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ABSTRACT

We reporl for the first time a theoretical calculation for the resonant donor impurity mag

netopolaron in GuAs-Go,\-xAlxA& quantum -well structures. The intra donor Is -» 2p , transi-

tion Iretiuencies are calculated as a function of the magnetic field, by taking into account the polaron

effects and nonparabolicity of the conduction band. We found a pinning behaviour due to interac-

tion with LO phonons as suggested by the experimentalists. Our results for the peak positions of

those transitions are in very good agreement with recent experimental data.
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In the last few years there has been a notable growth in interest in the investigation

of confined electron system coupled to longitudinal-optical (LO) phonons. Such systems

include quasi-two-dimensional electron gas trapped in GaAs- Ga,-, Al, As quantum wells

and heterostructures1. In euch materials the electron- LO phonon interaction has been

studied theoretically2*' and observed experimentally by several authors"" ' 5 .

Cyclotron resonance experiments have shown that the polaronic effects are reduced in

comparison to the three-dimensional case in contradition to the extrictly two-dimensional

single polaron model calculation. However by taking into account the quasi-two-

dimensional nature of the electron gas as well as the free-carrier screening, the interaction

is reduced considerably, even below the bulk limit. Since the screening of the Frohlich

interaction by the free electrons plays a fundamental role in reducing the polaronic effects,

Huant et al13 and Y.-H Chang et a l " have proposed to study resonant polarons in systems

free of any screening. They reported experimental magneto-optical measurements of intra-

donor transitions in doped GaAs- GaAlAs quantum well. A resonant polaron pinning

behavior at the energy of the longitudinal-optical phonon is observed in the experiments

of Uuant et al. Also they found that the magnitude of the resonant bound-electron LO

phonon interaction depends up the position of the donor-impurity inside of the well.

The purpose of this paper is to present the first calculation for the resonant donor-

impurity magnetopolaron effect in quantum well confined structures and to make a

comparison with the recent experimental results of Ref. 13.

In our model calculation we include: (a.) the band nonparabolicity via the electron energy

dispersion only, neglecting any effect on the basic Frohlich Hamiltonian describing the

clectron-phonon interaction; (b) the bulk phonon of GaAs — the interface phonons were

not indued in the model; (c) the occupation of the lowest electric eubband; (d) the zero-

temperature limit — the experiments have been performed at very how temperature.Since

in the samples used in the experiments a very few carriers were present, the screening of

the electron - LO phonon interaction is unlike to be important and it is not incorporated

in the calculations.

In the effective mass approximation, the Hamiltonian describing the interaction center

located at r, (0,0,z,) in a quantum well and in the presence of an external magnetic

field B l!y. applied nerpi'ndiculfLr to tt>s Interfaces, tan be wriUtm In the following

dimensionless form:

(1)

H. = - V a - (la)

HBh = (16)

" - ' 6 , , ••) • M
k

We choose polaron units such that energy is measured in units of hwLl/ , wLa the LO-

phonon frequency and length in units of the so called polaron radius rp = (ft/2m*tu io)1/3.

m" is the electron band mass, R,, = Rl/hwLo = (m't*/2eJfta)(l/AtuLo). The static

dialectic constant of the material is eo( i = u>e/2u>i(, with iw, = cB/m'c,La is the z-

component of the angular momentum, r = (p,z) is the electron coordinate, b^ (bk) is the

creation (annihilation) operator for the longitudinal optical bulk phonon of wave vector

k = (K,lct) and V,, is the Fourier coefficient of the electron-phonon interaction given by

where fl is the volume and oc is the standard Frohlich coupling constant (oc= 0.068 for

GaAs). The electron confinement potential V(z) is taken to be V(z) = Vo for \z\ > L/2

and V(z) = 0 for jz| < L/2 . The depth of the potential Vo is determined from the Al

concentration x in Gal^IAlIAs as being 60% of the energy - band - gap discontinuity

AK, = [lO4Oi-)-47Oi1]meV1'1 .

In order to calculate the electron binding energies associated to the ground state (is)

and excited states (2p+ ) of the first electrical subband we follow a variational approach by

choosing the trial wavefunction in the form

Mr) = (3)



where C is the normalization constant, 6, the variational parameters, m = 0,1 and -1

for the states Is , 2p+ and 2p. respectively and f(z) is the electron wavefunction in the

z-dircction

K, and K9 are determined in a standard procedure.

Since in GaAs - Ga1_IAlI As quantum wells, the electron-phonon coupling constant

is too small, the polaronic correction to the energy is calculated in the second-order

perturbation theory. We then obtain the following expression for the energy

AE,E, - E° 1 -
E, J

where E" are the energies for the non-perturbed system and are determined by minimizing

the expectation value of He, that is E° = < * i(r) | / /«|*,(r) >, with respect to the

parameters b, . Et is the band-gap energy of GaAs and £, is the nonparabolicity parameter

which is determined from the electronic band structure of the material16. In Eq. (5), the

correction in energy AE, due to the electron-phonon interaction is given by

AE, =
E.-En- 1 + A,

(6)

where the value of the energy shift A, depends of the perturbation method to be used,

as discussed in Kef. 8. For i = Is state we took A ( , = 0 which corresponds to Rayleigh-

Schrodinger perturbation theory (RSPT). In the case of the excited states 2p+ and 2p we

have used A, = AK, — AE,, , corresponding to the improved Wigner-Brillouin perturbation

theory (IWBPT) which gives the correct pinning behavior for small electron-phonon

coupling constant. Since it is impossible to evaluate Eq. {6) exactly because we do not

know the energies and the wave functions of all impurity states, we then folow the work

of Cohn, Larsen and Lax" for the three dimensional problem analogue. In their approach

thn energy correction turns out to be

, = - a j J dKF{K)/{ll+Ki)+2oc<i\n\i>

(7)

where

F[K) = Jd*Jd»'\f[»)\*t-
K*—i\f{,')\' (7a)

is the form factor associated to the quasi-two dimensional confinement of electrons,

(8)

and the last term in the right-hand side of Eq.(7) is given by

with the prime on the summation denoting that the states Is , 2p+ and 2p_ only are to

be considered. The accuracy of this approximation has been studied in detail and the

results for the energy levels in the case of CaTe donors were in good agreement with the

experimental data.

In order to obtain the transition energy from Is to 2p+ , 6E = £3j,( - Eu , we

have numerically solved Eq, (5) as a function of the magnetic field strength. The relevant

physical parameters enter in the calculation for GaAs - Ga^ 7 t J4/0 2i, As quantum well were:

hwLe = 36.8meV , Et = 1.52eV , L = 100J1° , oc= 0.068 , eo = 12.5 , m" = 0.066mc, where

m, is the free electron mass. Since in the experimental situation", the electron density

was too small , the electron-phonon interaction screening effects are negligible. Then , the

form factor is the unique effect in reducing the polaronic corrections in comparison to the

purely two-dimensional case.



In Fig. ] we show the results we have obtained for the la —» 2p+ transition energy

as a function of the external magnetic field. The two solid curves are the variational

calculations for the case where the impurity center is placed at the middle of the well

(A) and at the interface between GaAs and GaAlAs layers (B). Also it is included in this

figure the experimental values , recently obtained by Huant et a l " through a magneto-

optical transmission (MT) and magneto-photoconductivity measurements (MPC). The

dots correspond to the peak positions in the MT and MPC spectra and have been

interpreted as due to the Is -+ 2p+ transitions of on-well-centre donor. The set of triangles

shows the peak positions of these transitions which appear once dopants are introduced

in the barriers but no interpretation has been found for it up to now13. Although it

is not due to interface impurities, its field position is so close to the results obtained

for the case when the impurity is at the interface. As we can see from this figure, our

theoretical calculation can account for the experimental results showing a clear polaron

pinning due to the longitudinal-optical phononof GaAs . Thehibridizationof the transition

in two polaron branches is also supported by the experimental point which appears above

hwio- Indeed the model calculation of the bound resonant magnetopolaron can explain

the experimental results. Polaron effects play a fundamental role in the understanding of

intra-donor Is —* 2p+ transition energy in a doped GaAs quantum well in the presence

of magnetic field. Band nonparabolicity gives only a linear behavior and its inclusion in

the theory shifted the energy values a little bit (~ lmeV) below to the experimental data.

This small discrepancy should be due to the simple form of the variational wave function

we have choosed. A better , but much more complicated, wave function such as that used

by Greene and Bajaj" certainly would give results closer to the experimental data.

In conclusion , we have made a calculation of the \s —• 2p^ transition energy in a

doped GaAs - Ga^ _ „ AlT At quantum well in the presence of a magnetic field by including in

the improved Wigner-Brillowin pertubation theory the polaron and band nonparaboHcity

effects. The results we have obtained showed a polaron pinning due to the longitudinal-

optica! plionons in accordance with the experimental data.
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Figure Caption

Figure 1- Plot of the calculated intra-donor la —• 2p(m = +1) energy transition in

a doped GaAs - Gao.it Alult As quantum well versus the magnetic field for two different

positions of the impurity : (A) at the center and {B) at the interface of the quantum well.

The dots are the experimental results from Huant et al (Ref. 13) for the case where the

impurity is placed at the middle of the well. The triangles correspond to the experimental

data for Is —» 2p+ transition which origin is unknown but it appears once dopants are

introduced in the barriers.
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