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Abstract

Within the framework of the continuum model, the equation of motion for
the polarization vector in a semiconductor double heterostructure is solved

exactly for the interface phonon modes. Both the eigenvectors and dispersion

relations are obtained analytically. It is shown that the slab modes observed
in right-angle Raman scattering in a GaAs quantum can be understood in terms

of the interface modes found in this paper.
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1. Introduction

The optical phonon spectrum in semiconductor heterostructures and
superlattices has been investigated extensively in recent years by Raman
scattering experiments. It is by now well recognized that the reduced
dimensionality gives rise to phonon modes that are fundamentally different
from those in the bulk. In particular, the interface modes [{1,2), confined
bulk modes{3,4] and confined slab modes [5] have all been observed.

Theoretically, Fuchs and Kliewer [6] examined the optical modes of
vibration in the long-wavelength limit for an isolated slab of ionic crystal.
They found the surface optical (SO) modes as well as the bulk longitudinal
optical (LO) modes. More recently, Wendler [7] considered a double-layer
structure and derived interface modes of optical phonons, although the
dispersion relations for the interface phonons in a double heterostructure
(DHS) were already obtained by Lassnig [8] by means of the energy loss method.

Since the peculiar slab modes reported in Ref. 5 cannot be understood on
the basis of any theory mentioned above, the continuum model of lattice
vibration was not pursued further. On the other hand, there has not been any
rigorous theory based on a microscopic a, . -'ch except for the linear-chain
model [4].

We present in this Letter the theory of interface phonons in a
semiconductor DHS using the continuum model. No approximation other than the
long-wavelength limit, which is intrinsic in the model, is assumed throughout
our calculation. Analytic expressions for the cigeuvectors and the dispersion
relations are found. It is shown that the symmetric and antisymmetric
interface modes each split into two branches at the center of the Brillouin
zone, with their frequencies given by wp (the bulk longitudinal optical) and

Wy (the bulk transverse optical (TO)), respectively. Consequently, lattice




vibrations with longitudinal polarization may occur at the TO frequency and
vice versa. A detailed discussion of the theory including the confined bulk
modes will be published elsewhere ([9].
2. Theory

For a DHS with a thin layer of material 1 sandwiched between two thick
layers of material 2, the equation of motion for the relative displacement
u(;,t) of the ion pair in material v (v = 1,2) can be written, in cthe
continuum approximation, as

- - 2 - - —_ =
- *
pvuu(r,t) pvwouuu(r,c) + e VE(r,t) , (1)

where u is the reduced mass of the pair of ions, pwg is the short-range force
constant not including Coulomb fields, e* is the effective charge of the ions,
and E(T,t) is the local electric field. The polarization field B(r,t)

produced by the oscillating ions is given by

- - - *-o-o el

P(r,t) n e Vu(r,t) + nyauE(r,t) , (2)
where n is the number of ion pairs per unit cell and a is the polarizability.
The local field E in (2) is related, in the long-wavelength limit, to the

polarization by

BE. ) = 2EBE ) + on j d' T(E-I0BEy (3)

where I' drnotes the Green tensor with components




r . = - . (4)

> = = - iwt . . . .
If we assume P(r,t) = P(r)e , we find the equation of motion for the

polarization by substituting Eqs. (2) and (3) into (1),

A - A

] oV [_;1 - - =, —b--bl .-o -,

[an(A-A)-l-Z}]P(r) lurj.dr F(r-r*)P(xr’') , (%)
v Vv 1% ov

where we have defined the parameters

/\2 - lmwz/wz , ,\2 - émwz /w2 , (6a,b)
v pv ov ov’ “pv
with the ion plasma frequency w2 = 4xn e*z/p .
pv v v v
Since translational symmetry in the z-direction is destroyed by the
presence of interfaces, we introduce the two-dimensional vectors % and ; so

that k = (;,q) and t =~ (;,z). A two-dimensional Fourier transform of (5) then

leads to the matrix equation

x_ 1w 0 0 ]
ax | 0 x;l(w) 0 Lz
0 0 x;l(w‘ :
- fﬁ r dz' e (%2 B3 2) (7)

in which the z-component has been left unchanged, K - [;,ie(z)n] where 8(z) is

the step function, and the function x;l(w) is defined by
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Here xu(w) is tne isotropic dielectric susceptibilitv and is related to the

dielectric function ey(w) by Xy<w) - eu(w) - 1, where
2 2 2 2
ey(w) - emv(wly-w )/(wTU-w ) (9a)

emu(w) =1 + axapny/(l -

w‘;—\

an) (9b)

and the LO and TO phonon frequencies are defined by

2 2 2 8

“w T % t3 pv/(l an) (10a)
2 2 1 Aw

wp, T 9o, "3 pu/(l - avnv) . (10b)

To describe the propagation of interface phonons, it is more convenient

to express the polarization vector as
P(x,z) = (x,P ) = (P, P, P))
, (1)

- n(x,z)x + z(K.,z)z S(n,z)s

where the unit vector 5 is defined as § = 2 x &. Substituting (11) into (7),

we can separate the s-component and decouple (7) into the two equations




. m(x.z) = i; Im dz' M(z-z')emin.z2') (12)

-

-1
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for the so-called p-polarization, and
"Lw) p_(X,2) = 0 (13)
Xu g\

for the s-polarization which is not of concern here. The matrix M in (12) is

Hermitian and is given by

1 ie(z-z’)
t -x|z-2' |
M(z-2') = M (z'-2) = - 2%xe . (14)
ie(z-z') 1
Equation (12) defines an eigenvalue problem for the normal modes of
vibrations. The coupled integral equations can be more easily solved by f__st

transforming them into coupled differential equations. Differentiating (12)

twice and at the same time requiring a non-vanishing coefficient determinant,

we find
g__ - . -
az De(®:2) = ixP (x,2) (15a)
2
9—5 r(R.z) = kim(R.Z) . (15b)
dz

The solutions to (16) take the form
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P (x,z) =4 iae™® - Be”™) 0<z=<a i16a)
-iB,e** : z>0
Aze‘z , z <0

Pz(;,z) - Ale"'z + Ble‘mz , 0<z<a , (16b)
Bze-":z , z > a

where a is the thickness of material 1. When these solutions are substituted
into (12), we find a set of homogeneous equations for the amplitudes A and B
1 v
of the p-polarization. The condition that the determinant for the
coefficients must not vanish leads to the dispersion relation
E, W) - €. (W
L(®) - €y ()

xa , (17)

-t
el(w) + ez(w)

where € and €, are given by (9a). The + and - signs on the right-hand side
of (17) correspond to the symmetric and antisymmetric modes of the interface
phonons, respectively. Remembering (9a) and (17), it is then not difficult to
find the explicit eigenvectors for the interface phonon modes from (16). The

results are

CZ(U) - 1 Kz . xa i
Ca[el(w) R l] e 51nh(2 Y-i, -1) z <0
;a -1, sinh(n(z—%)), cosh{x(z-%))] , 0<z<a (18a)
e (w) - 1
2" -, -x(z-a) _. . ka .
Ca[cl(w) - 1] e sinh( 2)(1, L zZ > a
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for the antisymmetric modes. and

€°(w) -1 KZ £a
Cs{;:?;7_T—I} e cosh(E—)(i,l) , z< 0
;S - { C (i cosh(x(z-a/2)), sinh(x(z-%)}] , 0<z<a (18b)
€ (w) -1 -n(z-a)

Ka, .
cs[el(w) - 1] °°5h(2 Y(i,-1) , z > a

for the symmetric modes. The normalization constants turn out o be equal to

each other, namely,

x rn T2 f1 (X2)2
Ca = Cs - J51nh(xa)/lw2 T2 e [x ] ] ! (19)
w 2 1
pl p2
where
n (@) =1/(L+an( - 2r)l’ (20)
v i vv ov v ’

The explicit dispersion relations follow directly from (9) and (17):
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Let us now look at the limiting cases. When ka - «, Canh(%i) - 1 and

coth(%é) = 1. Therefore, both (2la) and (21b) approach the same limit which

is identical to the result of a bilayer system with only one interface [7], as

it should be. The limit xa - 0 yields, of course. the bulk material 2 with
. xa xa

frequencies w and w,.,. When xa - 0, tanh(a—) = 0 and coth(g—) - o, We then

T2 L2
find from (21) that

+ 73 3
wy = Jlepyrer) * (wp)- Ll)1/2 “r20%11 (22a)
+ T2 T3
- - 1
wg = Jlwptory E (wpg ey )12 = g0, (22b)

Thus in the central region of the Brillouin zone, these modes have the same
frequencies as those of the bulk LO and TO phonons in each material. For this
reason, we shall refer to them as LO-like and TO-like interface phonons.
3. Computational Example

As an example, we take GaAs ns material 1 and AfAs as material 2 for our

DHS. The dispersion relations calcnlated from (21) are plotted in Fig. 1.




Many experiments have been performed for this particular tvpe of layered
structure. In particular, an experiment of right-angle Kaman scattering in a
GaAs quantum well [5] reveals novel selection rules for polarization of the
incident and scattered light. It is observed that the transverse vibration
occurs at the bulk LO frequency of GaAs, while the longitudinal wvibration
occurs at the bulk TO frequency of GaAs. We show below that this surprisiig
phenomenon can be understood in termrs of Raman scattering from interface
phonons .

In Raman scattering experiments, the phonon energy is given by the Raman
shift, while its momentum is determined by the photon momentum transferred.
Under ordinary conditions, the scattering is observed only near the Brillouin
zone center. In fact, the experimental parameters involved in Ref. 3 imply ..

-
~ 0.1. Therefore, the polarization vector LN is dominated by its z-component

P: - Ca coch[x(z - a/2)] according to (18a), or the antisymmetric interface
phonon is predominantly transverse. It follows then from (22a) thot the

transverse wave in the central layer oscillates at the LO freyuency of bulk
GaAs. Similarly, we find from (18b) and (22b) that the svmmetric interface
phonon is predominantly longitudinal and oscillates at the bulk TO frequency
of GaAS. A detailed account of this and other experiments will be discussed
in forthcoming publications.

In addition to the Raman scattering experiments mentioned above,
cyclotron resonance measurements of the ~lectron-phonon interaction have shown

pinning phenomena at frequencies below w In the measurement of the ls-2)

L
transition energy of hydrogenic impurity confined in a quantum well [10], the
pinning is observed at a frequency about 40 cm-l below W which is 20 em '
below wp o This surprising result has not yet been accounted for

theoretically, although the existence of propagating LO modes has been




suggested as a possible origin of zone-folding effects [10]. Our preliminary
results of interface phonon modes in a superlattice indicate that it is
possible to reproduce experimental data with perhaps some modification of the
Frélich coupling constant. More careful study is necessary, however, before

any definite conclusion can be made.




ACKNOWLEDGMENTS

One of us (DLL) would like to thank B. A. Weinstein and J. P. Cheng for
useful discussions about the experimental situation and B. D. McCombe for
helpful comments. This research was partially supported bv the Office of
Naval Research and the Air Force Office of Scientific Research (AFSC), United
States Air Force, under Contract F49620-86-C-0009. The United States

Government is authorized to copy and distribute reprints for governmental

purposes notwithstanding any copyright notation hereon.

REFERENCES

(1] S00D A. K., MENENDEZ J., CARDONA M. and PLOOG K., Phys. Rev. Lett., 54
(1985) 2115.

[2] GAMMON D., MERLIN R. and MORKOC H., Phys. Rev. B, 35 (1987) 2552.

{31 sSO0D A. K., MENENDEZ J., CARDONA M. and PLOOG K., Phys. Rev. Lett., 54
(1985) 2111.

(4) COLVARD C., GANT T. A., KLEIN M. V., MERLIN R., FISCHER R., MORKOC H.
and GOSSARD A. C., Phys. Rev. B, 31 (1985) 2080.

(5] ZUCKER J. E., PINCZUK A., CHEMLA D. S
Phys. Rev. Lett., 33 (1984) 1280.

., GOSSARD A. and WIEGMANN W.,

(6] FUCHS R. and KLIEWER K. K., Phys. Rev., 140 (1965) A2076.
(7] WENDLER L., Phys. Status Solidi B, 129 (1985) 513.

(8] LASSNIG R., Phys. Rev. B, 30 (1984) 7132.

(9] CHEN R., LIND. L. 2..d GEORGE T. F., to be published.

[10] CHANG Y. H., McCOMBE B, D., MERCY J. M., REETI'™™ A, A., RALSTON J. and
WICKS G. A., Phys. Rev. Lett., 61 (1988) 1408,

FIGURE CAPTION

1. Dispersion relations for the interface modes in GaAs/AfZAs double
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