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17 states in CaAs/Al Aai As superlattices in a magnetic field
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The states of a negative donor center (D ) located at the center of a quantum well of a
GaAs/Al Gai As superlattice are investigated theoretically in a magnetic field applied along the
growth axis. The energy levels of the ground (singlet ~ls, ls; s)) state and four excited (triplet
~ls, 2p; t) states and the singlet ~ls, 2p; s)) state of the D center are obtained as functions of
the magnetic field. . The calculation is based on a variational approach in which we use trial wave
functions with six variational parameters. We have investigated the inHuence of the following ef-
fects on the energy of the D states: (1) tunneling of the electrons into the adjacent wells of the
superlattice, (2) electron-electron (e-e) correlation, and (3) the electron-phonon interaction. The
magnetopolaron efFect on these energies is studied within second-order perturbation theory. A de-
tailed comparison is made between our theoretical results and available experimental data which are
interpreted as transition energies between the D states. The eÃect of band nonparabolicity is of
minor importance for most of the transition energies except for the transition from the D ground
state to the ls, 2p+; s) state at high-magnetic fields.

I. INTR.ODUCTI(3N

There has been an increasing interest, both exper-
imental and theoretical, in the investigation of quasi-
two-dimensional (Q2D) systems, such as semiconductor
heterostructures, quantum wells, and superlattices, be-
cause of their intrinsic physical interest and their tech-
nological applications in electronic devices. One of
these systems which is very extensively studied is the
GaAs/Al Gai As superlattice. In such a superlattice
the difference in the band gap of the two semiconduc-
tors acts as an additional periodic square-well poten-
tial which confines electrons mainly to the GaAs wells
and this influences strongly their physical properties.
Quasifree electrons are made present in such systems
through, e.g. , Si doping. If such dopants are present
in a GaAs/Al Gai As superlattice with a very low

concentration, electrons will be bound to these shallow
donors at low temperatures.

Using selective doping of a GaAs/Al Gai As super-
lattice it is possible to realize the situation in which the
electrons which are weakly bound to shallow donors in
the Al Gai As barriers D (6) are transferred to the
GaAs wells where they are trapped by neutral donors
D (tv), forming stable negatively charged donor centers
which are referred to as D centers. This process can be
expressed by

D'( )+D'(5) ~D ( )+D (I)

Such centers are an analogous system to the negative hy-
drogen ion, which has been extensively studied in astro-
physics. In such a system, a hydrogen atom binds an ex-
tra electron. This system has attracted considerable at-
tention since the early days of quantum mechanics. D
centers are one of the simplest "many-body" electronic

systems which can be used as a test for theoretical de-
scriptions of e-e correlation. Already many experimental
results are available which show the existence of the D
centers in bulk GaAs (Ref. 20) and in GaAs/Al Gai As
superlattices ' ' in the presence of a strong mag-
netic field. These observations have motivated many the-
oretical studies.

Using the difFusion quantum Monte Carlo approach
Pang and Louie studied the ground state of the D
center in a magnetic field, and obtained the highly
accurate energy of the D ground state in the ab-
sence of electron-phonon interaction. For a strictly
two-dimensional (2D) system in a strong magnetic field
Larsen and McCann and Dzyubenko independently
found that only the ground state and the three lowest
triplet states are bound in that limit. This difFers from
the three-dimensional (3D) case where an infinite num-
ber of bound states can be formed in a nonzero magnetic
field. ' Xia and Quinn2s employed the local spin den-
sity functional method to calculate the ground state and
the lowest triplet states of a D center. Dzyubenko and
Sivachenko extended the calculation of the D cen-
ter to more excited states. But their calculation is only
suitable in the high Inagnetic-field region. The efI'ect of
electron-phonon interaction on the D states have been
taken into account in Refs. 30—33, where a larger po-
laron correction to the D state is found than to the D
state. But all the theoretical investigations of the D
center mentioned here are limited to a single-quantum-
well (QtA') system with the exception of Ref. 33 where
preliminary results were published for a superlattice sys-
tem.

The binding energy of the D center is very small corn-
pared to that of the D donor: in the absence of a mag-
netic field the binding energy of the D ground state is
only 5.55% (12.8%) of the hydrogenic binding energy in
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a 3D (2D) system. ' ' As a consequence the binding
energy of the D ground state in a Q2D system should
be between 0.055'R* and 0.51K,* with 'R* the effective
Rydberg. In our previous work on the D center in a
superlattice we found that the effect of the adjacent
wells in the superlattice is appreciable. For example, at
zero magnetic field the binding-energy difFerence between
the D ground state in a GaAs/Alp sGap 'pAs QW with
100 A. well width and the one in a superlattice with 100 A.

barrier and 100 A. well widths is more than 0.24R*, which
is comparable to the binding energy of the D center in
such a system. At present all the experiments on D
centers in Q2D systems are done in multiple quantum
wells and superlattices. Thus, the QW theory is not a
good approximation to explain the binding energies of
the D centers in superlattices with the exception of su-
perlattices with very thick barriers.

Because GaAs is a polar material the polaron effects
on the electronic states of the donor are important, not
only at resonance but also at low magnetic fields. This
has been extensively investigated by several groups for
the cases of bulk GaAs, ' GaAs/Al Gaq As QW's
(Refs. 8 and 9) and superlattices. These effects on the
D center in QW's were discussed in Refs. 30—32 where
only the few lowest states were included as intermedi-
ate states in .the calculation of the polaron correction.
Recently, we proved that these calculations seriously un-
derestimate the polaron efFects.

In this paper, we present a theoretical study of the
D center which is located at the quantum-well center
of a GaAs/Al Gaq As superlattice in a magnetic field
directed along the growth axis. The two electrons in
the D center are associated with the lowest subband
of the superlattice with zero momentum. The energy
levels of the lowest five D states are the ground state
~ls, ls; s), the two lowest triplet states ~ls, 2p+; t), and
the two lowest-excited singlet states ~ls, 2p+; s) are ob-
tained as function of the magnetic-field strength. The
calculation is based on a variational approach in which
Gaussian type of wave functions is used in combination
with additional terms which describe the e-e correlation.
Since most of the optical experiments on the D center
were done at high magnetic fields (B ) 4 T), Gaussian
type of wave functions is expected to work well. We com-
pare these results with those with and without the inclu-
sion of e-e correlation in the case of a single-quantum well
approximation. The polaron effects on these levels are
included within second-order perturbation theory. We
found that this effect is very important in the formation
of the D centers because it greatly increases the bind-
ing energy. A detailed comparison is performed with the
available experiment data, especially with those of Huant
and co-workers. 3' We found that the measurements
should be interpreted as being the transition energy be-
tween the ground state and the singlet excited state of the
D center. This was also recently pointed out indepen-
dently by Larsen and McCann and Dzyubenko. The
efFect of band nonparabolicity on the transition energy
of the D center is also discussed by using the standard
Kane model, which is found to be important only for
the transition ~ls, 1s; s) -+

~

ls, 2p+; s) at high magnetic

Belds. Our results are in good agreement with the exper-
imental data.

This paper is organized as follows. In Sec. II a vari-
ational calculation of the D states in a superlattice in
a magnetic field is presented in the absence of electron-
phonon interaction. The importance of e-e correlation
and of taking a superlattice versus a QW is investigated.
The polaron correction to the energy levels of the D
center is calculated in Sec. III. A detailed comparison
with the available experimental data is performed in Sec.
IV. Section V is devoted to our discussions and conclu-
SlOIls.

II. VARIATIONAL APPROACH

A D center in a GaAs/Al Gaq As superlattice con-
sists of two electrons which are bound to a positive Si-
donor center. This system can be described within the
framework of an efFective-mass approximation by includ-
ing (1) the Coulomb potential between the donor ion
and the electrons, (2) the e-e interaction, and (3) the
Frohlich electron-phonon interaction which describes the
dynamical polarization of the lattice due to the electrons.
These assumptions are justified for shallow donor centers
in compound semiconductors, both 3D and Q2D systems
with not too narrow quantum wells, in which the donor
radii are much larger than the interatomic distance and
the dominant electron-phonon coupling is the Frohlich
coupling with the bulk-GaAs longitudinal-optical (LO-)
phonon modes. Such a D center located at the well
center (which is taken as the origin of our coordinate
system) of a GaAs/Al Gaq As superlattice placed in a
uniform and constant magnetic field B which is directed
along the growth axis (taken as the z axis) is described
by the Hamiltonian

H =H, +Hgo+HI,

where 0, is the electronic part

(rl) + H (+2) + H1, 2(rj. ~2) (2)

with H, (r~) the Hamiltonian for the jth shallow-donor
electron given by

EI ji, ) = (p, + —A, ) (p, + —A, )
e2

and IIq 2(rq, rq) the Hamiltonian for the Coulombic in-
teraction between the two electrons

II1,2(&1 +2)
2

0~12
(4)

Equation (3) describes a hydrogenic atom placed in a
superlattice in an external magnetic field B, where p~ (r~)
is the momentum (position) operator of the jth electron,
the vector potential A~ for the jth electron is defined as
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A~ = zB x r~, where we use the symmetrical gauge, c
is the velocity of light in vacuum, and —e is the electron
charge. The potential of the superlattice in Eq. (3) is
modeled by a square-well potential

0 Izil + m/2
Vo, /2 &, ( /2+6,

which is periodically repeated, i.e. , V(z) = V[z+n(ui+6)]
with m the well width, 6 the barrier width, and n an
integer. For a GaAs/Al Gai As interface the bar-
rier height Vo is given by 60%%uo of the total energy-
band-gap difference between the two semiconductors:
AEg ——— 1.155T + 0.372: eV.40

r~ = (p2 + z, )'~2 is the
distance between the jth electron and the donor center,
p~ = (z2 + yz) ~ is the distance in the x-y plane, and
ri2 ——Iri —r2I is the distance between the two electrons.
The quantity m,*(z~) is the effective mass of the jth elec-
tron, which is di8'erent in the two semiconductors: in the
GaAs wells m /m, = 0.067, and in the Al Gai As bar-
riers m~/m, = 0.067+ 0.083x. Ep = 12.5 is the static
dielectric constant of GaAs, which is assumed to be the
same in both materials. In optical experiments on D
centers electronic transitions are induced without a spin
Rip, and consequently we do not have to include the term

H. (r", ) = —
I

v', —pL., ——p p,' Im(z)q ' " 4 ')
2——+ v(., ),
rj

(8)

and

the standard Frohlich coupling constant, and e the
high frequency dielectric constant of the material. In
our calculation, we take o. = 0.068 for GaAs, which
is a good approximation for the case of a superlattice
with not too narrow quantum wells because most of the
weight of the electron wave function is con6ned to the
wells. Furthermore, only the interaction with the 3D-
bulk GaAs phonon modes is taken into account, and in
so doing the eÃect of the superlattice structure on the
phonon modes is neglected. In a previous work, we
have found that this is a good approximation for the case
of GaAs/Al Gai As systems.

Due to the special symmetry of our problem it is conve-
nient to introduce cylindrical polar coordinates (p, P, z)
with the z direction oriented along the growth axis. The
electronic Hamiltonians H, and H1 2 reduce to the fol-
lowing forms:

2

Hspin: ) s g P'&B ~j- 2m,*(z,)
Hi, 2( i, r2) =

r12

in Eq. (2), where p, ~ = eh/2m c is the Bohr magneton
in GaAs, g* the gyromagnetic (g) factor, and o~ is the
Pauli matrices of the jth electron.

In Eq. (1) Hz, o is the LO-phonon Hamiltonian which
is given by

Hi, o = ) ~i I
o-+i+t',

2)
q

(6)

H, = ) [v;a;(e"'"' + e*'"')

+v-* '( ""'+ ""')]
q q (7)

where Vq is the Fourier coeKcient of the electron-phonon
interaction given by

v;
C Aldi, o l

2m~cuLo q q )
with B the crystal volume, and

e2 m t'1 1)
h 2%era (e~ eo )

where o, (o~) is the creation (annihilation) operator of
a LO phonon with wave vector q and frequency wq. For
GaAs we take ~q ——~I„~ ——36.75 meV, the value of
the LO-phonon energy at 4.2 K, which is the temperature
region in which the magneto-optical experiments on the
D center have been performed.

The electron-phonon interaction in Eq. (1) is given by

where we have also introduced the effective Bohr radius
oo ——6 eo/m e = 98.7 A as the unit of length, the
effective Rydberg 'R* = e /2eoao ——5.83 meV as the
unit of energy, and p = ehB/2m c'R = 0.148B (T) as
the dimensionless unit of the magnetic-field strength, and
I, = —i(0/0$) is the z component of the angular mo-
mentum operator in units of 5 which is still a good quan-
tum number.

The Schrodinger equation with the Hamiltonian H,
cannot be solved exactly, and therefore we rely on a vari-
ational approach for the wave functions and the energy
levels of the D states. We will study the ground state
Ils, ls; s), the triplet states Ils, 2@+;t), and the singlet
states Ils, 2@+;s). In the present work, we have neglected
all interactions involving the spin of the electrons (spin-
orbit, spin-spin). The total wave function 4 of the D
state can be written as the product of the space wave
function iIJ(rq, rq) and the spin wave function y(l, 2)

4 = C(r„r,)~(1,2). (10)

Since 4 must be antisymmetr~t-, the product function Eq.
(10) has to consist of an antisymmetric function and a
symmetric function: either the spatial part is symmetric
[i.e. , 4(rq, rz) = 4'(rq, ri)] and the spin part is antisyrn-
metric [i.e. , y(1, 2) = —y(2, 1)], or vice versa. As is well
known, the spin wave function is of a particularly simple
nature: for each electron only two possible eigenvalues of
the z component of the spin-vector operator are found
+ 2 or —2. Therefore, in a D center the two electrons
have four independent spin configurations: one is anti-
symmetric (S = 0, the absolute value of the total spin),
and the other three are symmetric (S = 1). A D state
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with a symmetric spatial wave function is a singlet state
with one antisymmetric spin wave function, while the one
with an antisymmetric spatial wave function is a triplet
state which can have three different symmetric spin wave
functions (S, = 0, +1). In the following, we will concen-
trate on the spatial parts of the wave functions only.

A Chandrasekhar-type trail wave function is adopted
for the spatial part of the wave function of the D state
with the following general structure:

@r,o;ri (ri, &~) = [Or(7'i)4o (7'2) + A4'o(7'i) 0r (7'2)]

&&[1+Or o ~(zi —z2)

+=-r,o;A(pi —p2)'], (11)

where I(0) indicates the inner (outer) orbitals @r (go),
and A is an index describing the symmetry of the wave
function under exchange of the two electrons: A = s =
+1 corresponds to the singlet states, and A = t = —1
corresponds to the triplet states. In our calculation the
inner orbitals gr(7 ) are always chosen to have the same
functional form as the donor (D ) ground state, and the
outer orbitals go(r ) vary depending on the states: for
the D ground state (4i, i...) it has the same functional
form as vpr (7 ) (although with difFerent variational param-
eters), and for the excited states they will have a func-
tional form similar to the 2@+ or 2p states of the D cen-
ter. Thus, following Ref. 10, g„(7 ) (K = I, 0) are taken
to be @„(7')= f(z)p~ "~ exp(im„P —(„p —7l„z ), where
m„ is the magnetic quantum number of the electron, („
and q„are the variational parameters which depend on
both the magnetic field and the structure of the system,
and f(z) is the wave function which is the lowest-energy
(E, i) solution of the superlattice potential Eq. (5) with
the property f (z) = f [z+ n(zv+ b)]. The explicit form of
f (z) can be found in many papers, e.g. , Ref. 10. The e-e
correlation in the D state is described by the polariza-
tion terms, i.e. , Or o.~(zi —z2) and:-r o,~(pi —p2) in
Eq. (11). In a 3D system, the correlation factor is crucial
since it contributes about half of the binding energy of
the D ground state.

In the absence of the electron-phonon interaction the
energy expectation value of the D state iIJ„[p
(I, 0; A)] is given by the following equation

(12)

which we minimize numerically with respect to the six
variational parameters: O~, :-~, (r, 7lr, (o, and 7Io, and
this for each state.

Figure 1 shows the extent of the wave functions in the
direction perpendicular to the growth axis for the outer
and inner electrons of the ground state (solid curves) and
the triplet state (dashed curves) of the D center in an
2: = 0.25, ur = 100 A. QW as a function of the magnetic
field. The corresponding results for the 18 and 2p states
of the D center (dash-dotted curves) (Ref. 10) and for a
free electron (i.e. , 2ao/~p) are also plotted for compar-
ison. Notice the following: (1) the inner orbitals of the
D center in the x-y plane have almost the same exten-

C)0

I

IJJ

O
I—

1

~ 'p ~ ~ l ~ a a a l I I ~ ~ ) a a ~ l

sion (although a little smaller) and the same dependence
on the magnetic field as the 18-electron wave function of
the shallow donor. However, the extension of the outer
orbitals is close to that of the free electron when p ) 1,
but are more extended than the 2p orbital of the D
state; (2) the orbitals which are more spread out at zero
magnetic field have a stronger dependence on the mag-
netic field; and (3) the outer electron of the triplet state
is always more spread out than that of a free electron. At
low magnetic fields it also extends to infinity at p = 0.

In our previous work, ~ we have found that the differ-
ence of the binding energy for the D ground state in a
io = b = 100 A. superlattice and a io = 100 A. QW in the
absence of any magnetic field is about 0.24K*, which is
comparable to the largest binding energy of a D cen-
ter in the Q2D system. In Fig. 2 we present the binding
energy of the three D states, ~ls, ls; s), ~ls, 2p; t), and
~ls, 2p; s), as a function of the magnetic field in a super-
lattice with z = 0.25, and io = b = 100 A. (solid curves).
These results are compared to the corresponding results
(dashed curves) in an x = 0.25, to = 100 A QW, and
also to the results (dotted curves) in the same QW but
for the variational approach used in Ref. 30 where the
effect of e-e correlation was not included, and which re-
sulted in the energy level E (n.c.) for the D pth state.
Note that the binding energy of the D center is defined
as the minimum energy which i.s required to remove one
electron to infinity and the final state is a D center in
the ground state and a &ee electron. In this process, the
electron spin configuration is not changed. Consequently,
the binding energy of the D pth state can be expressed
by

a a a a I a ( a a I a a a a I a

2 3
MAGNETIC FIELD y

FIG. 1. The extent (in units of ap ——98.7 A) of the elec-
tron wave function in the x-y plane for the D and D cen-
ters at the well center of a GaAs/Alp. 25Gap. 75As QW with
ip = 100 A as a function of magnetic field p. Solid curves
are for the outer and inner electrons in the D ground state,
dashed curves for those in the D triplet state, dash-dotted
curves for the D ground state, and dotted curves for the D
2p-like state. As a comparison, the extent of a free electron
(2ap/p r ) is also shown (the dotted curve).
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FIG. 2. Binding energies (in units of 7Z = 5.83 meV)
of the ground state, the triplet state, and the lowest sin-

glet excited state for the D center at the well center of a
GaAs/Alo 25Gao 75As superlattice with io = b = 100 A (solid
curves) as a function of magnetic field. The corresponding
results for the QW with (dashed curves) and without (dot-
ted curves) electron-electron correlation are also plotted. The
thin dashed line indicates zero value of the binding energy.

E„' = E,', (D')+E, , +
~

N+ —
~

M, A —E„', (13)

where Ei, (D ) is the energy of the Do ground state.
A detailed description of this state has been given in
Ref. 10. In Eq. (13) w, = eB/m c is the cyclotron
resonance frequency for a noninteracting electron in
GaAs, and X is the Landau level quantum number:
X = 1 for the states with magnetic quantum num-
ber m = +1, otherwise % = 0. A factor of A

(f (z) ~m /m,*(z)
~ f (z))/(f (z)

~ f (z)) appears in Eq. (13)
which is a consequence of the electronic mass disconti-
nuity at the interfaces of GaAs and Al Gaq As. From
this figure we find that (1) the binding energies of the
ground state and the triplet state are an increasing func-

I

tion of the magnetic field, and the ~ls, ls; s) state is al-
ways bound (i.e. , above the thin dashed line which indi-
cates E = 0) while the ~ls, 2p;t) state becomes bound
for p & 0.5 in the QW case and p & 0.8 in the superlat-
tice case; (2) an opposite B dependence is found for the
singlet excited state ~ls, 2p; s) which is always unbound
(i.e. , below the thin dashed line); (3) the binding energy
in the superlattice case is appreciably decreased as com-
pared to that of the QW case, which shows that the QW
theory is not a good approximation for the calculation of
the binding energy of the D center in this type of super-
lattices; (4) e-e correlation increases the binding energy
of the D center appreciably which is similar to the case
of a 3D system. This effect is more important for the
lower states and at higher magnetic fields. This is a result
of the fact that in both cases the electron states are more
localized (see Fig. 1), and consequently the e-e correla-
tion terms will contribute more to the wave functions.

The actual energy difference E„(n.c.) —E between
the two variational approaches with and without the e-e
correlation terms in the wave functions is plotted in Fig.
3(a) as a function of the magnetic field for the D states
in the same QW as shown in Fig. 1. It is clear that for all
the states the energy difference monotonously increases
with increasing magnetic fields. This difference for the
ground state has an almost constant slope, while for the
excited states it increases much more rapidly than for
the ground. state in low magnetic fields (p ( 1.5), and
much less rapidly in high magnetic fields. The relative
percentage contribution from e-e correlation is given in
Fig. 3(b), which indicates that (1) the e-e correlation is
more important for the ground state than for the excited
state and (2) this correlation in the ground state increases
with increasing magnetic fields, while in the excited state
it increases at low magnetic fields (p ( 2) and decreases
slightly in the high magnetic field region.

Now we will describe another method to investigate
the importance of correlation in the D states. In the
wave function of the pth state of the D center the e-
e correlation is connected by the variational parameters
O„and:-„ in Eq. (11). Thus, the correlation energy of
the D state can also be defined through the difference

[(e„(O„,:-„)[II,„(e„(O„,:-„))—(e„(0,0) [H,„[e„(0,0))]/(e„(O„,:-„)]e„(O„,:-„)).

s s ~ s i s ~ s ~ l ~ I s ~ I ~

0.2
C)

O
C.' 0.1

C)

IJJ 1,5
o

I

O

O
0.5 s,2p;s)

FIG. 3. In (a) the energy difference
E„(n.c.) —E„between the two variational
approaches with (E„)and without [E„(n.c.)]
e-e correlation is shown as a function of the
magnetic field for a D center in a QW with
x = 0.25 and sv = 100 A; and in (b) the rel-
ative percentage of this difference is plotted.

2 3 4
~ ~ ~ ~ I s s s ~ I ~ ~ s ~ I ~0

0 1 2

(b)-
s ~ ~

MAGNETIC FIELD y
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III. POLARON CORRECTION

In the calculation of the polaron correction to the
electronic states it is a good approximation to include
only GaAs bulk-phonon modes for superlattices or QW's
with not too narrow wells. ' ' Therefore, the electron-
phonon interaction for a D center will be described by
the Frohlich Hamiltonian given by Eq. (7). Since GaAs
is a weakly polar material with electron-phonon coupling
constant o. = 0.068, which is Inuch smaller than 1, we can
use second-order perturbation theory to calculate the po-
laron correction to the energy of the pth state of the D
center

FIG. 4. Percentage of the correlation contribution to the
energy of the (1s, 1s; s), (ls, 2p; t), and (1s, 2p; s) states as
a function of the magnetic field for a D center in a QW with
x = 0 25 and ss = 100 A..

This difFerence scaled with the energy of the difFerent D
states is shown in Fig. 4 for p, = (ls, ls; s), (ls, 2p; t),
and (ls, 2p; s) as a function of the magnetic field for a
D center in an x = 0.25, iU = 100 A QW. Notice that
(1) the relative contribution of the correlation terms to
the energy of all the D states decreases with increasing
magnetic fields. The reason is that the magnetic field
forces the electrons closer to the donor center, thus the
Coulomb energy between the electrons and the donor ion
increases, and this leads to the rapid decrease of the wave
function of the D electrons. As a consequence, the cor-
relation terms which favor large values of ~zi —z2~ and/or
~pi —

p2~ becomes less important than those in a lower-
magnetic field; (2) in the absence of a magnetic field the
correlation energy is about 40% of the energy of the D
ground state, while it is almost 100% of the energy for
both excited states; and (3) the correlation contribution
to a D state which is more spread out is more sensitive
to the magnetic field.

From a first glance the differences between Fig. 3(b)
and Fig. 4 are remarkable. Not only are the absolute val-
ues more than an order of magnitude difFerent but also
the relative positions of the difFerent curves are difFer-
ent. But we should keep in mind that the subtraction
of the correlation energy in Fig. 3(b) and Fig. 4 are ob-
tained in two total difFerent manners. In Fig. 3(b) the
energies E (n.c.) and E„are given from two different
variational calculations with a diferent number of vari-
ational parameters, while in Fig. 4 the correlation terms
in the energy are subtracted out within one variational
calculation using the same wave-function normalization
e„(o„,=-„)le„(o„,=-„))

where L~ = 0 for all states in the polaron nonreso-
nant region, which corresponds to Rayleigh-Schrodinger
perturbation theory. For the ~ls, 2p+; s) state we take
6» p 2p+ p LE» p 2p+ ., —LE», », .„which corresponds to
improved Wigner-Brillouin-perturbation theory. ' In
Eq. (14) ~sIs„l; q) describes a D state composed of two
electrons with unperturbed energy E, and a LO phonon
with momentum hj= h(q, q, ) and energy Ru~. Because
the spin configuration of the triplet states are orthogonal
to the one of the singlet states, they do not contribute
to the polaron correction of the singlet states, and vice
versa. Because of the property of identical electrons we
have the symmetry relation: @„(ri,rz) = +@~(&2,rz)
which implies that Eq. (14) can be written as

In order to obtain the polaron correction to the D
energy of the pth state, one has to sum over a/E the
D states in Eq. (14) whose spin configurations have
the same symmetry as that of the pth state. This is a
formidable task. In Refs. 30—32, only a finite number of
states were included in the sum P, . Recently, ' we

found that in the nonresonant magnetic-field region such
an approach is unsatisfactory and underestimates the po-
laron correction appreciably. Nevertheless, it is possible
to evaluate Eq. (15) approximately in such a way that
one needs to know only a few relevant states. ' Using
the method of Ref. 48 one can rewrite Eq. (15) into three
parts: the first is the leading term, —4o.RuLo, which is
the polaron energy of a free bipolaron in a 3D system in
the absence of any fields; the second term is small, and
in fact is equal to zero in the approximation of m = mb,
which will be assumed when we calculate the polaron cor-
rection; and the third term contains a sum over all the
D states. Thus, Eq. (15) can be reduced to the result
given by

The calculation of the polaron correction to the energy of the D state is now reduced to evaluate the secon
te™On the right-hand side of Eq. (16). Recently, we gave a very detailed discussionss on the polaron correc-
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tion to the energy levels of a D center in bulk GaAs,
where the different approximations were discussed in or-
der to obtain the polaron correction in the resonant and
in the nonresonant region. Following this approach for
the nonresonant states, e.g. , the ground state ~ls, ls; s)
and the ~ls, 2p; s) state, we obtain

AE„= —4o.(kuL~ + Y„),

wh- &P = 6(+VIIII.(ri) —&(~i) + 2/riil~P)/(~PII~P)
The factor of 6 obtained here has been proven to be an
improvement to the factor of z (Refs. 48 and 38) which
gives a rigorous upper bound to the polaron correction

I

to the ground state of the donors. For the excited state
~ls, 2p+; s), there may exist another pth state of the
D center such that at higher magnetic fields we have
Ey g + . E~ + MQQ ~ Consequently, this pth state will

give the dominant contribution to the sum P, in Eq.
(16). Therefore, near resonance it is sufficient to limit the
sum g„, to such states. In the present work, we have in-
cluded the ground state and the two lowest excited states
in the sum P, . However, in order to obtain also reliable
results in the polaron nonresonant region, we follow the
same approach as for the 2@+ state of the D center,
and propose the following improved expression for the
polaron correction to the ~ls, 2p+; s) state

(

m=2p p P, 1S)K)S
(18)

where m„ is the magnetic quantum number of the outer
electron with m2„* ——+1. This expression (18) has the
following properties: (1) at p = 0 the polaron correc-
tion to the ~ls, 2p+; s) state is identical to the one of the
~ls, 2p; s) state, which is due to the fact that in this
limit both states are identical; (2) for p ) 0 ~AEi, 2„+., ~

is larger than ~AZi, 2„-.,
~

since the former is related to
the second (N = 1) Landau level of the free electron,
and the latter to the lowest (% = 0) Landau level; and
(3) at resonance the second term on the right-hand side
of Eq. (18) dominates, which gives the correct resonant
positions.
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FIG. 5. Transition energy of ~ls& ls; s) ~ ~ls, 2p; s)
as a function of the magnetic field for a D center in a
GaAs/Alp. 2sGao, 7&As superlattice with iu = b = 100 A, with
(thick solid curve) and without (thin solid curve) polaron cor-
rection. The experimental data (solid dots) are from Refs. 21.
The corresponding results for a QW (dashed curves) are also
plotted.

IV. COMPARISON WITH EXPERIMENTS

At present, there exist several experimental
results 3' ' on the magnetic-field dependence of D
transitions in GaAs/Al Gai As superlattices. In a
magneto-optical experiment on the D center no spin
reversal is possible, and thus the ~ls, 1s; s) ~ ~ls, 2p+; t)
transitions are forbidden. Therefore, the

~
1s, 2p; t)

state can be considered as another "ground state, " from
which an independent set of transitions can be ob-
tained. Initially, the experimental results of Huant and
co-workers ' were interpreted as transitions from the
D ground state to a D ground state plus a free elec-
tron in the Kth Landau level. Recently, it was argued
in Refs. 27 and 28 that experimentally one observed the
transition to the singlet excited state of the D center.
Due to the discreteness of all D states in a Q2D sys-
tem in the presence of a perpendicular magnetic field,
the latter transition has the largest oscillator strength.
In the present work, we are able to shed some light on
this controversy.

The ~ls, 1s; s) ~ ~ls, 2p; s) transition energy of the
D center in an x = 0.25, m = b = 100 A. superlat-
tice is depicted in Fig. 5 with (thick curves) and without
(thin curves) polaron correction. The solid dots are the
experimental data of Huant, Najda, and Etienne. A
reasonable agreement is found between experiment and
theory for the superlattice case when we include the po-
laron effect. Note also that the transition energies for
a QW do not agree with experiment and in particular
the slope of the curve differs appreciably. This slope is
consistent with the results from the variational quantum
Monte Carlo calculation. A small polaron correction
to the transition energy is obtained due to the fact that
the large polaron corrections to the energy levels of both
D states cancel each other. The polaron effect slightly
increases the transition energy because of the larger po-
laron correction to the ground state as compared to the
~ls, 2p; s) state. In the small magnetic field region the
agreement between theory and experiment is less satis-
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FIG. 6. Transition energy of ~ls, ls; s) + ~ls, 2p; s)
as a function of the magnetic field for a D center in a
GaAs/Ale, 3Gao, yAs superlattice with ur = 200 A, b = 600
A with (solid curves) and without (dashed curves) polaron
correction. The experimental data (solid circles) are from
Ref. 24. The open circles are the measured results from the
similar superlattice but b = 200 A by Glaser et al (Ref. .14).

factory, which we think is due to the fact that at small
magnetic fields the wave functions should be of exponen-
tial type rather than Gaussian type.

Recently, Holmes et al. measured the transition ener-
gies between the ~ls, ls; s) state and the

~

ls, 2p+; s) states
for the D center in a GaAs/Alo sGao yAl superlattice
with well width ia = 200 A and barrier width b = 600 A. in
the low magnetic field region (B & 9 T). In this magnetic-
field region, there is no strong polaron resonance. Holmes
et a/. have pointed out that their results could not be
explained as being the transition between the D state
and the (D + e) state. We show in Fig. 6 our theoretical
results with (solid curves) and without (dashed curves)
electron-phonon interaction together with these experi-
inental data (solid circles). As a comparison, the early
experimental results of Glaser et a/. for the

~

ls, ls; s) —+

~ls, 2p+; s) transition are also given by the open circles,
which are very close to the results of Holmes et al. be-
cause a similar sample was used but a thinner barrier,
i.e. , b = 200 A. . Both the ~ls, ls; s) ~ ~ls, 2p; s) and the

~
ls, ls; s) -+ ~ls, 2p+; s) transition energies of the calcu-

lation are in good agreement with the experimental re-
sults. As was already shown in Fig. 5, the polaron efFect
is very important to correctly describe the experimental
data for the transition ~ls, ls; s) m ~ls, 2p; s) because
it shifts the transition energies to higher energies. For
~ls, ls; s) ~ ~ls, 2p+; s), it increases the transition ener-
gies at low magnetic fields (p ( 0.9), and it decreases
them at higher-magnetic fields (p ) 1.0). Also here, the
theory slightly underestimates the transition energy for
p ( 0.8, which we attribute to the use of Gaussian type
of wave functions.

In early work Huant et al. studied the optical tran-
sitions of shallow donors, and found some lines which at
that time could not be completely accounted for. They

were tentatively explained as due to D transitions. Here
we will give a quantitative explanation of their experi-
ment results in an 2: = 0.25, tu = b = 100 A superlattice
in magnetic fields up to 16 T, which are given in Fig.
7 by the open circles together with the results of Fig. 5
which were obtained from the same superlattice. More
recently, Cheng, McCombe, and SchafF have observed a
two-level resonance of the ~ls, ls; s) ~ ~ls, 2p+; s) tran-
sition, whose experimental results are also shown by the
solid dots in this Ggure which are a little higher than
those of Huant et al. The reason is that a superlattice
was used in Ref. 25 with x = 0.3, ur = 100 A, and b = 600
A. , which is more like a QW. Our theoretical results with-
out polaron correction (thin dashed curves) are not able
to explain the experiments at high magnetic fields. In-
cluding the polaron effect (dotted curves) improves our
results appreciably and confirms that the higher branch
of the measured ~ls, ls; s) ~ ~ls, 2p+; s) transition en-
ergies is due to resonance between the ~ls, ls; s; q) and

~ls, 2p+; s;0) states. A larger polaron splitting (about
1.2B*) is found in comparison with that (about 0.8B*)
of the D center, which is consistent with the recent
theoretical results of Ref. 30 for an x = 0.3, zv = 100 A.

QW, which are shown by the thin dash-dotted curve in
the high magnetic-field region. A three-level resonance is
found in our calculation since only three D states are
included in the sum P, in Eq. (18). However, at high

magnetic fields for the
~
ls, ls; s) ~

~
ls, 2p+; s) transition

the agreement is less satisfactory. Recently, Dzyubenko
and Sivachenko have found that band nonparabolicity
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FIG. 7. Transition energy of ~ls, 1s; s) ~ ~ls, 2p+; s) as a
function of the magnetic field for a D center at the vrell cen-
ter of a GaAs/Aio, qsGao 75As superlattice with m = b = 100
A. The theoretical results are given for the following cases:
(1) without polaron correction (thin dashed curves), (2) with
polaron effect (dotted curves), and (3) including the effects
of polaron and band nonparabolicity (solid curves). The ex-
perimental data (open circles) are from Huant and co-workers
(Refs. 13 and 21). The solid dots are the experimental results
from an z = 0.3, ur = 100 A, and b = 600 A superlattice of
Ref. 25. The thin dash-dotted curve is the theoretical results
from Ref. 30.
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rapid with decreasing magnetic field, and the smaller the
well width, the stronger the magnetic-Geld dependence.
From these observations it is difBcult to understand the
experimental data for the to = 58 A. superlattice, and
they require further study.

V. DISCUSSION AND CONCLUSION

We have investigated the energy levels of a D
center which is located at the well center of a
GaAs/Al Gaq As superlattice in the presence of a mag-
netic Geld which is directed along the growth axis. The
binding energy and the transition energy of the D cen-
ter have been obtained as function of the magnetic field
and the well width. A detailed comparison between the
results (1) of a QW and a superlattice and (2) with and
without e-e correlation terms has been performed. This
showed that the structure of the Q2D systems (QW ver-
sus superlattice) strongly influences the binding energy
of the D center, and e-e correlation is essent~"=' in the
calculation for the D states. The correlation contri-
bution to the energy of the D center is discussed in
detail, and shown to be more important for the excited
states and at small magnetic fields. The electron-phonon
interaction is included in our calculation within second-
order perturbation theory, which shifts the energy levels
to lower energies, and leads to resonant splitting of the
energy levels at high magnetic fields. In high magnetic
Belds, i.e. , p & 1.5, the eKect of band nonparabolicity is
important. Our theory, which contains no Btting param-
eters, is in good agreement with most of the available
experimental data. We found that the experimental re-

suits of Huant et aL cannot be interpreted as being the
binding energy of the D center. They should be inter-
preted as the transition energy between two D states.

Recently, Chang et al. have studied the magnetic-
Geld dependence of the binding energy of the D cen-
ter at the well center of an x = 0.3, to = 210 A, and
b = 150 A superlattice using temperature dependent
magnetotransport measurement. They found that the
experimental results are systematically smaller in energy
than those from the optical transition measurement, and
are found to be consistent with the theoretical calcula-
tion of Pang and Louie. However, we have noticed in
the present paper that the electron-phonon interaction
is a very important eR'ect on D centers in polar ma-
terials, which was neglected in Ref. 26. This effect will
greatly increase the binding energy of the D center to
a level higher than the corresponding transition energy.
Thus, these alternative experimental data need further
theoretical study.
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