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Energy levels of ground and excited shallow acceptor states in the presence of an external magnetic

field have been calculated for center-doped GaAs/Al,Ga,_,As quantum wells (QW’s).

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 well and barrier materials
have been taken into account. The g factors of the shallow acceptor 1s;,, ground states and the 2p;,, ex-
cited states are obtained for QW’s with different well widths. The infrared optical transitions corre-
sponding to the G, D, and C lines of acceptors in bulk GaAs have also been calculated versus magnetic
fields up to 16 T for the case of acceptors confined in QW’s.

I. INTRODUCTION

Acceptors confined in quantum-well (QW) structures
have been investigated both experimentally!™® and
theoretically.!"!* For instance, the well-width depen-
dence of shallow acceéptor energy levels has been mea-
sured experimentally!®!° and confirmed or predicted by
theoretical calculations.'®'>!* Important experimental
quantities are the acceptor binding energies and the 1s-2s
energy separations, measured by selective photolumines-
cence spectroscopy via free-to-bound transitions and
two-hole transitions (THT), respectively. Since the ac-
ceptor binding energy is larger than the hole subband
splitting, a proper treatment of the acceptor problem re-
quires a four-band effective-mass Hamiltonian. In the ab-
sence of an external magnetic field, these calcula-
tions,'"”!? which also take into account the mismatch of
valence-band parameters and dielectric constants be-
tween well and barrier materials, are able to accurately
reproduce experimental transition energies. The calcula-
tions in Refs. 11 and 12 also include continuum states in
the basis set, which is important in order to obtain more
accurate results both for the acceptor ground and excited
states.

Because of the relative complexity of such calculations,
the number of papers that deal with the presence of an
external magnetic field is very limited. To our
knowledge, the only work that considers the magnetic-
field dependence of the acceptor ground states is Ref. 10.
However, the predicted splitting due to a magnetic field
in Ref. 10 is unrealistically large in comparison with ex-
perimental data,'*!® and thus calls for a theoretical
confirmation.

In a recent paper,'® we have extended the theory by
Fraizzoli and Pasquarello'? to cover the case of an exter-
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nal magnetic field. The advantage of this theory with
respect to others is that it allows one to obtain acceptor
ground states as well as excited states of any symmetry
within the same framework. The calculated transition
energies from the ground 1s,,,(I'¢) acceptor state to the
253 ,,(T) excited state are in excellent agreement with
experimental data.'®

In this paper, we extend these calculations to treat
transitions related to p-type excited states. We can thus
calculate all possible infrared transitions between the ls
ground state and these excited states. For instance, the
magnetic-field dependence of the infrared transitions
denoted the G, D, and C lines in bulk GaAs, are calculat-
ed for the case of acceptors confined in QW’s at magnetic
fields up to 16 T. The validity of defining g values for
different acceptor levels is discussed. In Sec. II, we
present the theory that yields the energies and wave func-
tions of acceptor states in QW’s with an applied magnetic
field perpendicular to the QW layers. The calculated g
values are presented for well widths ranging from 50 to
200 A. In Sec. ITI, we summarize the work presented.

II. ELECTRONIC STRUCTURE OF CONFINED
ACCEPTORS IN QUANTUM WELLS

A. Theory
Considering a single QW, grown in the [001] direction,
which we take as the quantization axis z, the acceptor

Hamiltonian expressed in electron energy is given by a
4X4 matrix operator,

=—[H""+H™+H], 1)
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where HX" represents the kinetic energy of the hole, H"
the confinement potential due to the valence-band discon-
tinuity, and H® the potential of the acceptor impurity
center and the image charges due to the mismatch of the
dielectric constant. The kinetic-energy term H", quad-
ratic in k= —iV+|e| A /(#c), describes the dispersion of
the I'y valence band with the external magnetic field
B=VX A, and is given by the Luttinger-Kohn Hamil-
tonian'’ in the axial approximation

P+Q L M 0
LT P-Q 0 M

kin —
H M* 0 P—Q -L
0 Mt —LT P+Q
+2pupkB-J+quy(B, J3+B J3+B,J}), ()
where
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7’252
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0 2’”0( 2tk —2k2), (3b)
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J and B are the hole angular momentum and the applied
magnetic field, respectively, while up is the Bohr magne-
ton and m,, is the free-electron mass. The y, ¥,, v3, &,
and g are the Luttinger parameters describing the I'g
valence band. These parameters used for the well materi-
al and the barrier material, respectively, are given in
Table 1. The same Luttinger Hamiltonian as given above
in the axial approximation has earlier been used to calcu-
late the zero magnetic-field case'? and the 1s;,(T)-
255 ,,(I'¢) energy separation in the presence of a magnetic
field.'® A good agreement with experimental results was
obtained. The QW potential represented by H% is a
square-well potential of barrier height ¥ and well width
L,. The Coulomb potential of a point charge in a system
of three dielectrics separated by two infinite planes is con-
tained in H®. In order to satisfy the Maxwell boundary
conditions, H¢ must contain an infinite series of image
charges.!!

We will restrict ourselves to an applied magnetic field

TABLE I. The Luttinger parameters.

GaAs AlAs
Y1 6.85 345
Y 2.10 0.68
Y3 2.90 1.29
€ 12.53 9.80
K 1.20 0.12
q 0.04 0.03
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along the z direction in the following discussion. There-
fore, the vector potential A is defined as

A=1BXr=1(—yB,xB,0), )

where B is the magnetic-field strength along the z direc-
tion. The twofold degeneracy of the acceptor levels in
the zero magnetic-field case is now lifted in the presence
of a magnetic field along the z direction, due to the break-
down of the time-reversal symmetry.

The acceptor wave functions can be written as a four-
component envelope function F™(p,0,z)=[F™"]
=[Fm3/2 pm1/2 pm =172 F’"’_3/2], where m is the hole
angular momentum and is a good quantum number. The
notations (m,+) and (m, — ), defined in Ref. 11, will be
used in the following, and represent even and odd sym-
metry, respectively. Both (m,+) and (m, —) represent
doublets with angular momentum +m and —m, which
are degenerate in the absence of an external magnetic
field. In the presence of an external magnetic field, such a
degeneracy will be lifted. When the Hamiltonian given in
(1) acts on this four-component function F™,

HF™"=EF™ , (5)

the energy positions of the shallow acceptor states and
corresponding wave functions are derived. The s com-
ponent of an acceptor envelope function of definite angu-
lar momentum m can be expanded into a basis set of
functions, which are separable in the coordinates p and z:

Fm’s(p,0,2)=ei(m —S)efm,S(p’z)
=ei(mvs)92R':n,S(p)g;(Z) . (6)
n

The function g; is chosen to be the s component of the
four-component envelope function g,, which describes a
QW subband state at k;=0. The envelope function g, is
a solution of the Hamiltonian H*"+ H at zero magnet-
ic field. It has earlier been shown'? that it is necessary to
include not only the discrete states but also the continu-
um states of the impurity-free QW in the basis set of the
functions g, in order to achieve numerical convergence
for the binding energies of the acceptor ground states.
The continuum states are taken into account by introduc-
ing sufficiently separated infinite barriers, which trans-
form all the continuum states into discrete states.

The radial functions R,;"*(p) in Eq. (6) are developed in
an expansion of functions with p:

RS (p)=plm=sI3 ammse ", %)
1

where the exponents a; are chosen in a geometrical series
and cover the relevant physical region. The coefficients
A]® are taken as variational parameters. The eigenvalue
problem can be turned into a linear problem for the pa-
rameters A,7°. For a given symmetry, the lowest state as
well as the excited ones are calculated at the same time.
According to the treatment of the impurity potential by
Fraizzoli and Pasquarello,'? the matrix elements related
to H¢ can be calculated with a one-dimensional numerical
integral with the present basis set of wave functions. In
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this way, a large number of basis functions, up to 50 for
the functions g, and 12 exponential functions in Eq. (6),
are included in our calculations. The convergence of the
calculations is quite fast as long as the magnetic length
L,=V #i/eB is not significantly smaller than the in-plane
orbital length of the acceptor states. The number of basis
functions used can be different for different symmetry
states. Generally, for more localized states, a larger num-
ber of basis functions is needed.

B. Results and discussions

The results presented below are applicable for accep-
tors confined in center-doped GaAs/Al Ga,_,As QW’s.
Before the calculated results are presented, a few points
should be emphasized. First, there are three terms in the
kinetic-energy part of the Hamiltonian [Eq. (2)], which
depend on the magnetic field B. The first term in Eq. (2)
includes both a linear and a quadratic magnetic-field
dependence. The linear magnetic-field dependence result-
ing from the first term is dominant and has a different
sign with respect to the last two terms in Eq. (2) for the
ground acceptor states. Accordingly, the total-energy
splitting in the presence of a magnetic field is the result of
partially compensating contributions. This has the
consequence that an increasing value for the Luttinger
parameter k gives rise to a decreasing splitting of the ac-
ceptor states in the presence of an external magnetic field,
as has been shown in our previous paper (see Fig. 2 of
Ref. 16). Second, the last term in Eq. (2) has a non-
negligible effect on the splitting of acceptor levels with an
applied magnetic field. Figure 1 shows the binding ener-
gy of the heavy-hole 1s acceptor ground state calculated
with and without inclusion of the last term in Eq. (2),
with the g parameter as given in Table I. The result
shown in Fig. 1 clearly demonstrates the importance of
this term. Third, the splitting of the acceptor levels in
the presence of a magnetic field strongly depends on the
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FIG. 1. The splitting of the 1s heavy-hole acceptor states vs
an applied magnetic field, calculated with (solid line) and
without (dashed lined) including the last term of Eq. (2). The
values for the g parameter are given in Table I.
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Luttinger parameter . In our previous calculations,'® we
have confirmed that the Luttinger parameter « in bulk
GaA:s is close to 1.2 by comparing our calculated and ex-
perimental results on the 1ls-2s transition energy. In the
following numerical calculations, the Luttinger parame-
ters given in Table I are used. The parameters for the
Al,Ga,_,As alloy are obtained by a linear interpolation
between the GaAs and the AlAs parameters. An offset
ratio between the conduction and the valence band of 65
to 35 has been assumed and the valence-band discontinui-
ty for the Al Ga,_ As alloy is accordingly taken as
AE, =0.35X1247x meV.

Figures 2 and 3 show the magnetic-field dependencies
of the lowest energy levels for on-center acceptors in
100-A-wide GaAs/Aly;Gag,As QW’s for a magnetic
field up to 16 T. The acceptor energies are given with
respect to the bottom of the first heavy-hole subband,
which is the lowest hole level in an impurity-free QW.
Figure 2 shows the even symmetric acceptor states.
Solid, dashed, and dotted-dashed curves correspond to
states with (3, +), (4, +), and (3, +) symmetry, respec-
tively. The fourfold degenerate acceptor ground state in
bulk, 1s;,,(Ig), is split into two twofold degenerate
states, 1s;,,(I'¢) and 1s;,,(I";), when the acceptors are
located at the center of the QW, at zero magnetic field.
The 1s;,,(I'¢) and 1s;,,(T";) states are related to the
heavy-hole ground state of (3,+) symmetry and the
light-hole ground state of (4, +) symmetry, respectively.
When a magnetic field is applied along the z direction,
the degeneracy is further lifted. This Zeeman splitting is
larger for the heavy-hole related 1s;,,(I") ground states
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FIG. 2. The magnetic-field dependence of the binding energy
of the even-parity acceptor states for an on-center impurity in a
100-A-wide GaAs/Al;Gay;As QW. Solid, dashed, and
dotted-dashed curves are used for states of the (3,+), ({,+),
and (2, +) symmetry, respectively. The binding energies are
given with respect to the bottom of the first heavy-hole subband.
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FIG. 3. The magnetic-field dependence of the binding energy
of the odd-parity acceptor states for an on-center impurity in a
100-A-wide GaAs/Al,;Ga,-As QW. Solid, dashed, and
dotted-dashed curves are used for states of the (%, =), (%, —),
and (%,—) symmetry, respectively. The binding energies are
given with respect to the bottom of the first heavy-hole subband.

than for the light-hole related 1s,,,(I';) ground states as
illustrated in Fig. 2. The corresponding Zeeman splitting
for the excited 2s heavy-hole states is much smaller than
for the 1s heavy-hole ground states, while the opposite is
true for light-hole acceptor states.

Figure 3 shows the binding energies of the odd sym-
metric acceptor states. Solid, dashed, and dotted-dashed
curves illustrate the magnetic-field dependence of states
with (4,—), (3,—), and (3, —) symmetry, respectively.
The bulk states 2p;,, and 2ps,, split in a QW into dou-
blet states, which are further split in the presence of a
magnetic field as illustrated in Fig. 3.

The splitting of the even and odd symmetric acceptor
levels is generally not linearly dependent on the magnetic
field, as can be seen in Figs. 2 and 3, especially for the ex-
cited states. In the following, we will discuss some physi-
cal quantities, which can be directly compared with ex-
perimental data.

In infrared absorption measurements, transitions be-
tween the ls ground state and the different excited s-like
states are forbidden. However, the 1s-2s energy separa-
tion can be deduced from selective photoluminescence
(PL) and resonant Raman measurements.® Figure 4
shows the energy separations between the 1s;,,(T¢)
ground state and the 2s; ,,(I'g) excited state together with
the lowest level of the (3, +) symmetric states. On the
other hand, many transitions from the ls ground state to
different odd symmetric states can be measured by in-
frared measurements. For instance, the transitions
denoted G, D, and C lines in bulk GaAs material corre-
spond to the transitions from the 1s;,,(I'g) and the
15, ,(I';) ground states to the 2p; , and the 2p5 , excited
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FIG. 4. The magnetic-field dependence of transitions from
the 1s heavy-hole acceptor state to the excited s-like acceptor
states in a 100-A-wide GaAs/Alj ;Gag ;As QW.

states. Figure 5 shows the magnetic-field dependence of
the G-, D-, and C-line transitions for acceptors confined
in 100-A-wide QW’s. The ¢ (in the xy plane) and 7
(along the z direction) polarization are indicated by the
solid and the dashed lines, respectively.

The 1s3,,(I¢)-2s5,,(I'¢) acceptor transition energies
have been measured as a function of magnetic field by
means of the resonant Raman-scattering technique. The
predicted transition energies derived from our calcula-
tions are in good agreement with the experimental results
available.'® For the case of the G, D, and C transitions
shown in Fig. 5, there are, to our knowledge, no corre-
sponding experimental results available so far.

C. g factor of acceptors in QW’s

The g factor is a parameter to describe the linear split-
ting of acceptor states with an applied magnetic field.
The splitting of the +|J, | states can be written as

AEm :.U'BgJZB['Jz‘*(_|le)]:2“Bng‘leB ’ (8a)
or alternatively

AE, =upg; B , (8b)

where J, is the magnetic angular momentum along the
direction of the magnetic field and g; is a g value related
z

to the angular momentum J,. Obviously, the definitions
used in Egs. (8a) and (8b) differ by a factor 2|J,|, which
means that for the |+3) state, the g values given by Egs.
(8a) and (8b) differ by a factor of 3, while for the Ii%)
states, the two definitions are identical. We will use the
definition in Eq. (8b) in the following discussion. It is im-
portant to note that the system to be discussed is the
symmetric center-doped QW, i.e., the |+m ) states are
degenerate without an external magnetic field. If the
symmetry is low enough to lift such a degeneracy at zero
magnetic field, the definition Eq. (8) is not valid any
more. From the definition given in Eq. (8b), together
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FIG. 5. The magnetic-field dependence of the infrared transi-
tions corresponding to the (a) G line, (b) D and C lines for accep-
tors confined in a 100-A-wide GaAs/Al ;Gag,As QW. The o
(in xy plane) and 7 (along z direction) polarization transitions
are indicated by the solid and the dashed lines. The notations
used refer to Ref. 12.

with the magnetic-field dependence of acceptor energy
levels calculated in the above section, the g values can be
deduced.

In Fig. 6, the g values of the confined acceptor 1s,,,
ground states and 2p;,, states are plotted for different
well widths. The g values are deduced at 6 T for all states
shown in Fig. 6. As mentioned earlier, the splitting of
the acceptor levels is generally not linear with the applied
magnetic field as illustrated in Figs. 2 and 3. This raises
the question of how the g values vary with the applied
magnetic field. If the g value strongly depends on the ap-
plied magnetic field, it is meaningless to define a constant
g factor. Therefore, we have calculated g values for mag-
netic fields from 1 to 16 T. The results show that the g-
value variation is less than 2% for the 1s,,(I'¢) and
2p;,,(T) states, less than 6% for the 1s; ,(I';) state, and
less than 15% for the 2p;,,(T";) state with the magnetic
field up to 16 T. Accordingly, we can conclude that it is
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FIG. 6. The g values of the 1s;,, and 2p;,, acceptor states
calculated vs the well width.

still a satisfactory approximation to use a constant g fac-
tor to describe the splitting for the ground 1s acceptor
states, and also for the 2p,,,(I'¢) states. For the
2p;,,(T'4) state, the variation with field is too large to
define a constant g factor.

The results in Fig. 6 show that the g values of the
1s;,,(T¢) and the ls;,,(I";) acceptor states have a
different behavior with varying well width. The g value
of the 1s;,,(T') acceptor states increases with decreasing
well width, while the g value of the 1s;,(I";) acceptor
states decreases. Furthermore, the g values both for the
1s3,,(T¢) and 1s,,,(I';) states vary less with QW width
than the 2p;,, states because the 2p,,, states are more
extended than the 1s,,, states and feel the change in well
width much more than the 1s;,, states. Our calculations
show that the g values vary from 1.81 to 2.27 for the
1s3,(T6) state and from 0.43 to —0.23 for the 1s;,(T';)
state when the well width decreases from 200 to 50 A. It
should be pointed out that it has earlier been concluded
that the splitting of the acceptor states due to a magnetic
field (g values) in QW’s is practically identical to that of
the bulk acceptor for the 1s; , ground states.

The g values for our calculations are in excellent agree-
ment with the experimental results from Ref. 15. There
is no adjustable parameter in these calculations. The
Luttinger parameters are the only input parameters.
Therefore, the accuracy of the calculated results depends
solely on the accuracy of these parameters.!°

As mentioned earlier, the splitting of the acceptor lev-
els is very sensitive to the k parameter, in particular the
energy separation corresponding to the 1s-2s acceptor
states but also of the transitions corresponding to the G,
D, and C lines. Therefore, by combining our calculations
with experimental data on the magnetic-field dependence
of the transition-energy separations, the x parameter for
bulk material can be accurately determined, i.e., an in-
dependent approach to obtain the important Luttinger
parameter k. This method should be applicable to other
bulk alloy materials, where it is difficult to accurately es-
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timate the k value due to a poor resolution of the exciton
splitting with an applied magnetic field.

III. SUMMARY

A four-band effective-mass model has been used to cal-
culate the acceptor states in QW’s in the presence of an
applied magnetic field. The magnetic field is applied
parallel to the growth direction of the QW structures.
The valence-band mixing, and the mismatch of the
valence-band Luttinger parameter and the dielectric con-
stant, have been taken into account in these calculations.

We have calculated the magnetic-field dependence of
the acceptor energy levels in QW’s. The infrared transi-
tions corresponding to the G, D, and C lines in bulk are
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calculated for shallow acceptors confined in a QW with
different magnetic fields both for the o (in xy plane) and
7 (along z direction) polarizations. The transitions be-
tween the 1s heavy-hole acceptor state and the excited s-
like states as a function of magnetic field have been calcu-
lated. Our calculated results show an excellent agree-
ment with such experimental data'® on the 1s-2s energy
separations determined by selective PL measurements via
the THT satellites.

Furthermore, the g values of the acceptors confined in
QW'’s have been calculated for different well widths. The
variation of the g values is found to be less than 2% for
the 1s;,,(I') and 2p; ,(I¢) states, and less than 6% for
the 1s; , (') state when the magnetic field is varied from
Oupto16T.
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