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There is weak bulk but strong surface coupling between the electron and phonons for polar crystals in a
magnetic field. In this paper, the influences of the electron interaction with both the weak-coupling bulk
longitudinal-optical phonons and the strong-coupling surface-optical phonons on the properties of the surface
polaron in a magnetic field are studied. If we consider the interaction between phonons of different wave
vectors in the recoil process, the magnetic-field dependence of the cyclotron-resonance frequency, induced
potential, the effective interaction potential, and the cyclotron-resonance mass of the surface magnetopolaron
is obtained by using a linear-combination operator and perturbation method. Numerical calculations, for the
AgCl crystal as an example, are performed and some properties of these quantities of the surface polaron in a
magnetic field are discussed.@S0163-1829~98!06508-4#
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I. INTRODUCTION

With the development of magneto-optical technology,
properties of the polaron for polar crystals in magnetic fi
of arbitrary strength have been of considerable interest.1–4 In
the early 1970s, Evans and Mills,5,6 using a variational ap-
proach, investigated the case where the electron intera
with both surface and bulk longitudinal-optical waves a
the phonons were considered as the only electric-dipole
tive excitations. Larsen7 proposed a fourth-order perturba
tion method to investigate the properties of two-dimensio
polarons. Considering both the electron-bulk–longitudin
optical ~LO! phonon and electron-surface-optical~SO!–
phonon interaction, Kong, Wei, and Gu8 have generalized
this method to treat the magnetopolaron in a semicondu
quantum well. Later, Osorio, Maialle, and Hipolito9 reported
for the time a theoretical calculation for the resonant don
impurity magnetopolaron in GaAs-Ga12xAl xAs quantum-
well structures. Employing Haga’s perturbation metho
Hu et al.10 derived an effective Hamiltonian for the interfac
magnetopolaron in polar crystals at zero temperature
which the interactions of both bulk LO phonons and int
face phonons have been taken into account. Wei
co-workers11,12 studied the induced potential and the se
energy of an interface magnetopolaron interacting with b
LO phonons as well as interface optical phonons using
Green-function method.

Huybrechts13 proposed a linear combination operat
method, by which a strong-coupling polaron was investig
ed. Later, other authors14,15studied the strong-coupling po
laron in many aspects by this method. On the basis of H
brechts’s work, Tokuda16 added another variationa
parameter to the momentum operator and also evaluated
ground-state energy and effective mass of the bulk polar

For the bulk polaron, the weak- and intermediate-coupl
theories are applicable for the electron-bulk–LO-phon
PRB 580163-1829/98/58~3!/1678~11!/$15.00
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coupling constanta,6,17 whereas for the surface polaron
this confinement is about 2.5.18 There is weak coupling be
tween the electron and the bulk LO phonon but strong c
pling between the electron and the SO phonon for ma
polar crystals. So far, research into this has been v
scarce. The properties of the surface or interface polaro
corresponding polar crystals have been discussed by
method of a linear-combination operator and a simple u
tary transformation by the present authors.19,20

The ground-state energy and the cyclotron-resona
mass of the surface polaron in magnetic field has been
culated by many methods. Many of them mainly conce
trated their attention on the weak- and intermediate-coup
cases. However, the surface magnetopolaron in stro
coupling polar crystals has not been investigated so far.
fact, so far research of the polaron only was restricted to
approximation and calculation where the interaction betw
phonons of different wave vectors in the recoil process
neglected. The properties of the surface polaron, wh
considers the corresponding interaction, have been discu
by the perturbation method by the present authors
co-workers.21

The purpose of this present paper is to explore the ef
of the interaction between phonons of different wave vect
in the recoil process on the properties of the surface pola
in magnetic field. With both the weak coupling betwe
the electron and bulk LO phonon and the strong coupl
between the electron and SO phonon included, we obtain
expression for the effective Hamiltonian of the surface p
laron in magnetic field. If we consider the interaction b
tween phonons of different wave vectors in the recoil p
cess, the influence on the effective Hamiltonian, induc
potential, effective interaction potential, and effective ma
of the surface magnetopolaron are investigated. Numer
calculations, taking AgCl crystal as an example, are p
formed and the properties of these quantities for the surf
magnetopolaron in polar crystals are discussed.
1678 © 1998 The American Physical Society
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II. HAMILTONIAN

Now we discuss a surface magnetopolaron in polar cry
AgCl and vacuum. There are polar crystal AgCl a
vacuum in thez.0 andz,0 semispaces, respectively. Th
x-y plane is their interface. The static uniform magne
field is along thez directionB5(0,0,B) and described by a
vector potential in the Landau gaugeA5B~2y/2,x/2,0!. An
electron moves in polar crystals AgCl, i.e., thez.0 side, so
there is a barrier from vacuum to it. We suppose that
barrier is infinitely high; therefore, the electron is restrict
within AgCl crystal at a distancez (.0) from the sur-
face. The Hamiltonian of the electron, interacting with bo
the bulk LO phonon and SO phonon can be written as~\
5m51; m is the band mass of the electron!

H5
1

2 S Px2
b2

4
yD 2

1
1

2 S Py1
b2

4
xD 2

1
Pz

2

2

1
e2~«`21!

4Z«`~«`11!
1(

W
v laW

† aW1(
Q

vSbQ
† bQ

1(
W

1

W
sin~Wzz!~VW* e2 iWi•raW

† 1H.c.!

1(
Q

1

AQ
e2QZ~c* e2 iQ•rbQ

† 1H.c.!, ~1a!

VW* 5 i S 4pe2v l

«V D 1/2

, ~1b!

c* 5 i S pe2vs

«* S D 1/2

, ~1c!

1

«
5

1

«`
2

1

«0
, ~1d!

1

«*
5

«021

«011
2

«`21

«`11
, ~1e!

vS
25 1

2 ~vT
21v l

2!, ~1f!

b25
2e

c
B. ~1g!

Here the electron has position vector (x,y,z) with r
5(x,y,0) and momentumP5(Px ,Py ,Pz). aw

† and aw are
the creation and annihilation operators, respectively, o
bulk LO phonon with a three-dimensional wave vectorW
5(Wx ,Wy ,Wz) with frequency v l and projection Wi

5(Wx ,Wy,0). bQ
† and bQ are the corresponding operato

for the SO phonon with a two-dimensional wave vectorQ
with frequencyvS . vT is the frequency of bulk transverse
optical phonon. S and V are the surface area and the vo
ume, respectively, of the AgCl crystal.«0 («`) is the static
~high-frequency! dielectric constant.
al

e

a

The Hamiltonian can formally be divided into two parts

H5H i1Hz , ~2a!

Hz5
Pz

2

2
1

e2~«`21!

4Z«`~«`11!
, ~2b!

and the rest is calledH i . On the assumption that the mo
tion in the z direction is slow, in determining the motio
state in thex-y plane, quantities such as the momentum a
position in thez direction may be regarded as paramete
This procedure is exactly analogous to the quasiadiab
approximation.22

For motion parallel to thex-y plane, we introduce the
unitary transformation

U15expS 2 iA1(
W

aW
† aWWi•r2 iA2(

Q
bQ

† bQQ•rD ,

~3a!

whereAi ( i 51,2) is a parameter characterizing the coupli
strength. In the unitary transformationU1 , whereA151
corresponds to the weak coupling between the electron
bulk LO phonon, andA250 corresponds to the strong cou
pling between the electron and the SO phonon, we can ea
obtain

U15expS 2 i(
W

aW
† aWWi•rD . ~3b!

Following Tokuda16 we also introduce the linear combina
tion of the creation operatorbj

† and annihilation operatorbj

to represent the momentum and position of the electron

Pi j5S l

2D 1/2

~bj1bj
†1P0 j !, ~3c!

r j5 i S 1

2l D 1/2

~bj2bj
†!, ~3d!

where the subscriptj refers to thex andy directions,l and
P0 are the variational parameters, andbj

† andbj are Boson
operators satisfying the Boson commutative relation. C
rying out a second unitary transformation,

U25expF(
W

~aW
† f W2aW f W* !1(

Q
~bQ

† gQ2bQgQ* !G ,
~3e!

where f W ( f W* ) and gQ (gQ* ) are variational param-
eters. Applying the transformations~3b! and ~3e! to the
HamiltonianH i and using the operator expressions~3c! and
~3d! we can easily obtain
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H5U2
21U1

21H iU1U25H11H2 , ~4a!

H15
l

4
@~bx1bx

†!21~by1by
†!2#2

b4

64l
@~bx2bx

†!21~by2by
†!2#1

l

4
r0

21
l

2 (
j

~bj1bj
†!P0 j1(

W
S v l1

Wi
2

2 D ~aW
† 1 f W* !

3~aW1 f W!1(
Q

vs~bQ
† 1gQ* !~bQ1gQ!1(

W

1

W
sin~Wzz!@VW* ~aW

† 1 f W* !1H.c.#1(
Q

H c*

AQ
e2QZ~bQ

† 1gQ* !e2Q2/4l

3expF2S 1

2l D 1/2

(
j

Qjbj
†GexpF S 1

2l D 1/2

(
j

Qjbj G1H.c.J 2S l

2D 1/2F ~bx1bx
†!(

W
~aW

† 1 f W* !~aW1 f W!Wx1~by1by
†!

3(
W

~aW
† 1 f W* !~aW1 f W!WyG2 i

b2

8
@~bx1bx

†!~by2by
†!2~by1by

†!~bx2bx
†!#1 i

b2

4 S 1

2l D 1/2F ~by2by
†!(

W
~aW

† 1 f W* !

3~aW1 f W!Wx2~bx2bx
†!(

W
~aW

† 1 f W* !~aW1 f W!WyG1 i
b2

8
@~bx2bx

†!P0y2~by2by
†!P0x#2S l

2D 1/2

3(
W

~aW
† 1 f W* !~aW1 f W!~WxP0x1WyP0y!, ~4b!

H25 1
2 (

WÞW8
~aW

† 1 f W* !~aW1 f W!~aW8
†

1 f W8
* !~aW81 f W8!~WxWx81WyWy8!. ~4c!
-
d

ith

tum

-
li-
The ground-state wave function of the system isuf&
5uw(r)&u0&u0&b whereuw~r!& is the normalized surface mag
netopolaron wave function.u0& is the zero-phonon state an
u0&b is the vacuum state of theb operator, which satisfied

aWu0&5bQu0&50, bj u0&b50. ~5!

In the variation for minimizing the ground-state energy w
respect to the variational parameters, the total momen
parallel to thex-y plane can be written as

PiT5Pi1(
W

aW
† aWWi1(

Q
bQ

† bQQ. ~6!

According to the Tokuda16 method, the minimization prob
lem is now carried out by the use of the Lagrange multip
ers. Choosing an arbitrary constant multiplieru, we have
^fuH12U2
21U1

21u–PiTU1U2uf&5^w~r!uF~l, f W ,gQ ,u,P0!uw~r!&, ~7a!

F~l, f W ,gQ ,u,P0!5b^0u^0uH12U2
21U1

21u•PiTU1U2u0&u0&b5
l

2
1

l

4
P0

21
b4

32l
1(

W
S v l1

Wi
2

2 D u f Wu21(
Q

vsugQu2

1(
W

1

W
sin~Wzz!~VW* f W* 1H.c.!1(

Q
S c*

AQ
e2QZgQ* e2Q2/4l1H.c.D 2S l

2D 1/2

P0•u2(
Q

Q•uugQu2

2S l

2D 1/2

(
W

Wi•P0u f Wu2. ~7b!
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F(l, f W ,gQ ,u,P0) may be called the variational paramete
function. Minimizing Eq.~7b! with respect tol, f W , gQ ,
u, andP0 , we can determine these parameters. Using
variational method, we get

f W52
VW* sin~Wzz!

WFv l1
Wi

2

2
2S l

2D 1/2

Wi•P0G , ~8a!

gQ52
c* e2QZe2Q2/4l

AQ~vs2Q•u!
. ~8b!

Substituting Eq.~8! into Eq. ~7b!, we have
e

F~l,u,P0!5
l

2
1

l

4
P0

21
vc

2

8l
2S l

2D 1/2

P0•u

2(
W

uVWu2 sin2~Wzz!

W2Fv l1
Wi

2

2
2S l

2D 1/2

Wi•P0G
2(

Q

ucu2e22QZe2Q2/2l

Q~vs2Q•u!
, ~9a!

vc5
eb

c
. ~9b!

In Eq. ~9a!, the last two terms can be represented as
d-order
e

2(
W

uVWu2 sin2~Wzz!

W2Fv l1
Wi

2

2
2S l

2D 1/2

Wi•P0G 2(
Q

ucu2e22QZe2Q2/2l

Q~vs2Q•u!

52(
W

uVWu2 sin2~Wzz!

W2S v l1
Wi

2

2 D S 11

l

2
~Wi•P0!2

S v l1
Wi

2

2 D 2 1•••D
2(

Q

ucu2e22QZ

Qvs
S 11

~Q–u!2

vs
2 1••• De2Q2/2l. ~9c!

Equation~9c!, it can be calculated by replacing the summation with integration and expanding them up to the secon
term ofu andP0 for a slow electron.16 In this expression, the first-order terms inP0•Wi andQ–u are equal to zero; we hav

F~l,u,P0!5
l

2
1

l

4
P0

21
vc

2

8l
2S l

2D 1/2

P0•u2a lv lFp22K~Z!G2
l

2
a l P0

2S p

16
2L~Z! D2

Ap

2
aSvsS l

v l
D 1/2

3e~l/v l !ul
2Z2

erfcF S l

v l
D 1/2

ulZG2asS l

vs
D 3/2

u2M ~Z!, ~10a!

K~Z!5E
0

` e22ulzx

11x2 dx, ~10b!

L~Z!5E
0

` x2e22ulzx

~11x2!3 dx, ~10c!

M ~z!5E
0

`

x2e2x222ulzxdx, ~10d!

a l5
e2

«ul
, as5

e2

«* us
, ul5~2v l !

1/2, ~10e!

us5~2vs!
1/2, ul5~2l!1/2, x5

Wi

ul
. ~10f!

The extremum conditionaF/aP050 gives

P05
~2/l!1/2

12
p

8
a l12a lL~z!

u. ~11!
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Substituting Eq.~11! into Eq. ~10a!, we get

F~l,u!5
l

2
1

vc
2

8l
2a lv l S p

2
2K~Z! D2

Ap

2
asvsS l

vs
D 1/2

e2~l/v l !ul
2z2

erfcF S l

v l
D 1/2

ulZG2
1

2
u2

3F 1

12
p

8
a l12a lL~Z!

12asS l

vs
D 3/2

M ~Z!G . ~12!

For a slow electron,u is very small; one can omit the final term in Eq.~12! so that the variation inF(l,u) with respect tol
yields

l5Fvc
2

4
1

Ap

2
asAvsl

3/2e~l/v l !ul
2z2

erfcF S l

v l
D 1/2

ulzG22asulzS vs

v l
D 1/2

l2E
0

`

xe2x222~l/v l !
1/2ulzxdxG1/2

. ~13!
n

a

f t
be
ro
-

at
f
ac
s

r-

er-
e
e
-

tate
For the momentum expectation value of the surface mag
topolaron we find

P5b^0u^0uU2
21U1

21PiTU1U2u0&u0&b

5F 1

12
p

8
a l12a lL~z!

12asS l

vs
D 3/2

M ~z!Gu. ~14!

It is evident from the structure of this expression thatu has
the meaning of velocity, which may be regarded as the
erage velocity of the surface magnetopolaron in thex-y
plane, and the factor beforeu, namely,

m* 5F 1

12
p

8
a l12a lL~z!

12asS l

vs
D 3/2

M ~z!G , ~15!

can be interpreted as the cyclotron-resonance mass o
surface magnetopolaron, which omits the interaction
tween phonons of different wave vectors in the recoil p
cess. From Eq.~13!, one can determine the cyclotron
resonance frequencyl of the surface magnetopolaron
different coordinatez. Finally, the effective Hamiltonian o
the surface magnetopolaron in a plane parallel to the surf
which omits the corresponding interaction, can be expres
as
e-

v-

he
-
-

e,
ed

Hi eff
0 5F~l,u!2b^0u^0uU2

21U1
21u–PiTU1U2u0&u0&b

5
l

2
1

Pi
2

2m*
2a lv l S p

2
2K~Z! D1

vc
2

8l

2
Ap

2
asvsS l

vs
D 1/2

e~l/v l !ul
2z2

erfcF S l

v l
D 1/2

ulzG .
~16!

III. PERTURBATION CALCULATION

We regardH1 as the unperturbed Hamiltonian of the su
face magnetopolaron-phonon system, andH2 as the pertur-
bation part in the perturbation calculation. Because the p
turbed HamiltonianH2 is independent of the operator of th
SO phononbQ

† (bQ), whereas it is only dependent on th
operator of LO phononaW

† (aW), the unperturbed eigen
states are denoted by

un&u0&bQ
u0&b , ~17a!

wheren is the number density of bulk LO phonon andu0&bQ

is the zero SO phonon state. The unperturbed ground s
is

u0&u0&bQ
u0&b . ~17b!

The unperturbed ground- and excited-state energy are
E05b^0ubQ
^0u^0uH1u0&u0&bQ

u0&b

5
l

2
1

b4

32l
1

1

4
P0

21(
W

S v l1
Wi

2

2 D u f Wu21(
Q

vsugQu21(
W

1

W
sin~Wzz!~VW* f W1VWf W* !

1(
Q

1

AQ
e2QZ~c* gQe2Q2/4l1cgQ* e2Q2/4l!2S l

2D 1/2

(
W

u f Wu2Wi•P0 , ~18a!
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En5b^0ubQ
^0u^nuH1un&u0&bQ

u0&b

5
l

2
1

b4

32l
1

1

4
P0

21(
W

S v l1
Wi

2

2 D ~n1u f Wu2!1(
Q

vsugQu21(
W

1

W
sin~Wzz!~VW* f W1VWf W* !

1(
Q

1

AQ
e2QZ~c* gQe2Q2/4l1cgQ* e2Q2/4l!2S l

2D 1/2

(
W

~n1u f Wu2!Wi•P0 , ~18b!
e

n

n

ed
al
tion
ro-
red

ce
rac-
g-

ncy
s

whereWi is the wave vector in thex-y plane of the bulk LO
phonon. The difference of the energyEn2E0 is

En2E05(
W

S v l1
Wi

2

2 Dn2S l

2D 1/2

(
W

nWi•P0 .

~18c!

We are now going to calculate the perturbation energy du
the perturbing termH2 . OperatingH2 to u0&u0&bQ

u0&b , we
have

H2u0&u0&bQ
u0&b5 1

2 (
WÞW8

Wi•Wi8 f Wf W8u1Wi
&u1W

i8&,

~19a!

where

aWu0&50, aW
† u0&5u1Wi

&, aW8
† u0&5u1W

i8&,

^0u0&51, ^1Wi
u1Wi

&51, ^1W
i8
u1W

i8&51, ~19b!

where u1Wi
& and u1W

i8& are wave function of one phono

with wave vectorWi andWi8 . In Eq. ~19a!, the summation
is taken over allW andW8 exceptW5W8. The diagonal
elements ofH2 with respect tou0&u0&bQ

u0&b vanish, as easily
seen from Eq.~19a!, and hence the first-order perturbatio
energy due toH2 vanishes.17 The matrix elements of the
perturbed HamiltonianH2 is

~H2!no5b^0ubQ
^0u^nuH2u0&u0&bQ

u0&b

5 1
2 (

WÞW8
Wi•Wi8 f Wf W8 for n51, ~20a!

~H2!no5b^0ubQ
^0u^nuH2u0&u0&bQ

u0&b50 for nÞ1.
~20b!

The energy correction in second order can be found from

DE~2!52( 8
n

u~H2!nou2

En2E0
. ~21a!

Substituting Eqs.~18c! and~20! into Eq.~21a!, we have~see
the Appendix!

DE~2!52a lv l , f 1~z!2

1
2 u2

F12
p

8
a l12a lL~z!G2

32a l
2@3 f 2~z!1 f 3~z!#, ~21b!
to

f 1~z!5
1

2 E
0

`E
0

` x2y2~12e22UlZx!~12e22UlZy!

~11x2!2~11y2!2~21x21y2!
dx dy,

~21c!

f 2~z!5E
0

`E
0

` x4y2~12e22UlZx!~12e22UlZy!

~11x2!4~11y2!2~21x21y2!
dx dy,

~21d!

f 3~z!5E
0

`E
0

` x4y2~12e22UlZx!~12e22UlZy!

~11x2!2~11y2!2~21x21y2!3 dx dy.

~21e!

In Eq. ~21b!, the first term being proportional to the squar
coupling constanta l

2 is extra energy of the induced potenti
of the surface magnetopolaron, which considers interac
between phonons of different wave vectors in the recoil p
cess. The second term being proportional to the squa
coupling constanta l

2 is an extra effective mass of the surfa
magnetopolaron, which considers the corresponding inte
tion. Finally, the effective Hamiltonian of the surface ma
netopolaron can be expressed as

FIG. 1. The relation between the cyclotron-resonance freque
l and the coordinatez in a AgCl crystal at different magnetic field
B.
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Heff5Hz1Hi eff1DE~2!5
Pz

2

2
1

Pi
2

2m*
1

l

2
1

vc
2

8l

1Vimg1Vi
b1Vi

s , ~22a!

where

Vimg5
e2~«`21!

4z«`~«`11!
, ~22b!

Vi
b52a lv l S p

2
2K~z! D2a l

2v l f 1~z!, ~22c!

Vi
s52

Ap

2
asvsS l

vs
D 1/2

e2~l/v l !ul
2z2

erfcF S l

v l
D 1/2

ulzG ,
~22d!

FIG. 2. The relation between the image potentialVimg, the in-
duced potentialVi

b, the induced potentialVi
s, and the effective in-

teraction potentialVeff in a AgCl crystal with the coordinatez at
different magnetic fieldB.
m* 5F 1

12
p

8
a l12a lL~z! S 12

2a l
2@3 f 2~z!1 f 3~z!#

12
p

8
a l12a lL~z! D

12asS l

vs
D 3/2

M ~z!G ~22e!

are the image potential, the potential induced by
electron-LO phonon interaction, the potential induced by
electron-SO phonon interaction, and the effective mass of
surface magnetopolaron, respectively. The effective in
action potential of the surface magnetopolaron is defined

Veff5Vimg1Vi
b1Vi

s . ~22f!

Following Liang and Gu23 we define the ‘‘dead layer’’ of the
surface magnetopolaron. Its thickness is determined by

Veff z5d50. ~23!

Evidently, the induced potentialVi
b , the effective massm* ,

and the thickness of the dead layer of the surface magn
polaron depend on the interaction between phonons of
ferent wave vectors in the recoil process.

IV. RESULTS AND DISCUSSION

In this section, taking the magnetopolaron in the surfa
of a AgCl crystal as an example, we perform a numeri

FIG. 3. The relation between the effective massesm* , mb* , and
ms* in a AgCl crystal with the coordinatez at different magnetic
field B.

TABLE I. The data for a AgCl crystal. All the parameters a
taken from Ref. 24.

Material «0 «` \v l

~meV!
\vs

~meV!
a l aS

AgCl 9.5 3.97 23.0 21.6 1.97 2.89
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evaluation. In Table I, the data for a AgCl crystal are give
Figure 1 shows the variation in the cyclotron-resonance
quencyl of the surface polaron in a AgCl crystal with th
coordinatez at different magnetic fieldsB. The solid curve
denotes the caseB510 T, and the broken curve represen
the caseB50. From the figure, one can see that t
cyclotron-resonance frequencyl will decrease with increas
ing z. At the same position~same value ofz! the higher the
magnetic field is, the higher the value ofl.

From Eqs.~22! and ~23!, one can see that there is only
magnetic field dependent on the electron-SO phonon inte
tion, the effective mass, the effective interaction potent
and the thickness of the dead layer of the surface pola
whereas the image potential and the electron-bulk LO p
non interaction are independent of magnetic field. Figur
shows the relationship between the image potentialVimg , the
induced potentialVi

b resulting from the electron-bulk LO
phonon interaction, the induced potentialVi

s resulting from

FIG. 4. The relation betweenD1 with the coordinatez in a AgCl
crystal.

FIG. 5. The relation betweenD2 with the coordinatez in a AgCl
crystal.
.
-

c-
l,
n,
-

2

the electron-SO phonon interaction, and the effective in
action potentialVeff of the surface magnetopolaron in AgC
crystal, which considers the interaction between phonon
different wave vectors in the recoil process, with the coor
natez at different magnetic fieldsB. The solid curve denotes
the caseB510 T, and the broken curve represents the c
B50 T. From Fig. 2 one can see that the induced poten
Vi

s of the surface magnetopolaron will decrease with incre
ing coordinatez, whereas the induced potentialVi

b will in-
crease with increasing coordinatez. At the same position
~same value ofz!, the higher the magnetic field, the high
the value ofVi

s . The effective interaction potentialVeff of the
surface magnetopolaron in a AgCl crystal will decrea
strongly with increasing the coordinatez for z,d ~thickness
of the dead layer!, whereas the absolute value of it increas
with increasing the coordinatez for z.d. At the same posi-
tion ~same value ofz!, the higher the magnetic fieldB, the
higher the absolute value ofVeff .

Near the surface, the electron-SO phonon interaction

FIG. 6. The relation betweenVi1
b andVi

b with the coordinatez
for a AgCl crystal.

FIG. 7. The relation betweenmb1* andbb* with the coordinatez
for a AgCl crystal.
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dominant, whereas in the bulk far from the surface
electron-bulk–LO phonon interaction is dominant. From E
~22f!, one can see that the surface magnetopolaron canno
infinitely near the surface; there is no surface magneto
laron in the range near the surface (Veff.0). Because of the
similarity to the case of excitons we call the thin layer t
surface magnetopolaron free-surface layer or dead laye
the surface magnetopolaron~for the AgCl crystal, d
52.49 Å!. This shows that, when the distance between
electron and the surface is much smaller than the radiu
the bulk polaron, the effect of the bulk phonons can be
glected and so can the effect of the surface phonons when
corresponding distance is much larger than the corresp
ing radius. In general, as the distance between the elec
and the surface is the same order of magnitude as the ra
of the bulk polaron, the effects of both the bulk LO and t
SO phonons must be taken into account. In this case
electron moves in a nonlocal potential as Eq.~22a!.

The effective massm* of the surface magnetopolaron ca
be expressed as

m* 5mb* 1ms* , ~24a!

where

mb* 5
1

12
p

8
a l12a lL~z! S 12

2a l
2@3 f 2~z!1 f 3~z!#

12
p

8
a l12a lL~z! D ,

~24b!

ms* 52asS l

vs
D 3/2

M ~z! ~24c!

are the effective mass induced by the electron-bulk LO p
non interaction and by the electron-SO phonon interact
respectively. Figure 3 gives the relationship between the
fective masses of the surface magnetopolaronm* , mb* , and
ms* in AgCl crystal, which considers the interaction betwe
phonons of different wave vectors in the recoil process, w
the coordinatez at different magnetic fieldB. The solid
curve denotes the caseB50 T, and the broken curve repre
sents the caseB510 T. From the figure one can see th
effective massm* and the effective massms* induced by the
electron-SO phonon interaction of the surface magneto
laron will increase strongly with decreasing the coordinatez,
whereas the effective massmb* induced by the electron-bulk
LO phonon interaction will increase little with increasing th
coordinatez for z,20 Å, and it decreases little with increa
ing the coordinatez for z.20 Å. From the figure we also
see that at the same position~same value ofz!, the higher the
magnetic fieldB, the higher the value ofm* andms* .

Since there is weak bulk but strong surface coupling
tween electrons and phonons in polar crystals, the interac
between phonons of different wave vectors in the recoil p
cess influence only the induced potentialVi

b and the effective
e
.
get
o-

of

e
of
-
he
d-
on
ius

he

-
n,
f-

h

t

o-

-
on
-

massmb* resulting from the electron-bulk LO phonon inte
action. The extra induced potential, which considers the
teraction between phonons of different wave vectors in
recoil process, is given by

Vl2
b 52a l

2v l f 1~z!. ~25a!

The induced potential, which omits the corresponding int
action, is

Vi1
b 52a lv l S p

2
2K~Z! D . ~25b!

The ratio ofVi2
b andVi1

b is

D15
Vi2

b

Vi1
b 5a l

f 1~Z!

p

2
2K~Z!

. ~25c!

The extra effective mass, which considers the correspond
interaction, is given by

mb2* 5
2a l

2@3 f 2~z!1 f 3~z!#

S 12
p

8
a l12a lL~z! D 2 . ~26a!

The effective mass, which omits the corresponding inter
tion, is

mb1* 5
1

12
p

8
a l12a lL~z!

. ~26b!

The ratio ofmb2* andmb1* is

D25
mb2*

mb1*
5

2a l
2@3 f 2~z!1 f 3~z!#

12
p

8
a l12a lL~z!

. ~26c!

Figures 4 and 5 gives a description of the variation ofD1 and
D2 with the coordinatez in a AgCl crystal. From Figs. 4 and
5 one can see thatD1 and D2 will increase with increasing
the coordinatez.

Figure 6 shows the relationship between the induced
tential Vi1

b , which omits the corresponding interaction, a
the induced potentialVi

b of the surface magnetopolaron in
AgCl crystal, which considers the corresponding interacti
with the coordinatez. The solid curve denotes the case
Vi1

b and the dashed one represents the case ofVi
b . From the

figure, we can see that the induced potentialVi1
b andVi

b will
increase with increasing the coordinatez; moreover,Vi

b will
increase more thanVi1

b with increasing the coordinatez. Fig-
ure 7 shows the variation of the effective massmb* , which
considers the corresponding interaction, and the effec
massmb1* , which omits the corresponding interaction, wi
the coordinatez. The solid curve denotes the case ofmb1* ;
the dashed one represents the case ofmb* . It can be seen
from Fig. 7 that the effective massesmb1* and mb* will in-
crease with increasing the coordinatez; moreover,mb* will
increase more thanmb1* with increasing the coordinatez.
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APPENDIX

To calculate the second-order perturbation correctionDE(2), substituting Eqs.~18c! and ~20! into Eq. ~21a!, we have

DE~2!52 (
WÞW8

1
4 ~Wi•Wi8!2uVWu2uVW8u

2 sin2~WzZ!sin2~Wz8Z!

F2v l1
1
2 ~Wi

21Wi8
2!2S l

2D 1/2

~Wi1Wi8!•P0G
3

1

W2Fv l1
1
2 Wi

22S l

2D 1/2

Wi•P0G2

W82Fv l1
1

2
Wi8

22S l

2D 1/2

Wi8•P0G2 . ~A1!

Equation~A1! can be represented as

DE~2!52 (
WÞW8

1
4 ~Wi•Wi8!2uVWu2uVW8u

2 sin2~WzZ!sin2~Wz8Z!

@2v l1
1
2 ~Wi

21Wi8
2!#W2~v l1

1
2 Wi

2!2W82~v l1
1
2 Wi8

2!2

3S 11

S l

2D 1/2

~Wi1Wi8!•P0

2v l1
1
2 ~Wi

21Wi8
2!

1

l

2
@~Wi1Wi8!•P0#2

@2v l1
1
2 ~Wi

21Wi8
2!#2

1•••D S 11

2 S l

2D 1/2

Wi•P0

v l1
1
2 Wi

2
1

3
l

2
~Wi•P0!2

~v l1
1
2 Wi

2!2
1•••D

3S 11

2S l

2D 1/2

Wi8•P0

v l1
1
2 Wi8

2
1

3
l

2
~Wi8•P0!2

~v l1
1
2 Wi8

2!2
1•••D . ~A2!

Equation~A2! can be calculated by replacing the summation with integration and expanding them up to the secon
term of Wi•P0 andWi8•P0 for a slow electron.18 In this expression, the first-order terms inWi•P0 andWi8•P0 are equal to
zero. In calculating Eq.~A2!, it is convenient to choose thex axis parallel to theP0 direction and thex-y plane coincident with
the plane determined byP0 , Wi , andWi8 ; thus the relative vectors may be expressed as

P05P0~1,0!,

Wi5Wi~cosw,sin w!,

Wi85Wi8~cosw8,sin w8!. ~A3!

W (W8), Wz (Wz8), andWi (Wi8) satisfy

W25Wz
21Wi

2, W825Wz8
21Wi8

2. ~A4!

Thus,DE(2) can be expressed as

DE~2!5DE1
~2!1DE2

~2!1DE3
~2!1DE4

~2! , ~A5!

where

DE1
~2!52

1

4 S S

4p2D 2S L

2p D 2E
0

2p

dwE
0

2p

dw8E
0

`

dWzE
0

`

dWz8E
0

`

dWi E
0

`

dWi8

3
Wi

2Wi8
2uVWu2uVW8u

2sin2~Wzz!sin2~Wz8z!~cos2w cos2w81sin2w sin2w8!

@2v l1
1
2 ~Wi

21Wi8
2!#~Wz

21Wi
2!~v l1

1
2 Wi

2!2~Wz8
21Wi8

2!~v l1
1
2 Wi8

2!2

52a l
2v l f 1~z!, ~A6!
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DE2
~2!5DE3

~2!52
1

4 S S

4p2D 2S L

2p D 2E
0

2p

dwE
0

2p

dw8E
0

`

dWZE
0

`

dWZ8E
0

`

dWi E
0

`

dWi8

3

3
2 lP0

2Wi
4Wi8

2uVWu2uVW8u
2sin2~Wzz!sin2~Wz8z!~cos2w cos2w81sin2w sin2w8!cos2w

@2v l1
1
2 ~Wi

21Wi8
2!#~Wz

21Wi
2!~v l1

1
2 Wi

2!4~Wz8
21Wi8

2!~v l1
1
2 Wi8

2!2

52
u2

2

3a l
2

S 12
p

8
a l12a lL~z! D 2 f 2~z!, ~A7!

DE4
~2!52

1

4 S S

4p2D 2S L

2p D 2E
0

2p

dwE
0

2p

dw8E
0

`

dWzE
0

`

dWz8E
0

`

dWi E
0

`

dWi8

3

l

2
P0

2Wi
2Wi8

2uVWu2uVW8u
2sin2~Wzz!sin2~Wz8z!~Wi

2cos2w1Wi8
2cos2w8!~cos2w cos2w81sin2w sin2w8!

@2v l1
1
2 ~Wi

21Wi8
2!#3~Wz

21Wi
2!~v l1

1
2 Wi

2!2~Wz8
21Wi8

2!~v l1
1
2 Wi8

2!2

52
u2

2

2a l
2

S 12
p

8
a l12a lL~z! D 2 f 3~z!. ~A8!

Finally, we can obtain the second-order perturbation correctionDE(2).
-
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