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Abstract. The effects of applied magnetic fields on the optical absorption spectra assoc-
iated with transitions from the Landau valence magnetic levels to shallow donor states in
GaAs–(Ga, Al)As quantum wells are studied for magnetic fields applied perpendicular to the
heterostructure interfaces. The donor-related magneto-absorption spectra are calculated within
the effective-mass approximation, and with a minimization procedure for evaluating donor
energies and envelope wave functions. We consider a homogeneous donor distribution in the
well and analyse the theoretical impurity-related magneto-absorption spectra for various quantum
well widths and applied magnetic fields. The magneto-absorption lineshapes present features
clearly associated with transitions involving donor states and different valence Landau magnetic
levels.

1. Introduction

Due to the potential device applications of doped semiconducting superlattices and
heterostructures, there has been a considerable interest in the physical properties associated
with these systems. The understanding of the nature of impurity states associated with
heterostructures is a subject of considerable technical and scientific relevance. The optical
absorption spectra associated with transitions involving shallow impurities in quantum wells
(QWs) was studied by Bastard [1], who considered an infinite-barrier QW and studied the
hydrogenic-impurity states within a variational procedure. His work was followed by a more
detailed investigation by Oliveira and co-workers [2] who analysed the absorption and photo-
luminescence spectra associated with shallow donors and acceptors in GaAs–(Ga, Al)As
QWs. Experimentally, the observation of acceptor-related features in the photoluminescence
spectra of GaAs–(Ga, Al)As QWs and superlattices was reported by Milleret al [3], and
properties of donors in those systems have been studied by Shanabrook and co-workers [4]
and Helmet al [5].

Concerning the magneto-optical properties of semiconducting heterostructures,
experimental techniques such as interband magnetoluminescence and cyclotron resonance
[6, 7] have been used to study the effects of applied magnetic fields in superlattices in both
configurations, parallel and perpendicular to the interfaces. Belleet al [8] have shown,
both theoretically and experimentally, that transitions between well-defined Landau levels
may be seen in the interband magnetoluminescence only for transitions that are related to
Landau levels with energies within the first electron and hole minibands. de Dios-Leyva
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and Galindo [9] calculated the absorption coefficient of GaAs–(Ga, Al)As superlattices
under an in-plane magnetic field for the case of intraband transitions between electronic
magnetic levels. The observation of an intersubband donor-absorption line induced by
applying an in-plane magnetic field in a QW was reported by Brozaket al [10]. Via
photoluminescence measurements associated with transitions from the conduction band to
acceptor states in applied magnetic fields, Skrommeet al [11] have investigated the cyclotron
motion of electrons in multiple QW. Although there has been quite a considerable amount
of experimental and theoretical work on hydrogenic impurities in QWs and superlattices,
there are still some theoretical and experimental aspects to be considered on impurity-related
absorption in QWs.

In this work we present a systematic study of the magneto-optical absorption spectra
associated with donors in GaAs–(Ga, Al)As QWs under magnetic fields applied in the QW
growth direction, and consider transitions between the valence Landau states and ground-
state donor levels. The temperature is assumed high enough (T � 100 K) that each donor
state is ionized. Section 2 will be devoted to the presentation of some theoretical aspects
and to the calculation of the transition probability per unit of time associated with the
donor-related magneto-optical absorption spectra. Results and a discussion are presented in
section 3 and our conclusions are in section 4.

2. Theory

In the effective-mass approximation, the Hamiltonian for a donor impurity in a GaAs–
(Ga, Al)As QW, under a magnetic fieldB applied perpendicular to the interfaces, may be
written as

H = 1

2m∗

(
p+ eA

c

)2

− e2

εr
+ Vb(z) (1)

where,A = B × r/2 is the magnetic vector potential,r = [ρ2 + (z − zi)2]1/2, zi is
the position of the impurity with respect to thez = 0 origin chosen at the centre of the
well, ε = 13.1 is the dielectric constant [12],m∗ is the conduction-band effective mass
(m∗ = m∗c = 0.0665m0; m0 is the free-electron mass), and we assume the values ofm∗ and
ε for GaAs for all regions of the heterostructure. The barrier potentialVb(z) is taken as a
square well of widthL and heightVb. The sizeVb of the barrier is taken to be 60% of the
band-gap discontinuity1Eg (eV) = 1.247x in the GaAs–Ga1−xAl xAs heterostructure for
the conduction band [3, 13]. For the valence-band states, we neglect the effect of coupling
of the top four valence bands [14] of both well and barrier semiconductors and consider
a spherical-carrier effective massm∗v ' 0.3 m0 which gives an experimental bulk value
[3, 15] of 26 meV for the acceptor binding energies. We follow a minimization procedure
for evaluating donor energies and envelope wave functions, which are taken as products of
the QW ground-state solution and the variational hydrogenic 1s-like functions [16].

The donor-related magneto-optical absorption is associated with transitions involving
valence Landau magnetic levels and donor states. The envelope wave function of the|i〉
initial (valence) state is taken as

Fi = eimφ

√
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whereL|m|nr is the associated Laguerre polynomial,nr andm are quantum numbers, and
lH =

√
h̄c/eB is the usual Landau length. For the envelope wave function of the|f 〉 final

donor state, we used the trial wave function

Ff = Ncfc(z)e−{αr+βρ2+γ (z−zi )2} (4)

whereα, β, and γ are variational parameters [17], andNc is a normalization factor. In
equations(2) and(4), fc andfv are thez-solutions of the conduction and valence envelope
wave functions for the QW in the absence of the magnetic field. The above variational
wave function gives good agreement with experiment as demonstrated in recent theoretical
work [16, 18].

Taking the origin at the bottom of the conduction band, we have for the initial and final
energies

Ei = −Eg − E1v − h̄ωv
(
nr + |m| +m

2
+ 1

2

)
(5)

and

Ef = E1c + 1

2
h̄ωc − E(L, zi) (6)

whereωc,v = eB/cm∗c,v are the conduction (valence) cyclotron frequencies,E(L, zi) is the
donor binding energy,Eg is the bulk GaAs gap, andE1c(1v) is the bottom (top) of the first
conduction (valence) subband.

The transition rate associated with transitions from the valence Landau levels to 1s-like
donor states is calculated using the Fermi golden rule:

W(w) = 2π

h̄

∑
i

|〈f |Hint |i〉|2δ(Ef − Ei − h̄ω) (7)

with

Hint = e

m0c
Aph ·

(
p+ e

c
A

)
whereAph is the radiation-field vector potential. The above matrix element may be written
as [19]

〈f |Hint |i〉 = e

m0c
Aph · Pf iSf i (8)

with

Pf i = 1

�0

∫
�0

dr u∗f (r)p ui(r) (9)

and

Sf i =
∫

dr F ∗f (r)Fi(r) (10)

where�0 denotes the volume of the crystal unit cell, anduf (ui) is the periodic part of the
Bloch function for the final (initial) state.

For a GaAs–Ga1−xAl xAs QW of width L, the transition rate for valence-to-donor
transitions (associated with a single impurity located atz = zi) is therefore given by

W(w) = (2π)2

h̄2

(
e

m0c

)2

|Aph · Pf i |2N2
c

(
1

lH

)2

×
∑
nr

∑
zi

∣∣∣∣ ∫ ∞−∞ dz fc(z)fv(z) exp{−γ (z − zi)2}Inr (z − zi)
∣∣∣∣2

× δ(Ef − Ei − h̄ω) (11)
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where

Inr (z − zi) =
eb(z−zi )

2
eα/(2

√
b)

b
Jnr (z − zi) (12)

whereb = β+1/(4l2H ), andJnr is an integral involving exponential functions (see equations
(3) and (4)) and Laguerre polynomials. In obtaining the above transition rate, we have used
them = 0 selection rule which is the appropriate one for transitions from valence states to
shallow donor 1s states.

We consider a homogeneous donor distribution inside the QW and assume that the
quantum well thickness is much larger than the lattice spacing, so that the sum over impurity
positions in equation (11) may be evaluated by means of an integral with respect tozi across
the whole well width. In order to introduce scattering effects, we replace the delta function
with a Lorentzian with a width equal [20] to 0.50 meV.
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Figure 1. Magneto-optical absorption spectra associated with transitions from valence Landau
levels to donor states, underB = 0.1 T, of GaAs–Ga0.7Al 0.3As QWs of widthsL = 100 Å and
L = 500 Å.

3. Results and discussion

The donor-related magneto-absorption spectra (equation (11)) are calculated for GaAs–
Ga0.7Al 0.3As QWs, and for various well widths and applied magnetic fields. Figure 1
presents the calculated results for the magneto-absorption spectra related to transitions
from the first valence Landau level to donor states forL = 100 Å and L = 500 Å
QWs under a small magnetic field of 0.1 T (applied perpendicular to the interfaces). A
considerable shift of the magneto-absorption spectra to smaller photon energies as the well
width increases is apparent, as expected. Also, these results for small magnetic fields are
in agreement with previous theoretical calculations by Oliveira and Pérez-Alvarez [2] for
QWs in the absence of a magnetic field, in which one finds structures in the absorption
spectra associated with on-centre and on-edge donors. The effects of an applied magnetic
field of 5 T on thedonor-related magneto-absorption spectra of GaAs–Ga0.7Al 0.3As QWs
are shown in figure 2, in which we consider transitions involving three valence Landau
magnetic levels,n = nr = 0, 1, and 2, and 1s-like donor states. One notices that the total
magneto-absorption spectra present features related to transitions associated with the three
above-mentioned Landau levels. It is easy to verify that the separation between peaks is
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Figure 2. Magneto-optical absorption spectra associated with transitions fromn = 0, 1, and 2
valence Landau levels (dotted lines) to donor states, underB = 5 T, of GaAs–Ga0.7Al 0.3As QWs
of widthsL = 100 Å andL = 500 Å. Full curves correspond to the total magneto-absorption
spectra.

essentially given by the valence cyclotron energy ¯hωv. It is worthwhile to note that eachnth
Landau level contribution to the magneto-absorption spectra in figure 2 shows two features
which may be related to structures [2] corresponding to on-centre and on-edge donors in
the density of impurity states.

Also, for B = 5 T, andL = 100 Å, one clearly sees that the contribution for the
total magneto-absorption due to transitions involving higher values of the Landau indices
n decreases with increasingn. In the case ofL = 500 Å the n = 2 contribution to the
absorption spectra is barely seen. In fact, for higher applied magnetic fields this behaviour is
even more pronounced: the calculated magneto-absorption for some other values of applied
magnetic fields are shown in figure 3, where one clearly sees that transitions involving
higher values of the valence Landau numbern are smeared out as the field increases and
the QW width increases, and this wouldnot be observed in an actual experiment.

The dependence on the QW width of the peak position in the magneto-optical absorption
spectra, associated with transitions involving then = 0 valence Landau magnetic level, is
displayed in figure 4(a) for applied magnetic fields of 0.1 T, 10 T, and 20 T, while the
magnetic field dependence of the peak positions associated with the first few valence Landau
levels is exhibited in figure 4(b) for QW widths of 100̊A and 500Å. Notice that the peak
positions corresponding to different Landau levels are essentially the same for small QW
widths, as quantum confinement due to the barrier potential is more relevant than the effect
of the applied magnetic field.

One should stress that the results presented in this work are somewhat qualitative, in the
sense that the actual donor-related magneto-optical absorption spectra should be calculated
taking into account a realistic valence-band structure [14]. Also, as the valence electron
makes a transition to the shallow donor state it leaves a hole behind it, and in fact one
has a physical system of an exciton which becomes bound to the shallow donor, and such
excitonic effects are not included in the present approach.
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Figure 3. Magneto-optical absorption spectra associ-
ated with transitions from valence Landau magnetic lev-
els to 1s-like donor states for various magnetic fields,
and for (a)L = 100 Å and (b) L = 500 Å GaAs–
Ga0.7Al 0.3As QWs.

Figure 4. Peak positions of the magneto-absorption
spectra for GaAs–Ga0.7Al 0.3As QWs, and associated
with: (a) transitions from then = 0 valence Landau
level to 1s-like donor states as functions of the well
width for different values of the applied magnetic field;
(b) transitions from then = 0, 1, and 2 valence Landau
levels to 1s-like donor states as functions of the applied
magnetic field, and forL = 100 Å and 500Å QWs.

4. Conclusions

In conclusion, we have calculated the donor-related magneto-optical absorption spectra
corresponding to transitions involving different valence Landau magnetic levels and donor
states, and we have studied in detail the dependence of the magneto-absorption features
for a range of QW widths, and applied magnetic fields. To our knowledge, there are
no experimental measurements of impurity-related magneto-absorption in QWs to compare
with our theoretical results. We believe, however, that the present study should stimulate
experimental work in the area, and be of help in the quantitative understanding of
forthcoming experiments.
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