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The operators describing the interaction between an electron and the phonon modes of an ionic crystal slab
(the bulklike sinusoidal modes and the localized surface modes) are calculated with the proper inclusion of the
electronic polarizability. Since the effect of the electronic polarizability on the interaction operators exhibits
itself through the amplitudes of the polarization eigenvectors, we must first derive the eigenvectors,
eigenfrequencies, and amplitudes of the various phonon modes. We show that the electron-LO-phonon
operator derived here is equivalent, for a very thick slab, to the Frohlich operator for bulk LO phonons, and
that the electron—surface-phonon interaction operator leads to the classical image-charge theory result for the
interaction energy of an electron external to a semi-infinite crystal and the polarization eigenmodes of the

crystal.

I. INTRODUCTION

In recent years, considerable theoretical effort
has been directed towards a study of the modes
(phonon, plasmon, etec.) existing at a free surface
or at an interface. Equally interesting, and es-
pecially important from a technological point of
view, is the interaction of a charged particle with
these various modes. For example, the effect of
the surface modes on an electron or ion approach-
ing a free surface is important in various surface
spectroscopies and adsorption studies, while the
understanding of the interaction of a conduction
electron with the surface modes is crucial to the
study of semiconductor devices.

In this paper we are interested in the problem
of a conduction electron interacting with the opti-
cal-phonon modes of an ionic semiconductor slab,
that is, with both the sinusoidal bulklike modes
and the surface modes.! These interaction oper-
ators have already been derived both for the slab?3
and the semi-infinite crystal.* However, these
derivations either have assumed the ions to be
nonpolarizable, that is, the high-frequency di-
electric constant €, is taken to be unity, or they
have included the electronic polarizability incor-
rectly. In fact, this electronic polarizability plays
an important role in the interaction operators and
can give a large contribution to their magnitudes.
For example, the strength of the interaction with
the bulklike sinusoidal modes is proportional to
(1/e, —1/€,)*?, where ¢, is the low-frequency or
static dielectric constant. For typical II-VI semi-
conductors and alkali halides, the effect of setting
€, =1 is to overestimate the strength of the inter-
action by a factor of from 4 in the former com-
pounds to 1.5 in the latter ones. This is certainly
a non-negligible effect, especially for the tech-
nologically important II-VI compounds. For the
interaction with the surface modes, the wave-

vector dependence as well as the strength of the
interaction is altered. This led us to rederive
the interaction operators, properly treating the
effect of the electronic polarizability. This de-
rivation is the main subject of the present paper.

However, it is necessary to point out that we
are not considering that part of the electronic
polarization produced by the electron itself as it
moves through the crystal. When we consider a
bulk crystal (that is, one without surfaces), this
polarization will follow the electron’s motion
rigidly, if it is not moving extremely fast, and
will not undergo any transitions due to interaction
with the electron since the characteristic frequency
of the oscillations of the electronic shell w, is of
the order of 10 sec™!. The electron’s energy is
thus lowered by a constant and is usually ignored.
But as an electron approaches a surface, the pat-
tern of electronic polarization must alter. Then
the lowering of the electron’s energy is not con-
stant as it approaches the surface and should be
taken into account. A measure of the extent of the
polarization around the electron is (ifZ/me)l/z,
where m is the electronic mass and w is the fre-
quency of the polarization mode excited. For opti-
cal phonons this distance is of the order of 100 A,
while for the electronic polarization it is about 4
or 5 [’x, or roughly comparable to the lattice spac-
ing. So for the optical modes it is valid to use the
continuum approximation, where the discreteness
of the lattice is ignored, whereas for the elec-
tronic polarization the continuum approximation is
not valid. Since this paper is based on the con-
tinuum approximation we will not be able to in-
clude the effect of this part of the electronic po-
larization.

For the sake of completeness, and to have the
entire problem treated consistently in a single
publication, we will first derive the polarization
eigenvectors and eigenfrequencies. Previously,
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only the result of the effect of the electronic polar-
izability on the eigenfrequencies!’® has appeared

in the literature (the form of the eigenvectors is
unchanged) without any details of the method used
or of the effect on the amplitudes of the eigen-
vectors.

The plan of the paper is as follows: in Sec. II
we explain the notation used throughout the paper
and introduce the geometry of the problem; in
Sec. III we analyze the types and properties of
the oscillation modes for the slab geometry based
on the macroscopic electrostatic approach (this
facilitates comparison with and understanding of
the modes subsequently obtained via a microscopic
approach); in Sec. IV we begin the microscopic
approach and find the normal modes by evaluating
the local electric field at an ion site; in Sec. V we
consider the free-polarization Hamiltonian and
give physical arguments for its form; in Sec. VI
the electron-phonon interaction operator is de-
rived showing the proper dependence on the elec-
tronic polarizability; in Sec. VII we consider an
electron outside the slab interacting with the po-
larization eigenmodes and compare this interaction
energy with that gotten from classical electro-
statics; and in Sec. VIII we give a brief summary
of our results. Finally, in the Appendix we show
that in the limit when the slab thickness becomes
large, the interaction Hamiltonian for an electron
and the sinusoidal bulklike modes present in the
slab is equivalent to the usual Friéhlich Hamiltonian
for an electron interacting with bulk longitudinal-
optical phonons.

II. NOTATION AND GEOMETRY OF THE PROBLEM

Since the primary purpose of this paper is to
derive the correct form of the electron-phonon
interaction operator, we will, for the most part,
use the notation of Lucas, Kartheuser, and Badro?
(hereafter LKB) who have previously derived this
interaction term without the inclusion of the elec-
tronic polarizability. The Einstein summation
convention, where repeated indices indicates a
sum over the values taken by those indices, is
used throughout.

Because we are considering a semiconductor
slab, the geometry is that of Fig. 1 which is nearly
identical to the corresponding figure of Ref. 1. The
slab lies between ¢ with faces normal to the z
axis and extends to infinity in the x and y direc-
tions. The other indications on the figure will be
explained in the following sections as they become
relevant.

FIG. 1. Geometry relevant to the discussion of the
dielectric slab.

III. MACROSCOPIC ANALYSIS

The understanding of the physical meaning of
the different vibrational modes that will be ob-
tained later on by a microscopic approach is great-
ly facilitated if one first considers the problem
using the classical macroscopic approach. There-
fore, in this section we consider the crystal slab
from the point of view of classical electrostatics,
that is, based on the equations

-

VD =dp(F), (3.1a)
D(F) =eE(T) (3.1b)
=E(T) +4rB(F), (3.1c)

and
B(T) =-T¢(¥), (3.1d)

where E(F), D(¥), B(T), and ¢(T) are the elec-
tric field, electric displacement, electric polari-
zation, or dipole moment per unit volume, and
scalar potential; p,(T) is the free charge density;
and € is the dielectric constant of the slab. Since
the system is translationally invariant along the
surface, one may take ¢(¥) of the form

H(F) =) e’ P (3.2)

where p and k are two-dimensional position and
wave vectors in the plane of the surface. If we
consider the case where p,(T) =0 (free oscillations)
the above equations lead to

82
¢ < 9z
Besides the trivial solution ¢(z) =0, there are two
possible solutions to this equation, either € =0 or
the quantity in large parentheses is zero.

Consider first the case where ¢ =0 inside the
slab. If we write the frequency-dependent dielec-
tric constant for a semiconductor in the usual way,
that is,

e(w) =¢, +(eg—€.,)/(1 —w¥/wiy), (3.4)

—k2> () =0. (3.3)
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where wrg is the restrahlen or transverse-optical
(TO) frequency, then for € =0 the frequency is
w?=w?2; (€, /€,), Which is the longitudinal-optical
(LO) phonon frequency according to the Lyddane-
Sachs-Teller relation. In this case, the solution
of Eq. (3.3) is an arbitrary function of z which we
will write

¢@) =3 (¢gsink,z + ¢, cosk,z) . (3.5)

The solutions of Eq. (3.3) in the regions outside
the slab (|z|>a) where € =1 are of the form ¢(z)
=¢,e***, where the plus sign is chosen for z<-a
and the minus sign for z >+a in order that ¢(z)
remain finite at z =£e«. The amplitudes ¢,, ¢,,
¢,, and ¢_ are determined by the boundary con-
ditions on E and D at the two surfaces. These con-
ditions yield ¢, =0 so that ¢(z), E(T), and D(¥)
are zero outside the slab for this mode. Inside
the slab the matching of boundary conditions is
satisfied in two ways, either ¢, =0 or ¢, =0. Thus
we have two solutions with polarization vectors

N - mw . mn mn
PMT =—ﬂ—e”"" ika cos——z =3 sin—z
2 ) 47a 2a 2 2a

m=1,3,...) (3.6a)

= ikep [ ..mm ~ mmu mmn
P_’"(?)=—%e‘k ? (ika sin z +2 cos z>
2a 2 2a

m=2,4,...), (3.6b)

where Z is the unit vector in the z direction. We
have chosen to give the polarization vectors here
for comparison with the results of the microscopic
calculation in Sec. IV. Because the slab possesses
a plane of mirror symmetry at z =0, the polari-
zation vectors exhibit even or odd symmetry with
respect to this plane, this being indicated by the
+ subscripts. Figure 2 shows the components of
P(T) for m =1 and 2.

In the case where ¢#0 inside the slab, ¢(z) is
a linear combination of exponentials, that is,

@) =" +p, e (3.7)

Outside the slab, ¢(z) is again equal to ¢, e**?.
Matching boundary conditions there gives for this
mode the polarization fields

B(F)= - g, b T2 0P
X (tk coshkz +2 sinhkz) (3.8a)

and

(a) LO
4
P»,k
-a (‘) +Qa
1
Pz
R
(b) LO
+a
-d 0 F-’.Zz

FIG. 2. z dependence of the % and % components of (a)
the even LO mode P} ) of Eq. (3.6a), (b) the odd LO
mode P2(F) of Eq. (3.6b), and (c) the even and odd SO
modes PY(¥) of Egs. (3.8a) and (3.8b). Note that for the
LO modes the % components vanish at +q in accordance
with the boundary condition on E. For both the LO and
SO modes, the finite Z components at +a result in a
surface charge density. The relative amplitudes of the
% and 2 components have not been portrayed in the
figure.

=0 /> 1-€ i%.7

0 - - L =€ ikep
Po(T) =~ ¢,k ymanls

X (i sinhkz +Z coshkz), (3.8b)

where % is the unit two-dimensional wave vector.
These two polarization vectors describe the sur-
face-optical (SO) modes associated with the slab.
The components of P2(T) are also shown in Fig. 2,
where we see that the polarization decreases ex-
ponentially on moving away from the surfaces.
Their frequencies are given by

(1+e)/(1—¢)=%e™2", (3.9)

gotten from the boundary conditions, so that using
€(w) of Eq. (3.4), we find

(e0+1)F (€o—1) 2"
2_,.2
@eTET0 (e I)F (e, — DR (8.10)

The + () sign on w? indicates the even (odd) mode
frequency and is to be associated with the upper
(lower) sign on the right-hand side of Eq. (3.10).
The above macroscopic electrostatic approach
was able to give us the LO and SO modes because
for both of these modes there exists a polarization
charge density. For the LO modes there is both
a volume density p’ =—V + P and a surface density
o’ ==P-i (1 is the unit normal to the surface
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pointing into the vacuum), while for the SO modes
there is a surface density alone. It is this polar-
ization charge which acts as a source for the fields
associated with these modes. Since ¥ P =0 (also
P.7 =0 at the surface) for a transverse mode, we
cannot expect to find transverse bulk modes via
the macroscopic approach. We should point out
that the results of this section include the effects
of the electronic polarizability since ¢, #1, and
they are identical to those of LKB and those of
Sec. IV.

In Sec. IV we begin a microscopic approach,
microscopic in that we consider the forces acting
on an individual ion and formulate the problem in
terms of relative ionic displacements and the local
electric field (rather than the macroscopic field
E). The electronic polarization will be introduced
here via the polarizability «. This approach will
give us, besides the LO and SO modes found
above, the TO modes associated with the slab;
these modes are also needed to formulate the
Hamiltonian., In constructing the electron-phonon
interaction operator, besides the functional form
of the polarization eigenvectors which we found in
this section for the LO and SO modes, we also
need the polarization amplitudes. These ampli-
tudes are gotten from the orthonormality and
completeness conditions imposed on the eigen-
vectors, which can only be formulated in the mic-
roscopic framework.

IV. EQUATION OF MOTION AND NORMAL MODES

As mentioned previously, the basic approach
used in this section is that of LKB, modified to
include the electronic polarizability of the ions.

We consider an ionic crystal consisting of one
pair of positive and negative ions per unit cell,
the magnitude of the charge on each being ¢. Since
we are interested in the long-wavelength optical
modes, we will use the continuum model where
we write the displacement of the positive and
negative ions as U,(¥,#) and U_(T, ), respectively,
T being the position vector of the center of the
cell containing the pair of ions. The equation of
motion for the relative displacement of the positive
and negative ions

WF, ) =0,(F,0 -0.(F,0), (4.1)
is
a0 . P .
uﬁr(r,t)—-uwou(r,tHeE (t,0), (4.2)

where =M, M_/(M,+M_) is the reduced mass
of the ion pair or reduced mass per unit cell, w,
is the frequency associated with the short-range
force between ions, and E'(¥, ) is the local field

at the position of the ions. The oscillating ions
produce a polarization field B(T, ) consisting of
two parts: the ionic polarization produced by the
relative separation of the positive and negative
ions when the crystal vibrates in an optical mode,
and the electronic polarization caused by the elec-
tric field associated with the optical mode. So we
write B(%,1) as

B(T%,1) = neW(F, t) + na B (F,¢), (4.3)

where »n is the number of ion pairs (or unit cells)
per unit volume, and ¢ is the electronic polar-
izability per ion pair.

Following the method of Fuchs and Kliewer and
LKB for calculating the local field E*(F, ¢) at the
position ¥ =(p,z), we divide the crystal into three
slabs whose faces lie parallel to the external sur-
faces of the crystal, as in Fig. 1. Regions I and
II are sufficiently far from ¥ that the distribution
of polarization in these regions can be taken to be
continuous and the field produced at T can be cal-
culated macroscopically. The contribution to the
field at T of a unit volume of polarization charge
located at ¥ in one of these two regions is®

=T, (F~F)P,(¥,0), (4.4)

where ¢ and j indicate Cartesian components, and
? is a unit vector. Therefore, the total contribu-
tion of regions I and II to the local field at ¥, which
we will call E¢(F,1), is

E?(?,t)=f T, (T-T)P;(¥,t)dT". (4.5)
I,

As indicated, the integral is in principle only
over the regions I and II. However, we are inter-
ested only in modes with large wavelengths, that
is, far larger than the dimensions of the unit cell.
Indeed, in the framework of Frohlich’s polaron
theory” it is assumed that these are the only modes
to have an appreciable interaction with conduction
band electrons or valence band holes. The thick-
ness of region III can then be taken large compared
to the dimensions of the unit cell (so that regions
I and II can be treated macroscopically) but small
compared to the phonon wavelength. Therefore,
the integral in Eq. (4.5) can be extended to the
entire crystal slab without introducing any ap-
preciable error.

Based on these assumptions, we use the well-
known result of Lorentz® to describe the contribu-
tion of region III to the local field. This field can
be written for the slab geometry as

EXNT,t)=n;,; P;(T,1), (4.8)
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where
27 0 0
n;=| 0 #7 0 . (4.7)
0 0 —37

Then the total local field at ¥ is the sum of E¢ and
E?, so that its ith component is

EZ(?, t) =Nij Pf(-f9 t)
s T E-T)R(F,0aF . (48)
slab
We continue now with the method of LKB to ar-
rive at the equation giving the normal modes of
the system. Differentiating Eq. (4.3) twice with

respect to time and using Eq. (4.2), with the local
electric field given above, one finds

Bi(F,0) == wiP;(T,t) +on;; P;(T,1)
+o [ Ty (F=F) P, (¥, 1) ¥
+nan;; P; (T, 1)
wna [ 1,(F-F)B,(¥,04¥, (4.9)
where

o =nawi+ne?/u . (4.10)

Assuming that the polarization field has a sinu-

soidal time dependence, that is, P(F,¢) =B(¥)e! v,

where w is a normal frequency of vibration, and
defining

Xo=4mw)/wi, A=4rw?/w}, (4.11)
(A =2o) (6i5 —nami;)
Yi; T (4.12)
H 1-na(d -x,)
and
Fij‘_"'nij/[l—na()t")\o)], (4.13)

we arrive at
(y4 =T4;) Py (F) = - jTij(f—?')Pj(?’,t)d?'.
(4.14)

In Eq. (4.11), w, is the ion plasma frequency de-
fined by wj =4mne?/y.

To write the integral on the right-hand side of
Eq. (4.14) in a more transparent form, one can
introduce the two-dimensional Fourier transform
of B(¥),

P(T) = A J‘dﬁe“"ﬁ_P’(E z) (4.15)

472 s ’ .
where A is the area of the slab surface (the factor
A will drop out of all physical results). Similarly,

the Fourier transform of 7;(¥ —T') is written

. = KiKj (Bt mb| et
Ty (F=T") ==~ fdk -—————z’ﬂkf etk (=P g=rlz=2'l (4, 16)
with the three-dimensional vector K defined as
B=(k,ik6( —z’)). As is usual, the © function is
given by

1 ,
Ok -z')= %+ » B2EDS (4.17)
(-1, z<z’.

Using the Fourier transforms defined above, Eq.
(4.14) takes the form

*> 2T }
i _Fz’j)Pj(k,Z):_k‘_de’K'-Kj
Xe"klz-z’lpj(lz’zt)'
(4.18)

With the indices ¢ and j denoting the three Car-
tesian components of the vectors concerned, let
us choose the x axis to lie along k. Since the z
axis is defined as normal to the surface, this
makes the y axis lie also in the surface plane
and be normal to k. From this point on we will
indicate the coordinate directions by IQ, 9, and Z.
In this system then, the vector K has only % and
Z components, as indicated in its definition.

We now consider Eq. (4.18) for each of the co-
ordinate directions. When we take the ¥ compo-
nent of this equation we find

0, -T,)P,(k,z)=0, (4.19)

since K has no § component and both y;; and T;;
are diagonal. Then for P (k,z)+0 we must have
v, =T, and so the frequency of this mode is given

1 2
3 Wp
wlo =98~ T-Lmg - (420

This is the TO frequency associated with the in-
frared resonance of the ionic crystal. This is a
purely transverse mode since the polarization is
normal to the surface wave vector k. Since the
polarization can be an arbitrary function of z, we
may expand it in a complete set of orthonormal
eigenfunctions. Following LKB we choose the
eigenfunctions in Table I, indicated by P;,(z).
From Eq. (4.18) it is seen that this TO mode is
completely uncoupled to the remaining modes of
the system. Thus the eigenfunctions of the P; ,(z)
also satisfy a closure relation of the form

> P R)PY,E") =0k -2'), (4.21)

b
isp .

where p is the paI:ity index taking the values + and



ELECTRON-PHONON INTERACTION IN A DIELECTRIC... 2259

TABLE I. Polarization eigenvectors for the dielectric slab.

Mode Frequeney Eigenvectors

TO Wro Py, @)=ia~cos(jnz /a) ji=12,...
pj,_(z)=ia‘1/zsin(jvrz/a)

SO Wos 70 (&, 2)=Cy(i cosh kz, sinhkz)

Wy 7 (k,2)=Cy(é sinh k2, coshkz)

wm i 2=C. (i MT T T ) -

LO wro " (k,2) Cm(zkaCOSZa z,-= sing z m=1,3,.
=mi - L mT mm mm ) -
Tk, 2) Cm(ika sanaz, B COSZa z m=2,4,
- imm mm .omm

TO Wro 7r.’,"(§,z)=Cm<—é—— cos—zz-z,ka smE;-z) m=2,4,
- immT . mT mm
w’i‘(k,z)=cm(-——?sm—2—a—z,ka cosz—az) m=1,3,

To find the other modes, we wrife the % and £ components of Eq. (4.18), again using the fact that y;; and

T;; are diagonal. These are

(

and

<

Although the left-hand sides differ by the inclusion
of the o dependence, Egs. (4.22a) and (4.22b) are
otherwise identical to the coupled equations de-
rived and solved by Fuchs and Kliewer in their
treatment of the normal modes of an ionic crys-
tal slab. We therefore find solutions having the
same form. There are three types of modes:
modes whose frequency is the bulk transverse-
optical frequency, the TO modes; modes whose
frequency is the bulk longitudinal-optical fre-
quency, the LO modes; and modes whose ampli-
tudes decrease exponentially on moving away from
the surfaces, the surface-optical or SO modes.
The frequencies of these modes are as follows:

A =xo) (1 —%mna) +57
1-na(=x,)

>Pk(E,z)=21rk f

a

A =Xo) (L +5mma) 57
1-na@-xr,)

w¥=wi-fw/(1-Fma), (4.20)
Wi =wi+3wi/(1+5mma), (4.23a)
and
2 lx ,-2ka
2 -, 2, W 3te
Woy TWo+ 2 1+27T71[!(’§“:Fe'2ka) . (423b)

(Fuchs and Kliewer! indicated that the inclusion
of the electronic polarizability would result in the
above frequencies.) Again for the SO modes, w,,

a - ->
dz'e*lz=#| [P.(k,z") +i0(z =2’) P,(k,2")]

- +a , - N
>Pz(k,z)=21rkf dz' e M=o ~-z2")P,(k,z") =P, (k,z")].

(4.22a)

(4.22b)

r

(w,-) must be associated with the upper (lower)
sign on the right-hand side of Eq. (4.23b), which
is equivalent to Eq. (3.10). The eigenvectors for
all the modes are given in Table I, indicated by
#m(k,z); they are the eigenvectors of LKB. The

normalization constants of LKB are
C,=(k/sinh2ka)*/? (4.24a)

and

1Na

(k2a2+§mz1r2)l/2 .

C,= (4.24Db)
The vectors ﬁ;f'(ﬁ,z) are two-dimensional nor-
malized eigenvectors with 2 and £ components
alone, and the connection between them and
B(k,z) is
F(E,Z) = 1/.3 [Pk(k,z)’Pg(E,Z)] )

where B is taken to be em/A)2 in order that
B(k,z) have the proper units. 7 7*(k,z) as defined
satisfy the orthonormality relation

+a - ->
f dzTrm(k,2) T (K, 2) =06, 0ppr 5 (4.25)

~-a
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and the closure relation
Sompn(k,z)ap (K27 =6, 66 —27) . (4.26)
my P

Both these relations will be used in deriving the

Hamiltonian. In Eqgs. (4.25) and (4.26), only the

modes whose polar1zat10n is confined to the plane

defined by the % and Z vectors are to be included,

that is, the 7 ”‘(k z). As pointed out earlier, the

,p(z) are completely uncoupled to the other
modes and satisfy their own closure and ortho-
normality relations.

We have found in this section all the modes
obtained by the macroscopic method of Sec. III,
that is, the LO and SO modes. As explained there,
the TO modes found in this section could not be
gotten by the macroscopic method because they do
not produce a polarization charge density.

As regards the p-labeling of the modes, our
notation differs somewhat from LKB. For the LO
and TO modes, the index m denotes the Z compo-
nent of the wave vector through k,=mn/2a. The
surface modes are indicated by m =0.

LICARI AND ROGER EVRARD 15

V. FREE-POLARIZATION HAMILTONIAN

In deriving the Hamiltonian, we will need the
explicit relationship between the two-dimensional
Fourier transform of P(¥) and that of E(T) and

U(F). We proceed as follows.

Using Eq. (4.8) and Fourier transforming the
vectors E(T) and P(T) and the tensor T, (F =),
we write for the ith component (@ is either k 3,
or ) of E(k z),

(k z)=n;; P (k z)

T 4+ a . >
——"J dz' K, K; e™*+?Ip (k,z).

-a
(5.1)

Since the true transverse polarization described
by the e1genvectors P’ (z) is completely uncoupled
from the 7r’"(k z) modes and our interest lies
solely with the 1r"’(k z) modes, we consider only
these. So we write the 2 and £ components of Eq.
(5.1):

- - +a ’ - . -
E,(k,z)=%7p,(k,z)- 21k f dz'e®==1[p,(k,z") +i0( -z')P,(k,z")]
—a .

and

+a > -
E(k,z)==%1P,(Kk,z) - 21k f dz' e 7 [j0( -2')P,(k,z') - P,(k,z")].

-a

Using the eigenvectors given in Table I, we find
from the above equations that E(k z) is related to
B(k,z) by

En(k,z)=¢rBr(k,z), (5.3)

where ¢} is defined as follows: TO modes,

o =57 ; (5.42)
LO modes,

¢y ==5T; (5.4b)
SO modes,

¢ ==21((Fe 2%, (5.4c)

In Eq. (5.3), the fact that the vectors bear the
indices m, p indicates that they are two-dimen-
sional vectors with % and Z components alone.

From the Fourier transform of Eq. (4 3) we can
find the relation between u(k z) and P(k z). This
is

Z‘(E,z)=(1/ne) (l—naq)Z’)_ﬁ;"(E,z). (5.5)

We are now in a position to consider the free-
polarization Hamiltonian, i.e., the Hamiltonian

(5.2a)

(5.2b)

L
describing the free vibrations of the lattice in the

absence of external charges. We again point out
that in none of the following do we include the true
transverse P} (z) modes since these modes, and
the Hamiltonian describing them, must be treated
completely independently of the 7 *(k,z) modes.

The free-polarization Hamiltonian is composed
of three terms and is written as follows:

fdr( u(r)>

+%uw§ fdruz(r)—-—fd eE(T) - U(F).
(5.6)

The first term is the kinetic energy of the oscil-
lating ions. At the frequencies considered here,
the electron cloud around each ion follows adiabat-
ically the ionic oscillations and so introduces no
additional inertia.. The second term is the poten-
tial energy associated with the short-range restor-
ing force — uwilU(T) acting between ion pairs. I
the ions were uncharged their oscillation frequency
would be determined by this force alone and would
be w, However, since the oscillating ions are
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charged, a long-range electric field is produced
which alters the oscillation frequency. Equations
(4.20) and (4.23a) show that this field stiffens the
lattice in the LO mode and softens it in the TO
mode. The third term in H, accounts for this
effect and is the potential energy of the ions in the
dipole field P.

We now Fourier transform the Hamiltonian H
according to Eq. (4.15), but changing the integral
over k to a sum by using fdk-v 4r2/A)>5¢. The
vectors u(k z), E(k z), and P(k Z) are now con-
sidered as quantum-mechanical operators and are
written as linear combinations of the correspond-
ing eigenvectors. For example, we have for the
displacement (k,z) that

ﬁ(E,z)=ZBm,p
x[a,, (k) +a}, (-R)]ErK,2), (5.72)

and for its conjugate momentum p(ﬁ,z)
=nAp[di'&, z)/dt],

B(k,2) =inAp Y Wy, B, s

mep

x[al -k ~am,p(ﬁ)]ﬁ;"(ﬁ,z) .

(5.Mo)
The vectors U(k,z) and H(k,z) satisfy the com-
mutation relation
[pi(k,2),u,(k",2)] = (1 /i) 5, o7 w0z =2') . (5.8)
In the above equations, al, ,(k) and a,, (k) are
creation and annihilation operators, respectively,
for the m,p mode. They satisfy the usual com-
mutation relation
(@, p(K),als, pr (K] =0, ey, pr 07,20 (5.9)

For the vectors E(k,z) and B(k,z) we write simi-
larly

E(k,z) =Z Bm_,[am,p(ﬁ) +a,7;'p(—ﬁ)] E'},"(E,z)
myp

(5.10)

and

B(k,z) = > Bu,slan, SR +al (R BrKk,z).
meb (5.11)

Using Egs. (5.3) and (5.5), the orthonormality
relations for the Tr”'(k z), and the above com-
mutation relation for a,,, ,(k) and a}, (), H, be-
comes

Hp=2A Z Z (BB, p) Ay, (1 =naop)?

Tomap

k
xlal J(B)a,, (k) +i],  (5.12)

where we have used the fact that a,, , is related to
o5 by
Mn,p=ho= @5/ (L-nagp). (5.18)

Since @} (k,z) as defined is dimensionless, B, ,
must have the units of length. So we choose

Bu,»=1/20w, )2 (1 =napp)™. (5.14)

Since 8 =e(n/A)*?, we have for the Hamiltonian

He=Y Shw, ,lal (Da, (&) +4].  (5.15)

> m,p

k

As throughout this section, the sum over m,p

runs over the TO, LO, and SO modes as given

by Table I and by Eqgs. (4.20), (4.23a), and (4.23b).
B,,,», as given above, is essentlally the ampli-

tude of the polarlzatlon field P( ,2). The elec~

tron-phonon interaction operator is proportional

to B(k,z) and therefore to B, Since B, , de-

pends on ¢, the interaction operator derived in the

next section will differ from that given by LKB.

VI. ELECTRON-PHONON INTERACTION

The interaction energy of an electron and the
polarization modes just described is written®

H'=— Jﬁ(?—?’)-ﬁ(f‘)d?, 6.1)
where
B(F-)=-e(F-7)/|T-7|°. (6.2)

D(T - 1) is the field produced at the point ¥ by an

electron at ¥/. P(T) is the full polarization field

of Eq. (4.3) since the electron interacts with both

the ionic polarization and the electronic polariza-

tion resulting from this ionic polarization.
Fourier transforming Eq. (6.1) using

-7 = urty K pleew
T;—_“;‘TFZ" jdkelk'(p P g 6.9)

one finds
> > [ta -
I=-27m¢ Ze'”“p'f dz eM=13. Bx(k,z),
- -a

(6.4)
where ¥ is the two-dimensional vector defined by
LKB as

x=G@/R)K=[i,-0@E ~2")]. (6.5)
Making use of the expansion of B(k,z) in terms
of the eigenvectors of Table I, we finally have

->->

~2m Z e tPr ok,2") (1—nagpm)t
k m,p
X[am’,(§)+al.,(—ﬁ)], (6.6)
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with
ﬁwgez )1/2 fm ,
) = c ~k|z=2'|
T,,k,2") ( BrAw, B dze

xy -7rm(k,z). (6.7

H'’ above is identical to the interaction operator
of LKB except for the factor (1/27) (1 -nao})™*
and the fact that w,, , as defined by Egs. (4.20),
(4.23a), and (4.23b) is dependent on «.

To find the operator describing the interaction
between the electron and the LO phonons, we
write wj; (which is defined as 4mne2/\. and there-
fore independent of @) in terms of w?,, w?,, and
«, that is,

wi= (w2, - wd) 1+5ma) (1 -3mma). (6.8)
Then for the LO modes, the constant factor in H’
is

J

> >

AND ROGER EVRARD 15

nwie? >1/2 8 -
_Nwre” 148 1
21r<87r o (1+5mna)
:[nezﬁww < 1 1 >T/2
2A €, €, ’

(6.9)

where we have used the Clausius-Mossotti relation

€, =1+4ma/(1 —‘;—ﬂna) . (6.10)

Since, as LKB have shown, the integral in Eq.
(6.7) for the LO modes is

+a
f dz e =13 Fxm(k, 2)
~-a

Va {cos(mw/2a)z, m=1,3,...,

T RPaRimEnR)i

sinmn/2a)z, m=2,4,...;

(6.11)
the electron-LO-phonon interaction operator is
given by

cos(mn/2a)z

s m=1,3.,.

dre? 1 1 1/2 T > -
o =[ o0 (-] = (X e et 0n(B) sl (-]

m=2,4...

We will show in the Appendix that for a very thick slab H{, becomes equivalent to the bulk Frohlich

Hamiltonian.

For the operator describing the interaction between the electron and the SO modes we write

(1=-na¢?)=[3/(e, +2)][(e, +1)F (e, = 1) e™2%],
and express w; in the more convenient form
wi =97, (€0 —€,)/ (€, +2)2.

For the SO modes, the integral in Eq. (6.7) is
+a .
[ az el gaen(ya) - (
—a k

so that the interaction operator H{, can be written

Zﬂezl"inO

1/2 -
Hio =~ <‘T(€°_€”)> Ze“"""’( -

sintha)l/ze_ka {coshkz’/coshka, b=+,

sinh2 ka

* Z [kzsin((;/l;//;;))zz]l/z [am_(E)JraI,_(—E)J)_ (6.12)
(6.13)
(6.14)
(6.15)
sinhkz’/sinhka, p=-,

1/2 . .

) e ha {G+(k’2')[ao+(k)+a§+(-—k)]
+G_(k,2") [ay.(K) +al (-%)]}. (6.16)

k

In the above equation we have defined

coshkz’/coshka
(€, +1) = (e, = 1) e~2"a

x( (€0 +1) = (e, = 1) e™2 >1/4

(€o+1) —(eg—1) 2%

G,(k,2') =

(6.17a)

and
sinhkz’/sinhka

(€, +1) + (e, —1) g2k

( (€, +1) + (e, — 1) e~ 2ka >1/4
(€o+1) +(eg=1) e™2ka .

G_(k,z")=

(6.17b)

7

Whena =0 (e, =1), the above operators reduce to
1/2r times the corresponding operator of LKB.
This factor of 1/2r is due to the difference in the
definition of the Fourier transform, and in the
conversion from sums to integrals, as used by
LKB and in this paper.

VII. EXTERNAL-ELECTRON PROBLEM

In this section we consider the interaction of a
classical electron outside the slab with the polar-
ization eigenmodes. The interaction operator H’ is
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again that of Eq. (6.6), where now the integral in
T,.,(,2’) is calculated for an electron at z’ =R +a,
where R is the distance from the surface at +a to
the electron outside. Since the electric field pro-
duced by the LO phonons is zero outside the slab,
the electron interacts only with the surface modes.
Then H’ is written

/2
ro_ (AR )1 Bwro
" <2A (€0~ e.) €. +2

x S emitF < Sinl;2 ka>1/2e—kz:
v

X Z (1-na¢pd) twslf? [ao',(E) +a;r,p("E)] .
p=%

(7.1)

We consider the electron to be fixed at T = (0,z7)
and we calculate the second-order perturbation-
theory energy of interaction, where we assume
that the electron does not recoil during the emis-
sion or absorption of an SO phonon. The result is

AE® =—¢%(e,~¢,)

(1 = e=%%9) (a, +hie™4he)

% f dk e—ZkR
0

(a2+bze—4ka) (a3+bse—4ka) ’
(7.2)
where
a1=(€o+1) (eoo +1), b1=(€o" 1) (Goo - 1)7
a,=(e,+1)%, by=—(€,—1)%, (7.3)

as= (e, +1)?, by=—(e, —1)%.

The integration in AE® can be performed ana-
Iytically, but the result is rather cumbersome and
not very instructive. We consider instead the
simpler and more interesting case of a semi-
infinite medium, that is, we let a—~w in AE®,

We then immediately find that

AE®@ =—(e%/2R) (€g—€,) /(€ +1) (€, +1). (7.4)

This is the interaction energy of an electron and
the polarization eigenmodes of a semi-infinite
dielectric medium when the electron is a distance
R from the surface. We point out that this result
includes the interaction with both the ionic polar-
ization and the electronic polarization produced
by the ionic motion.

To show that the result of Eq. (7.4) is the correct
one, let us consider from the point of view of
classical electrostatics the energy of interaction
of a charge e and a semi-infinite dielectric medi-
um. From the method of image charges one finds®

AE=—(e?/4R) (e - 1)/(e +1), (7.5)

where € is the dielectric constant of the medium.
Setting € =€, in AE would give the energy of inter-
action of the electron with the ionic polarization
and with the electronic polarization due to both
the ionic motion and the electron itself. Since we
do not include this latter contribution to the elec-
tronic polarization in AE®, we must write for the
classical result AE,

_e? [e=1 e-—1
AE—————(———€O+1 - €w+1>. (7.6)

AE above is therefore identical to AE® of Eq.
(7.4).

VIII. SUMMARY AND CONCLUSIONS

We have derived in this paper the eigenvectors
and the eigenfrequencies of the optical polarization
field in a dielectric slab, and the Hamiltonian
describing the interaction of this polarization field
with a free conduction electron. In particular, we
have included the effect of that part of the elec-
tronic polarization due to the ionic motion.

To show the correctness of the electron-SO
phonon interaction operator, we considered the
interaction energy of a classical electron external
to the slab and the SO polarization field. The en-
ergy found in this way is identical to the result
gotten from the classical theory of image charges.
In the case of the LO phonons we have shown that
in the limit when the slab thickness is very large,
the electron-LO phonon interaction operator of
Sec. VI is equivalent to the interaction operator of
the bulk Frohlich Hamiltonian.

We conclude by considering how the inclusion of
the electronic polarizability in the interaction
Hamiltonians affects some previous results, for
example, those of Ref. 4 (referred to as EM). In
that work, EM calculated the energy of an electron
bound near the surface of a semi-infinite crystal,
when the electron interacts with both the bulk LO
and the SO phonons. They found very shallow bind-
ing, withno binding atall for LO-phonon coupling con~
stants greater thanabout two. Inthis geometry our
interaction Hamiltonians, Egs. (6.12) and (6.16),
differ from those of EM by numerical factors
alone. Taking these numerical factors into account
we find that, owing to €, being set equal to unity,
EM overestimated the electron-LO phonon inter-
action by a factor of three and the electron-SO
phonon interaction by a factor of about 1.5. There-
fore, the effect of the SO phonons will be greater
than that accounted for by EM, giving a binding
energy that will be deeper, and that will extend to
coupling constants greater than 2. It appears then
that the effect of the SO phonons on electron sur-
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face state formation in semiconductors may be
greater than previously expected.

APPENDIX

In this section we show the equivalence of H{,
of Eq. (6.12) and the electron-bulk L,O-phonon
interaction operator of the Frohlich Hamiltonian.
This interaction operator can be written

Hp =Y Vye ® Tag +aly), (A1)
K

where K is a _Ehree—dimensional wave vector de-
fined by K= (k,%,), and

2mehiw 1 1\]/2
VK=[———VK2 Lo (E—_a—ﬂ . (A2)

If we split the sum over K into a sum over k and
a sum over k,>0, Hf becomes

Hf = 2 Vxenik'p[eqk”z(aE,kz'mii,_kz)
Kikg>0 +e*z® (g, +aly, ). (A3)

Writing the exponentials in terms of sine and
cosine, we arrive at

i, =VZ 3 Vge TP {cosk,z [a, (B) val (-E)]
Kirg>o0 +8ink,z [a_(ﬁ)+ai(—ﬁ)]},

(A4)

where

a,(K) =(INZ) (@t +a 7 r,) (A5a)
and

a.(k) =(=i/NZ) (g, =5 m,) - (A5D)

The operators a] (- k) and a!(-k) follow by the
definition of the adjoint. The above operators de-
scribe phonons propagating as Rlane waves in two
dimensions (in the direction of k) and as standing
waves in the 2 direction.

In considering the Frohlich Hamiltonian, which
treats an electron interacting with the LO phonons
in an infinite crystal, one imposes Born-von
Karmon or periodic boundary conditions on the
electron and phonon wave functions. Of course,
all physical quantities are independent of the
boundary conditions one uses. Since we want to
compare Hf, to H{, describing the same interaction
but in a crystal slab with surfaces at a (we as-
sume a is very large, approaching infinity, so that
the electron is always far from the surface), we
will impose on Eq. (A4) the boundary conditions
that sink,z and cosk,z vanish at z =+*a. From the
analysis of Sec. III, this can be seen to be equiva-
lent to the requirement that the potential due to
the LO phonons vanish at +a, a condition which
does hold for the LO phonons in the slab. It is
then easily seen that H} above becomes identical
to H{, of Eq. (6.12).

*Work performed in the framework of the joint project
E. S. I. S. (Electronic Structure in Solids) of the Uni-
versity of Liége and the University of Antwerpen,
Belgium.
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