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A magneto-optical study of acceptors in varying degrees of confinement in GaAs/Al„Gal „As quan-
tum wells (QW's) is presented. A model for the splitting of the acceptor bound exciton (BE) aud the al-

lowed BE transitions in the presence of a magnetic field is presented. Our experimental results for the

acceptor BE emission agree with calculated g values for bound holes, e.g. , g3/2 0.61 and g&&2 =0.35 for
0

a 150-A-wide QW. Furthermore, the energy separation between the acceptor m, =+ z~ 1S(I 6) ground

state and the excited m, =+—, 2S(l 6) state as a function of applied magnetic field is derived from selec-

tive photoluminescence and resonant-Raman-scattering measurements. Finally, these experimental re-

sults are compared with theoretical predictions for the confined acceptor states.

INTRODUCrION

While there are numerous reports on experimental
studies of the efFect of difFerent external perturbations,
such as electric, magnetic, and mechanical stress fields,
on the intrinsic properties of quantum-well (QW) sys-
tems, corresponding studies on the extrinsic properties
are very limited. For the case of the magnetic-field efFect
on confined donors, Jarosik et al. ' performed work by us-

ing far-infrared (FIR) magnetospectroscopy. Later on,
FIR magnetospectroscopic studies have resulted in
several reports on, e.g., the dependence of the transition
energies between the ground state and excited states on
the QW width and the donor position within the QW for
the Si donor confined in GaAs/Al„Ga, „As QW's. '

An alternative far-infrared techmque to study the impuri-
ty transitions is the FIR photoconductivity method,
which recently has been applied on the confined Si
donor. ' For the case of acceptors, the energy levels for
the excited states have been investigated as a function of
QW width and acceptor position via resonant Raman
scattering (RRS) and two-hole transitions (THT's) of the
acceptor bound exciton (BE) observed in selective photo-
luminescence (SPL). ' Corresponding studies on the
magnetic-field dependence of confined acceptors are very
limited. Recently, there have been a few experimental re-
ports on the g factor for the acceptor bound hole.
For instance, Sapega et al. reported on spin-Qip Raman
scattering for the acceptor bound hole. From these mea-
surements, the longitudinal component of the g factor for
the acceptor bound hole could be evaluated, g

~~

=2.3, in a
40-Awide QW. These results deviate significantly from
the theoretical treatment by Masselink, Chang, and Mor-
koc." We have earlier reported on the confinement
dependence of the efFective g values for the acceptor BE
recombination evaluated from magneto-optical measure-
ments. ' We have now extended these studies on the elec-

tronic structure of the acceptor and its BE on both the
experimental and theoretical side. In this work we em-
phasize the experimental side, while the theoretical part
is published separately. '

EXPERIMENT

The samples used in this study were grown by molecu-
lar beam epitaxy at a temperature of nominally 680'C
without interruptions at the QW interfaces. On top of a
semi-insulating (100) GaAs substrate, a 0.35-pm undoped
GaAs buffer layer and 50 periods of alternating layers of
GaAs QW's of widths in the range 50—150 A and
140-A-wide Alo3oGao7oAs barriers were grown. The
samples were selectively doped with Be in the central
20% of the QW with a concentration ranging from
3X10' cm for the wide wells to 1X10' cm for the
more narrow QW's.

For SPL and PL excitation measurements, an Ar+ ion
laser was used to pump a titanium-doped sapphire solid-
state laser. The emitted light from the samples was fo-
cused on the slits of a 1-m double-grating monochroma-
tor and detected with a dry-ice-cooled GaAs photomulti-
plier. The magneto-optical measurements have been per-
formed in magnetic fields up to 16 T applied perpendicu-
lar to the QW layers. The excitation light from the laser
is coupled onto the sample via an optical fiber. The same
optical fiber is used for the collected emission light from
the sample onto the monochromator.

LUMINESCENCE IN THE PRESENCE
OF A MAGNETIC FIELD

While there are a number of papers on theoretical ap-
proaches to calculate the electronic structure of the
confined acceptors without considering external-field per-
turbations, there is to the best of our knowledge only one
earlier report by Masselink, Chang, and Morkoq" on the
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theoretical treatment of the acceptor electronic structure
in the presence of a magnetic field. They predicted the
ground-state splitting between the acceptor Kramers
doublet states, the I =+—', states; however, the predicted
splitting was significantly larger than the experimental re-
sults reported.

Recently, we have performed calculations on the ener-

gy levels for acceptor states perturbed by a magnetic field

by extending the comprehensive theory given by Fraizzo-
li and Pasquarello. ' ' The acceptor states are calculated
within a four-band effective-mass theory, in which the
valence-band mixing as well as the mismatch of the
valence-band parameters and the dielectric constants be-
tween well and barrier materials have been taken into ac-
count. To ensure that the calculations converge for all
different states, a large number of basis functions (up to
1000) have been used. The g factors of shallow acceptor
states are obtained from these calculations for varying
QW widths and for different input values on the Lut-
tinger parameters, ~ and q. The details about the calcula-
tions performed are given elsewhere. '

PL spectra of QW structures at moderate acceptor
doping levels are normally dominated by the free exciton
and the acceptor BE. In the presence of a magnetic field,
the acceptor BE peak is blueshifted due to the diamagnet-
ic shift (measures to 2. 1X10 meV/T for a 150-A-
wide QW). Furthermore, the BE peak is found to split
into two components in magnetic-field-perturbed PL. '

One has to proceed cautiously, however, when interpret-
ing this linear Zeeman splitting. In the presence of a
magnetic field, not only the twofold degeneracies of the
ground states [the 1S(I 6) heavy-hole state and the
1S(I 7) light-hole state] are lifted, but also the excited ac-
ceptor BE states split. Consequently, the observed split-
ting of the acceptor BE peak as observed in PL spectra is
the combined effect of the splitting in the acceptor
ground state and the excited acceptor BE state. Accord-
ingly, the g values, for the electron and hole individually
cannot be directly determined from these spectra, but in-
stead an effective g value, g,z, for the entire acceptor BE
emission is evaluated. The so-derived effective g value is
found to be significantly larger for an acceptor BE
confined in a QW than in bulk material. For instance,
the acceptor BE effective g value is reduced from

g,s.= l. 89 for a 100-A-wide QW to g,&=0.66 for the cor-
responding BE emission in bulk GaAs. '

In order to further proceed with the interpretation of
the magneto-optical results achieved, we have to treat the
electronic structure of the acceptor ground state and the
excited acceptor BE state separately. If we start with the
acceptor 1S(I 6) ground state, the linear magnetic-field
splitting between the acceptor +

~ J, ~
components can be

described by

kE =p//gJ 2~ Jz ~8

where J, is the magnetic angular momentum in the direc-
tion of the magnetic field and gJ is the related g value.

2

The g values for the confined acceptor holes have recently
been caiculated, ' and are found to be in good agreement
with the independent experimental data available.

The so-derived splitting for the acceptor 1S[I&] ground
state, i.e., the final state in the PL emission, in a 150-A-
wide QW for a g value of g3/p 0.61 and g, /z =0.35 (Ref.
13) is shown in Fig. l.

We now proceed with the initial state in the PL emis-
sion, the acceptor BE state. The j-j coupling between the
two bound holes and the single electron involved in the
BE system gives rise to three BE states with J=

—,', —'„and
—,', of which the J=—', BE state is concluded to be lowest

for shallow acceptor BE's in bulk GaAs (Ref. 16}as well
as in QW's. ' Also, the QW confinement effect has to be
considered in a proper treatment of the BE in the two-
dimensional case. This confinement effect, included in
the calculations via the introduction of an axial crystal-
field perturbation, results in a further splitting of the BE
states. This splitting is, however, concluded to be
significantly smaller than the splitting between the J=—,

'
and —,

' BE states (by more than a factor of 10) (Ref. 12)

and is, accordingly, below our resolution limit.
We can now conclude our discussion on the BE emis-

sion by stating that the transition observed in PL at low
temperatures originates from the initial J=—', acceptor
BE state to the final acceptor 1S(I 6} ground state. The
calculated dependence of these states on the magnetic
field together with the allowed transitions are shown in
Fig. 1. The solid lines show the o-polarized transitions,
while the dashed lines show the m-polarized transitions,
which are forbidden in the Faraday configuration used in
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FIG. 1. The predicted development of partly the acceptor

IJ=+
2

1S(I 6) ground-state components and partly the J=
2

BE-state components, with increasing magnetic field, for a 150-
A QW is shown in the lower part of this figure. The allowed
transitions between these components (denoted A —F) are given

by solid lines corresponding to the o.-polarized transitions and
dashed lines for the m.-polarized transitions (forbidden in our
Faraday configuration). The resulting splitting for the allowed
transitions between the BE state and the 1S(I 6) ground state of
the acceptor as a function of the magnetic field is shown in the
top part of this figure. In order to compare with experimental
results, the splitting of the acceptor BE observed in PL mea-
surements is plotted relative to the low-energy branch (denoted
C).
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this experiment. The resulting splitting for the allowed
transitions between the BE state and the 1S(I"6)ground
state of the acceptor, as a function of the magnetic field,
is shown in the top part of Fig. 1. For comparison, the
experimentally observed splitting of the BE peak relative
to the low-energy branch (C) is shown in the same figure.
The derived PL results agree within the experimental ac-
curacy with the predicted exciton transitions for the
low-energy and high-energy branches (denoted C and D
in Fig. 1), while the two remaining components ( A and F
in Fig. 1) have not been monitored in our PL spectra.
These components might be hidden between the C and D
components due to a somewhat smaller transition proba-
bility for A and F.

MAGNETIC-FIELD DEPENDENCE
OF ACCEPTOR STATES

The acceptor 1S(I 6)-2S(I 6) energy separation has
been measured as a function of the applied magnetic field
in two independent ways: the separation between the ac-
ceptor BE peak and the dominating THT satellite related
to the excited 2S(I 6) acceptor state or, alternatively, the
separation between the laser excitation energy and the
strongest RRS satellite. The results derived from these
two methods are almost identical, but since the experi-
mental accuracy is significantly higher for the case of the
RRS, the results we refer to in this paper originate from
RRS. The satellite peaks are found to shift towards
higher energy with increasing magnetic field like the ac-
ceptor BE's, but at a slightly slower rate than the BE's.
This means that the energy separation between the accep-
tor BE's and the THT satellites, i.e., the 1S(I 6)-2S(I s)
(Fig. 2) transition energy, increases with increasing mag-
netic field. The same trend is found for all QW widths in-
vestigated, although to a different extent. The depen-
dence of the acceptor 1S(I'6)-2S ( I 6) transition energy on
the applied magnetic field up to 16 T for three different
QW widths is shown in Fig. 3.

The experimentally achieved results on the energy sep-
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FIG. 2. The inset shows schematically the splitting of the
mj=+z components for the 1S(I 6) ground state and the
2S(I 6) excited state of the confined acceptor in the presence of
a magnetic field. The possible transitions between the acceptor
1S(I 6) ground state and 2S(I 6) excited state are denoted by
A —D. The main figure shows the calculated transition energies
for the case of an acceptor in the center of a 100-A-wide QW.
The experimental results derived from the RRS and THT exper-
iments are given as filled circles in the figure.

aration between the acceptor 1S(I 6) ground state and
the excited 2S( I'6) state have been compared with
theoretically predicted results. From the computations
described above, the dependence for different acceptor
states on the applied magnetic field has been calculated.
The inset in Fig. 2 shows schematically the energy levels
for the acceptor 1S(l &) ground state and the excited
2S(I's) state in the presence of a magnetic field. The en-

ergy levels resulting from these calculations for the ac-
ceptor 1S(I'6) ground state and the excited 2S(I 6) state
are shown in Fig. 2 for the case of acceptors in the center
of a 100-A-wide QW. As can be seen in this figure, the
predicted splitting between the Kramers doublet states,
the m =+—', states, is significantly larger for the 1S(I'6)
ground state than for the excited 2S(I 6) state. There are
four possible transitions between the acceptor 1S(I 6}
ground state and the excited 2S(1 s) state, denoted
A, B, C, and D in Fig. 2, of which two transitions
m =+—,'~m =+—', involve a spin fiip. Since the split-

ting between the m =+—', components of the 2S(I'6) ex-

cited state is small relative to the corresponding splitting
of the 1S(I 6) ground state, we derive two major branches
[related to m =+—,

' and ——'„respectively, of the 1S(I s}
ground state] of predicted transition energies for central
acceptors in a 100-A-wide QW, as shown in Fig. 2.

Next we will compare the experimental results
achieved with the theoretical predictions for the acceptor
1S(I 6)-2S(I'6) transition energy in a 150-A-wide QW
shown in Fig. 2. First, we will state that the resolution of
the experiments does not allow us to draw any
conclusions about whether the spin-conserving,
m. =+—,

' m =+—,
' or the spin-6ip, m =+—', ~m =+—,',

transitions dominate between the acceptor 1S( I'6 }-
2S(I'6) states. Second, we note that just one branch cor-
responding to the high-energy branch is observed, while
the low-energy branch is not seen. The reason for the ab-
sence of this branch is obscure, but it should be kept in
mind that the experimental results originate from mea-
surements of RRS or THT satellites with resonant excita-
tion, and the selection rules applicable to RRS or THT
have to be taken into account. Possible explanations for
the absence or low intensity of the low-energy branch are
a low oscillator strength for RRS or THT transitions re-
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FIG. 3. The experimentally determined energy separation be-
tween the acceptor 1S(I 6) ground state and the excited 2S(I 6)
state as a function of applied magnetic field for three different
QW widths.
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lated to this branch or a limited thermal population of
the initial BE state. However, the experimental data for
the high-energy branch for the acceptor 1S(I'&)-2S(I &)

transition energy exhibit a good agreement with the
theoretical predictions, when the Luttinger parameter
x =1.2 is used. '

SUMMARY

In summary, we have performed optical studies of the
acceptor confined in GaAs/Al„Ga, „As quantum wells

of varying width in the presence of a magnetic field. The
magnetic-field dependence of the transitions between the
acceptor 1S(I s) ground state and the excited 2S(1 s)
state is demonstrated. Also, a model for the magnetic-
field dependence of the acceptor BE recombination from
the initial J=—,

' BE state to the final 1S(I's) acceptor
ground state is presented. The experimental data on the
acceptor BE splitting observed in PL as a function of
magnetic field are in good agreement with our results
from calculations on bound-hole g values.
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