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The classical analysis, due to Kliewer and Fuchs, of the optical polarization modes of an
ionic crystal film in the long-wavelength limit is used to develop a quantum-mechanical treat-
ment of the interaction between an electron and the optical-phonon field of the film. Retarda-
tion effects are neglected. The analog of Frdhlich’s polaron Hamiltonian is obtained, but with

explicit inclusion of surface effects.

As a first application of this theory, the case of a fast

electron is treated, and the electron-crystal energy-exchange spectra are derived. The clas-
sical energy-loss spectrum is recovered and involves processes resulting in one-phonon exci-
tation. Quantum-mechanical two-phonon processes are evaluated. The gain spectrum is ob-

tained for the first time and shows a strong temperature dependence.

The results are in good

agreement with experimental spectra in LiF crystal films.

I. INTRODUCTION

The study of the interaction between electrons
and various elementary excitations of a solid in the
neighborhood of a boundary surface is of primary
interest for the understanding of a number of phe-
nomena involving surfaces, such as transport prop-
erties of thin films, photoemission, electron dif-
fraction, etc.

A particularly clear case of strong surface ef-
fects on the electron behavior has been demonstrat-
ed by Boersch ef al.! in their measurements of
electron energy-loss and -gain spectra in LiF crys-
tal films. Their results show that, for thicknesses
up to a few thousand f&, energy exchange between
the electron and the crystal film is mainly due to
the strong coupling between the electron and the
surface-optical phonons, whereas for a thick crys-
tal slab the more efficient coupling is with the usual
bulk longitudinal-optical (LO) phonons. A similar
coupling has been exhibited recently in LEED and
photoemission, in the plasmon energy range.? The
same pattern is indicated in recent tunneling experi-
ments in semiconductor-metal boundary layers®
where, again, the electron is strongly coupled to
the surface plasmon.*

Several authors®!° have developed a classical
theory to describe the energy-loss spectrum of fast
electrons in thin films in both the plasmon and pho-
non energy ranges. For lower energies where the
quantumr nature of the electron and the elementary
excitation should be taken into account, it would be
desirable to set up a Hamiltonian formalism which
would properly include surface effects.

In the present paper a quantum-mechanical theo-
ry!! for the interaction electron-long-wavelength
optical phonon of a dielectric slab will be developed.
It will incorporate explicitly the features of the pho-
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non modes associated with surfaces.

In Sec. II, the classical Hamiltonian of the prob-
lem is written using the polarization eigenmodes of
the slab already obtained by Fuchs and Kliewer!?;
then (Secs. II and III) the phonon field is quantized
in the standard manner, hence obtaining a Hamil-
tonian similar to Frohlich’s in polaron theory,!®
As far as the coupling to the (1.O) phonons is con-
cerned, the only difference from Frodhlich’s Hamil-
tonian is the “ space quantization” of the LO modes.
More important is the fact that the electron is also
coupled to the so-called surface phonons, although
the polarization associated with these modes isdi-
vevgence free. These and other features to be dis-
cussed may be of considerable importance for the
polaron theory in finite-size crystals,*

Section IV deals with the case of an electron at
rest imbedded in a dielectric. This case corre-
sponds to the calculation of the screening of a fixed
charge by the phonon field.

Section V treats the situation where the electron
is sufficiently fast for its velocity to remain essen-
tially unaltered by the interaction with the phonon
field (yet not fast enough to include relativistic cor-
rections). This case is exactly soluble and provides
a suitable quantum-mechanical model for calculat-
ing the energy-exchange spectrum in the phonon en-
ergy range,

The spectrum which is obtained in the framework
of classical electrodynamics® is recovered here as
resulting from one-phonon processes. Multiphonon
processes are evaluated and they are found to give
negligible contributions beyond the two-phonon ex-
citation threshold. The gain spectrum is also cal-
culated and shows the observed strong temperature
dependence. 8

The quasistatic approximation for the polarization
field will be used throughout this paper; no account

2488



2 ELECTRON-PHONON INTERACTION IN DIELECTRIC: -

of retardation effects is taken care of. These could
be included in a more general theory based on the
classical treatment of the retarded polarization ei-
genmodes, %16

II. FREE POLARIZATION IN THE SLAB
A. Integral Equation

The problem of finding the long-wavelength polar-
ization eigenmodes of a dielectric slab of a given
uniform dielectric function €(w) can be solved either
as a problem of classical electrodynamics by match-
ing boundary conditions, etc., or by incorporating
the boundary conditions of the problem into an inte-
gral equation for the polarization. Both methods
have been used!®'?® for discussing the optical proper-
ties of ionic crystals. The integral-equation meth-
od will be outlined here, mainly to introduce our
notations in a form suitable for the subsequent an-
alyses.

As stated in the Introduction, only the nonretarded
equations of motion will be treated. The equation
of motion for the displacement fields U, (¥, ¢) and
U.(F, ) of the (continuous distribution of) positive
and negative charges *e,, respectively, is

w[B,@, 6 - 0., 0]=- p &0, -0)+e BE, 1),
(2.1)

where p is the reduced mass of the ion pair, pw?
is a short-range force constant (excluding Coulomb
fields), and E(F, ¢) is the local electric field.!"

In the dipole approximation, the local field is giv-
en by

BE,0-B,0)- [ o TG -5 [0,60)

s1ab ¢

-U.(F!t)]n aF', (2.2)
where » is the ionic pair density. The integral
gives the dipole field propagated by the dipolar ten-
sor T,

T(F) = (€ - 3F%9/»° , (2.3)
where E is the unit matrix and the superscript 0 in-

dicates a unit vector. 'E'L(f) is the Lorentz local-
field contribution

10 0
E,f):%z 01 o) B®, (2.4)
00 -2

which depends on the polarization P at ¥. The origin
of this term is related to the pathological behavior
of dipole lattice sums, as has been discussed at
length by de Wette and Schacher.'® The polarization
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itself is defined by
P, ) =ne, [T, (F,0) - U, 0], (2.5)

and from (2.1) and (2. 2), B(¥) satisfies the inte-
gral equation

0 o0

. 2

BE o+ ng-ﬂ”ﬁ?ﬂ 0i o3&
00 -%

——net/u [ TE-7)-BE, 1) aF’ . (2.6)

Assuming that B(F,)=D(¥)e’“t, Eq. (2.6) can be
written as

WE-X)-PF) = .£ TE-7) DEF’) daF’ , (2.7)
where
A=drw¥/wl , N=4rwd/ Wi, (2.8)
)\T =)\0——§7T, )\L :}\°+~g11 , (2.9)
and
Ap 0 O
A=l 0x; © (2.10)
00 X

)\1,{2 and 7\%2 are the bulk TO and LO frequencies,
respectively, in units of the ion plasma frequency

w, = (4med /)2

The symmetries of the slab will be used now.
First, the translational invariance for continuous
displacements parallel to the slab is exploited by
introducing two-dimensional Fourier transforms

B)=A [ dke't ?BE,2)

where A is a unit area of the slab surface and (3, z)
are the surface and normal components of ¥. Since
_15('1‘) is real, its Fourier transform must satisfy
the following condition:

(2.11)

B, 2)=P*(-k,z2) . (2.12)

The two-dimensional Fourier transform of T(% - ¥)
is derived from

1/r= [ dk e'®?=*1 jonp (2.13)

By successive differentiations one obtains

T/ri=— [ dk e °? G /2mR)Re 1! | (2.14)



(E - 329F9) /3 =fd§ e B (1/21p)RRe 121
(2.15)

R=[k,i6(z)k], 6(z)=+1 if z>0,

==1 ifz<0. (2.16)

Substituting (2.11) and (2, 15) into (2. 7), one finds

OE-X) Pk, 2)=(21/k) [ ° dz’ e ="' RR- P*(&,2").

(2.17)

Next, the rotational invariance round the 2z axis is
exploited. Using the k reference frame, the polar-
ization is written

B(k,2) =Pk, 2)k°+ P,(k,22° + P,(k, 2)R°, (2.18)
where
R0=2xk° .
This splits Eq. (2.17) into
(A =xg)P,(k,2)=0 (2.19)
and
AT (k,2)= f_: az' M(z-z") %k, z") (2. 20)

The 7 (%, z) is a two-dimensional polarization vec-
tor defined by

ﬁ(k,z)=[P(k,Z),Pz(k,Z)] )

which, as a consequence of (2,12) and (2. 18), must
satisfy

(2.21)

-1 0
Tk, z)= o 1 *(-K,z) .

In Eq. (2.20) the kernel M is given by

— Ar 0
M(z-2z')= < 0 ) 6(z — z') + 2mkekle=2" |
L

1 —i6(z - 2"
“\io(z -2 1 - (229

B. Polarization Eigenmodes

The solutions of (2. 19) are trivial'® Any function
of z defined in the interval ( —a, +q) satisfies this
equation with the degenerate eigenvalue A=A,. An
arbitrary pattern of surface polarization may be
expanded in terms of a complete set of orthonor-
malized eigenfunctions in the interval (-a, +a).
One can choose, for example,
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B, .(2)=icos(jr/a)z , (2. 24)
B, (2)=isin(jr/a) z , (2. 25)
where j is a non-negative integer. These trans-

verse modes of vibration (S polarization) are com-
pletely decoupled from the P polarization modes
and, moreover, they do not interact with the elec-
tron, as will be shown later.

Differentiating Eq. (2. 20) twice, and, provided
that det(AE —A)#0, one obtains the differential
equation

& . 2

_c_i?n(k’ z)=k°n(k, 2) , (2. 26)
whose solutions are the eigenvectors of the surface
polarization waves. If, on the other hand,

det(\E -A)=0, (2.27)
then Eq. (2. 20) is satisfied by the ordinary sine
or cosine bulk polarization waves with the impor-
tant difference that only a discrete set of wave vec-
tors &, is allowed as a result of the finite thickness
of the slab.

Because of the existence of the z=0 plane of mir-
ror symmetry, all the modes can be further clas-
sifiedas evenor odd with respect to that symmetry.
The detailed analysis is given in Ref. 12, We re-
produce the results in Appendix A. The eigenvec-
tors of Eq. (2.20) have been orthonormalized ac-
cording to

S Az Ty = e (2.28)

They also satisfy the closure relation
2T X () Ty(2))=6(z = 2")E
mp

which will be used later on. In Egs. (2.28) and

(2. 29) the index m which takes the values m =0,

1, 2, ..., has the meaning of a “quantized” wave
vector k, and p==x1 is the parity. Both relations
result from the Hermitian character of the kernel
M of the integral equation (2. 20),

M (z —z')=ﬁ*(z -z .

(2.29)

(2.30)

C. Free-Polarization Hamiltonian

The equation of motion (2. 6) of the free polariza-
tion field is the Heisenberg evolution equation of the
operator B(T),

B @) =i/7)[H,,B(9)],

if the free polarization Hamiltonian is taken to be

(2.31)

=

Hy= [, dF @n/wd)[ B 2F) + (w2/4m)B(F)- - B(F)

+3 [,dF [dF'P@) - T (F-7)-B(F) , (2.32)
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and provided one postulates the commutation rela-
tion

[BAF), B(F)]= (W/i)(w2/4m)6F =F"5,, . (2.33)

In terms of the Fourier components of P(¥) de-
fined in (2. 11) these relations become

(B, (&, 2), (K, 2")]
= (7/3)(w¥/4m)(2nA) 26 (k -k (2 - 278, , (2.34)
hence, yielding
H,= (27A4)* [ dk{ [ dz @n/wd[B*(K, 2 B(%, 2)
+ (w}/4n)P*(k, 2) K- B(E, 2))
+3 [1*dz' BX(E, 2)°[(- 21/k)e™**" RK]- B(K, 2)}

(2. 35)

Proceeding in the standard manner, the polarization
operators P(k, z) are expanded in terms of a com-~
plete set of orthonormal eigenvectors

Pi(K, 2) = [Tk, 2), P&, 2)] ,

where the 7,, and P,; have been defined above:

. 1 ﬁwz 1/2 nE
Pk, 2)=5—77 ?(”‘) (a; +a)P;(k, 2),

. 877(.01
(2. 36)
3 - 1 fiwiw,\' 2, - >
P(k,Z)=2ﬁA1/z E( zng> i(a] - a;)P(k, 2) .
' (2.37)

The coefficients of these expansions are the creation
and annihilation operators of the corresponding
eigenmodes and, from (2. 34) and (2. 29), they sat-
isfy
[a,(K), al(k)]=(1/A4)@& -k"5,; . (2. 38)
Substituting (2. 36) and (2. 37) into (2. 35) yields
H,=H,+H, , (2. 39)

where H, is the completely independent Hamiltonian
of the S polarization waves given by the expression

Hy=Af dEJEp}‘in[a:”(i)a,,ﬂ,(E)+%] , (2. 40)

and where H, is the P polarization Hamiltonian
Hy=A [ dk D hw,y®)[al,®) a,,®) +3] . (2.41)
mp

Here the summation extends over all the 7 eigen-
modes listed in Appendix A, All the LO and TO
modes are degenerate and only the surface modes
have a spatial dispersion.
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III. ELECTRON-PHONON INTERACTION

If Fe is the position of the electron (charge —e),
the polarization at 7 sees an additional field

E=- F-%,)/|F-1,]°. (3.1)
Therefore, the dipolar coupling will result in the
following electron-phonon interaction energy:

Hy=e [ dF (T -F,)/|T -F,|5- PF) . (3.2)

Using the Fourier expansions (2.11) and (2. 14),
this transforms into

Hy=(21A)e [ dke 7%

x [gdze®!=#l (i/p)K- BX (K, 2) (3.3)
From this expression, and due to the particular
form [Eq. (2.16)] of the vector K , it is immediately
apparent that the electron couples only to the P
polarization and not to the completely transverse

S polarization P,. Finally, use of second quanti-
zation yields

Hy=A [ dke ™% 3, Tk, 2,)a +a,), (3.4)

where the coupling functions I'; are defined by

- -D*
T;(k, 2,) = (e w?/81A w;)!/2 fa dze™=%e' X .7,(2),

-q
(3.5)
where

-

X=[i, -6(z-2,)]. (3.6)

Inserting in (3. 5) the various eigenvectors of Appen-
dix A, one is left with elementary quadratures to
obtain the explicit form of the coupling functions

I';. These functions are listed in Appendix B. It
turns out that the electron does not couple to the
TO modes of P polarization any more than to the

S polarization waves. As for the case of an infinite
dielectric medium, this can be seen to result es-
sentially from the fact that the polarization field
associated with any TO mode is divergence free.
Indeed,

divP(¥) =/dﬁe‘i‘ ”(iﬁ,%%)- Pk, z),

9P,
9z )’
and the integrand is identically zero for the TO
modes. The z, dependence of the various coupling
functions I'y(k, z,) is sketched in Fig. 1.

Comparing the maximum s trengths of the surface

and LO coupling functions, one finds (see Appendix
B)

(3.7

(3.8)

divB(F) i/d.l;e“z" (ikP+
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a 1/2 4
max(Ty, ) =& n2 (W) s— (Va)gm
(3.9)

max(Ty,) =g, (sinh2ka/k)%e ™ < (V2a)g,. (3. 10)

Noting that g£,>~g,, we see that the surface modes,
in spite of theiv divevgence-free chavacter, are
coupled to the electron just as strongly as any LO
mode. One could argue that due to the larger num-
ber of LO modes for each k in a relatively thick
slab, !° the surface effects studied here on the elec-
tron properties will be negligible. However, this

-a -a

N

®)

-a

<

>m_

z, Y ze1

) @)

FIG. 1. Spatial dependence of the coupling functions
I; (k,2,). (a) and (b) give the coupling strength for the
two surface modes. (c) and (d) correspond to the LO
modes. The TO modes are not coupled to the electron
(see Appendix B).

is certainly not the case for properties which de-
pend on a selective and particular phonon frequency
(such as the electron energy-loss or -gain spectra
considered below). In fact, two features, peculiar
to the surface vibrations, may be of great impor-
tance in the behavior of the electron close to the
surface. First, there is a continuum of surface
state energies available for transitions between wp
and w;, whereas in the bulk only a sharp state
round w; is coupled to the electron. Second, the
surface coupling function dies off as 2°V/2 for large
k [Eq. (3.10)], whereas the LO coupling function
goes as k™! [Eq. (3.9); this is well known in Froh-
lich’s Hamiltonian] .® Therefore, for the case of
conduction electrons in a polar dielectric slab thin-
ner than, say, 5000 f&, it does not seem justifiable
to neglect the surface effects associated with the
existence of these surface phonons. The applica-
tion of various techniques of the theory of large po-
laron to the present Hamiltonian is being carried
out.

IV. SCREENING OF A FIXED CHARGE

As a first simple application of Hamiltonian
(2.41), (3.4), the screening of a perfectly localized
point charge provided by the phonon field will be
considered. For this case, the coupling functions
I';(k,z,) are constant. The phonon field operators
are then statically displaced (assuming Ee=6):

a;=a,+T;/hw,. 4.1)
This yields a Hamiltonian diagonal in «; ,

H=A [ dkD; oo} a,+3) - Ti/nw,].  (4.2)
The second term of (4.2),

Eg=-A [ dkX,T%/nw, | (4.3)

gives the infinite classical self-energy of the elec-
tron in the polarization field it induces. As an
illustration, the ground-state average polarization?
at the center of the slab due to a point charge at the
surface z,=+a will be computed. Using (2.11),
(2.36), and (4.1), one finds

(PF=0))=(A (%‘ﬁ:)”_sz @ny, -

0

NCH
x (a;+al) B,(k,0) (4.4)
_ ﬁwz 1/2
=—2(JA )(;ﬂ{) /kdk
ri(ﬁ’ a) D (o
x oior P,(k, 0) . (4. 5)

The z component of P will receive contributions
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only from the (0,) surface mode; that is,

( P0))=(e/2m) [ kdke™/(B+e ™) , (4.6)
where
B=2wi/wi+1 . (4.7

This result can also be derived from classical elec-
trostatics or, equivalently, by solving the inhomo-
geneous integral equation obtained by setting A=0

in Eq. (2. 20) and by adding a source term 7, due to
the point charge

[laz' Mz -2 7k, 2) =%, , (4. 8)
with
To=(ie/21A) e %! [1,i0(z - 2,)] . (4.9)

Equation (4. 8) is solved by expressing 7 in terms
of the complete set of eigenvectors 7,(z):

ﬁ(z)=2,[i— f ’ dz'ﬁo(z’)-ﬁf(z')]i,(z) . (4.10)

The factor in square brackets essentially gives I';
[see Eq.(3.5)]. Therefore, (4.10) is equivalent
to (4.5).

V. FAST-ELECTRON CASE
A. Evolution of Phonon States

Here it will be assumed that the éelectron is so
fast that any momentum transfer 7k to the phonon
field is much smaller than the electron momentum
p=V2mE,, where E,is the (essentially constant) elec-
tronenergy. Then the electroncan be treated as a
classical particle of constant velocity v and as the
source of a time-dependent perturbation of the slab.
In the continuum approximation, an upper bound
for one-phonon momentum transfer may be 7k
= 5X10"% gcm/sec (corresponding to a wavelength
of ~100 A). Therefore, for one-phonon processes,
the constant-velocity approximation may hold for
electron momenta higher than p~20%k~10"°gcm/
sec, i.e., for energies higher than p%/2m=~10 eV.

Setting

P, =0, (5.1)
the Hamiltonian (2. 41) and (3. 4) takes the form
H=A[ d-ﬁ% [ 7w,y (al, Ay +3) + Ty () (@hp +ay) ] -

(5.2)

Consider a particular(ﬁ, mp) phonon mode with the
Hamiltonian

h=Tw (@la+L)+T(#) (@' +a) ,

z,=0t,

(5.3)

then, the phonon state vector in the interaction rep-
resentation

ld)l(t) Y= elwt fa»_l/ 2)t [ Il)s(t)> (5.4)

2493
satisfies the evolution equation®
m% [97(2)) = T(t)(at ' +ae*t)|[¥7(1)) . (5.5)
On integration,
|9/(t)=expl- G/m) [ at’ T@)
x(e?*'at +e=t"a)] | y(t,)) . (5.6)

The T functions of the present problem have a defi-
nite parity p, so that by letting £y~ - and #= «
and defining

I =f_: T(t)e™*“t dt (5.7)

one has

|¢I( +®))=e (/M Ipat+a) MI(_ w)) (5. 8)

or
22 - to-
,¢I(+ w0)) = g= W2PI*M2 o= i MIpa? = (i/M Ia , P(= o)) .

(5.9)

Let |n°) represent the initial state of excitation of
the phonon mode; then one finds, on expanding the
exponential operators,

© 0 0 0 Ve
I = o= W2rpI2 2 L [2°10° - n+m)l]
[9fo(+ o)) =e > T

m=0 n=0
% (-i!.)n”"p""no_
7 n+m) . (5,10)

To carry out the sum, the summation order is
changed such that

m=n+r>0, m+n>0, (5.11)
hence,
[$lo(+))= 2 s Cntyr [n®+7), (5.12)
r==-n
where
[1°1 (1 +7)1]¥2

2 2
C.o. = g~ W2PIEM
nr noore @+7) I nl(0® = n)l

X(— iI/h- )2n+rpr-m> (5. 13)

is the probability amplitude of finding the phonon
mode in its |#°+7) excited state when the electron
has traveled through the slab.

The total state vector of the slab at =+ « is given
by

,¢{n0!(+ oo)) = I‘I i 0 Cngrg ’n?+7i>> ’ (5 14)
]

7=
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where i stands for (k,m,p). Equation (5.14) can
be rewritten

[#fa0) (+ =) =%-3 Ciadory [{°+7}), (5.15)
where
Codymy=I4 G,y (5.16)
and
[{n®+7}) = I, 0] +7) (5.17)

is an eigenstate of the Hamiltonian, with a total en-

ergy

E 0, =20 Fw,nf+7;+3) . (5.18)

In (5.15), 3, means a multiple integration (index
k) and summation (indices m,p) over all the eigen-
modes of the slab and over all their possible exci-
tations 7,

B. Loss and Gain Spectra: One-Phonon Processes

The coefficients | Cy,0,1? of Eq. (5.15) give the
probability of finding the phonon field in the eigen-
state [{n"+7}) of total energy E(,0,,) att=+,
knowing that before the electron passage, i.e., at
t=— o, the phonon field was in |{n%}) eigenstate
and characterized by an energy E(,0,. Therefore,
these coefficients would also give the probability
for the electron to exchange energy E,0, ,, — E{,0,
=+7w with the slab. Depending on the sign of this
energy difference, one obtains by definition the loss
or gain spectrum, respectively.

The initial state of the slab is determined by the
Boltzmann statistical factor Z~(7)exp(- E,0/kT)
which gives the probability of finding the phonon
field in the E(,0, energy state, in a statistical en-
semble at temperature T(Z is the partition function
of the phonon field). Thus, the observed energy-
exchange spectrum is proportional to the product
of the quantum-mechanical probability| C;,0,, 12 by
the statistical factor

- k
Peliw)= % [Conp [ eﬁi_g%%/_b

n-yr

X G(wJFZ (AJ{?’{), (5-19)
i

where the 8 function takes care of the energy con-
servation and where the upper and lower signs re-
fer, respectively, to the loss and gain phenomena,
Except for the temperature factor, Eq. (5.19) is
Fermi’s Golden Rule for the transition probability
between two states of energy E(,0, and E,0,+ 7 w.
In the context of this work, this relation provides
the exact result, since the interaction causing the
transition is linear in the phonon field operators.
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The loss spectrum [upper sign in (5. 19)] will be
examined first, It is clear that the contributions
to P(Zw) can be classified as due to one-, two-, or
multi-phonon processes. This can be seen by com-
paring the value of Zw to the minimum energy loss,
i.e., Twy. For Iwyp <hw<2kw,, energy conser-
vation requirement allows excitation involving one
phonon only, For 2Zwp <Zw <37wy, two-phonon
processes may occur as well, and so on, When the
temperature-dependent factor is taken into account,
the leading term in the summation over the initial
states clearly comes from the ground state of the
polarization field in which no phonons are excited:
E(=3%; Tw,;. At sufficiently low temperature this
leading term is essentially temperature independent
as a result of

lim Z(T)= e~ Eto/*T |
RT<hwp

(5. 20)

Hence, in the whole temperature range where one
has kT <7Zwyp, the loss spectrum will not be very
sensitive to changes in the temperature, This is
the case for LiF and other alkali-halide crystals
for which Zw,~ 0.05 eV (~600 °K). The next term
in the summation (5. 19) over initial states would
have the extra temperature factor exp(-7Zw/2T)

= 0,1 at room temperature and therefore may be
neglected in first approximation. Therefore, in the
case of one-phonon processes and when the slight
temperature effects just discussed are neglected,
the normalized loss spectrum reduces to one term.

P(+71w)=PyA [ dk (|1,,(&)1>/7%)6[w - w,,,&)],

(5.21)
where

Po=exp (-2, p,13/7?) (5.22)

is the strength of the no-loss peak which has been
subtracted from (5.19). The indices (K, m,p) of the
excited mode are specified by the energy conserva-
tion requirement. Five possible values of P(% w)
may be obtained, depending on the ranges of value
of w,

1. wSwgp: P(w=0 (below the threshold of one-
phonon excitation).

2. wp<w<wy where w; =[(€y+1)/(€, +1)]*2 is the
limiting surface mode frequency for large 2. In
this range, the 6 function of (5. 21) selects the w,.
mode as the only possible excited mode. Introduc-
ing in (5. 21) the expression for I,.(k) given in Ap-
pendix B, one finds (dropping the constant exponen-
tial factor P)

~ wae2/” k2 cos®(wy. a/v)
Plw)= 2702 b dk (k2+w20_/vz)zwo_

-1
) ok -k, (5.23)

(2
X tanhkza 'Y
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where &_ is the zero of w — w,_(k) and can be found
explicitly from the dispersion relation (see Appen-
dix A)

wp.=[wh+ Jwi(1 - e ] /2, (5. 24)
This can be rewritten as
(€-1)/le+1)=e*** or —1/e=tanhka, (5.25)
where
€(w) = (W% — w?) /(wk - w?) (5. 26)

is the dielectric constant of the infinite medium at
frequency w.

To calculate |8w,_/9%I,
are used, and this leads to

Egs. (5.24) and (5. 25)

e LR 1-¢ w_a
z (%% + w?/1%)? e+ ©

P(riw)=

(5. 27)

which is the result obtained by Lucas and Karthe-
user® through classical electrodynamics.

3. w;<w<wg: The & function of (5.23) selects
here the wy, mode. One finds for this case

4é*  LRA €=1 204
m? B2+ w?/v?)? ele+1)

Plhw)=
(5. 28)

4, w>wy: P(hw)=0 since one-phonon process-
es cannot contribute here.

5. w=wy: Since all the longitudinal modes are
degenerate at that frequency, the probability for
the electron to lose the energy 7w will be the sum
of the independent probabilities arising from each
mode:

P(h'wL)=Ade< 2

m even

IIE |2
n?

+ 2 M) 8lw=-wp). (5.29)

2
m odd ﬁ

To evaluate (5.29), the expressions for I%, given
in Appendix B can be introduced and summed term
by term. However, a simpler way to get the re-
sult in closed form is to use the closure relation
(2. 29) for the eigenvectors: Setting i=(mp), then,
for any E,

¥ | B®)| 2= 2/ Awg) [27 [ atat! e et
f f dzdz’ e-h0e=s,14le -,q,,.(z 2)

(5. 30)
(2T (2) TR ()] X - 22
where

g = (He®wi/8m)/? . (5. 31)

2495

To the sum J,; of the right-hand side of the above
equation, one may add the tensor 3, 77*(2) 77 (2").
This merely introduces the coupling functions Ff

of the transverse modes which are known to be iden-
tically zero. Using, now, the closure relation

(2. 29),

AL

=6(z-2")E -2 () To(2)

2+ 7% ()7 (2")]
(5.32)

On substituting (5. 32) in (5. 30) one obtains

2 gz a
?ll{'(k)l =Zw“"f dz

-a

Wop fwdte-ithrop(t) 2

40
f dt e-ith-klz-zel')Z(z _ ze) 2

©

pal Wy , (5.38)

which in fact leads to trivial integrations already
met in the evaluation of Iy,. The final result is

RO % -2 Inwo)|*, (5.39)
where
C= (eaaw,/nvz)h‘ . (5. 35)
Integrating (5. 34) with respect to K yields
2+ w?/v 27iw? 2
P(fiw,) = ;z 22 In 127—’2—%5(60—%)——;;?
a
f dk 2/ 2)2 (tanhkacos 'tﬁ"
291l -
*tanhka ™ v ) ow-wg), (5.36)

where k, isa cutoff wave vector related to the aper-
ture of the electron spectrometer. *°

The first term in (5. 36) gives the bulk loss con-
tribution at w; obtained in the classical theory. 7o
The second term of (5. 36) gives the so-called
“Begrenzung” effect, ® i. e., a reduction of the
strength of the resonant bulk loss at w;. The ori-
gin of this term is particularly clear in the present
formalism: The closure relation (5. 32) expresses
a sum rule according to which part of the total den-
sity of states has been removed from the § singu-
larity at w; and has gone into the two surface pho-
non states. Therefore, in the limit of very small
slab thickness, it is obvious that the Begrenzung
term should ultimately cancel the resonant bulk
loss. This compensation can easily be checked by
expanding the integrand of (5. 36) in powers of ka.
It plays an important role, even for thicknesses up
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to a few thousand A.

The gain spectrum is evaluated in a similar fash-
ion. From (5.19) one sees that any nonvanishing
term in the summation must involve some excita-
tion of the phonon field in the initial state of the
slab. This initial excitation can then be transferred
to the passing electron. As for the previous case,
at room temperature, the main contribution will
be due to the initial states involving a minimum
number of excitations. Hence, the leading term in
(5.19) will correspond to the mode (E, m, p) being
in the initial state xJ,(k) =1 and returning to its
ground state with the transfer of one quantum of en-
ergy h’wmp(k) =7w to the electron. Using the approx-
imation (5. 20) and neglecting multiphonon process-
es, the gain spectrum may be written as

P(—ﬁw)-':PoA fdie-hwmp(k)/kT(‘Imp(k)|2/ﬁ2)

X 8[w — wny(B)] - (5.37)

Comparing this result with expression (5. 21), one
finds that, to lowest order in temperature effects,
the gain spectrum will be the mirror image of the
loss spectrum multiplied by the weight factor
exp(—7w/kT). In addition to giving an over-all re-
duction of the order of e-2~0.1 at room tempera-
ture, this temperature factor will have the effect
of smoothing out the high-energy features of the
loss spectrum, such as the resonant peak at w;.
However, the gain spectrum is sensitive to small
variations in temperature since it depends directly
on the initial thermal population of the excited states
of the phonon field. The spectra described by Eqgs.
(5.27), (5.28), (5.36), and (5. 37) are sketched in

Pw)

FIG. 2. Electron energy-exchange spectrum in LiF
as calculated from Egs. (5.27), (5.28), (5.36), and
(5.37). The gain spectrum corresponds to room tem-
perature.
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Fig.2. To conclude this section, it must be pointed
out that in the present theory no account is taken

of the damping of the phonon modes due to either
anharmonicity or radiation damping (retardation
effect, see Ref. 15). A small anharmonicity
amounts to the inclusion of a small imaginary part
in the dielectric constant and its effect is to smooth
out somewhat any sharp feature of the spectrum.
Concerning radiation damping, recent calculations™'®
have shown that this and other retardation effects
can be neglected.

C. Multiphonon Processes

Finally, the relative importance of multiphonon
processes on the loss spectrum will be evaluated;
the region studied is restricted to 27w, <%w < 7w,
i.e., between the thresholds of two- and three-pho-
non losses. In LiF, this energy range includes the
LO phonon excitation energy 7Zw; and it should be
interesting to compare this purely quantum-mechan-
ical two-phonon loss to the classical contributions
studied so far.

According to Eq. (5.19) (upper sign), and if the
temperature factor is neglected, the two-phonon loss
spectrum is

Py(liw) = PyA? [ [ AR AR’ | (= ilp(R)/ 1) (= il o (B')/T)|?

 8[w = (W (B) + W e (B))) ] . (5. 38)
Only the energy region close to Zw (see Fig. 3)
will be investigated, where the only possible two-
phonon process is through the excitation of two
low-energy surface modes w,_(#). This is sufficient
since, beyond w;, the experimental spectrum dies
off quickly.

Using the 5-function condition one can define a
function K(k, w), such that

w=wy_ (k) +wy (K) . (5. 39)

Equation (5. 38) may then be rewritten (dropping the
normalization factor P,)

Pg(mu)=51—h"1%’4i f f drdr’ F(R)F(®')

aw,_(k) | ’
x| == oK) (5. 40)
where
F(k)ZZkztanhka cos®(w,_(k)a/v) ' (5. 41)

(72 + w2 (B) /" Tw, ()

The range of integration over % in (5. 40) is from
k=0 to a maximum value % determined by thé rela-
tion

w = 2w,_(E) (5.42)
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(see Fig. 3); therefore,

_4r%* ’/'i |2 (K) "1
Py(fiw) = =l A dr F(R)F[K(k, w)] —= -
(5.43)

In LiF, for w ~w, % defined by (5. 42) is very
small (£~ 0.02) and hence the integrand can be
expanded in powers of ka. Starting from the dis-
persion relation (A5) one has

wo. 2wyl 1+ 3(ey— € Jkal. (5.44)

Hence, from (5.39), (5.42), and (5.43) one can
write

K=2k-F,
ié'—‘ (w - ZwT)/[awT(Go- eue)] ’

(5. 45)
(5. 46)

and

_4n? 8a k £
Py(7iw) '"7775:' wh(eg—€.,) j; dkm

(2% - k)°

@ = %+ %/ FF (5.47)

This result can be compared to the maximum loss
due to one-surface phonon excitation as given by
Eq. (5.23) (see Ref. 9):

2 4 I
Py (710 ya) gfg)ﬁ wile,—€.) (B + wAgT/vaf ’
(5.48)

where
ky=V3w;/v. (5.49)

A typical numerical example appropriate to the
experiments on LiF! will be considered:

€,=9.27, €.,=1.92, wp=5.78%x10" sec™,

v=10" cm/sec, e=e,=4.8 x10" cgs,

n=0.05 x 10* cm

These lead to

Py (71w may) =2 X 10" sec. (5. 50)

For a slab of thickness, say, 500 f&, one has
2k=ky=10* cm™. (5.51)

Hence, the second factor of the integrand in (5. 47)
is a decreasing function of 2. Replacing this func-
tion by its maximum value, one obtains the upper
bound

2ng?

Py(fiw )/ Py(liw,) < W 2.1,

where

(5.52)

- ] ks
l(k):[ Ak TR

52,2 2,2\"1 [
A M ) e
leading to
Py(wy)/Py(iwy) 1073, (5. 54)

This estimate shows that the two-phonon excitation
probability, and certainly higher-order processes,
cannot modify significantly the loss spectrum due
to one-phonon processes.

VI. CONCLUSIONS

The interaction between an electron and the optical
polarization of a homogeneous crystal slab has been
studied in the long-wavelength limit (continuum ap-
proximation), neglecting retardation. The quantum-
mechanical Hamiltonian of the system is obtained.

The electron interacts with the LO phonon modes
in the same way as in the infinite crystal (Frohlich’s
Hamiltonian'®). It also couples, with comparable
strength, to the surface modes of vibration, al-
though the polarization associated with these modes
is divergence free. This latter coupling is likely
to play an important role in determining the trans-
port properties of thin films of polar semiconduc-
tors or the surface conductivity of thick samples.

It might also lead to a new kind of surface state
(polaron bound state).

|
]
]
I
I
]
]
.
Kk x

KZk) K(0) Kk

FIG. 3. Range of % integration for two-phonon excita-
tion processes. When & varies from 0 to % defined in
(5.42), the function K (k) given by (5.39) decreases from
k~2k to k. Here the two-phonon excitation probability
is evaluated for w > wyg.
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TABLE I. Eigenmodes of the P polarization. Because
of relation (2. 22), the first eigenvector components are
pure imaginary and the second are real.

Eigen-
values Eigenvectors
A T m
A  T,. =Cy(icoshkz, sinhkz) 0
A Ty, =Cy (i sinhkz, coshkz) 0
=L _ . ..mm mm mm
A ”"""C'"(’k“sm 2a °0 g %%, 2) 2,4,6,...
=L _ o mm _m1r . mn
M ”m*_c'"(tkaCOSZa g, =Ty Sin z) 1,3,5, 000
> _ A fiMT mm . mm
T —Cm( 2 cos oa z, kasm—-—zz2 2 2,4,6,
> imm . mT mm
Mo -Cm( e sin™, " 2, kacos——za z 1,3,5,.

The new Hamiltonian has been studied for the case
of a fast electron. Here, the quantity of interest is
the probability of exchanging a given energy Zw, in
the phonon energy range, when the electron travels
through the slab. The results of the classical theory
of the energy-loss spectrum are recovered as in-
volving the loss of one single-phonon energy. Ex-
citation of the surface phonons proves to be the most
efficient process for thicknesses up to a few thou-
sand A units. Many-phonon excitations occur be-
yond the threshold 27w, where wr is the TO phonon
frequency, but they have a completely negligible
effect on the energy-loss spectrum.

The gain spectrum is derived for the first time.
As it requires an initial thermal excitation of the
phonon field, it turns out to be strongly tempera-

KARTHEUSER, AND BADRO

2

ture dependent and vanishes at zero temperature.
This is in agreement with the observations in LiF. !

The over-all exchange spectrum obtained in the
present theory exhibits the main features of the ex-
perimental spectrum in LiF. To obtain a quantita-
tive agreement, however, requires the inclusion of
anharmonic damping of the phonon field as has been
discussed in the classical theory. %10
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APPENDIX A

In Table I are listed the eigenvalues-eigenvectors
of the integral equation (20) of Sec. II. The rela-
tion between \; and the frequency of the mode is
[see Eq. (2.8)

w?=(1/4mwir,. (A1)

The normalization constants Cgy and C,, are given by

Cy=(ka/sinh2ka)'’? 1/va (A2)

Cp= (k%% + sm?1®) ™2 1/va , (A3)
and they are chosen so that Eq. (2. 28) is satisfied.
The closure relation (2. 29) can be verified by ex-
panding the hyperbolic functions of the surface-mode
components in Fourier series of z in the interval
[-a, +a).

TABLE II. Coupling functions F; (z, =v?) of the electron to the phonon modes of the slab as functions of z, and
their Fourier transforms J; (w).

Eigenmodes Coupling functions Fz. Integrals J;
A Re<—a —a<z,<+a Z.>+a
- o cos:;a coshkz, e X +2¢52/ v? 2(;?);“}1)220)
Ao+ Ak sin::ea sinhkz, + e 7 +2:2/v > :Ssllr:é:"k‘;/ v)
e ;5?,3’ 5 0 cos%} Ze 0 (= 1)im=1)/2 7 _"1;2/7:12/4‘12 cos:ywa/v)
- 2,?,,4’ - 0 sin2™ 7 0 — (=1 wz/vfrfzgﬁ/wz sin(vwa/v)
Az 0 0 0 0

(a1l m >0)
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If the slab is made of point ions, the dispersion
relation of the surface phonon modes is given by
(see Ref. 12)

Wi, = wh [1 + (wE/2w3)(1xe"2)), (A4)

If the electronic polarizabilities of the ions are tak-
en into account, then (see Refs. 12 and ")

s 5 €= 1x(€y+1)e?®
Woy = Wrp * a
€o—12(€n+1)e

’ (A5)
which reduces to (A4) when €,=1 and

€=1+ wi/w%.

The eigenvectors are the same for both cases.
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APPENDIX B

In Table II are given the coupling functions
T',(, z,) defined in Eq. (3.5) and the corresponding
integrals I; of Eq. (5.7). The table gives the func-
tions F; and J;, such that

r0*= (g.u/co)Fog(ze), I(]t= (g‘O/CO)J():’ (Bl)

T0.=208 nCn F a2, Ii=208,Crd s (m#0).
(B2)

The coupling constants g; are defined by

8= (Awie?/8TAw,)V2 (B3)

The normalization constants C; are given in Appen-
dix A, Eqgs. (A2) and (A3).
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