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Abstract. The ground-state energy and effective mass of a polaron in the GaAs well of
a GaAs/AlAs double heterostructure are calculated as functions of the well width, In
considering electron-phonon interactions, we have incleded both the confined longitudinal
optical (LO) as well as the interface phonon modes. The results differ qualitatively from what
can be found in the literature, demanstrating the importance of interface modes as well as
the confinement of LO modes.

1. Introduction

There have been extensive investigations in recent years on the electronic properties in
heterostructures and superlattices of polar crystals. In particular, the importance of the
interaction between electrons and the polarization field of longitudinal optical (LO)
phonons has been well recognized as it strongly modifies the transport and optical
properties of such microstructures of reduced dimensionality. In dealing with the elec-
tron-phonon interaction in heterostructures, however, most of the researchers have
assumed the Frolich Hamiltonian for a confined electron interacting with bulk phonons.

The polaronic states in a siab of polar crystals have recently been calculated (Liang
et al 1986) with both surface optical (50) and LO phonons included. It is shown that the
energy correction due to surface phonons can be very significant provided that the
thickness of the slab is sufficiently small. In practice, however, measurements of quasi-
two-dimensional polarons can only be made in quantum wells or superlattices which
differ from an isolated slab by the presence of interfaces. The optical phonon modes in
these structures are expected to be qualitaiively different from those in a slab (Lassnig
1984, Sood et al 1985). As a matter of fact, optical phonon modes and their interactions
with an electron in a single heterostructure (Wendler 1985) and semiconductor double
heterostructure (DHS) (Lin er af 1690a, b, Chen et af 1990, Mori and Ando 1989) have
been reported recently. In the case of a GaAs/AlGaAs Dis, it is found that near the
centre of the first Brillouin zone, the interface phonon with longitudinal polarization in
fact vibrates at a bulk To frequency and vice versa (Lin et af 1990a). The interface phonon
is also found (Lin ef al 1990b, 1991) to be responsible for the pinning phenomenon
observed in the transition-energy measurements of a magnetopolaron bound to a hydro-
genic impurity in quantum wells (Chang et a/ 1988). Furthermore, significant effects of
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interface modes on the polaron mobility and magnetopolaron resonance have been
obtained in theoretical calculations (Mori and Ando 1989).

The surface phonon contribution to polaron effects in a slab on the top of a substrate
has already been considered {Degani and Hipolito 1988). We calculate in this paper -
the ground-state energy and effective mass for a polaroa confined in a DHS with the
interaction Hamiltonian derived previously (Lin et af 1990b). Both the binding energy
and effective mass are calculated as functions of the well width d. Because of the presence
of interface phonons, the variation of these quantities with 4 is shown to be qualitatively
different from that found in the literature. The polaron binding energy starts with the
bulk value of the side material whend ~ 0, increases rapidly toa maximum as d increases,
drops back to a minimum, and then increases slowly to the limit of the bulk value of the
central layer as dincreases indefinitely. The effective mass, on the other hand, decreases
slightly at first and then increases with increasing d.

After the total Hamiltonian is written down, the binding energy and effective mass
of the polaron confined in the GaAs well of a GaAs/AlAs DHs are calculated. We then
discuss our results and present conclusions.

2. The Hamiltonian

Consider a pHS of two different polar crystals as shown in figure 1. The central layer is
labelled 1 and the side material is labelled 2. We introduce, for convenience, the
two-dimensional vectors x and p such that £ = (k, q) and r = (p, z) for the phonon
momentum and electron position. In the effective mass approximation our problem is
to sclve the electron—phonon interaction in a square well of width d. Thus the total
Hamiltonian may be written as

H=H, + Hy + Hepn. (1)
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The first term describes an electron in a finite square well and is given by
{p2/2mc |z| < df2
¢ pam,+ v, 2] = d/2.

where m, stands for the electron band mass. For simplicity, we assume throughout this
paper the same m, in both materials 1 and 2. Different band masses merely complicate
the calculation, but no qualitative change of results isexpected (Greene and Bajaj 1985).
The second term in (1) is the free-phonon Hamiltonian which includes the travelling
interface modes with wave vector k in the xy plare and the confined modes with wave
vector ¢ in the z direction. As has been discussed in detail previously (Chen et af 1990},
the confined modes in the central layer are quantized with discrete allowed values of the
wave vector, g = mur/d, but remain continuous in the side layers. Thus,

@

Hp= 2 #oy, [a)(x)ay(x) + 1]

g.K.¥

+ 2 oy [l ()ay(x) + 1] + hay(i) [l (c)ay(x) + 1]} (3)
.}

where @, is the frequency of the bulk Lo phonon in material » (v = 1, 2) and w; and
w,; are the symmetric and antisymmetric interface phonon frequencies, respectively.
Theindexj = 1, 2 labels the two branches of these modes. a' and @ are the corresponding
phonon creation and annihilation operators. While w,, are constant, the interface
modes are dispersive and are given by {Chen et al 1990)

Wy = [en(@h + 012) + £ay(wFz + 0})) coth(xd/2) = {e, (0}, — wi2)?

+ e21{wh — wi))? coth?(xd/2) + 26 enl(@d + 0} (w03, + ©]))

- 2(whot;, + 0l,0%) coth(kd/2)]} /2 ]2

X {2[€ay + €. cOth(xd/2)]} -1 (4a)
oy ={e.(0F + 0l2) + £ai(wh: + 0})) tanh(xd/2) = {e2:(0}, — i)’

+ elj(wh — 0,)? tanh?(kd/d) + 264, £ [0} + 0},) (03 + wE))

- 2(whol; + 0} ol,)] tanh(xd/2)} 2]V

X {2[£.s + €., tanh(xd/2)]} 12 (4b)
where j = 1 (2) when one takes the + (=) sign in the second term.

The last termin (1) stands for the electron—phonon interaction, which can be written
as

Heopn=He o+ Hon (5)

The confined Lo modes have different frequencies on the adjacent layers. Hence H,_ o
can be written as

Hoo==2ee| 3 Bu() cosl(ma/d)a)lan () + ah(~+)]

m=13,...

+ 3 Byl sinl(ma/d)2]lan () + a(—w)]} (62)

m=2,4,...
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|B()|* = (1/Ad) dne’ha, /[x* + (ma/d)*|(1/em — L/ew) (65)
for |zl < d/2, where the wave vector ¢ = mur/d is quantized and

Heo=— 2 2 e*?B (x)sin(glz| — ¢d/2)[a, (k) + al(~x)]  (7a)

k g>0
|Bo(k)* = (1/AD) dne*hwpa/(x* + g%) (1/ewy — 1/200) (7b)

for z > d/2, where q is in the continvum and the thickness D — @ is assumed at the end
of the calculation. In (6b) and (7b), A stands for the interface area and &, and &,
denote the optic and dielectric constants of material v. The interaction of the electron
with interface modes is given by (Lin et al 1990b).

Ho = — 2 givowilil ~DB (k) (8 (5) + &} ;(—K)]

L)
— sgn(z) By(x}[d, (1) + &5 (=)t for |z| > d/2 (8a)

H = — 2 e%?{B (k) cosh(kz)/cosh(xd/2) [, (1) + &} ;(~ )]
K.J

— B(x)[sint(xcz)/sinh(xd/2)] s () + L, (-4} (8b)
for[z| < df2
|B(5)|> = (e? JAK) hewy(rc) /[ £, tanh(xd/2) + &,] (9a)
|Boy(1)|? = (me? [Ax) hawy(s)/[€) coth(xd/2) + &] ' (9b)

where we have defined the function sgn(z) = 1 for z > Qand —1 for z < 0. The function
£, () is defined by

1/5,(&)) = 1/[89(&)) - E(hr] - 1/[8,,(0)) - Exv] (10)
with the dielectric function of materials, v, given by
&,(0) = £xy (0, — @*)/ (0}, — ). (11)

3. Polaron ground-state energy
‘We now proceed to calculate the polaron binding energy by treating the interaction

Hamiltonian, H,,, as a perturbation on the eigenstates of the free Hamiltonian
H, + H,. The unperturbed ground state wave function is taken to be

(Vo) = ey, 05 ) = T €021 (12)

where use has been made of the fact that electron states are characterized by a plane
wave k; in the xy-plane and the ground state 0 in the z direction. The electron wave
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vectorisdefined ask, = (kj, k,) and the electron ground-state wave functionin a quantum
well is given by

C cos(k,d/2) e*:(:-d2) |z| = d/2
fe) = 13)
C cos(k,z) |z| < d/2.
The wave numbers k, and k, are related to the electron subband energy E,; by
k. =V2m.E,[#’ ki =V2m(V, - E)/H’ (14)
with E; determined by the transcendental equation
E, = V,ycos?[(d/2)V2m E,J&*) I=1,2,.. .. (13)

The normalization constant, C, is given by
C=V2k.[(k.d +2). (16)

The phonon state |n;, ) is specified by # phonons with wave vector k = (x, ¢) and index

B labelling the phonon mode, which may be one of the interface or confined LO modes.
The unperturbed energy of the electron in the ground state (12) can be written as

e = ki

e 2me

In the weak-coupling approximation, the corrections due to the electron—-phonon inter-
action can be calculated by standard perturbation theory as

+ E + 2 (n+ Hho, s 17)
x.pB

—_ 2
£4, — 5}:2) = 2 |(kilﬁ ln.ﬂlHe-phlkH K, 0.:,,8)!

18
w. B 85(%) - 5%?—1: - ﬁwu.ﬁ ( )

where we have assumed that transitions to or from a state with more than one phonon
are negligible. This is true as long as the phonon energy iw, = kT, and the temperature
does not have to be absolute zero. For simplicity, matrix elements corresponding to
interband transitions are ignored in our calculation. This is a good approximation, in
general, except for the two limiting cases d — 0 and d — o, where the whole subband
spectrum including the continuum should be included because the subband energy
spacings become arbitrarily small in these limits. We should emphasize here thatleaving
out any part of the electron energy spectrum would then not guarantee the correct
limiting values. With these simplifications in mind, we can rewrite (18) as

Ep, — 821) = AEl + AEZ + AE_'_J, (19)
where AE, is the correction due to the confined Lo modes in the central layer,

AE, =, [k Ll Hevolky — 16, O mil®

o B2k 12m, — 82 (k) — &)? [2m, — hoory (202)
AE, is caused by the confined L0 modes in the side layers,
Ky, L o Herolky — 1,0, )1
AE,= S |{kys L, gl Herol K, 0, ) (200)

- 1,g>0 ﬁzkﬁ/Zme — 1 (ky — 1)/2m, — fiw,
and AE, is due to the interface modes,

— Kki[’ 1K.Sf|He-lNik|| s 0x,q>|2
A.ES - “z‘:f {ﬁZkﬁ/Zme - ﬁz (kli —_ K)z/me _ ﬁws; (20(.')

I(kﬂ9 ln,alee—llell - K, 0n,aj>|2 }
B2kt /2m, — B2 (k) — k) [2m, — hwy)
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It is noted that the second term in (20¢) vanishes identically because the antisymmetric
phonon wave function is an odd function while the electron ground state is an even
function. With the Hamiltonian operators given by (6)-(8), and the wave function by
(12), we find, after integration over the phonon momentum, that

AE| = —ahoyy — (ﬁzkf/ch)yu (21a)

AE, = —a ko, — (B2k[ [2m. )y (21b)

AE, = — 2 r di any(K)hwg (k) — (R*kf/2me)yin. (21¢)
i o

The parameters o and y are related to the Fréhlich-type coupling constants involving
the particular phonon modes indicated by the subscripts. Explicitly, the &'s are given by

__igﬂ i 2 cos(k,d) irfmm 2_ - mm
*u 'Kp,dic\qmﬁ,_, (m) (1+1—(2k,d/mr)2) [(Kpld) 1] i Kod
(22a)
oy, = dary |Cl* cost(k,d/2) fx dt flald (226)
2= R, W) |V E AP TE - D)
Qe = Opy(K) |Ci4/Kpsj(K)Q2(K)[(K/Kpsj(x))z +1] (220)
and we have defined the function
Q-1 (K) = 2 cos?(k,d/2)/(x + 2k}) + tanh(xd/2)/x + 2k, sin(k,d)/(x* + 4k3)
+ k/(x? + 4k?) tanh(xd/2) cosh(k,d). (23)

K and K] measure the polaron size due to the Lo phonon in materials 1 and 2,
respectively, while o (ap;) denotes the usual LO-phonon-electron coupling constant
of Frolich type in material 1 (2). They are given by

Ky = \Vimaoylh (24a)
Kp=Vamoah | | (24b)
e = (€2 Ko/ 200, )(1/ ey — 1/01) (254)
2 = (€2 K o/ 2i00) (1 — Llqp). (256)

Although the corresponding quantifies due to the interface phonon are not physically
meaningful, they are nevertheless defined mathematically for convenience. Thus, we
have

Ko (%) = VEmeog@)h " o (25¢)
ey (1) = [ K 1)/ 200, ()] 1[5, tanh(xd/2) + &) (26)
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It is emphasized that both K,; and ap,; are not constant but depend on k. Similarly, the
¥'s are given by

dogy dam ) oya s (i)z (1 . cos(k,d) )2

M Kd' 5 [1= @k.d/mmy?]
md ! 27
XL T+ (ma/Kud)? )G+ 1) (27a)
t
na= g K %) Ol cost(k, d/z)f TR T (27b)
_ “ ZKZG’FSI'(K) "
=3 | O T ey I 79

In calculating the energy corrections (21), we have expandad the denominators in (20)
up to the second order in &jand replaced the summations of « and g by the integrals,

> [A/(Z.n:)z]fdn and 2 — (D/2x) (dq

g>0
Substituting (21) into (19) we find
Eke - 852) = _a’Llﬁle - a’Lzﬁsz - Ef dx CY[N(K)ﬁCUS,'(K)
~- (R%kj 2m,) (yLy + Y2 + Yio)- (28)

Combining (28) and the unperturbed energy (17), we obtain immediately the ground-
state energy of the interacting electron-phonon system as

_ %]

£, +E + 2 (n+ Dho g — AE (29)
< 2mc KB
where
my = me/(l =YL~ Yz — Yy (30}

is the polaron effective mass and

AE = a fiwy, + apho, + > f dx an(x)hwy(x). (31)
I -0

4. Results and discussien

Equations (30) and (31) are now employed to compute the effective mass and binding
energy of a polaron in the GaAs quantum well of a GaAs/AlAs double heterostructure.
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Table 1. Parameters used in the GaAs/AlAs DHS (i, is the rest mass of a free electron).

m.fmg e(0) £{=) e fem™) wr(em™)

GaAs 0.067 12.5 10.06 297 273
AlAs — 10.6 8.16 403.7 361.7
20

5%10

-m,} /g
aElmeV)

*
e

{

] -
¥ -

. L 1 . ! 1 Sl 1
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Figure 2. Polaron effective mass (full curve) as Figure 3. Polaron binding energy as a function of
a function of the well width. The dotted curve the welt width, The dotted and broken curves
represents the contribution from confined LO represent the contributions from confined Lo and
modes of phonons, and the breken curve rep- interface modes, respectively,
resents the contributions from the interface
maodes,

The parameters used in our calculation are listed in table 1. The results are plotied as
functions of the well width, d, in figures 2 and 3. In each case, contributions from the
confined LO modes and interface modes are also shown by the dotted and broken curves,
respectively.

Let us first look at the confined LO-mode contribution. This consists of two parts:
one is from inside the well and the other from outside. The former starts from zero at
d = 0 and increases monotonically with increasing 4 until the limiting value corresponds
tothat of the bulk GaAs, while the latter starts with the bulk value of AlAsand decreases
with increasing 4. This is, of course, expected because the effect of outside phonons on
the electron in the well must diminish as the thickness of the central layer increases
indefinitely.

The behaviour of the interface-phonon contribution can also be understood easily.
It starts from zero, peaks quickly at about d ~ 2.5 A, and then drops with increasing d.
The effect of interface phonons essentially vanishes at d = 60 A. While this is true in the
present case of a free polaron, it is important to point out that the situation is totally
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different in the case of a bound polaron under the influence of strong magnetic fields.
(Chang ef al 1988). In fact, the pinning effect observed in a quantum well of width d =
100 A can be completely accounted for by the interface phonon interaction with an
electron which is bound to the hydrogenic impurity (Lin ez af 1991). Such difference is
understandable because the dynamics have been changed by the screened Coulomb
force and the strong magnetic field, as well as the antisymmetric interface phonons which
have no contribution to the free polaron.

When these contributions are combined, it is seen from figures 2 and 3 that both the
calculated effective mass and binding energy of the polaron yield the correct limits.
When d — 0, the DHS becomes a bulk AlAs. As a consequence, the interface phonons
disappear and the results must reduce to those of a polaron in the bulk AlAs. On the
other hand, the interface phonon effect vanishes when d — <« but the results reduce to
those in a bulk GaAs.

It is perhaps of some interest to explain why the present results differ qualitatively
from those in the literature. Liang et al (1986) have dealt with an isolated slab whose
surfaces act like rigid walls. Thus the electron wave function is completely confined
within the slab, and both the bulk Lo and surface phonon contributions vanish when the
slab width approaches zero. A slab with a free surface on one side and an interface on
the other has been considered by Degani and Hipolito (1988). Unfortunately, an infinite
square well was assumed in the z direction, making the small width results unreliable.
More recently, Comas et al (1989) have considered only the bulk Lo phonons interacting
with the electron in an infinite square well. Therefore, their results are meaningful only
for wells of sufficiently large width.
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