(z1, 23,1), ¥(z1,z3,t) and N(z1, z3,t). These
equations reveal that the general solution can be assumed

of the form

{0, %, N} = {$(%3), 9 (3), N (33)}e* =101 | (4)

where &3 = k3, k is the (real) wave number and v is the
wave velocity (which can be complex, with Re v > 0 and
Im v < 0, but is real for purely elastic waves).

The solution of the purely elastic problem can be
found, for instance, in Farnell (1978) Sect. 2.7.1. Intro-
ducing the longitudinal and transverse elastic wave ve-
locities by

(4)

am (EB) m (9

respectively, we state that if cr; < v < eppr < epy <
cprr (the subindex indicates that the constant refers to
the layer (I) or to the substrate (II)) there exist purely
elastic longitudinal surface waves, and for these waves
@(Z3) takes the form (¢ is no longer relevant to us here)
for —kh < £3 <0,

ATy~ 1 . . .
¢ = ¢H(F3) = ﬁ[x‘h sinh (1Z3 + Azcosh (1Z3],
for 23>0,
(5)

s alI¢s 1 —Cad
= pi(&) = 15 Ase™C%s

where

o \21V?
A

The (real) wave velocity v follows from a dispersion rela-
tion of the form v = V(k), for fixed h. We have calculated
for a ZnSe- layer of thickness h = 10-®m, and for a Ge-
substrate, v and the associated normalized eigenvector
(i.e. A + A3). Hence, from now on the purely elastic



problem (that is $(Z3)) is considered known.

For N(Z3) there then remains the following problem
(from (1)?)
for —kh < £3 < 0,

N7
32

. d? 2
— 21 2{ —_ Al f= Y\
=k (51 —1) 97 (es) =
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for &3 > 0 (analogously)

2N N -
e~ QR = (1- )P Anase 3, (8)
3
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and

ol"

Ayn = (p—zb‘) W (10)

The boundary (at z3 = —k) and jump (at z; = 0)
conditions for N follow from (2)?. At the upper surface
of the film they yield (with(4))

dNT .
— + SN =0, at#;=—kh, (11)
d1:3
where
S= L (1-k (12
= %D; TIv) . )

We assume that there exists no surface recombination
of electrons on the interface z3 = 0 and, moreover, we
require that the electron charge is continuous across this

plane. This yields

dNII
D= _
dzs 0,

dN?

(13)

1\7’—]\7”:0, at £3=0.

The general solution of (7)-(8) reads
for =kh < E3<0,

N = N1(%;3) = By sinh (333 + By cosh (333

—Iysinh (33 — Tycosh (135, (14)

for 23 > 0,

N = N7(3) = Bye ¢4%s _ Ipe~Gafs | (15)
where

(1= ¢})Ar
T2y = 55— Aig),
WEG-gy
1-¢2)%A
I3 = (1= G) A As . (16)

G-a)

Hence, I, T'; and I'; are known coefficients, representing
the particular solution generated by the purely elastic
wave. The coefficients By, Bz and B; follow from the
boundary conditions (12) and (13), which here result in

di1By — d2B3 = d3T'y — d4Ty

(3B1+ (4DB3 = (11 + (2DT'3, (17)
By— By =T, ~Ts,
where (h = kh)
di = (3cosh (sh — Ssinh (3h,
dz = (3sinh{(3h — Scosh(3h ,
) (18)
ds = (1 cosh (ﬂz — Ssinh (A,
dy = (ysinh (1A — Scosh( ik .
In case
A:=(da+ (4 Ddy #£0, (19)
(17) admits the solution
By = {(¢1d2 + (4 Dd3)Ty + (4 D(d3 — dg)T
—D(¢s — ¢2)d2Ta}/A,
By = {(¢1d1 — (3d3)Ty + ((3ds + {4 Dd, )T,
=D((s — )i T3}/ A, (20)

Bs = {({1d1 — (3d3)Ty + (3(ds — d,)T,

+(D¢ady + (3d2)T3}/A .

With B;+Bj; determined, the solution for the longitu-
dinal plasmo-elastic waves (of Rayleigh—type) is known.
We have calculated for a fixed value of h (ie. h =
10=%(m)) and for several values of k € [102,10%](m™1),



firstly the purely elastic waves (i.e. v and A; + A3) and,
secondly, the plasmo—elastic waves ( B1<-B3). For a ZnSe-
layer on a Ge-substrate the numerical values of the ma-
terial coefficients can be found in Maruszewski and Van
de Ven (forthcoming), Table 1. The relevant ones here
are

=107 8(sec) ,

T} = 1075(sec), D =6.25,

sy =103(m/sec), A;=60.76, Arr=17.067+10"3.

We have preformed these calculations for two, extreme,
values of 7p /7{ (P = I,1I), namely (i) 7p /73 = 1 (maxi-
mum relaxation) and (ii) 7p /7% = 0 (no relaxation). The
main results are shown in Figs 1-4. In Figs 1 and 2 the
amplitude | N(z)| of the plasmo—elastic waves is displayed
as function of z = z3/h (2 € [-1,2]) for k = 10°(m~1)
and k = 10*(m~') and for 7p /7 = 1 and 0, respectively.

% k = 1.00E+0006
25}
v 20
w |
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* 151
O
< 107
5]
]
1

0_rIll’lrIﬁ_lrl|I1I;Iﬁvv;ﬁifr;rvr‘l

k = 1.09E+0004

X 1ed

N(z}

9.1 ++—+—r+r—r—rr -ttt
-1 -8.5 @ 2.5 1 1.5

z
FIG 1. The amplitude [N(z)| of the plasmo—elastic wave for
two values of k (k = 10°(m™') = v = 3015(m/sec), and
k= 10*(m~') = v = 3175(m/sec)) and for r/r+ =1.

It is seen that the longer the waves are the better they
penetrate the substrate, whereas the shorter the waves
the more of the wave energy is transmitted along the
surface. For very short waves (k = 10%(m—?)) longitu-
dinal plasmo-elastic waves practically exist only in the
layer; we say then that “the wave escapes to the surface”.
However, this effect is much stronger for the relaxation
semiconductor (Fig 1) than for the one without relaxation
(Fig 2). From a comparison of the figures we see that,
firstly, the amplitude of the waves increases with increas-
ing k (shorter waves)-this will become even clearer in the
next figure (Fig 3)-and, secondly, that this amplitude in
the absence of relaxation (rp = 0) is much larger (about
a factor 10%) than in the medium with (maximum) re-
laxation (rp = 77). This effect is also shown in Fig 3,

- k =

1.00E+8006

X 1ed

N{z)

4 ] { 3
@Tl‘l%lITTIIIIIIVIIIITTIIIIY‘II
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X 1ed
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-6.5 © 0.5 1
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FIG 2. The amplitude |N(z)| of the plasmo-elastic wave for
h = 10"%(m), for k = 10° or 10*(m ") and for /7% = 0.



where the amplitude at the interface is plotted as a func-
tion of k (k € [1,10%)(m™1)) for the two cases 7p /74 = 1
and 7p/7§ = 0. One sees that in the first case |N(0)]
attains a maximum at k = 4.1 % 10%(m™!) (and a sec-
ond, but smaller one, at & = 4.8 x 105(m™1!)), whereas
this maximum in the second case lies beyond the region
[1,10°]. We note that in the neighbourhood of such a
maximum, the interface plays the role of a frequency
filter for the waves. Finally, we have investigated
the behaviour of |N(0)| for k = 108(m~1) as function
of T := 7p/r§ (P = I,II; we took the same value
for T in layer and substrate). The result is depicted
in Fig 4, showing that |N(0)] attains a maximum for
T = 1.1x10"*, and is monotoneously decreasing for larger
values of T (on to a value of [N(0)] = 1.53 + 10~5 for
T=1).

24
T 1
4 1.5¢
* 1
S 1t
z ]

}
@ T } T + T —T T

a 2 9 6 8 18

k X 1e-5

FIG 3. The amplitude |N(0)| at the interface z = 0 of the
plasmo—elastic wave as function of k = k% 10™° ¢ [0, 10], for
h =10"%(m) and for 7/7% =1 and T/7 =0, respectively.

PURELY PLASOMONIC WAVES

In case (19) is not satisfied so that
A={(3dy+(4Ddy =0, (21)

the system (17) with the right-hand sides taken equal to
zero has a non—trivial solution. This implies the existence
of purely plasmonic waves, (i.e. only (Bi, B;, B;) # 0).
With (18) the dispersion relation (21) can be rewritten
as

tanh(zh S

((32 - (4DS) Dis — —D- +{3=0. (22)

Solution of this equation yields the wave velocity v as
function of k for a fixed value of h. Since the plasmonic
waves are dissipative, we must require Im(v) < 0, and,
moreover, Re v > 0. It turned out that there exists
a solution of (22), satisfying these restrictions, only for
values of k exceeding a certain critical value k; = ky(h),
for h > 0. Hence, for 0 < k < k; no solution exists,
whereas for k > k; we can obtain from (22) a complex
wave velocity v € C, with Re v > 0 and Im v < 0.

The critical value k; not only depends on &, but also
on the ratio 7p /7. For 7p = 73 the behaviour of k; as
function of h (for & € [0,1075](m)) is plotted in FIG 5.
Ii is seen that k; slightly decreases with increasing A.
Our calculations revealed that the wave velocity v(v €
R, for k = k;) was almost constant: its value changed
from v = 314 (m/sec) for A — 0 to v = 317 (m/sec) for
h = 10-5(m). Hence, these values of v are much lower
than those for the purely elastic waves.

120

X led

N(3)

20+t

T X 1e4

FIG 4. The amplitude |N(0)| as function of T = ‘r/‘r+, for
h = IO"G(m) and k = :l()s(m—l )



For 7p /73 = 0 no purely plasmonic waves exist; (22)
then only has a solution with Re v = 0. To show how
k1 depends on the ratio 7p /T;, we have calculated &,
for h = 107% (m) for several values of T € [0,1]. The
results are shown in FIG 6. It turned out that there did
not exist a solution for k; (with Rev > 0) for values of
T between 0 < T < T, = 0.103, and that the value of
ky strongly decreases for T' | T.. Finally, we note that
our calculations of v € C for k > k; revealed that the
dissipative character of the waves became stronger for
smaller values of T' (less relaxation).

l@:l
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* ]
- 7T
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]
5_ T —t —+ T —— } T
%) 8.2 B.4 0.6 0.8 1
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FIG 5. The critical wave number k; as function of A for
Tp/TE = 1.
el
N
b 41
i
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T
FIG 6. The critical wave number k, as function of T for

h=10"° (m).

CONCLUSIONS

Starting from a set of two equations and jump condi-
tions, describing the displacement and the charge field
(plasmonic field) in a relaxation semiconductor, we have
derived a system for longitudinal plasmo—elastic waves in
such a medium. We have applied this to a semiconduct-
ing heterostructure built up of a thin layer on a half space
or substrate. Thus, we have calculated the wave velocity
and the amplitudes of plane longitudinal plasmo—elastic
surface waves in the structure. The effect of the plas-
monic field on the elastic field is extremely small (in fact
negligible), but the opposite effect of the elastic field on
the plasmonic field (elastodiffusive effect) remains rele-
vant. In fact, it was just the latter effect that caused the
occurrence of plasmo—elastic waves, which were generated
by purely elastic waves. Due to the dissipative character
of the charge diffusion, the wave should be slightly dis-
sipative, but this effect is so extremely small that it is
neglected here.

The plasmo—elastic waves decay in the substrate.
Characteristic for the presence of the layer was the ten-
dency of the waves to escape to the layer; a tendency
which was stronger for shorter waves. Also, this effect
was stronger for relaxation semiconductors than for non—
relaxation ones. On the other hand, the amplitudes for
the plasmo-elastic waves were much larger in semicon-
ductors without relaxation than in those with relaxation.

We have also considered purely plasmonic waves. It
was shown that they only can exist for values of k larger
than a certain critical value k; = ki(h), depending on
the thickness h of the layer and on the relaxation ratio
T. The influence of relaxation was twofold: firstly, the
value of k; increases for increasing T from T = 0.1 on
and, secondly, dissipation was smaller in a medium with
relaxation then in one without relaxation.
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PLASMO-MAGNETOELASTIC WAVES
IN A SEMICONDUCTING HETEROSTRUCTURE.
Il. SH-MAGNETOELASTIC MODES.
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The paper is devoled to the analysis of propagation of the SH-magnetoelastic (Love-type) waves in an
epitaxial heterostructure collected of a magnetic semiconducting layer and nonmagnetic semiconducting
substrate placed into an applied constant magnetic field perpendicular to the interface of the structure.
Numerical results have been obtained for ZnSe-Ge heterostructure. The first order approximation of the
dispersion of SH-magnetoclastic modes comparing to the dispersion of the purely elastic SH modes has

been calculated.

INTRODUCTION

Contrary to the first part of this paper "van de¢ Ven, Maru-
szewski: Plasmo-magnetoelastic waves in a semiconducting
heterostructure”, the second part is devoted to considera-
tions concerning the transverse (SH) magnetoelastic modes
in an epitaxial semiconducting heterostructure. This time
the heterostructure is collected of two sub-bodies: the mag-
netic epitaxial layer and nonmagnetic substrate, both n-type
homogeneous and isotropic semiconductors. Because of the
magnetic properties of the structure just the transverse
modes of the plasmo-magnetoelastic waves are the most
intreresting.

Remark, that in this part we try to avoid repetition of
notation explanation that has been done in the previous part.

SH-MAGNETOELASTIC WAVES

The problem concerns propagation of the SH-magnctoclas-
tic waves in a semiconducting heterostructure collected of
the epitaxial layer - <x3 < 0 and the substratexs > 0 (/1 is the
thickness of the layer). The propagation direction isx;. The
structure is placed into the applied magnetic lield of induc-
tion Bo perpendicular to the interface x3=0. The general
wave equations and boundary condilions (or the case when
the elastic, electronic (plasmonic) and magnetic ficlds inter-
act with each other have been derived in "Maruszewski, van
de Ven: Plasmo-magnetoelastic waves in magnctic epitaxial
film grown on a semiconductor”. Particular analysis of them
indicates that the wave propagation problem concerning the
above geometry can be split into two separate ones: into the
problem dealing with the longitudinal and the problem deal-

g with the transverse modes. The former case has been
analyzed in the first part of this paper.

The final equations governing the latter one read
. B
2 P p, B p _
crp uz’i,- = U3 + op 1173 =0 s (1)

. p p
Iy + Ty i = uoop(142p) h} + Byopuhy=0,(2)

for P=1L1I (as previously, I indicates the layer and I - the
substrate). We see that in this case only the u2-component
of the displacement and /i2-component of the magnetic field
are coupled. Therefore we call their evolution in space (xz,
x3) and time ¢ the SH-magnetoclastic waves. In the vacuum
space outside the structure we simply have u2=h2=0. The
form of the magnetic side of the problem is assumed as
B=Bo+b, |b|] < <|Bo|, Bo=Bo €3, b =xphl’, X=X ,
11u=0(y - denotes the magnetic susceptibility).

The boundary conditions are as follows:
- at the free surlace x3=-h:
Ixé =0, “2.3 =0, (3)
- while at the interface x3=0
ny=hy, predyuss=pyciuds,

_ 1 Vor _ 1,0
wp=uy, Gha=g ;. 4



We assume now that the solutions of (1) and (2) in the

form

wh= 12\P(x3) e ke —vo)

1Y = P (y) e e —¥1),
In this way we obtain two sets of equations
- in the layer (—h<x3<0),
Wy + 2R + 4l =0,
=Ry - Ay =o0,
- in the substrate (x3> 0)

’)l __kzﬂz’)l A//’?/ 0,

,7;3 el ’71_A4/ ’)/ =0,
where
B
P 0
Al = 2
pPpcTP
ikvB o
AL = _—oi:'
1—ikvth

The general solutions of (6)-(9) read
l? = L] cosk61x3 + L2 sink6.1x3 +

+ L3 COS](63X3 + L4 Sillk63X3 s

/
7 _ A

o
h=— [62 Z(Ll smkélx:;—L,coskalx:;

k

)
+ —3, (L3 sinkd3x;3 — Ly coskdy x3) ]

5% + Y1
and

M = Lge ko3 4 Ly e ~kogy

ne s
A ) 9,
W= 2 ey By,

¥2—03 Y4—94

—kd v,

)

(6)
™)

(8)
)

(10)

(1)

(12)

(13)

(14)

» (15)

(16)
(17)

(18)

20 = 49} - a4l 09
2
ﬂ%=(l] -1, (0)
Ty
iv 1+y)o
y%:l-—- 1“0(. X)’ I’ (21)
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From the boundary conditions (3) and (4) we can deter-
mine the constants L; - L4, which results in a characteristic
equation of the form

YafLp=0, af=1,..... 6. 4

Nontrivial solutions of the above set of linear algebraic
equations exists ony if

detYog=0. (25)

The influence of the magnetic field B, in (17) and (19) is
represented by the last terms in the right-hand sides of these
equations. In practice these (dimensionless) terms are very
small compared to unity. This brings us to define

1 ! 1

I ]
—AjAy=iiey, —
ky

I
X AL Az =1 - &, (26)
2

where |&y], |ey| <<1.

The purely elastic solution (i.e. B,=0) is obtained if
€1=¢, =0, and contains only the coefficients L3, L, and Lg
(L;=Ly=Ls=0, then; note that (83+y3) = (83—y3) =0 if
g =6=0.

From the system (24) only the equations fora=1,a=3
and a =4 remain, and they yield in the common way the
following characteristic equation (cf. "Farnell: Types and
properties of surface waves")
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for ¢; <v <c; and with (throughout this section)
C2=Cng - (28)

This equation is the dispersion relation for purely elastic
SH-waves (Love waves). In case &) and ¢, are uncqual to

zero, this relation will be changed slightly. It is our purpose



to calculate in first order of & the changes in the dispersion
relation.

To this end, we substitute (26) into (17) and (19), put the
thus obtained relations into (16) and (18), respectively, and
develop these with respect toe. The result reads, up to 0(e?),

Y
& = -7 +’ﬁ7€1, (29)
171
pi
B =p+i 2”251, (30)
1 1
and
2
6%:1)/%'*' ’yz 782,
B ~v3
B3
(54—ﬂ7 ﬂ 57.
2~

In the derivation of the laticr realtions we have assumed
that Rey3 > Reﬂ% .

An immcdiate consequence of (30) and (31) is that
(83473 and (83-2) (appearing in the denominator in the
formulas (13) and (15) for the amplitudses / l)”) become

Ofe ) To get rid of this inconvenience we renormalize the
coefficients L;, L and L, that is we replace them by

2 el
©3-73) Ls,

respectively. Furthermore, we change the numbering of the
coefficients and the sequence of the equations (24) in such
a way that we arrive at the reordered set

@} Ly, S+H D,

ZapMB =0, (32
where
My=Ly, My=03L4, My=Lg,
My = 7L17’Ms= (z'L‘,,M(F 7L57- (33)
otyi T o 4373
The matrix Z is of the form
Zy1 21 0 eZy3eZi5 0
0 Zp Zyy 0 eZys €2y
P Z31 0 Z3yeZy 0 eZy (34)

Za1Zs 0 Zy Zys 0
0 Zs; Zs3 0 Zss Zs
Z()l 0 Z()3 Z()J 0 Z(J(J

where ¢ 1s defined as

2
__n
B+t

The elements in the 4°, 5° and 6° columns and the 1°, 2°
and 39 rows of Z are preceded by 4 factor € in order to
indicate that these elements are O(e ) with respect to the
remaining ones. The part of Z containing the first three rows
and columns describes the purely elastic SH-waves.

(5 +77) . (35

Assuming € small, we can develop the dctermmant of Z
with respect Lo €. In doing so we neglect O(e* )-terms and,
morcover, we use the fact that the determinant of the 3x3
submatrix Zaf s a,f € (1,23),isalso O(ez) (in accordance
with (27)). After some clementary calculations (the details
of which arc omitted here) we (ind that DetZ=0 is
equivalent to the relation

Fr—eA=0, (36)
where
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(it will turn out that this term is O(e2)) and
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In (38) we have used the following abbreviations (notice
that in the evaluation of A we may neglect all e-terms, which
among others implics that we may use d) =iy, 8; = y,,

é3=ﬁl) 64 =ﬁ2)
S| = sinkhy,, C| = coskhy,,

s3=sinkhf| | ¢y = coskhf,

2, . 2\— 2 22—l
ny= @B+, ng = (B33 (3%9)
-
12474 l—lk’VT[ oy
H=7, T5s——Hr, 0=—T,
'”I l*lkVT,IlI U’
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In calculating ¥, 5 and B, ; for use in (38)-(39) we must

take for v the velocity v, of the purely elastic SH wave

(following from (27)). This is consistent with the neglect of
O(¢”)-terms In the evaluation of A.

1
r=¢0-v3)

We proceed by developing the right-hand side of (37) with
respect to e. This has to be done in two steps: firstly, we
substitute (30)-(31) for &; + &4, and, secondly, we must

account for the fact thatv is a first order perturbation (in €)
of v,. In this way we obtain

i)
[ = (B sinkhB; — uf; coskhf|) + eA (40)
with
{ .Bx ﬁz
A= 5;2- (s3+knp3, c3) = %;’3 (rey+khf s3).  (41)
1 2

In (40), A is preceded by a factor € and, therefore, for the
explicit calculation of A we may use v = v, in (41)

ii)

v
By sinkhB| — uf, coskhf| = V—C1 €, (42)
1
with
V=2 +
= e, [s3 ﬂlc3+,uﬂ2s3+pc3] s (43)
and
PI
P="0- (44)

Oncemore, it is noted in the evaluation of V according to
(43) one must use v, for v, that means that in (43) (and in
(41) and (38)) one must read for § 5

2 .l. 2

v B 2 v B
e[ e

The right-hand side of (42) is O(ez) because the left-hand
side ol it is zero for v = v, in accordance with (27) .

9 —

(45)

Recapitulating the results derived above we see that we
have expressed DetZ =0 in the relation

V)
V—+A-A=0,
€1

(40)

from which the following expression for the first order
perturbation (in £) of the phase velocity v can be derived
(er=cqp)

M _A-A
CTI_ v '

CY)

The complete relation for the phase velocity then reads

v, —_
Yo AL o6,
crr crr v

(48)

This is the first order perturbation for small € (ie.
|e| << 1) of the dispersion we are looking for.

NUMERICAL RESULTS
On denoting

A—A

Rkhy = =

€ (49)

we did calculations for R(kh) (in its first order approxima-
tion) of dispersion of the SH-magnetoelastic modes in the
case of ZnSe-Ge heterostructure with respect to various
thickness of the epitaxial (ZnSe) layer h.
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Fig. 1. Real(1) and imaginary(2) parts of R(kh) for h=1m.
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Fig. 2. Real(1) and imaginary(2) parts of R(kli) for h=0.1

n.

It is easily seen from Figs. 1-4 that the SH-magnetoelastic
modes are (with respect to their length) much more damped
for the thick layer (long wave propagation) than for very thin
one (short wave propagation) where damping effect practi-
cally vanishes. For the thickness of the layer between 0.1 m
and 0.01 m (the real part of the phase velocity perturbation



is practically negligible), there is no influence of the plasmo- [ (x 1E-13)

magnetic field on the purely elastic SH waves (27). sot
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