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Abstract. Employing Haga’s perturbation method, we derive an effective Familtonian for
the interface magnetopolaronin polar crystals at zero temperature, in which the interactions
of bath bulk longitudinal optical (Lo) phonons and interface (IF) phonons have been taken
into account, Soiving this effective Hamiltonian analytically, we obtain explicit formulae not
only for the electron cyclotron mass associated with the Landau levels but also for the self-
trapping energy of the magnetopotaron with respect to its first three quantum states in the
direction normal to the interface of the system. Numerical results are calculated for some
II-VI and I1I-V compounds, revealing that the effects of the bulk Lo phonons and IF phonons
on the electron in different quantum states do show different trends.

1. Introduction

As we know, an electron moving slowly in the conduction band of a polar crystal will
interact with the phonon field produced by the polarization of the erystal lattice, forming
a quasi-particle called a ‘polaron’. However, fewer people recognize that such electron—
phonon interactions will also cause a correction to the Landau levels, which are the
harmonic oscillator levels formed in a magnetic field, and renormalize the band mass of
the electron, the effects of which are observable in a cyclotron resonance experiment.
Over the last few decades, many studies on three-dimensional (3D} polarons have been
carried out [1, 2]. With the technological progress in materials science, various quasi-
two-dimensional (Q2D} electronicsystems have beenfabricated (e.g. GaAs—Ga; - Al As
and ZnAs-GaSb heterostructures and superlattices; InSb and Cd,_,Hg, Te metal-
oxide—semiconductor structures). Most of the systems concerned are made up of crystals
whose electron—phonon interactions are not strong, with the coupling constants being
of the order of 0.1. Extensive experimental investigations have subsequently been done
on these Q2D systems [3-7], in which the changes in the cyclotron resonance frequency
of the electron, caused by the interactions between the phonons and the electron, have
been discovered.
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Since the electron in a Q2D system is generally confined to a thin layer of 10-100 A,
researchers usually neglect the finite extension of the electron wavefunctions in the
direction normal to the surface and regard the system as an ideal 2D one. Moreover,
they usually consider only the zero-temperature case, Based on the above-mentioned
assumptions, several groups of researchers (see e.g. [8-13]) have employed various
methods such as the Green function method, the Feynman path-integral techrnique and
anovel perturbation method to calculate the shifts in the Landau levels and the magneto-
optical anomalies due to the interactions between the electron in the resonant region of
a2p system and the bulk longitudinal optical (LO) phonons, Although systematic studies
on surface and intexface polarons have been performed in the past two decades (see e. g.
[14-20]), as yet rather insufficient attention has been paid to surface and interface
magnetopolarons in semi-infinite crystals. Recently, one of the authors (Gu Shi-Wei)
and his collaborators {21] have made some detailed investigations on the properties
of interface magnetopolarons with the generalized Larsen [13] method in the zero-
temperature case, and subsequent extension to the finite-temperature case has also been
made [22-24].

Despite ali these previous works, we stress that the ideal 2D system is basically nothing
more than an approximate one for real semi-infinite crystals. In a rigorous treatment,
for an electron in systems composed of such crystals, the extension of its wavefunction
in the direction perpendicular to the surface or interface cannot be disregarded. There-
fore, it is is very worth while to calculate the self-trapping energy as well as the cyclotron
mass of a polaron with respect to its first three states in the direction normal to the
interface of polar—polar crystals using Haga’s perturbation method [25]. In our present
approach, we consider the roles of both the half-space bulk longitudinal optical (Lo)
phonons and the interface (IF) phonons, and furthermore bring in an attractive image
potential produced by the polarization of the electron clouds of the interface ions. Our
work refers to weak and intermediate electron—phonon coupling conditions and an
arbitrary magnetic field strength, but temporarily we restrict our discussion to the zero-
temperature case. In section 2, we define the Hamiltonian of our system and apply two
unitary transformations to it to separate out the perturbation term from the unperturbed
term. Using a perturbation method up to second order, we then derive an effective
Hamiltonian for the electron in section 3. After solving this effective Hamiltonian,
explicit formulae for the electron cyclotron mass, the shift in Landau levels and the self-
trapping energy are obtained in section 4. The numerical results for a few I-V] and I11-
V compounds are also given. The discussions and conclusion are presented in section 3.

2. The Hamiltonian

Suppose there are polar crystals 1 and 2 (see figure 1) in the z > 0 and z < 0 half-spaces,
respectively, the xy plane is at their interface and a static uniform magnetic field B is
applied along the z axis and described by a vector potential in the Landau gauge A =
B(-y,0,0). As the electron moves in crystal 1, i.e. the z > 0 side, 50 there is a barrier
from crystal 2 to it. For simplicity, we suppose that the barrier is infinitely high so that
the electron is restricted within crystal 1. In this paper, we simultaneously take into
account the interactions between the electron and both the bulk Lo phononsinthe z > 0
half-space and the IF phonons. Besides, we also include an image potential produced by
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¥

Crystal 1

Figure 1. An infinite polar crystal 1 (at z>0) is
interfaced with another crystal 2 at the xy plane. The
applied magnetic field B and its associated vector
potential A are pointing along the z and —y directions,
respectively.

polarizing the electron cloud of the interface ions. Under the isotropic effective-mass
approximation, the Hamiltonian of our system can be written as [21]:

= %0 + %e—LO + %e-IF (1)
where
__1 (. _eB — 52 L _E*’i%.___fml_
o= (p" ¢ y) T o P T P T G F ) 2 E han ol
+ ﬁmn:f:; 5, (z=0) (1a)
q
Koro= 2 [V sin(zK,) exp(—ip - K )a§ + HC] (z = 0) (16)
K
and
Herr = E [C? exp(—qz) exp(—ip - )b + HC] (z=0) (1c)
with
. /2
o _ 4 (4JtezﬁwLo)1
Vi (1d)
* o~ E_ezﬁwlb‘) W2
c; =i (G (1e
1/e=1/eq — 1/eg (1)
1/e* = 2/(2ay + £2) — 2/(€01 + £r)- (1g)

Here the electron has position vector (x, y, z) with p = (x, y, 0) and momentum p =
{(Px» Py, p;)- The bulk LO phonon wavevector isK = (K, K,, K;) with frequency w o and
projection K = (K,, K|, 0), whereas ¢ is the 2b IF phonon wavevector with frequency
wye. The creation (anmhﬂauon) operators of the half-space bulk Lo phonon and IF
phonon are, respectively, 4} (4x) and 6} (6,). The V and A in (1d) and (le) are the
volume of crystal 1 and the interface area respectwely and &, (£.y) and &y, (£y;) are the
optical and static dielectric constants of crystal 1 (crystal 2), respectively. The chief
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Hamiltonian term ¥, (1a) contains the electron kinetic energy under a magnetic field,
the image potential and the energy of the bulk LO phonons and the IF phonons. The
electron-bulk LO phonon and the electron—IF phonon interactions are given in (18) and
(1¢) respectively.

The relation between the frequency of the bulk transverse optical (T0) phonon and
those of the bulk Lo phonon and the IF phonon (analogous with the surface optical
phonon) have already been given in [21].

ContrarytoLarsen’s perturbational method usedin [21], we presently employ Haga's
[25] approach with two successive unitary transformations

U, =exp[—i(2ﬁ;}ék'" + 25;'5.,4‘) 'P] (2)
.4 q
and ]
U, = exP(E(Hf:fx = dxfi) + 2 (b;8, — boas )) (3)
where the displacement amplitudes f; and g, are defined as
fx= (—Zmb/ﬁz)V}‘;/(Kﬁ +ui) uy, = (2my w0 /h)"?
g, = (=2my,/R*)C} [(g? + uf) up = (2myw e )2

acting on equations (1a), (16} and (1¢). We can then eliminate the component p of the
electron position coordinates (especially the phase factors exp(—ip-K;) and
exp(—ip - g)) and obtain the transformed Hamiltonian

H*=U; U HU U, =K + %3 4

1 1 Exy — Exy
Wi = — 2 +im wz 2 + 2
0 pﬁy % b coy 2mbpz 48&1(3:::1 + Emz)

€
z

2 (K} + ul)(agdg + fEfx)

b

#2 o
+2_2(q2 +u!2)(b;bq '5'3:84)
My

+ E 2sin(zK,)VEfE + 2 2e7Clgh (z=0) (4a)

and

H
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" h
+ E (gq6; + g; bq)(ﬁwc%ﬁy" KQyp'y)
q b
+ 2, [V} sin(zK, )a3 + HC] + 2(C e79:5* + HC)
K ]

+ higher-order terms in d} , 4¢, b} and b, (z=0). (4b)

We have introduced a new coordinate gy = ¥ — cp,/eB because p, commutes with ¥*
and so can be treated as a ¢ number. The term J€§ is taken as the unperturbed Ham-
iltonian whereas #7 can be regarded as a perturbation in the weak and intermediate
electron—phonon coupling conditions [25].

3. Effective Hamiltonian at zero temperature

In the zero-temperature case, we need only consider the phonon vacuum state |0} as our
ground state and the energy levels of the electron are calculated from a perturbation
approach on the average of the transformed Hamiltonian * over the zero-phonon state
|0%. In other words, those electronic states are obtainable from an effective Hamiltonian
defined as [26}
’ # 2

S = 0] 265 |0) + 5 12101 )
n Ey—E,
where | n) represents the general state occupied by # phonons. E, and Ej are the energy
of the unperturbed states that contain # phonons and no phonon, respectively. Note
that the matrix element for the first-order correction is {0] %} ]0) = 0 and the non-zero
matrix elements for the second term of (5) are

(x| %5 |0 = (5 /2my il (K] + 411 = sin(zK,)]

+ (2my, [A)0 K, Y~ (2/h)K, py} (z=0) (64)
(L%} 10} = (A2 /2my)g,I(q° + uf)(1 — e™%)
+ @my/h)w.g, 9= (2/h)q,ps] (z=0) (6b)

and their conjugates, where | 1,) and | 1, stand for the states containing a bulk Lo phonon
of wavevector K and an IF phonon of wavevector g, respectively. Here we have ignored
the contributions of the excitation of more than one phonon to the matrix elements. The
energy differences between the states relevant to equations (64) and (6b) are

Ex — Eg= (8*/2m)(K} + u}) (7a)
and
Ey, — Ey = (R%/2m,)(¢* + uf) (75)

respectively. Putting (64a), (6b), (7a) and (7b) into (5) and converting the summation
over wavevectors into integration, it can be shown after some tedious manipulation that
the effective Hamiltonian has the following explicit form;

Hee = (1/2m3)p% + dmf 0F%Y% + (1/2my)p] = [(£ay = £)/4801{Eu + £2)]e¥/z
- apho o(7/4 = FL(2)) - shorFi(z) (z=0) (8)
where the functions F_ and F} have been defined explicitly in [26].
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The first two terms of the expression (8) describe the cyclotron motion of the electron
in the xy plane, which is represented concisely by a single coordinate Qy=y — cp,/eB
introduced earlier. The cyclotron mass m; and cyclotron resonance frequency w? are
given in equation (4a) of [26] and they are dependent on the electron—phonon coupling
strength & (for bulk Lo phonons) and «; (for I phonons), which are also defined in
[26]. However, they are independent of neither the states (see (95) below) of the electron
inthe z direction nor the magneticfield strength, showing that mg and w; are determined
completely by the optical and the static dielectric constants of both crystal 1 and crystal
2. Such a result is quite analogous to that of Liang’s [27] studies on the magnetopolaron
in a polar crystal slab. The rest of (8) expresses the motion of the electron in the z
direction, and the last two terms, which are the induced potential originated from the
interaction between the electron and the phonons, are those determining the self-
trapping energy of the electron depending on its states in the z direction.

4. The solutions and results
To solve the Schrédinger equation pertaining to the effective Hamiltonian #,y in (8),
the wavefunction of the electron is written in product form

Y, 2) = g(¥)e(2)
where g(®y) and @(z) satisfy

((1/2m3)p% + dm 0 *9)g(®) = Eg(w) (9a)

(3, +%2)p(z) = E, 9(2). (9b)
1n (9b),

*, = (1/2mb)P§ ~ [(§uz = £x1)/4€x1 () + £:2)le%/z — (a/d)a hw o
and

*: = a ko of (2) — ahorF(z)

The total energy is therefore E = E;+ E,. The Landau levels and the self-trapping
energy of the interface magnetopolaron can be acquired by solving equations (9a) and
(9b), respectively.

It is quite obvious that (9a) is the wave equation of a harmonic oscillator, whose
eigenvalues (Landau levels) and eigenfunctions are

E,=(n+ bHhw} n=12 ...
and

galoy) = N, exp(—A%y? /2)H ,(Asy)

where A = (m} w} /i)"2, H, are the nth-order Hermite polynomials and N, are the
normalization constants. Note that wZ m; = wJsm, and so the shift in the Landau levels
is refiected as a renormalization of the band mass m,,.

As examples, we select some typical II-VI and III-V compounds (as crystal 1)
interfaced with TiO; (as crystal 2) for the numerical computation. Those compounds
are very common semiconductor materials especially used for fabricating hetero-
structures and quantum-well devices. The parameters of the materials concerned and
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Table 1. Parameters of selected materials and cyclatron masses. The interfaced crystal is
TiO, whose £, = 200 and £. = 78. Energies are in meV and m is the free electron mass.

Materials & £ a, ® R o my/m mp fmy
ZnSe 8.33 590 1.37 0.108 30.5 0.171 2.38
ZnTe 9.86 7.28 1.15 @111 25.5 0.160 1.98

CdTe 1023 7.21 097 0094 208 0.091 1.72
GaAs 12.83 109 0.39 0.0 367 0.0657 1.21
GaSb 1569 1444 0261 0047 298 0.047 1.14
InAs 1461 11.8 0232 0035 302 0.0342 1.12

the cyclotron mass m;; obtainable from [26] are listed in table 1. The results reveal that
the electron cyclotron mass my is apparently greater than its band mass m,, owing to
the interactions between the electron and the bulk Lo phonons and the IF phonons.
Furthermore, the polarity of the II-VI compounds is stronger than that of the I1I-V
compounds, 5o the effect of the mass renormalization of the electron in II-V compounds
is more obvious.

In equation (94), the term %, has the wave equation isomorphic to the radial motion
of an electron in a hydrogen atom, so we can readily obtain its solutions as follows:

E, = —(myy’ 28%)(1/P) - (z/)a koo

@(2) = 2t (2) 1=1,2,3,...
where

Y= [(Eaz = £u1)/A80) (Eay + E2)]ER

and yq(z) is the wavefunction of the electron of the hydrogen atom in the (10 0) state.

The remaining term in (96), namely ¥ , can be regarded as a perturbation to %, and
its first-order energy correction can be partitioned into the bulk Lo phonon and the IF
phonon parts as follows:

AE; ={p,|%;|¢p;) = AE[° + AEF (10)
where

AEYC =}u, b J’IEXII;(_'_——ZKJI—Z’)MJ,(Z)P dKjdz (102)
and

AEF = - uarhors [ [ Z pfff” |9:(2)|2 dg dz. (106)

Putting the explicit forms of ¢,(z) in (10a) and (105), we have obtained the analytical
expressions for those integrals in the first three principal quantum numbers / using the
partial fraction method for integration, but they are too lengthy and cumbersome to be
presented here.

Now, the self-trapping energy E} of the polaron (in the /th state of the z direction)
is given by

tr = (iﬂ'%ﬁww — AELO) — AEIF = EtrLO + ErrlF

The position of the polaron in crystal 1 can be indicated by its mean distance from the
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Table 2. Seli-trapping energies Ef" and mean distances Z, from the interface of the polaron
in selected materials interfaced with TiO; as well as the first-order bulk Lo phonon AEM®
and the iF phonon AE[F contributions to £ for I = 1, 2 and 3. Energies are in meV and
distances in A.

Materials { £ AEN®  AEF EY Z
ZnSe 1 -35.86 305 . 0557 3033 127.5
2 =-3355 1.03 ~0.195 31,98 509.9
3 -33.12 08 ~0.159 3216 1147
ZnTe 1 -2481 178 —0.409  21.66 174.2
2 -2349  0.63 -0.158 2256 696.8
3 -2324 051 ~0.136 2265 1568
CdTe 1 -168 105 ~0.241  15.04 302.8
2 -1612 040 -0.102  15.35 1211
3 -1598 03¢ -0.090 1560 2725
GaAs 1 -11.5 037 -0.129  11.0 6979
2 1129 0.26 -0.098 11.07 2792
3 -1l 025 -0.096 11.08 281
GaSb 1 -6.21 015 ~0.079 6.039 1419
2 —614 012 -0.070 6055 5675
3 613 0.2 -0.069 6057 12770
InAs 1 -5.57  0.15 ~0.05 541 2210
2 -551  0.13 -0.050 5423 3839
3 =550 0.13 —0.050 5424 19890

interface, and in the /th state of the z direction, the mean distance is Z, = $/%a, wherea =
#*/(ym,). We present in table 2 the numerical results of the seli-trapping energy of
the interface magnetopolaron in some materials. It is found that, with the increase of {,
the self-trapping energy of the electron in both the II-VI compounds and III-V com-
poundsincreases and gradually converges to the limit izray fiwy o. However, suchchanges
in the energy of the electron in the former are much greater than that of the latter because
H-VI compounds have stronger polarity than 1II-V compounds. In addition, it can be
concluded that, with the increase of the mean distance of the polaron from the interface,
the effects of the IF phdnons weaken rapidly whereas the contributions of the bulk LO
phonons are increasing. The magnetopolaron can then be treated as a three-dimensional
one, disregarding the I phonon contributions.

5. Discussions and conclusion

Using Haga’s perturbation method, we have obtained an effective Hamiltonian for the
interface magnetopolaron in polar crystals at zero temperature. Although we have
assumed that the interface potential barrier is infinitely high, for any finite but high
potential wall problem, it has been shown by Lee and Mei [28] that it can be solved
approximately as an alternative problem with an infinite wall placed at a small
(penetration) distance beyond the original wall. Hence our approach can similarly be
adapted fora ﬁmte bamer We have also solved that effective Hamlltoman analytlcally,
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vielding explicit formulae for some interesting physical properties of the interface
magnetopolaron, namely, cyclotron mass and self-trapping energy. Our formula for the
self-trapping energy includes contributions from the interface phonons as well as the
usual buik Lo phonons in a half-space. It is noted that the cyclotron mass of the interface
magnetopolaron is mainly related to the optical and static dielectric constants of both
crystals but independent of the magnetic field strength and the quantum states / of the
electron in the direction normal to the interface,

For our numerical calculations, several typical II-V] and ITI-V semiconductor com-
pounds are chosen to be interfaced with the TiO crystal, which has a very large dielectric
constant so that the electron could be attracted much closer to the interface by the image
potential and hence the interface phonon effect would be more conspicuous. Qur
results show that the stronger the polarity of the material, the more apparent the mass
renormalization of the electron in the material. However, for the case of self-trapping
energy, the stronger polarity £.; of crystal 1 will reduce the attractive image potential
(= —¥/z) and so the mean distance 7 (which is inversely proportional to y) will increase,
rapidly reducing the contributions of the IF phonons. On the contrary, the contributions
from the bulk Lo phonons will increase steadily. These two characteristics are in fact
very similar to the previous work done by Gu et af [21] when they investigated the
properties of a magnetopolaron at the interface of polar—polar crystals using Larsen’s
perturbational method. The same situation will also occur for increasing quantum
number / as £ is directly proportional to I*. Hence it is quite sufficient to consider the
first three states only; thereafter the self-trapping energy will converge rapidly to the
limit of {way fiw, . Besides, our calculations show that AETF and AE}® in (10) are really
small (less than 10%) compared with the first-order term E, and this verifies the cor-
rectness of our perturbation approach in solving equation {9).

On the other hand, if we focus our interest on the energy level splittings (E,., — E))
of various quantum ! states, we would find that the IF phonons will give significant
contributions (AEJF) that are opposite in sign to those of the bulk Lo phonons. Fur-
thermore, it is remarked that the calculated energy level splittings of our examples in
table 2 are in the energy range of 0.1 to 10 cm™", which happen to be measurable by the
conventional electron spin resonance technique. It is unfortunate that we could not find
any experimental data from the literature to compare with our theoretical values.
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