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The infrared-absorption spectra of acceptors confined in the center of GaAs/Al„Gal „As quantum

wells in the presence of an external magnetic field have been calculated. The calculations are based on a
four-band e8'ective-mass theory in which the valence-band mixing as well as the mismatch of the band

parameters and the dielectric constants between well and barrier materials have been taken into account.
The dipole transition rule is assumed for the infrared absorption. The osci11ator strengths of allowed

transitions between the acceptor ground states and excited states, corresponding to the transitions G, D,
0

and C in bulk GaAs, are calculated for different well widths in the range 50—200 A with an external mag-

netic field up to 10 T. The oscillator strength of these infrared acceptor transitions exhibits a strong po-
larization dependence.

INTRODUCTION

The infrared absorption of acceptors confined in
quantum-well (QW) structures has so far been very rarely
studied both experimentally and theoretically. To the
best of our knowledge only one preliminary experimental
work reported the infrared absorption of acceptors
confined in QW structures. ' Experimentally the infrared
absorption between acceptor states in QW's is more
dif6cult to observe than in the bulk case, due to the
broadening of absorption lines as well as a small absorp-
tion volume in a QW. Theoretically, due to the compli-
cated valence-band structure, it is more diIcult to prop-
erly calculate the ground as well as the excited acceptor
states in the presence of an external magnetic field. Re-
cently we have presented detailed calculations of accep-
tor energy levels in QW's in the presence of a magnetic
field parallel to the growth direction. * The theoretical
calculations are based on an extension of the zero
magnetic-field calculations on acceptors in QW's by
Pasquarello and co-workers to cover the case of an
external magnetic field. An obvious advantage of this
theory is that it allows one to obtain the acceptor ground
states as well as the excited states of any symmetry within
the same framework. The impurity states are calculated
within a four-band effective-mass theory, in which the
valence-band mixing as well as the mismatch of the band
parameters and the dielectric constants between the well
and barrier materials have been taken into account.

In previous papers * we have calculated the magnetic-
field dependence of the acceptor energy levels in QW's.
The transitions between the acceptor ground 1S3/2 states

and the different excited states were deduced in the pres-
ence of an external magnetic field. The calculated
1S3/2(r, )-2S3/2(I'6) transition energies were in excellent
agreement with the experimental results for a different
magnetic-field strength. The validity of defining g values
for different acceptor levels was also discussed. The g
factors of the shallow acceptor 1S3/2 ground states and
the 2P3/p excited states were obtained for QW's with
different well widths.

In this work, we use the energy eigenvalues and wave
functions derived from the previous calculations to cal-
culate the infrared-absorption oscillator strength of each
transition at various magnetic-field strengths. The split-
ting of the infrared acceptor transitions, the oscillator
strength of each transition, and polarization effects at
difFerent magnetic fields have been thoroughly investigat-
ed for acceptors confined in the center of QW's with well
widths in the range 50-200 A. In the following, we
brie6y discuss the calculations of the acceptor levels in
QW's, and the oscillator strength formalism. The calcu-
lated absorption spectra are then presented, and finally a
discussion and a summary are given.

INFRARED ABSORPTION AT NEUTRAL ACCEPTORS

The energy levels (E ) and wave functions (F ) of ac-
ceptors confined in the center of QW's can be obtained by
solving the Schrodinger equation

Hpm Emmmm

In our calculations we only consider the case of a mag-
netic field parallel to the growth direction of the QW
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structures {denoted as the z direction) by defining the vec-
tor potential A as A=(BXr)/2=( —yB/2, xB/2, 0).
Here B is the magnetic-field strength along the z direc-
tion. The detailed acceptor Hamiltonian H which takes
into account the magnetic-field effects has been described
in our previous papers. '" The acceptor wave functions
can be expressed in terms of a four-component envelope
function,

F (p, 6,z)=[F 'j
—[Fm, 3/2 Fm, 1/2 Fm, —1/2 Fm, —3/21

with s running over the spin indices —
—,', —

—,', —,', and —', .
m is the hole angular momentum and is a good quantum
number. The envelope function F (p, 9,z) is separable in
the coordinates p and z,

F '(p, H, z)=e' ' g p' '~ g /I7'e ' g„'(z) . (2)
n

Here the function g„' is chosen to be the s-spin component
of the four-component envelope function g„, which de-
scribes a QW subband state at k~~

=0. It is important to
note that the full Hamiltonian of acceptors in center-
doped QW's has the time-reversal symmetry without ap-
plying an external magnetic field. Therefore each accep-
tor state in QW structures is doubly degenerate at zero
magnetic field, i.e., states with the same parity (with
respect to inversion of the center of the QW) and with an-
gular momenta + m~ and —

m~ are degenerate. In or-
der to distinguish between the two +

~
m

~
states of a dou-

blet, it is useful to consider the reflection operator cr with
respect to the z=0 plane. The two states with + ~m~ of a
doublet can be chosen to have opposite parity with
respect to cr. With an external magnetic field, on the
other hand, the time-reversal symmetry is broken, and
the degeneracy will be lifted. A detailed discussion of the
symmetry for different acceptor states at zero magnetic
field can be found in Refs. 5 and 7.

The dipole transition rule is assumed for transitions be-
tween acceptor states. The oscillator strength of transi-
tions from the ground state to the excited state is given

by

f 0 (e}=2mo(E; —Eo )/(1)l },)((Fo ~s r~F, ) ) . (3)

Here Eo Fo and E. F; are the energies and envelope
functions of ground and excited states, respectively, c is
the polarization vector of the electromagnetic radiation,
and y, is the valence-band Luttinger parameter.

According to Eq. (3} and the acceptor wave function
given in Eq. (2), the transition rules for the electromag-
netic transitions allow only transitions between acceptor
states of opposite parity with respect to inversion. Con-
sequently for the case of x polarization, only transitions
between acceptor states with Am =+1 and of the same
parity with respect to the reflection operator o are al-
lowed. On the other hand, z-polarized transitions occur
only between acceptor states with hm =0 and of opposite
parity with respect to the operator o..

RESULTS AND DISCUSSION

TABLE I. The Luttinger parameters.

GaAs A1As

6.85
2.10
2.90

12.53
1.20
0.04

3.45
0.68
1.29
9.80
0.12
0.03

We present in this section the calculated infrared ab-
sorption spectra of acceptors confined in center-doped
GaAs/Alo 3Gao 7As QW's. The Luttinger parameters
given in Table I are used in this calculation. The parame-
ters for Al Ga& As are obtained by linear interpolation
between GaAs and AlAs. The valence-band discontinui-
ty is taken to be 6V =0.35 X 1247 Xx meV.

The most comprehensive experimental far-infrared
(FIR) study of acceptors in bulk GaAs was reported by
Kirkman, Stradling, and Lin-Chung, measured by pho-
toconductivity in the presence of an external magnetic
field. Several sharp features, labeled as C, D, and 6, were
observed. The assignment of these features is the follow-
ing: G line, 1S3/z(I s)-2P3/2(I 8); D line, 1S,/z(I 8)-
2P5/2(I 8); C line, 1S3/2(I s)-2P»2(I 7). The D transition
is dominating the FIR spectrum. In QW structures, the
symmetry is reduced to D~d. The I 8-symmetry acceptor
state in bulk material will split into two doublet states of
I 6 and I 7 symmetry in center-doped QW's. Therefore
the acceptor 6, D, and C transitions in bulk GaAs will
split in QW structures as follows: For the G transition,
1S3/2(I 6}-2P3/2{I6), labeled as 6," ' (+); 1S,/z{I 6)-
2P3/z(I 7}, labeled as 6," ' (+); 1S3/2(I 7)-2P3/2(16),
labeled as 6„' (+); 1S3/z(I 7)-2P3/z(I, ), labeled as
61—1/2(+ )

For the 1S3/2 acceptor states, the I 6 and I 7 sym-
metries correspond to the dominating heavy (hh) and
light hole (lh) character, respectively. The G„and 6, no-
tations correspond to transitions with x and z polariza-
tion, respectively. Each transition is doubly degenerate
at zero magnetic field, for example, 6," / (+ )

corresponds to the transitions
~
+ —,

' ) ~
~

+—', ) and

~

—
=', ) —+

~

——), respectively. In the presence of an exter-
nal magnetic field, these doubly degenerate states split
further, which in turn result in the G," (+ ) and

G," '
(
—) transitions of different energy. In these nota-

tions, G(+) and G( —
) represent the transitions involving

the ground state with the positive and the negative hole
angular momentum projected along the magnetic-field
direction, respectively. Analogous notations are also ap-
plied in the following for the D and C transitions.

For the D transition, 153/2(l 6) 2P5/2(l"2), labeled as

D," ' (+); 1S3/z(I 7)-2P&/2{1 7), labeled as D,', ' (+);
1S,/z(1 6)-2P&/2(17), labeled as D," (+ ); and for the C
transition, 1S3/2(I6)-2P~/2(16), labeled as C," (+};
1S3/z(I 7)-2P3/2(I 6},labeled as C„' / (+ ). The acceptor
absorption spectrum in QW structures is accordingly
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more complicated than in bulk GaAs. In the following
we present the calculated results from the
GaAs/Alp 3Gap 7As QW's with four different well widths,
i.e., 50, 100, 150, and 200 A. For each well size, the ac-
ceptor infrared-absorption spectra in the energy range of
the G, D, and C transitions are calculated for three
different magnetic fields; 0, 5, and 10 T. Both the x po-
larization (0 component) and the z polarization (7r-

component) of the acceptor transitions from the
1S3/2(I 0) hh acceptor ground state or the 1S3/2(I'7) lh

acceptor state are calculated. To make the discussion
more clear, the results are classified into four groups ac-
cording to polarization and carrier of the ground states
involved in the transitions. The first and the second
groups (Figs. 1 and 2) correspond to the x- and z-

polarization transitions with the 1S3/2(I 0) acceptor state
as the ground state, respectively. The third and fourth

groups (Figs. 3 and 4) correspond to the x- and z-

polarization transitions with the 1$3/2(I 7) acceptor state
as the ground state, respectively. A Gaussian broadening
is introduced for all transitions with a Gaussian broaden-
ing parameter of 0.2 meV. The oscillator strength of
each transition in Figs. 1 —4 clearly shows the relative ab-
sorption strength without considering thermal population
effects of the hh 1S3/2(I 0) and lh 1S3/2(I 7) ground states
(i.e., the initial states involved in the transitions are taken
to have equal occupation). The notations in Figs. 1-4
have the same meaning as discussed above, but only the
angular momenta of the final states in absorption are in-
dicated in the notations since the transitions are classified
according to the polarization and the initial states of ab-
sorption.

Since the hh 1S3/2(I 0) and the lh 1S3/2(I 7) acceptor
states split in QW structures, the thermalization factor
should be taken into account when comparing the ab-
sorption spectra from these two different ground states.
Figure 5 shows the energy separation between the
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1S3/2(I 7) and the 1S3/2(l 6) acceptor ground states as a
function of QW width at zero magnetic field. The ratio
of the hole occupancy between the 1S3/7(I 7) and the
1S3/2(I 6) acceptor ground states due to thermalization is
also shown in Fig. 5 for three different temperatures. The
thermal population of carriers in the 1S3/3(17) acceptor
states strongly decreases with decreasing well width. At
4.2 K, the absorption strengths of the transitions from
the 153/2(I7) ground state is significantly lower than
from the 1S3/2(l 6) ground state due to the thermaliza-
tion effects for narrow QW's. Therefore with decreasing
well width resulting in an increase of the energy separa-
tion between the 1S3/2(I6) and the 1S3/2(I 6) acceptor
states, the transitions from the 1S3/z(I 6) ground state be-
come increasingly important in the infrared-absorption
spectrum. In order to perform an adequate comparison
with an experimental infrared-absorption spectrum, we
should consider both the oscillator strength (Figs. 1 —4)
and the thermalization effects (Fig. 5). If we wish to ob-
serve the transitions related to the 1S3/2(I7) ground
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FIG. 5. The energy separations 4E»» (left scale) between
the 1S3/2(I 7) and the 1S3/2{I 6) acceptor ground states vs well

widths. The ratio of hole population between the 1S3/p{I 7) and

1S3/2 ( I 6) acceptor ground states due to thermalization (right
scale) are also shown for three different temperatures.
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TABLE II. The energy separation hE»» between the

1S3/2(I 7) and the 1S3/2(I 6) acceptor states at zero magnetic

field, the g values for the 1S3/2(I7) and the 1S3/2(I6) states.
The magnetic-field splitting is given by +pzg~J~ ~B, where pz
(5.7884X 10 meV/T) is the Bohr magneton, and J and B are
the hole angular momentum and the applied magnetic field, re-

spectively.

(a)

C

77 K

30K

10T magnetic field

QW width (A)

E»» (meV)

g values (hh)

g values (lh)

50

5.32
0.757

—0.230

1.13
0.633
0.202

150

0.36
0.613
0.346

0.21
0.605
0.432

state, a higher temperature is needed for narrow well
widths. Consequently Figs. 1-5 provide general gui-
dance for future experimental investigation of structures
of different well widths at different magnetic fields and
temperatures.

It should be noted that the thermalization effects be-
tween splitting states of the hh 1S3/p(16) and the lh

1S3/2(I 7) acceptor states induced by the magnetic field

should also be considered. The energy separation be-
tween the hh 1S3/2(I6} and the lh 1S3/2(I 7) acceptor
states, as well as g values of these two states ' are shown
in Table II for various QW widths and magnetic fields.
The magnetic-field splitting at arbitrary field strength can
also be obtained from the given g values. Figure 6 shows
one example, the x-polarized infrared absorption for a
100-A-wide QW at 0 and 10 T with various temperatures.
At a given temperature the hole populations at different
initial acceptor states involved in the absorption are nor-
malized to one at the first ground acceptor state. The
bottom spectra in Figs. 6(a} and 6(b) are calculated with
equal distribution of holes at the different initial states.
The spectra in Fig. 6 clearly demonstrate the temperature
dependence of the acceptor infrared absorption.

In general, the D transitions dominate in the FIR ab-
sorption spectrum for acceptors confined in QW struc-
tures similarly to bulk GaAs. The x-polarization transi-
tions become stronger relative to the z-polarization tran-
sitions with decreasing well width. Finally, we would like
to point out that some absorption related to other higher
excited states besides those discussed above could become
relatively strong for the narrow QW's as shown in Fig. 8
in Ref. 7. The transitions shown in Figs. 1-4 correspond
to the transitions at the lowest energies with the dominat-
ing absorption oscillator strengths without considering
hole thermal population effects. The oscillator strengths
of the transitions from the 1S3/z(17) acceptor ground
state become much weaker with decreasing well width, as
shown in Figs. 3 and 4. The oscillator strengths of the z-
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0

strength for x polarization in a 100-A-wide GaAs/Ala 3Gao 7A1

QW at 0 and 10 T. The temperature corresponding to each
spectrum is labeled at the right side of the spectra. The bottom
spectra of (a) and (b) are calculated with equal hole distributions
at the difFerent initial states of the transitions.

polarized transitions (see Figs. 2 and 4) for 100- and 50-
A-wide QW's have been multiplied by 5 and 80, respec-
tively.

SUMMARY

The infrared-absorption spectra of acceptors confined
in the center of GaAs/Al„Ga, „As quantum wells in the
presence of an external magnetic field have been calculat-
ed. The oscillator strengths of allowed transitions be-
tween ground acceptor states and excited states, corre-
sponding to the transitions G, D, and C in bulk GaAs, are
calculated for different well widths in a range 50-200 A
with an external magnetic field up to 10 T. The oscillator
strengths of these infrared acceptor transitions show a
strong polarization dependence. To our knowledge, no
experimental data relevant for comparison with our cal-
culated results exist to date.
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