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Corrections to the cyclotron resonance energy and electron effective mass due to electron-
interface LO-phonon modes interaction in semiconductor heterostructures, are calculated as
afunction of the magnetic field perpendicular to the surface through tlie second order of the
Improved Wigner-Brillouin Perturbation Theory (IWBPT). The Frohlich model descrihing
this system is employed throughout. Numerical resulis for GaAs-GaSb and GaAs-AlAs
heterojunctions are obtained and shown important contribution due to tlie interface modes
on near the resonance region. In the case where the interface mode is close t0 the bulk
mode a three branches splitting appear in the cyclotron energy and effective mass. We
also have found that the resonance frequencies are shifted frorn its original positions due
to tlie presence of other modes. Foi GaAs-AlAs heterostructures in the region below the
resonance where the experiments are usunaly carried out tlie electron interaction with the
iiiterface phonons can be neglected. The inclusion of tlie bulk phonons of GaAs only give
good enough results. It is suggested that experiments should be carry out to confirm our
results.

I. Introduction continuity in the effective mass. However in CR ex-

periments realized, the most for the GaAs-AlGaAs het-
In the last few years has been highly increased tlie erostructures, tlie effect of the electron-IO phonon in-

interest i the polaronic effects on tlie properties of teraction was not observed. But the interfacial inodes

quasi-two-dimensional clcctrons systems confined in po- were Observed in superllatices of GaAs-AlGaAs by

. . y {51 ; (s i R
far semiconductor heterostructures. The majority of Sood, et al*! in backscattering Raman spectra, by Lam

. . . . bin et allf! | ioh-Tes 1 TOT- o -
the theoretical works about this subject consider only bin et al™ in high-resolution electron-energy loss spec

the interaction of tlie electron with the longitudinal op- tra, and by Meynadier €t al'™ in Raman scattering

tical (LO) phonons or the material bulk, not taking into of high-order at the resonance with the lowest optical

account the interaction with the interface optical (I0) transition.

phonons. But asit was shown by some authorst’ 23 in
some situation tlie electron-interface phonon coupling
iS very important and not can be neglected.

As suggested!] one of such asitnation cnii be founcl
in Cyclotron Resonance (CR) experiments, where tlie

clectron-phonon resonant coupling give rise to a dis-

Recently some theoretical works®®:1% on CR of po-
larons in heterostructures that consider the electron
LO- and IO-phonon interactions, have been appeared.
However in these works the treatment given to the in-
terfacial modes is incomplete and not satisfactory. For

apolar semiconductor heterojunction, discontinuitiesin
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the cyclotror: mass occur in IO and LO phonon frequen-
cies. When tlie interfacial mode frequency isisolated of
the other frequencies the resonant splitting of the cy-
clotron mass occurs is i1l two branches. If the frequeiicy
of two modes are close, the resonant splitting can occur
in three brarches!®,

The purpose of the present work is to study the ef-
fects of clectron I0- and LO-phonon interactions aii the
electron cyclotron mass in a semiconductor heterojunec-
tion of polar materials. giving a correct treatment[!!]
to the interfacial modes. We use the improved Wigner-
Brillouin perturbation theory (IWBPT) to calculate the
polaronic cor-ection to the Landau levels. not including
in the calculation tlie screening of the electron-phonon
interaction and the nonparabolicity of the conduction
band. Such e¥ects are very important to precise deter-
mination of cyclotron mass. but since the experimen-
tal results arc not available until now it were ignored.
Its inclusion 1ot change tlie positions of the resonant

points.

I1. Polaronic correction to the Landau levels

1
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Let us consider a heterojunction composed of
two semi-infinite polar semiconductors, with interface
placed at z = 0. The material 1 occupying the re-
gion z > 0 and the material 2 the region z < 0. Each

medium is characterized by the dielectric function,

(w%n _WZ) (1)

Eplw) = € G
71.( ) D\,n(w%n _w2)

where wr, (wrn) is the LO (TO) phonon frequency of
material n (n=1,2) with optical dielectric constant ¢4,
and static clielectric constant ¢, . To this system a uni-
form magnetic field B in tlie z direction, perpendicular
to interface, is apllied.

The Hamiltonian of one electron in the conduction
band of material 1, interacting with the LO and 10

phonons can be written as,
H = Ho+ Hiy, 2)

where Hy is tlie Hamiltonian of one electron under tlie
action of auniform magnetic field plusthe Hamiltonian

of afree-phonon system,

, 2
Ho= — (ﬁ— %4“) F V() + Zhwmgaé n 21 Z hor; b5 bg, (3)
i=1 g

- 2]71,5,

where V(z) is the confining potential of the electron
with momentum operator P. coordinates 7 = (7, 2)
and band mass my. The energy and tlie wave vec-
tor of bulk LO plionoii in material 1, are fiwy; and
O = (§.q,) respectively, and ag(aé) is tlie creation
(annihilation) operator. wy; is tlie interface optical
phonon frequency tliat satisfies the dispersion relation
€1(wri) + es(wr;) = 0. mhere the indices j = | and
j = 2 denote wy; = w_ and wyy = w4, the two modes
of 10 phonons, with creation (annihilation) opcrator

b(} (bQ— ). A is the magnetic vector potential assumed
7 J

in the Landau gauge.
Tlie electron-LO and-1O phonon interactions are

given by Hy,
H; =H._rotH._10 (4)
mhere,

H._10= Z {Vée’:q"”‘sin(qzz)aé + h.c] (5)

Q

and
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The Fourier coefficients for tlie interaction described

in the above equations are,
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respectively, wliere V is tlie volume and S the area of

system. r, = (A/2mywr;)!/%s the interface polaron ra-

o i/ Awe? | | . \ 1/2 | dius and «; the electron-10 phonon coupling constant,
e=—g\7 o " o) ™) (D gefined as
and ( 12
‘ thwy; \ 27 B
I‘q:—m\%—l E,-uﬂ’,,J) (8)
|
¢? wi; 2 wi; 2 -
= (1o ) 4 58 (alom) = 177 @ufan) + 22 (cfiors) = 1) Ol Q
USTiTp “p1 . “p2
[

the cyclotron resonance frequency. The value of en-
ergy shift Ay, in the IWBPT, is given by, Ay =

The ion plasma frequency, wpn, and the fuiictioii

O, (w) are given by

(w?, +wl) AENx — AFE,, wliere AE, is calculated by the Rayleigh-
w%n = <9(wn:‘]‘—n—"\f}r—7“> (10) . "o .
o (€acp +2)? Schrédinger perturbation theory (RSPT), and
and
_ ) _3 Unpy >=1|N, ky; 05,07 > 15
Ve con (o= Vet D, o 2\ kg >= 130k 030 (15)
@n((.u) ={1+ 3¢ (60 e ) K ("’”On ed )
ocn n 0N WLy . . . . .
g (11) is the ivave function of tlie non perturbed Hamiltonian,
with , , : Hy. |N >= ux(z — kyI%) is the harmonic oscilator
wgz = <w? - 2(—%"@:‘1}”—)> . (12) wave function with a displaced center, {? = Fi/eB be-
¥ ¥yl EOC.” + .’»

. . ing the radius of the classical cyclotron orbit. |0 >

The electron-optical (LO and I0)-phonon interac- g ‘ y 10>
: , . . and |0 >,, denote the vacuum of L 0 and 10 phonons,
tion shifted tlie energy of tlie Landau levels by a quan-

o [k, >= ¢'*¥ is tlie electron wave function in the y di-
titity AFEn,

rection and £(z) is the Fang-Howard variational wave
(13) function for tlie motion perpendicular to the interface,
which is€(z) = (3/2)/%ze=%/2 for z > 0, and &(z) = 0

for z < 0. The parameter b is obtained by minimizing

1
Erv = (N + 5)7&06 + AEN |

which in the weak coupling regime, can be calculated

by the second-order perturbation theory. The correct
tlie energy of tlie system, and 1s given as

487mpe? 11
= | (N + =N
b ( COlh (Ad+ 32 s)>

one to the polaron problem, is the improved Wigner-
Brillouin perturbation theory, IWBPT, which gives tlie (16)

correct pinning behavior. In such a way we have,

Abw = Z i | < Wy gy — | H1 ¥ N by > | wliere Ng and N, are tlie depletion and electron den-
N 5 TN huwj — (N = Nhw, = Ax sity respectively. By introclucing in the equation (14)
(14) the Hamiltonian 4, the wave function, converting the

where tlie sum over j involve all tlie three phonons sum over the phonons wave vector into integrals and

modes with frequencies /fiw;, and w, = (eB/my) is realizing the integral over the z-component, we obtn’
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(Va (w)]?

T o0
AEy = —cv/ duF(u . +
JO )\’Z:U 1 - (1\’ - 1\“))\2 — AN

2

hwp; oe
—Z(,rj (1 & )/ du; Fr(u;)
= hwpr ) Jo

NZol=(N = NN, — Ax(58)

o0 N2
'V\JV (u])‘ (17)

S

A2,

where all the lengths and energy are taken in units of polaron radius r, = (f/2mywr1)'/? and energy (Awr1). Weare

using the following dimensionless parameters: A% = liwc/thl,AJZ- = hw,/fwr;, uw= qr, and u; = qry;. The matrix

element of the electron-phonon interaction operator. V‘(w(q), can be written as,

9 Tl A
Vini(g)? = —exp | ~+—
Vxi(q)l ,llge\ip( 5

q2€2
2

) (L2 2))? as)

where ny = mim(N,N'). ny = rnax(;\"’v\"l) and LE(z) is the associated Laguerre polynominal. The form factor

Fr(q) is defii ed as,

1m=[\”4 A2 |e()PIE )P e~ = | — 714y = F(g) = Fi(q), (19)

and,
F(q):/ dzJ/ d|e(NPem =t (20)
w0 0

is the quasi-t vo-dimensional (Q2D) form factor, and
Fr(q), is the interface form factor

F B /oo y /‘Ocdl INCIPITNC T b8
)= [ de [ AP Sy

I1 is interesting to note tliat we recover here the
quasi-two-dimensional case, where the electron inter-
acts with the bulk LO phonons only, via the usual
Frohlich hamiltonian, by taking F; = 0. in the above
equations.

The polaron cyclotron mass is determined through
the cyclotron resonance frequency w; = (e B/m*), that
is defincd as the diference between the two first per-
turbed Landau levels N =0and N = 1, ¥ = E}~E},

AFE, — AE, }‘1 (22)

m*:mb{1+ 32

where AF, and AE; are obtained of the numerically

evaluation of the equation (17).

|
III. Results

Our numerical results are for heterojunctions of
GaAs-GaSh and GaAs-AlAs. All ofthe calculations
assume that the electrons are placed in the GaAs, ma-
terial | . The electronic density considered is N, =
10" em =2, which is an usual density in the experimen-
tal situation and g = 0. The physical parameters of
the materials used here are listed in the Table |. The
electron-IO phonon coupling constants and 10 phonon
frequencies are:xwr = 238.08cm™t, 01 = 0.034;wpy =
281.13cm™" and a; = 0.019 to GaSh-GaAs hetero-
junction; and wry = 283.24em iy = 0.029;wry =
382.33cm ™! and ay = 0.053 for AlAs — GaAs hetero-
junction. The GaAs electron-LO phonon coupling con-

stant. 1s assumed to be « = 0.068.

Table I: The characteristics parameters of the materials
used in the numerical calculations.

€y €0 wrn(em™')  wpy(em™)
GaAs 12.83 10.90 295.80 272.64
GaSb 1569 14.44 240.19 230.42
AlAs  10.20 81.60 404.03 361.29
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For GaSb—GaAs heterojunction the interface mode
frequency wyy is much smaller then the other two modes
wre and wyp1. Then in the resonance, w, = wyy, the
contribution to AE{(.N' = 0) from these modes can be
neglected and the splitting of the cyclotron mass occiirs
i1l two branches asit is shown in I'ig. 1, where the mass
is plotted as a function of magnetic field through the
parameter A2 = hw,/lwy ;. The dashed curve denotes
the case where the electron-IO phonon interaction is
not taken into account. Tlie first split in this Figure
appears at A2 = (.83 instead of 0.805 as expected for
we = wr1. Tliesame shift but smaller also occurs in tlic
next split around w, = wyy = wry at A? ~ 0.96. In this
case both modes contribute to AFE; and the split of the
mass occurs in three branches. A better calculation to
this tri-split region should be made in a more rigorous
way such as done by Larsen!!?] in the case of confined
polarons. Here we are restricted to an approximation
of Eq.(17) with N/ = 0. As we see from Fig. 2 an ex-
tra branch appears between the well known other two

branches.

1,08

|

.05 ~

.03

]

1.00

!

0.98

0.95 ~

CYCLOTRON MASS {m*/m,)

0.93 ~

0.90 T T T —
0.00 0.50 .00 .50 2.00

Figure 1: Cyclotron mass as afunction of external magnetic
field through the dimensionless parameter A = w./wr
for GaAs — GaSb heterojunction with electronic density
Ns = 10"7em™ and Vg = 0. The solid curves are tlie
results by including the interface phonons in the calcula-
tion. The dashed CUrves are the results with the presence
d tlic bulk LO phonons only.
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Figure 2: The tri-split resonance branches of the polaron
cyclotron mass presents in the GaAs — GaSb heterojunc-

tion.
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Figure 3: The same as Figure 1 for GaAs — AlAs hetero-

junction.

In Fig. 3 we shown the cyclotron mass for GaAs —
AlAs heterojuilction. The overall behavior 1s similar to
that of the previous system. The difference is that here

the interface frquency wys is much larger than the other
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two modes ¢y and wr1. Then for large magnetic field
w, > wri there is @ mass discontinuity at )2 ~ 1.2 due
to the election-interface phonon interaction instead of
A% = 1.293 as expected for tlie wyy frequency. In this
case the resonance is shifted to left iii contrast to the
GaSb systeni. We also note that the contribution of the
interface phonon is quite important for large values of
tlie magnetic field.

In conclusion, from our results the presence of in-
terface phonons play a fundamental role in the under-
standing of the polaron cyclotron mass mainly in the
region near the resonance. In the case of GaAs— AlA4s,
for low magnetic field, where tlie experiments are car-
ried on it is enough to consider the presence of bulk
LO phonon ounly, in the calculations. But to precisely
determine tle resonances it IS necessary to take into
account tlie rresence Of interface phonons.

The shifts on the resonance frequencies are due to
the contribution of other modes and to the best of our

knowledgement were not experimentally observed yet.
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