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Impurity-related optical-absorption spectra in GaAs-Ga; _,Al,As superlattices
with an in-plane magnetic field
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The effects of applied magnetic fields on the binding energy and the optical-absorption spectra associated
with transitions from the first Landau valence level to a shallow donor-impurity band in GaAsA&gAs
superlattices are studied for magnetic fields applied parallel to the interfaces of the heterostructure. The
donor-related magneto-absorption spectra are calculated within the effective-mass approximation using a varia-
tional procedure. Electron and hole magnetic envelope wave functions were obtained by an expansion in terms
of sine functions. We consider a homogeneous donor distribution in the superlattices and analyze the theoret-
ical impurity-related magnetoabsorption spectra for superlattices with different well widths, barrier lengths,
and for various applied magnetic fields. We observed that the impurity binding energy decreases as the
impurity approaches the barrier for all magnetic fields. For impurities located at the center of the wells the
binding energy always increases with the applied magnetic field. The main feature found in the theoretical
spectra was an absorption edge associated with transitions involving impurities at the center of the wells. The
energy for the peak position shows a linear dependence for magnetic fields higher that 4 T. For lower fields the
dependence is nonlinear. Also, we found that the intensity of the peak increases with the applied magnetic
field. [S0163-182808)07527-4

I. INTRODUCTION where they included the spatial dependence of the electron
mass.

There has been an increasing interest, both experimental Shi etal® presented a theoretical investigation of
and theoretical, in the investigation of quasi-two-dimensionathe properties of shallow donor impurities in a
(Q2D) systems, such as semiconductor heterostructure§aAs/AlLGa _,As superlattice in the presence of a magnetic
guantum wells, and superlattic€SL’s), because of their in- field applied along the growth axis. They obtained the energy
trinsic physical interest and their technological applicationdevels of several lowest donor excited states as functions of
in electronic devices. The understanding of the nature of imthe magnetic-field strength, well width, and the donor posi-
purity states in semiconducting heterostructures is a subjetion. The magnetopolaron effect on these donor energies was
of considerable technical and scientific relevance. Transitiostudied within second-order perturbation theory in which a
energies between donor states in low-dimensional systenfermal summation over all electron states is performed. The
have been experimentally observed by far-infrared and intereffect of band nonparabolicity is also included to correctly
subband spectroscopy, and various theoretical investigatiorexplain magneto-optic experimental results at high magnetic
have been performed in order to understand the nature arfiblds.
properties of these impurities. Since the optical and transport The optical absorption spectra associated with transitions
properties of semiconductor materials are strongly influencethvolving shallow impurities in QW's and QWW'’s was stud-
by both these doping impurities and the structures of théed by Bastard, Oliveira et al.® and Deng'® The effects of
Q2D systems, the knowledge of the effect of the confiningapplied magnetic fields on the optical-absorption spectra as-
potential barriers on the donor states is important. Bastardsociated with transitions from the Landau valence magnetic
reported the first calculation for binding energies of hydro-levels to shallow donor states in GafGa,Al)As quantum
genic impurities in quantum well@QW'’s) with an infinite  wells, for magnetic fields applied perpendicular to the het-
potential in the barriers. Several gro@iphiave extended the erostructure interfaces were studied by Barbetsal 1!
work of Bastard to calculate the low-lying energy levels of For a magnetic field in the growth direction, the cyclotron
the donor in the finite high barrier QW. Chaudhuri and Bhjaj motion of electrons is in the plane of the superlattice parallel
included the effect of the band nonparabolicity in their cal-to the interface. The quantizations caused by the magnetic
culation, where the effective mass of the electron was onlyield and the confinement of electrons in the growth direction
associated with the lowest subband of the QW. Chauthuriare independent, and the electronic magnetic energy levels in
extended the variational calculation of the ground-state ensuperlattices are relatively simple. In the case the magnetic
ergy of a donor electron in a QW to the situation of afield is applied parallel to the interfaces, the electronic cyclo-
multiple-well structure. This calculation was generalized to atron motion is in the growth direction, and the quantum en-
superlattice by Lane and Greeheyho also calculated the ergy levels are determined by the magnitudes of the mag-
energy of low-lying excited states p2) of a hydrogenic netic field and the width of the quantum wells.
donor at an arbitrary position. Helret al.” extended these Belle et al2*3have shown, both theoretically and experi-
calculations to higher excited staté<., 1s,2s,2p. ,2p,),  mentally, that transitions between well-defined Landau levels
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may be seen in the interband magnetoluminescence only for If one uses the translational symmetry in theandy
transitions that are related to Landau levels with energieslirections, the eigenfunctions and eigenvalues of(Egmay
within the first electron and hole minibands. De Dios-Leyvabe chosen as

et al*%8calculated the absorption coefficient of Ga@aa,

Al) As SL’s under the action of an in-plane magnetic field ‘I’O(r):¢n,kx(z)eikxx+ikyy )
for both interband and intraband transitions between elec-
) : . .~ ~and
tronic and hole magnetic levels. The observation of an inter-
subband donor-absorption line induced by applying an in- 72K2
plane magnetic field in a QW was reported by BroZak. EO(Ky  Ky) = En(ky) + Hj’ (3)

Skrommeet al*® studied the cyclotron motion of elec-
trons in couple-well GaA$Ga,Al)As superlattices by photo- wheren=0,1,2, ..., are the Landau-subband indices, kgnd
luminescence of conduction band to acceptor transitions ilky are the wave-vector components in theg plane. In Egs.
magnetic fields up to 13 T, applied either parallel or perpen{2) and (3), ¢nk (2) andEy(k,) are the eigenfunctions and

dicular to the layers. For parallel fields, three different ré-gigenvalues of the Hamiltonian obtained from Egj, with
gimes are observed as the ratio of the cyclotron radius to thfhe substitutions op, by %k, andp, by zero, which d’escribe
X X y )

surigrlattiii_pe;qiod i? _rgduged,_n_?)me(ljy,btunﬂgling Cyc'gt:f%tates with well-defined values of the cyclotron orbit center
motion within the miniband, rminiband breaxdown, and =5 _ |2 - with |,=(#c/eB)Y? being the cyclotron radius.

tr;glalytr?zattrasnlfrlg(r)nnnjragraﬂg agﬁetoe?s?a%?ﬁatﬂc %%?]rétézrﬁggn\',vz\tf “The magnetic levels and envelope wave functions were ob-
) y tained by expandingankx(x) in terms of sine functions, and

acceptor-related photoluminescencgpectra, which was - _ ST
. . : 19,20 . . diagonalizing the corresponding Hamiltonian, as reported by
theoretically explained by Latget al, whereas in this : 9 -
) Xia and Fan'’i.e.,

work we are concerned with thdonor-related magneto-
optical absorptiorspectra, which could in principle be easily 2|12 mwz M
studied for donor-doped SL’s samples such as the ones in- en (2)= —} > Cmsir{—+ —} (4)
vestigated by Skrommet al*® h L] m=1 L 2

In this work we present a systematic study of thegng therefore, the,, are straightforwardly obtained for a
magneto-optical absorption spectra associated with trans'given magnetic field and superlattice potentfal.
tions from the first valence Landau level to donor impurity * | the presence of a shallow donor impurity, the Hamil-
states in GaAsGa,AAs superlattices under the action of tgnian of one electron is
magnetic fields applied perpendicular to the growth direction
of the heterostructure. The temperature is assumed high 1o e?
enough to have ionized donor states and to make possible the Hi=H"——", 5)
impurity-related absorption phenomena. Section Il is devoted 0
to the presentation of some theoretical aspects and to thehere eq=12.35 is the dielectric constant of GaAs and
calculation of the transition probability per unit of time as- =[x*+y?+(z—z)?]"?is the electron’s position relative to
sociated with the donor-related magneto-optical absorptiothe impurity wherez; is the position of the impurity along
spectra. Results and a discussion are presented in Sec. Il atite growth direction.
our conclusions are in Sec. IV. The trial wave function considered is

Il. THEORY

We consider an in-plane magnetic field applied along the \J \} \j K/ K/ ,
0=

y direction, with thez axis along the growth direction of the l
GaAs{Ga,AlAs superlatticgwith the origin at the center of

the central we)l; i.e., the magnetic field is given b8 | _____| S B IR S DR W S IS N
=Bj, and with a gauge choice for the vector potential such \//\\ 4\ //\¥ /\\/
that A=zBi. The Hamiltonian for the carrier in the conduc- Sl A STt
tion (or valence band, within the effective mass approxima-
tion and using a parabolic-band model, is

Eg hel |€  he, he| he THLX_
z

2
+V(2), 1

HO_

P+ A
T 2m* c

~ n=]

where —e is the electron chargen* is the carrier effective
mass, and/(z) is the superlattice potential, equal to zero in  FG, 1. Schematic representation of some possible absorption
the wells and toV,, in the barriers,V,, being about 60% transitions from the valence magnetic levels to donor impurity
(40%) of the band-gap differenc&E, between Ga_,AlLAs  ground-state in a GaA&a,Al)As superlattice. The dependence of
and GaAs, withAE,(eV)=1.24%%, for the conductior(va-  the binding energy as a function of the donor impurity position
lence band® along of the heterostructures is presented.
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TABLE I.
well barrier conduction valence
width width Al effective effective
Superlattice A) A) concentration mass mass
1 64 26 0.21 0.0816 0.64
2 540 10 0.25 0.0655 0.3
3 135 18 0.27 0.0655 0.3
2112 mmz mar 2112 mmz mar
v == NE Csin —+ ——|e ™,  (6) win=|=| N Cpsin——+—|e Mu(r), (9
L L 2 L = L 2

with N being a variational parameter obtained bywhereu;(r) andu¢(r) are the periodic parts of the Bloch
minimizing”?°the impurity energy, antl the normaliza- ~ states for the initial and final states.

tion factor. The binding energy of the impurity is given by Taking the energy origin at the first conduction subband
as depicted in Fig. 1, we have for the energy of the initial

Ep(z 1—(H", (7)  (first valence levélstate
where(H') is the total energy with impurity ani, is the Ei=—¢g, (10)
energy of the first magnetic level which is independent of
K, . wheree, is given by

For transitions from the first valence level to a donor im-

purity level, we have for the initial and final states €9=Egapt E1ctE1y, (12)
with Eg,p=1.424 eV(Refs. 19 and 2lbeing the bulk GaAs
lpi(r):[z} 2 C.gin 7z, mm ] qikac kg 1) band gap and,. (E;,) is the energy of the first Landau
. m e level in the conductiorfvalencé band.
(8) The energy of the final state is
9 14 10
(a) -
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FIG. 2. Donor binding energy as a function of the impurity position and magnetic field for Ga&#\)As superlattices. In Figs.(d
and 2b), well width=64 A and barrier widtk-26 A. In Figs. Zc) and 2d), well width=540 A and barrier widtk 10 A.
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Ei=—Ey (7). (12 For a homogeneous distribution of impurities and assum-
ing that the superlattice parameters are much larger than the
The transition probability per unit time for valence-to- lattice parameter, one has for the total transition probability
donor transitions associated with a donor impurity located aper unit of time
z; is proportional to the square of the matrix element of the
electron-photon interactioH;,; between the wave functions W(w)= = f
of the initial state(first Landau valence levehlnd final(im- L J-
purity) states, i.e.,

L2
dzW(z; ,w). (22
L/2

) We would like to stress that we are assuming that the
™ . temperature is such that essentially all donors are ionized
W(w)= h 2 (f[Hini)|?0(E~Ei~fiw) (13 (i.e., kgT>Ry*, where RY is the donor effective Rydberg;
no other temperature effects are explicitly taken into ac-
cound. Also, we neglect effects both of the band-gap renor-
malization due to the conduction-band electrons introduced
P+ € A), (14) by the ionized donors, as well as of any process involving
c excitons such as bound-to-impurity excitons, etc.

with

H © A
int— MoC ph’

where A, is the radiation-field vector potential. Following

the effective mass approximation, the above matrix element lll. RESULTS AND DISCUSSION
may be written as+22 The characteristic valuesvell width, barrier width, pe-
riod, Al concentration, effective mass for conduction and va-
(F[Hini)= € AP S (15 lence bandsof the studied superlattices are shown in Table
Nt/ = mge © PR A I. In what follows, therefore, we performed the calculation of
it the magneto-optical donor-related absorption spectra for
Wi
S
1 i (a)
Pii=—= | druf(r)pu;(r) (16) H WELL = 64 A
Q Ja ab i BARRIER =26 A
P i MAG. FIELD B =6T
and 3 E:. ------ z=0A
N 3r E '-I .......... z= 8 A
Sfi:f drFs(r)Fi(r), (17 ? 5l z=16 A
s P
— N 3
where ) is the volume of the unit cell an&; (F;) is the i Y
envelope function for the findinitial) state. For the case of 1r g
the donor impurity we have foB; = Syi(z Ky, ky), i S .
ol— ] .
2N mmz mar 1459 1460 1461 1462
Si=1" n% CmCrv f d’r Sir{—,_ +7} PHOTON ENERGY (meV)
! ! 5 T
><Sir{ml_qrz N mzw kiKY T 18) B=2T§'E B=6T ||{B=10T (b)
4r i WELL =64 A
For a GaAstGa,Al)As superlattices with one impurity at i BARRIER =26 A

z;, the transition probability per unit time for valence to
donor transitions is given by

JmEL A

2v2adl3 1r

ZmUA Y(A) 0 ;n\\\“LT" \;\ T T T T
2020\ 57| T3 (19 1458 1450 1460 1461 1462 1463 1464

PHOTON ENERGY (meV)

DONOR POS. z= 0A

102W (z,0)

W(z,0)=Wy

d
X f dz,S?
0

whereay is the Bohr radius an¥(A) is the step function. In

: : FIG. 3. Absorption probability per unit timé/(z; ,w) as a func-

this expression we have fdr and Wy, . ! . !
P 0 tion of energy photorin units of W;; see Eq(21)] for valence to
_ donor transitions in a GaA&sa,Al)As superlattice of well width
A=ho=egtBe(z), (20 =64 A and barrier widtk=26 A. (a) Fixed values of impurity po-
am 2 sitionz =0, 8, 16 A and magnetic fielB=6 T. (b) Different mag-

_10 2 2 netic fieldsB=2, 6, 8, 10 T and a fixed impurity position at
Wo=—73 a5l ——| |Aon Psil*- 21
0 ﬁg 0 moc | ph fl| ( ) =0 A




2098 J. SILVA-VALENCIA AND N. PORRAS-MONTENEGRO PRB 58

SL’s with barrier and well widths corresponding to the in the case of superlattice 1, while, for example, for an im-
samples studied by Skromnee al® purity located next to the border of the wells, the binding
A schematic representation of a portion of a GaAs-energy decreases with the applied magnetic field because the
(Ga,Al)As superlattice doped with an homogeneous distribuelectronic amplitude probability increases as the magnetic
tion of the donor impurities is shown in Fig. 1. The edges forfield is augmented, but simultaneously it is repelled by the
optical absorption spectra associated with transitions fronpotential barrier, an effect that is stronger each time the im-
the first valence subband to the donor-impurity band is reppurity is closer to the barrier, reflecting how the increasing of
resented by w, and to the first conduction subband by. the magnetic field weakens the carrier tunneling through the
The transition/ w, corresponds to the absorption associatedarriers and consequently the repulsion by the barrier dimin-
with impurities located at the center of the barriers. ishes the binding energy. On the contrary, for impurities at
In Fig. 2 we display the donor binding energy as a func-the center of the wells the electron is more bound as the
tion of the donor position and applied magnetic field. For themagnetic field increases and the effect of the potential barrier
superlattice Awell=64 A, barrie=26 A) it is observed that (that is, the geometric confinemgnbtherwise present, is
the binding energy decreases as the impurity approaches tegligible.
the barrier[Fig. 2(a)], due to the fact that potential barrier =~ The transition probability per unit of tim&V(z ,) is
unfastens the electron from the impurity. The binding energyresented in Fig. 3 as a function of the photon enérgyIn
is enhanced with the applied magnetic field for any donorFig. 3(a) we presentWW(z; ,») for one impurity localized at
position[Fig. 2(b)], due to the increase of the magnetic con-z,=0, 8, and 16 A, for a magnetic field equal to 6 T. For a
finement. The binding energy as a function of the donor pofixed value of the impurity position there is a range of photon
sition for the superlattice PFig. 2(c)], presents a behavior energies for which the transition is possible, due to the para-
similar to that displayed in Fig.(2) for the superlattice 1; bolic dispersion relation of the first valence band. The largest
however, in superlattice 2, the curves present a crossover foransition probability is found folA =% w— €4+ Ep(z)=0,
different values of the magnetic field. We observed that the.e., for the transition from the top of the first valence sub-
crossover occurs for impurity positions closer to the center oband to the impurity positiorz; . The transition probability
the wells as the magnetic field increases. In Fi@) 3ve  W(z ,w) is shown in Fig. 8) for one impurity located at
observed that for an impurity located at the center of thehe center of any well of the superlattice and for different
well, the binding energy increases with the magnetic field avalues of the applied magnetic field. We observe that the
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FIG. 4. Absorption probability per unit timé/(z; ,w) as a function of donor positidin units of W, ; see Eq(21)] for valence to donor
transitions in a GaA$Ga,A)As superlattice of well widtk-64 A and barrier width-26 A. Curves 1-V in(a) and (b) correspond to fixed
values of photon energy 1458.84, 1459.00, 1459.61, 1461.07, and 1461.80 meV, respedcivahd (d): Different photon energies
(different magnetic fieldsthat satisfyA =7 w— ey +E(z=16 A)=0 andA =% — €5+ Ep(z=32 A)=0, respectively.
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energy range of the spectra is enhanced and the position of 6 S
the largest transition probability displaces to higher values in B=85 T‘D\B =10T @
energy as the magnetic field increases. This reflects the be- I g R WELL = 64 A
havior of the conduction and valence magnetic levels as well i\ BARRIER =26 A
as the increment of the binding energy with the applied mag-
netic field.

The transition probability per unit of tim&/(z, ,w) as a
function of the donor position, is presented in Fig. 4. For a
magnetic fieldB=6 T, we presenW(z ,w) for some fixed . %o
values offiw [Figs. 4a) and 4b)]. Curves | to V correspond | ol \\ o
to values ofiw equal to 1458.84, 1459.00, 1459.61, 1461.07, o o] MSa, Too B
and 1461.80 meV, respectively. It is clear that, for a fixed [ — Groooq [totan, ~C00odh oo
value offw only a fraction of the impurity band contributes 1458 1459 1460 1461 1462 1463 1464
to the absorption. We observed that for all values of the PHOTON ENERGY (meV)
photon energy, the transition probability diverges at impurity
positions for whichA =% w— €4+ Ey(z) = 0. This is because S, (b)
the magnetic field applied parallel to the interfaces of the S
superlattices transforms the bidimensional system in an uni- S 3
dimensional one, i.e., the system only presents one parabolic
dispersion relation. Curves I-Ill are similar to those obtained
for the absorption transition probability in cylindrical quan-
tum well wires®i.e.,W(z ,») is always an increasing func-
tion with the donor position up to the limit impurity position
for which it diverges. In curves IV and V it is shown how
W(z ,w) decreases for some impurity positions and after-
wards it increases up to diverge. The behavior of the transi- ‘ , , . ,
tion probabilityW(z; ,w) is related directly with the overlap- 1420 1430 1440 1450 1460
ping between the wave functions of the initial and final states PHOTON ENERGY (meV)
which is a growing function with the donor position for pho-
ton energies corresponding to curves |{dksociated with FIG. 5. Total optical absorption specfiia units of W,; see Eq.
impurities distant from the barriegswhile for curves IV and  (21)] as a function of the photon enerdyo, for valence-to-donor
V (associated with impurities close to the barridre over-  transitions in GaAgGa,A)As superlattice(a) A superlattice with
|app|ng is a decreasing function of the |mpur|ty position, duewe” width=64 A and barrier widtk 26 A, for different fixed val-
to both magnetic and geometrical confinement. It is observetles of magnetic field8=4, 6, 8.5, 10 T(b) Superlattices reported
that for impurities located at the center of the wells, thePy Skromme(see Table)i with a magnetic fiel=6T.
transition probabilityW(z;=0,0) diminishes as the photon
energy increases. This is due to the increment in the overlagesults were found for quantum wefls} quantum-well
ping between the wave functions of the initial and final statesvires?® and quantum dof$ without applied magnetic fields.
related with transitions for which the photon energy isHowever, in the present system we only have found one
smaller each time. noticeable peak associated with impurities at the center of

In Figs. 4c) and 4d) we present the transition probability the wells, which is a consequence of the magnetotunneling
W(z ,w) for different magnetic fields, and for photon ener- due to the direction of the applied magnetic field. This is a
gies that satisfyA=hw—e4+Ep(z=16 A)=0 and A very important difference to the previously cited results. In
=ho—e€;+Ep(z=32 A)=0, respectively. It is observed the range of the studied photon energies, the peak associated
that as the magnetic field increases the transition probabilityith impurities close to the barriers was only observed for
is more intense, due to the higher magnetic confinement. Ilow magnetic fieldsB=0.1 T) and its intensity is despicable
addition the behavior of th&V(z;,w) as a function of the compared with the intensity of the peak associated with im-
donor position is similar for all values of the magnetic field. purities at the center of the wells.

10°W_(w)
ol
/U

10°W_(w)

Previous results for the transition probabilly(z; ,») pre- In Fig. 5b) for a magnetic fieldBB=6 T, we present the
sented for superlattice 1, are similar to those found for sutotal absorption probability for the superlattices 1, 2, and 3,
perlattices 2 and 3. with well and barrier width similar to those reported by Sk-

The total absorption probability is shown in Fig. 5 as arommeet al® The behavior oMW;(w) is equal for all su-
function the photon energy. In Fig(&) we present the total perlattices, i.e., only a peak is present in the spectrum which
absorption probability\WW;(w) for the superlattice 1, for dif- is associated with impurities located at the center of the
ferent magnetic fields. We observe that there is a noticeableells. In addition the photon energy range of the spectra
peak structure associated with impurities located at the centémcreases with the well width.
of the wells. It is important to mention that recently, Barbosa The peak position in the total absorption probability,
et al!* have found for the impurity-related optical absorption Wr(w) as a function of the magnetic field for the superlat-
spectra in GaAs OW's with a magnetic field applied in thetices reported by Skrommet al® are shown in Fig. 6. No-
growth direction, two structures associated with impurities atice in Table | that for the superlattice 1 we have used for the
the center and at the border of the heterostructure. Similadonor acceptor and acceptor effective masses the values re-
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FIG. 6. Peak positions as a function of the magnetic fiédgl.

With well width=64 A and barrier width-26 A. (b) With well
width=540 A and barrier widts 10 A. (c) With well width
=135 A and barrier widtk 18 A.
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FIG. 7. Peak intensity of the total optical absorption spefdtra
units of Wy ; see Eq(21)], as a function of the magnetic field, for
valence-to-donor transitions in GaA&a,Al)As superlattices(a) A
superlattice with well widtk-64 A and barrier widtk26 A. (b)
With well width=540 A and barrier widtk 10 A.

ment, which is reflected in the donor binding energy, over
the magnetic confinement.

The peak intensity of the total transition probability as a
function of the magnetic field is displayed in Fig. 7. It is
observed that the peak intensity increases with the applied
magnetic field, due to the stronger magnetic confinement.
For superlattices 1 and 3 the increment of the peak intensity
is monotonous in the entire range of the magnetic field.
However, we observed that for wider-well superlattices, the
intensity increases rapidly for low magnetic fields, but looks
similar to going to a saturation limit for higher magnetic
fields.

IV. CONCLUSIONS

Summing up, we have calculated the optical-absorption

ported in Refs. 12 and 13, different than those values usednecira associated with transitions between the first Landau

for superlattices 2 and 3. Despite this, in general we observ

lence subband and the donor-impurity band in GaAs-

that the behavior is linear for magnetic fields larger that 4 Tyga AAs superlattices with in-plane magnetic fields. The

due basically to the linear dependence of the magnetic levelgonor-related magnetoabsorption spectra were calculated
with the applied magnetic field. This behavior is in qualita-within the effective-mass approximation using a variational

tive agreement with magnetoluminescence results byrocedure and considering a homogeneous donor distribution
Skromme et al’® for transitions between the conduction in the superlattices. Electron and hole magnetic envelope
magnetic subband and the acceptor impurity states. We thinkave functions were obtained by an expansion in terms of
that the no linear behavior of the peak position in energy forsine functions. We conclude that the binding energy de-
low magnetic fields is governed by the geometrical confinecreases as the impurity approaches to the barrier for all mag-
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netic fields. For impurities located at the center of the wellsmagnetic field. We estimate future interpretation of optical
the binding energy always increases with the applied magabsorption spectra in GaA&a,Al)As superlattices under in-
netic field. Essentially we found that the total absorptionplane magnetic fields, must take into account these results.
spectra under the action of applied magnetic fields present

only a peak associated with transitions involving impurities
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