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Abstract

Taking into account the interaction of an electron with surface optical (SO) phonons, we study the ground-state energy of
the strong- and weak-coupling surface magnetopolaron in a polar crystal. The influence of the electron interaction with the
strong- and weak-coupling surface optical phonons on the properties of the surface polaron in a magnetic field is
investigated. The ground-state energy of a strong- and weak-coupling surface magnetopolaron is derived by using Tokuda
linear-combination-operator method. Numerical calculations, for the AgCl crystal, as an example, are performed and some
properties of the vibration frequency, the ground-state energy and the effective mass of the strong- and weak-coupling
surface magnetopolaron in polar crystals are discussed. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

With the development of the magneto-optical
technology, the properties of the polaron for polar
crystals in a magnetic field of arbitrary strength
have been of considerable interest [1-5]. In the
early 1960s, Larsen [6,7] investigated the energy
level of the polaron in magnetic field and the cyclo-
tron-resonance problem of the piezopolaron. Then
[8] he studied the cyclotron resonance of a two-
dimensional (2D) polaron using the Rayleigh—
Schrodinger perturbation theory (RSPT). Later [9]
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he proposed a novel fourth-order perturbation
method to investigate the properties of 2D mag-
netopolarons. Wu et al. [10] calculated the
ground-state energy of a Frohlich optical polaron
confined to two dimensions, placed in a perpen-
dicular magnetic field by using the Feynman path-
integral approach. The Feynman-model mass, the
magnetization and the susceptibility are cal-
culated as a function of the magnetic field strength
for different values of the electron—phonon coup-
ling. Subsequently, they [11] calculated the two-
dimensional polaron cyclotron mass, which goes
beyond the second-order perturbation theory. The
present approach is based on a memory-function
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formalism and does not rely on a calculation of the
Landau level. Kong et al. [12] have generalized
Larsen perturbation method to treat the mag-
netopolaron in a semiconductor quantum well.
Later, Osorio et al. [13] reported for the first time
a theoretical calculation for the resonant donor
impurity magnetopolaron in GaAs-Ga,_,Al,As
quantum well structures. Employing Haga’s per-
turbation method, Hu Ze et al. [14] derived an
effective Hamiltonian for the interface mag-
netopolaron in polar crystals at zero temperature,
in which the interactions of both bulk longitudinal
optical (LO) phonons and interface (IF) phonons
have been taken into account. Wei et al. [15,16]
studied the induced potential and the self-energy of
an interface magnetopolaron interacting with bulk
longitudinal optical (BO) phonons as well inter-
face-optical (I0) phonons using the Green-function
method.

Huybrechts [17] proposed a linear-combination
operator method, by which a strong-coupling po-
laron was investigated. Later, many workers
[18,19] studied the strong-coupling polaron in
many aspects by this method. On the basis of
Huybrechts’ work, Tokuda [20] added another
variational parameter to the momentum operator
and also evaluated the ground-state energy and
effective mass of the bulk polaron. The ground-
state energy and the cyclotron resonance frequency
of the surface polaron in a magnetic field has been
calculated by many methods. Many of them mainly
concentrated their attention on the weak- and in-
termediate-coupling cases. However, the strong-
coupling surface magnetopolaron in polar crystals
has not been studied by using a linear combination
operator method so far.

For the bulk polaron, the weak- and intermedi-
ate-coupling theories are applicable for the elec-
tron—bulk-LO—phonon coupling constant o < 6
[21], whereas for the surface polaron this confine-
ment is about 2.5 [22,23]. Hence, when the elec-
tron-SO—phonon coupling constant satisfied
ag > 2.5, the strong-coupling theory must be ap-
plied.

In this paper, we apply the Tokuda’ linear-com-
bination operator method to study the influence
of surface optical phonons on the properties of a
strong- and weak-coupling surface magnetopola-

ron in polar crystals. The expression for the
ground-state energy, cyclotron-resonance fre-
quency and the effective mass of the surface polar-
on as a function of the magnetic field strength is
obtained. Numerical calculations, taking a AgCl
crystal as an example, are performed and properties
of these quantities for the strong- and weak-coup-
ling surface magnetopolaron in polar crystals are
discussed.

2. Hamiltonian

The surface between a AgCl crystal and vacuum
is perpendicular to the z-axis; the semiinfinite space
z > 0 is occupied by the AgCl crystal, whereas the
space z < 0 is a vacuum. A slow electron is placed
inside the AgCl crystal at a distance z (> 0) from the
surface. Assume that an external magnetic field
B = (0, 0, B) (applied normal to the surfaces) exists
and is described by a vector potential in the Land-
au gauge 4 = B(— y/2,0,0). Theoretical results
[24] show that the surface layer of crystals may be
regarded as pure 2D crystals if the distance from
the surface is smaller than the radius of polarons.
The effect of bulk phonons can be neglected, while
the surface optical phonons are taken into account
in the surface layer. The Hamiltonian of the elec-
tron—surface optical phonon system can be written
as

1 ﬁZ 2 1 5 .
H=—(P.—~y]| +-—P;+) hos, a,
q

2m 4 2m
+ Y (V,£9%a, + hc.), (1a)
q
oo \ 2
V, = 2mi 1b
a = °THe <4n8Sq> ’ (15)
1 eg—1 ¢,—1
g — 1
e e+l en+1° (1c)
2e
Cp— ) 1d
B c B (1d)

where P = (P,, P,) and p = (x, y) are momentum
and the position vector, respectively, of an electron
in a plane parallel to the surface. a, and g, are the
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creation and annihilation operators, respectively, of
the surface optical phonon with a two-dimensional
wave vector ¢, w,, wg and wy are the frequencies of
the bulk LO, SO and bulk transverse optical
phonons, S is the surface area of the AgCl crystal,
and ¢, (e,) is the state (high-frequency) dielectric
constant.

Following Tokuda [20] we also introduce the
linear combination of the creation and annihilation
operators b;” and b; to represent the momentum
and position of the surface electron

mhi\'?
h 1/2
pPj= l<2W> (bf b;-)a (Zb)

where the suffix j refers to the x- and y-directions,
/. and P, are a variational parameter, and b;” and
b; are Bose operators satisfying the Bose com-
mutative relation. Substituting Eq. (2) into Eq. (1a)
and carrying out the unitary transformation

H =U, U HU,U,, (3)
where
U, = exp<— iAZ a; a, 9 p), (4a)
q
U, = exp<z (a fy —a, f;“) (4b)
q

Here f, and f are variational parameters, and A4 is
a parameter characterizing the coupling strength
proposed by Huybrechts. In the unitary trans-
formation Uy, A =1 corresponds to the weak-
coupling limit and A4 =0 corresponds to the
strong-coupling limit. The ground-state wave func-
tion of the system is ¢ = ¢(p)|0)> where ¢(p) is the
normalized surface magnetopolaron wave function.
|0> is the zero phonon state, which satisfies

a,/05 = b,|0> = 0. (5)

Applying the transformations (4a) and (4b) to
Hamiltonian (1a) and using the operator expres-
sions (2a) and (2b), we can easily obtain the

ground-state energy,
Ho = <0[(U,U,)" "H(U,U,)|0)

n. i B*h
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The total momentum of the system can be written
as

Pr=P+) hqa/a,. (7
q

Applying the unitary transformations (4a) and (4b)
to the above expression and also using the mo-
mentum operator expression (2a), we obtain

Py = <O|(U1U2)_1P(U1U2)|0>

i\ 12
- <’"2> P+ (1—A)Y hqlf,)>. (8)

The minimization problem is now carried out by
the use of Lagrange’s multiplier ,

F(/AtsPOauaf;]):HO_uPO' (9)

F(Z, Py, u, f;) may be called the variational para-
meter function. Minimizing Eq. (9) with respect to
/., Po, u, f;, we can determine these parameters and
function. Then, inserting them into the expressions
of Hy and P, we can further evaluate the expecta-
tion value of Hy and P for the ground state ¢.

3. Weak- and strong-coupling limits
3.1. Weak coupling
In the unitary transformation, U; with 4 =1

corresponds to the weak-coupling limit. Re-
placing Y, by (S/4n)* [§ [5"q dg de, although the
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calculation is straightforward, Eq. (9) can be writ-
ten as
ha B*h T Imu?

F(2) = — + —5= — = aghwg — 10
A =73+ 33z~ 3 %s (10
Performing the variation in Eq. (10) with respect to
A, we get

e eB

)
A=—, Wc= .
2 mc

(11)
Inserting these parameters and functions into
Eq. (8), we get the expectation value of the mo-
mentum for the ground state to be

P= mu/<1 — g ocs>. (12a)

It is evident from the structure of this expression
that u has the meaning of the velocity which may be
regarded as the average velocity of the surface mag-
netopolaron, and the factor before u,

m
m*

= 12b

1 — 1 mog (12b)
can be interpreted as the effective mass of the sur-
face polaron in a magnetic field. Finally, ground-
state energy can be expressed as

EO :%m*uz +%ha}c —%T[(Xshws. (13)

In Eq. (13), the first term is the kinetic energy of the
surface magnetopolaron, the second term repres-
ents Landau ground-state energy of the surface
polaron in a magnetic field and the third term is the
self-trapping energy.

3.2. Strong coupling
In the unitary transformation, U; with 4 =0

corresponds to the strong-coupling limit. Eq. (9)
can be written as

Performing the variation in Eq. (14) with respect to
A, we obtain

x* — % Ofs(TC(Us)l/Zx3 - 71L 60(2: =0, (15a)
where
A= x> (15b)

Inserting these parameters and functions into
Eq. (8), we get the expectation value of the mo-
mentum for the ground state to be

JE ()"
P= m<1 + g <> )u = m*u, (16a)
4 ws

3/2
m* = m<1 + ﬁ ocs</1> / ) (16b)

4 g

is the effective mass of the strong-coupling surface
polaron in a magnetic field. Finally, the ground-
state energy of the strong coupling surface mag-
netopolaron can be expressed as

1 1 hod  \/n A\ 12
Eo == m*u® + = hi + — — Y ogho, [ — ) .
0 2mu +2 +8/l > os ws<ws>

(17)
In order to find the effective mass, the cyclotron
resonance frequency and the ground-state energy of

the strong-coupling surface magnetopolaron, we
shall discuss the following two limiting cases.

3.2.1. Strong magnetic field
Under the strong magnetic field condition [9],
we> ws, Eq. (15a) can be written as

\? 1

L=1oc. (18b)

Substituting Eq. (18) into Egs. (16b) and (17), we
have

m* — m<1 + v o (‘”C> m) (19a)

4 2mg

1 ! n e\ 112
E,= 5 m*u® + 5 haoe — { ashws <2C§S> - (19b)
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Eq. (19a) shows that for strong magnetic field
the effective mass of the strong-coupling surface
magnetopolaron is higher than the band mass. The
first term in Eq. (19b) is the kinetic energy of the
strong-coupling surface magnetopolaron, the sec-
ond term is Landau ground state energy of the
strong-coupling surface magnetopolaron, and the
third term is the self-trapping energy.

3.2.2. Weak magnetic field
In the case of wc< ws, Eq. (15a) can be written as

<i> L s <L> o (20a)

Wg
Sws. (20b)

Substituting Eq. (20b) into Egs. (16b) and (17), we
have

1
* 2.4
m m<1 + 3271 cxs> (21a)
Eo = Lz — o2t + —— (2 Vhoe.  (21b)
°7 2 8 T TonZ\wg)

From Eq. (21a), one can see that for the strong-
coupling surface magnetopolaron in polar crystals,
the increasing part of the effective mass is propor-
tional to ag because of the strong coupling between
the electron and surface optical phonon. In
Eq. (21b), the first term is the kinetic energy of the
strong coupling surface polaron in a weak magnetic
field, the second term being proportional to the
squared coupling constant o is the coupling energy
between the electron and the surface optical
phonon, and the third term represents the coupling
energy between the electron, the surface optical
phonon and the magnetic field.

4. Results and discussion

The effective mass m* and the ground-state en-
ergy E, of the weak-coupling surface magneto-
polaron in polar crystals are given by Egs. (12b)
and (13). Eq. (12b) indicates that the effective mass

is independent of magnetic field. Further it also
indicates that there is only a magnetic field depend-
ence of the Landau ground-state energy in Eq. (13),
whereas the first and the third terms in Eq. (13) are
independent of magnetic field because of the weak
coupling between the electron and the surface op-
tical phonon. From Eq. (12b) we also see that for
weak electron—SO-phonon coupling when the elec-
tron—-SO-phonon coupling constant takes very
small values, Eq. (12b) can be expressed as

% 2
%=1+gas+%a§. (22)
This result is in agreement with the Feynman mass
result and the Peeters mass result [11] at zero
magnetic field.

To show more obviously the influence of the
magnetic field on the properties of the strong-coup-
ling surface polaron we perform a numerical evalu-
ation by taking the polaron in the surface of a AgCl
crystal as an example. In Table 1, the data for
a AgCl crystal are given.

In the strong-magnetic-field case, the effective
mass m* and the ground-state energy E, of strong-
coupling surface magnetopolaron are given by Egs.
(19a) and (19b). In order to express more clearly the
influence of cyclotron frequency w¢ on the effective
mass m* of the surface magnetopolaron, numerical
calculations for a AgCl crystal are performed and
the results are given in Table 2. From Table 2, we
can see that the effective mass of strong-coupling
surface magnetopolaron in a AgCl crystal for the
strong-magnetic-field case will increase with in-
creasing cyclotron frequency; this result is in agree-
ment with mass of Feynman polaron model of Ref.
[10]. In Eq. (19b), note that the electron—phonon
correction to the ground-state energy is propor-
tional to og./wcws, which is in agreement with the
result of Wu et al. (see Eq. (14) in Ref. [10]).

Table 1
The data for an AgCl crystal. All the parameters are taken from
Ref. [25]

Material & £ hwg (meV) o

AgCl 9.50 3.97 21.6 2.89
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Table 2

Surface magnetopolaron effective mass for different values of the cyclotron frequency in an AgCl crystal

wfws 0.5 1.0 1.5 20 25 3.0
145 1.83 2.28 2.79 3.35

m*/m 1.16

35 4.0 4.5 5.0 5.5 6.0
3.96 4.62 5.32 6.06 6.83 7.65

In the weak-magnetic-field case, the effective
mass m* and the ground-state energy E, of strong-
coupling surface magnetopolaron are expressed by
Egs. (21a) and (21b). Eq. (21a) indicates that the
effective mass is independent of magnetic field,
whereas it will increase with increasing og. In Eq.
(21b), the term $nadhwyg is the ground-state energy
of surface magnetopolaron in strong-coupling limit
for mc«< wg except the first term in Eq. (21b); this
result is smaller than the result of Wu et al. (see Eq.
(15) in Ref. [10]).

Eq. (15) represents the vibration frequency of the
strong-coupling surface magnetopolaron in polar
crystals. From Eq. (15), one can see that the vibra-
tion frequency A depends not only on the elec-
tron—-SO-phonon coupling constant og and surface
optical phonon frequency wg but also on the mag-
netic field B (or the cyclotron frequency for a rigid-
lattice band mass w(). Fig. 1 shows the variation in
the vibration frequency A of the strong-coupling
surface magnetopolaron in a AgCl crystal with the
magnetic field B. From the figure, one can see that
the vibration frequency 4 will increase with increas-

2.20 -

B(T)

Fig. 1. The relation between A and B in an AgCl crystal.

ing in the magnetic field B. The vibration frequency
A as a function of w for a AgCl crystal is shown in
Fig. 2. From Fig. 2, we can see that the vibration
frequency 4 will increase with increasing in the
cyclotron frequency w¢. One can also see that when
we=wg=0327x10"s7 !, 1 =2169x10"*s™ 1,
and when oc=11.661ws, 1=wc=3.813x%
10'*s7 1

Eq. (16b) shows the effective mass of the strong-
coupling surface magnetopolaron in polar crys-
tals. From Eq. (16b), one can see that the effective

)\(X]O“‘"S_])

n

2.1 1 ! L ! L
0 2 I 6 8 10 12

wc/ws

Fig. 2. The relation between A and w¢ in an AgCl crystal.
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m*/m

B(T)

Fig. 3. The relation between m*/m and B in an AgCl crystal.

mass m* depends not only on the electron—-SO-
phonon coupling constant og and surface optical
phonon frequency wg but also on the magnetic field
B. The dependence of the effective mass m*/m of the
strong-coupling surface magnetopolaron for
a AgCl crystal on the magnetic field B is plotted in
Fig. 3. From Fig. 3, we also see that the effective
mass m*/m increases with increase in magnetic field
B. The effective mass m*/m is almost linearly depen-
dent on the magnetic field strength B. This result is
in agreement with Larsen theoretical curve in
a AgCl crystal [26]. Fig. 4 shows the relationship
between the effective mass m*/m of the surface
magnetopolaron in a AgCl crystal and the cyclo-
tron frequency wc. Note that the effective mass
m*/m increases with increase in wc; this result is in
agreement with the mass of Feynman polaron
model (see Table 1 in Ref. [10] for o = 4).

Eq. (17) represents the ground-state energy of the
strong-coupling surface magnetopolaron in polar
crystals. It can be expressed as

EO = % m*u2 + Eln (23&)
where

1 hod  /n A\ 12
Epw= —=hi——< + ¥ " g (= 2
" 2h % + 5 oghag <ws> (23b)

m*/m

bl

40

36

32

28

2L

20 1 ] L 1
0 2 L 6 8 10

We/s

Fig. 4. The relation between m*/m and wc in an AgCl
crystal.

is the self-trapping energy of the strong-coupling
surface magnetopolaron. From Eq. (23b), one can
see that the self-trapping energy E,, of the strong-
coupling surface magnetopolaron depends not only
on the vibration frequency /4, the electron—
SO-phonon coupling constant «g and surface op-
tical phonon frequency wg but also on the magnetic
field B. Fig. 5 shows the relationship between the
self-trapping energy E,, of the strong-coupling sur-
face magnetopolaron in a AgCl crystal and the
magnetic field B. It can be noted from the figure
that the self-trapping energy E,, will decrease with
increasing magnetic field B. The dependence of the
self-trapping energy E, of the surface mag-
netopolaron in a AgCl crystal on the cyclotron
frequency wc is plotted in Fig. 6. Fig. 6 shows that
the self-trapping energy E, will decrease with
increasing cyclotron frequency wc. In Eq. (15a),
taking 2 = 2x 10" s7! and wg = 0.9 x 10'* s as
examples, we perform a numerical calculation,
and Fig. 7 shows the variation in the cyclotron



P. Zhang et al. | Physica B 245 (1998) 354-362 361

71.00 -

E tP( mevV)

| 1 1
70.00 § 4 m ¢ 5 o

B(T)

Fig. 5. The relation between E,; and B in an AgCl crystal.
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Fig. 6. The relation between E,; and wc in an AgCl crystal.

frequency w¢ of the surface magnetopolaron in
polar crystals with the electron—-SO—phonon coup-
ling constant og. From the figure we see that ¢ de-
creases with increase in the og.

50
w
Yoo,

30 r

20 -

Fi

—

g. 7. Variation of w¢ with og in polar crystals.

Acknowledgements

One of us (J.L. Xiao) wishes to acknowledge the
support by the Natural Science Foundation of In-
ner Mongolia.

References

[1] K.K. Bajaj, Phys. Rev. 170 (1968) 694.
[2] K.K. Bajaj, Nupvo. Cimento. B 55 (1968) 244.
[3] Y. Lepine, D. Watz, Can. J. Phys. 54 (1976) 1979.
[4] S. Das. Sarma, Phys. Rev. Lett. 52 (1984) 859.
[5] F.M. Peeters, J.T. Devreese, Phys. Rev. B 33 (1986) 4338.
[6] D.M. Larsen, Phys. Rev. 135 (1965) 419.
[7] D.M. Larsen, Phys. Rev. 142 (1966) 428.
[8] D.M. Larsen, Phys. Rev. B 30 (1984) 4595.
[91 D.M. Larsen, Phys. Rev. B 33 (1986) 799.
[10] Wu Xiaoguang, F.M. Peeters, J.T. Devreese, Phys. Rev.
B 32 (1985) 7964.
[11] F.M. Peeters, Wu Xiaoguang, J.T. Devreese, Phys, Rev.
B 34 (1986) 1160.
[12] XJ. Kong, C.W. Wei, SW. Gu, Phys. Rev. B 39 (1989)
3230.
[13] F.A.P. Osorio, M.Z. Maialle, O. Hipolito, Solid State
Commun. 80 (1991) 567.



362 P. Zhang et al. | Physica B 245 (1998) 354-362

[14] Hu Ze, Y.T. Wang, S.W. Gu, T.C. Au Yeung, Y.Y. Yeung,
J. Phys.: Condens. Matter 4 (1992) 5087.

[15] B.H. Wei, K.W. Yu, F. Ou, J. Phys.: Condens. Matter
6 (1994) 1893.

[16] B.H. Wei, K.W. Yu, J. Phys.: Condens. Matter 7 (1995) 1059.

[17] J. Huybrechts, J. Phys. C 9 (1976) L211.

[18] N. Tokuda, J. Phys. C 13 (1980) L173.

[19] S.W. Gu, J. Zheng, Phys. Stat. Sol. (b) 121 (1984) K165.

[20] N. Tokuda, J. Phys. C 13 (1980) L851.

[21] E. Haga, Progr. Theor. Phys. 11 (1954) 449.

[22] J.S. Pan, Phys. Stat. Sol. (b) 127 (1985) 307.

[23] J.S. Pan, Phys. Stat. Sol. (b) 128 (1985) 287.

[24] X.X. Liang, SSW. Gu, Solid State Commun. 50 (1984)
505.

[25] E. Kartheuser, Polarons in Ionic Crystals and Polar
Semiconductors, North-Holland, Amsterdam, 1972.

[26] J.W. Hodby, G.P. Russell, F.M. Peeters, J.T. Devreese,
D.M. Larsen, Phys. Rev. Lett. 58 (1987) 1471.



