
PHYSICAL REVIEW B VOLUME 51, NUMBER 4 15 JANUARY 1995-II

Cyclotron resonance of two-dimensional interface polarons
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A perturbation method has been used to study the interface polaron in a magnetic 6eld with a two-
dimensional approximation. The results show that there are two splittings of the polaron cyclotron mass
occurring due to the coupling of the electron with two branches of interface phonon modes. In general,
one splitting caused by the phonons with higher frequencies will be more important experimentally.
However, both of the two splittings might be observable for some semiconductor heterostructures, for
instance 6aAs/A1As.

I. INTRODUCTION

Polaronic properties are influenced dramatically in
polar-polar semiconducting heterojunctions due to the
presence of their interfaces. As usual in polaron prob-
lems, the investigation of the cyclotron resonance (CR)
can be performed by using the one-electron approxima-
tion at sufficiently low density of electrons. ' The electron
in a heterojunction is generally confined to a thin layer
near the interface by the energy-band bending within the
interface region (confinement potential). It has two di-
mensional (2D) character. Some authors discussed
the interface polaron CR by considering the interaction
between the electron and 2D bulk longitudinal-optical
(LO) phonons to simplify the real electron-phonon cou-
pling. In those works, the influence of the LO phonons
was overexaggerated because of polaron dimensionality
effects.

Taking into account the influences of the bulk LO pho-
nons and a single effective interface-optical (IO)-phonon
branch, Cxu et al. discussed the ground state of an inter-
face magnetopolaron and the polaron CR (Refs. 7 and 8)
in such a heterojunetion. They considered the extension
of the electron wave function in a direction perpendicular
to the interface. Some interesting results are given to un-
derstand the fundamental properties of the IO polarons.
However, their introduction of the image potential
without considering the energy bending at the interface,
which for heterojunctions is more important, weakens the
real effects of the interface phonons. On the other hand,
the single effective branch approximation adopted for the
IO phonons is not satisfactory, as pointed out in our pre-
vious paper.

In recent years, the real contribution from the interac-
tion between an electron and IO phonons in heterostruc-
tures of polar-polar semiconductors has been investigat-
ed. ' ' The results of a free polaron ' and a bound po-

laron' indicated that more rigorous consideration about
the interaction between the electron and two branches of
IO-phonon modes should be adopted for a single hetero-
junction.

Several years ago, experimental investigations of
Ga& In„As/InP (Al„ In, „As) heterojunctions' and
InAs/GaSb quantum wells' observed resonant splitting
around the frequencies of the TO phonons of the systems.
Some authors' ' interpreted this puzzling observation as
the effect of electron —IO-phonon coupling. On the other
hand, there was other opinion in contrast to this explana-
tion. ' More detained theoretical study and carefully ar-
ranged experimental observation, therefore, should be
done.

Since the electron —IO-phonon coupling is weak
enough in most III-V and II-VI semiconductive com-
pounds which form the heterojunctions, here we adopt a
perturbation method proposed by Larsen ' to investigate
the CR of an interface polaron in a semiconductive
heterojunction, including the influence of both the two
branches of IO-phonon modes at zero temperature.
%'ithout losing generality, we neglect many-particle
effects such as occupation and screening effects, and as-
sume the con6ned electron is a 2D one moving on the in-
terface of the heterojunction. The polaron CR mass
shows that there are two splittings around both IO-
phonon frequencies. One splitting at the higher frequen-
cy, with which the electron coupling is stronger, is wider
than the other one around the lower frequency. However
the two splittings may seem remarkable according to
carefully performed experiments for some heterojunc-
tions such as CiaAs/A1As, InP/Crap, etc.

II. HAMILTONIAN
AND PERTURBATION CALCULATION

Let us suppose a heterojunction consisting of two
semi-infinite polar semiconductors labeled 1 and 2, re-
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spectively. The electron in the conductive band of ma-
terial 1 moves on the interface (x-y plane) interacting
with two branches of IO-phonon modes. ' A static uni-
form magnetic field with a symmetrical gauge transfor-
mation B=(O,O, BM) is applied perpendicular to the in-
terface. The Hamiltonian H of this system can be written
as

A= p„—P — i p—+P-
~Xp " 4 ' 4

(Sa)

In Eqs. (4), coj& denotes the bulk LO-phonon frequency of
the /th material.

We introduce the one-dimensional (1D) harmonic os-
cillator operators

with

Ho+H, ,o, (la) and

B = A + i — (x +iy),
2 A'

(Sb)

Hp = [p„—P'(y /4)]'+ [p~+P'(x /4) ]'1 2 2 1

+QAco(b+~b ~ (lb)

which satisfy the following commutation relations

[A, A+]=[B,B+]=1 and [A,B]=[A,B+]=0.
Hamiltonian (1) can be rewritten as

H 1o=y [ Gg( q) e'~ I'b
g

+H. C. ] . (lc) H11 = ( A + A + ,' ) +g—ficogbqgb q~ (6a)

Equation (lb) is the non-interaction term of the system,
and (lc) the electron —IO-phonon interaction contribu-
tion. p=(p„,p~, o) [p=(x,y, o)] is the 2D momentum
(position) operator of the electron, b

q&
(b

&
) the creation

(annihilation) operator of an IO phonon of the /th branch
(g=+, —

) with wave vector q and energy Timor. m is the
band mass of the electron. P is defined by

2eBM

and

He 1o=g[G((q)Lq Mq bq(+H. c. ]

where

Lk =exp (q„+iq~ ) A — (q„iq~ ) A +—

v'tr
Mk =exp (q iq )B—— (q„+iq )B+

(6b)

' 1/2 ' ' 1/4
27TA COg

G~(q)= i — a~
Sq 2m

(3)

In Eq. (3), the dimensionless electron —IO-phonon cou-
pling constant is

in which

2

(51+5z )(1rico &)

1/2
2m fi

(4a)

The electron-phonon interaction coefficient in Eq. (lc) is
given by The CR frequency of a free electron in a magnetic field is

given by

P eBM
CO

2m mc

We choose Ho as the unperturbed Hamiltonian and H, io
as the perturbed one. In the situation of weak electron-
phonon coupling A.~&&&1, the Landau levels are given
by

@M„=( 1M.)-'"(A+)"I &„(B+) lo&, =l. ).IM&, ,

5/=(Cps E(g)g) p1Tg/(p'AT/ ping) (g 1 ~)

where S denotes the area of the interface. Epg (6 g) is the
static (optical) dielectric constant, and co T& is the
transverse-optical (TO)-phonon frequency of the gth ma-
terial. The frequency co& of the /th branch of phonon
modes can be obtained by following equation:

where A+ lowers the z angular momentum quantum
number M and raises the Landau quantum number n by
one unit. B+ raises M by one unit but has no e6'ect on n.
The phonon vacuum state is described by

b 6+b 4ac-
CO~ =

2a

where

(4c) The unperturbed ground-state energy for the nth Landau
level can be obtained by using Eqs. (6a), (8), and (9):

a =6'~1+6'~2,

ao 1(~L1+~T2)+ ca2(~L2+~T1)2 2 2 2

E1P1= (Ol, (Ml & (n lHpln ) & lM)& lo) =1r2co, (n +—') .

(10)

2 2 I 2 2
C =6 oo 1&L 1M T2 ~6~ 2&L2&T1

The intermediate wave functions in the perturbation cal-
culation are the products of QM„with a phonon state and
can be written as
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CO C =1— g f dte «(1—e «)'
4

kate

0

Considering the perturbation of Eq. (6b), the energy
correction for the nth Landau level to the second order
can be derived:

&E„"'=&G«(q) I«& qlbq«l q &«I' ii & M IM, 'M, IM &a

The polaron cyclotron mass I* can be derived by

f oo —(1 i«)t , «t

m 4 PAL 0

(17)

Z'0' —Z'0' rico-n 'n n'
(12)

From (10) and (12), the second-order-corrected polaron
energy for the state with Landau quantum number n is

For the low-magnetic-field limit (co, «co«or A,««1),
Eqs. (17) and (18), respectively, are reduced to

—E(0)+gE(2) (13)
CO C

(19)

For most heterojunctions consisting of III-V and II-VI
semiconductive compounds, the electron —IO-phonon
coupling is weak enough so that the higher-order correc-
tion of the polaron energy is negligible.

We now focus our attention on the most remarkable
polaron CR due to the electron transition between the
lowest two Landau states n =0 and 1 caused by a single-
phonon process. The polaron CR frequency can be ob-
tained as co,'=(E, Eo)lfi. Th—e corresponding polaron
cyclotron mass is m =eBM /co,'c. From Eqs. (10), (12)
and (13), by defining A,&=co, /co«, the polaron ground-
state energy for the n =0 Landau level is obtained by a
calculation similar to Refs. 5 —7:

Eo= —,'fuu, — —g fico«a~A, (f dt e '(1—e «)

=1+—g a«+ g a«A, «
. (20)

Comparing (19) and (20) with the results of bulk 2D lim-
it, the different influences between the interface and bulk
phonons are easily seen. When X&=0, the polaron mass
agrees with what was obtained for a free interface pola-
ron in our previous paper.

B. Strong magnetic Seld

This is the case of ~, )&co&, for which one can restrict
the intermediate Landau state n' to be 1 in Eq. (12). The
energy, cyclotron frequency, and cyclotron mass of the
polaron can be derived as the following simplest forms:

(14)

In the high-field limit defined by the conditions k&—+ ~
and A, «a«~0, the electron states can be restricted to the
n =0 Landau state. The polaron energy has the simple
form

g Pleo«a«k, g
.

and

Ei = ii)tco~ i ~77 g %co«a(A, «,

=1+
co 8

a&

(21)

(22)

(23)

Let us discuss the polaron energy of n = 1 Landau state
for the following several situations.

A. Weak magnetic field

When m, (co& is satisfied, for any intermediate Landau
state n' the denominator in Eq. (12) is reduced to

Z~" —E", ' —X~ =(1—n')X~ r~ &0. —
1 n' g c

E ——%co1 2 c

—(1—A,2)t

4 & 0
giiico«a f dt e «(1+e «)

X(1—e «) (16)

We can easily obtain the polaron cyclotron frequency co,':

For the n = 1 Landau state the polaron energy (13) can be
written as

The above two limiting results of Eqs. (19), (20), (22), and
(23) indicate that the polaron cyclotron mass is pinned at
the free polaron effective mass for zero field, whereas it is
pinned at its band mass for high field. This property is
same as that of a bulk magnetopolaron.

C. Resonant electron-IO-phonon coupling

Around co, =—m&, the two states of the system given by
an electron in the zeroth Landau level plus one real IO
phonon, and only an electron in the first Landau level,
are originally degenerate. However, a weak electron-
phonon coupling lifts the degeneracy and thus splits the
first Landau level into two levels. Replacing E'1 ' —E„' '

by E, E„ in Eq. (12), wit—h a procedure similar to that in
Ref. 7, one can easily obtain the polaron energy for the
first Landau level. Since there are two branches of IO-
phonon modes interacting with the electron, we now dis-
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TABLE I. Parameters of some III-V compound semiconduc-
tors. The electron band mass m is in units of a free electron. a&
is the dimensionless electron bulk LO-phonon coupling con-
stant. LO- and TO-phonon frequencies co&Q and mTQ are given
in units of meV.

1.08—

E

1.04—
Materials Cp ag Aco+Q AQ)TQ

GaP (Ref. 9)
AlAs (Ref. 19)
InP (Ref. 9)
GaAs (Ref. 19)
GaSb (Ref. 7)
InAs (Ref. 8)

10.28 8.46 0.336 0.200 49.96 45.32
10.06 8.16 0.109 0.126 50.09 45.11
14.00 10.70 0.07 0.105 42.00 36.72
12.83 10.90 0.0655 0.0681 36.70 33.83
15.69 14.44 0.0467 0.0255 29.80 28.59
14.61 11.80 0.0342 0.0640 30.20 27.14

1.00—

0.96
0.00

I I I } I I I i } l I I I } I I I I } l I I I } I I I I } I I i 1 } I i i I } I I I

0.05 0. 1 0 0. 1 5 0.20 0.25 0.30 0.35 0.40 0.45

cuss the following two cases.
(i) When the resonant field satisfies the condition

~(co, —co )/(co, —co+)~ &(1 and co, -=co, the co+ branch
can be neglected. In this situation, we obtain

FIG. 1. The polaron cyclotron mass influenced by the two
IO-phonon modes co+ and co as a function of the magnetic-
Geld intensity (weak-Geld case).

Ei = ,'fico, +g 6—(q)
q E) Ep Ac@

(fico ) a A,=
—,'Acu, +

4 E (
—Eo —Ace

(24)

InAs/GaSb (co+/co -=1.07; see the parameters listed in
Tables I and II of Sec. III), the trifold splitting might
occur around co, =—co+—=co . The degenerated polaron
energy E, ; (i =1,2, 3) for the n = 1 Landau level can be
obtained by solving

co,*~=(E,~ —Eo)/fi . (25)

The splitting of the polaron cyclotron mass is given by

where Eo is given by Eq. (14). From the two solutions
E, + of Eq. (24), we derive a twofold splitting of the pola-
ron CR frequencies:

(iiico+) a+I,+ &fi (fico ) a A,

E& =
—,'A'm, + +

4 E& Ep %co+ 4 E j Ep i5co+

(28)

The polaron cyclotron frequency and mass, respectively,
are given by

(26)
and

co, ; =(Ei;—Eo)/fi (29)

(ii) The other twofold splitting will occur at the condi-
tion of ~(co, —co+)/(co, —co ) ~

(&1 and co, -=co+. In this
case Eq. (24) becomes

(A'co+ ) a+&+
E) =—', %coo+

4 E —E —Ace1 0 +

and Eqs. (25) and (26) also hold.
Since there is an obvious difference between the higher

and lower frequencies of IO-phonon modes, the trifold
splitting cannot occur for general heterojunctions. In spe-
cial cases, for example in the heteroj unction of

(30)

However, the electron-phonon coupling due to IO pho-
nons of lower frequency in InAs/GaSb is so small
(a+/a =6.33) that the observable effect in experiment
is weakened.

'I .OCO

rJ' CiG +,

TABLE II. Calculated parameters for some heterojunctions
(2) ~ a, is the coupling constant between the electron and IO
phonons with frequency co, obtained by single IO-phonon mode
approximation (Ref. 6) ~ a+ (a ) is the coupling constant corre-
sponding to the IO phonon mode, with frequency co+ (co ) ob-
tained by using our formulas.

Ci („3 r

u)++ (i '

]V. +

Heterojunctions a,
Cikr

I r ' ~ I I ! I
}

I I I I } !

5 1()
I ! } I i I I } ! I i I

l~ ~U 2U
f I I ! I j

40

InP/GaP
GaAs/AlAs
InAs/GaSb
GaAs/GaSb

0.106 41.33 0.0629 48.08 0.0391 38.97
0.0862 37.07 0.0496 47.56 0.0308 35.17
0.0408 29.17 0.0350 29.91 0.0055 27.87
0.0439 35.89 0.0333 35.22 0.0121 29.13

FIG. 2. The polaron cyclotron mass influenced by the two
IO-phonon modes co+ and co as a function of the magnetic-
Geld intensity (strong-field case).
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