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We consider the ground and excited states of D centers, i.e., neutral donors D trapping an extra
electron, in the spin-singlet and spin-triplet states in GaAs/Gai Al As quantum wells (QW s) in
quantizing magnetic 6elds B ) 6 T. Taking into account the eKects of band nonparabolicity and
magnetopolaron corrections, we derive the energies of the dipole-allowed transitions and their line
strengths. Very good agreement (e.g. , within 1—3 cm below the region of the resonant magnetopo-
laron splittings) with the experimental data of Huant et al. for the singlet transitions is found.

It is well known that both a reduction of dimensionality
and strong external magnetic fields lead to the enhance-
ment of the effects of interparticle correlations. Recently
Huant et al. in the series of magneto-optical experiments
in magnetic fields up to 21 T have shown that by selec-
tive doping of GaAs/Gai Al As quantum wells (QW's)
it is possible to "engineer" a stable population of nega-
tive donor centers D; in contrast to bulk semiconduc-
tors, it is even possible to convert a]1 ' neutral donors
D within a QW to D . A quasi-two-dimensional (quasi-
2D) D center in a strong magnetic field is an interesting
example of a few-particle correlated quantum-confined
system for which total-spin-dependent e-e repulsion and
electron-impurity attraction are strongly enhanced. Al-
though a large amount of work, both experimental and
theoretical, has been devoted to quasi-2D neutral donors
DP in magnetic fields (e.g. , Ref. 4 and references therein
to earlier publications), there are only few theoretical
considerations of D states in QW's. Pang and Louie,
using a quantum diffusion Monte Carlo approach, have
calculated with high accuracy the binding energy of the
singlet D 8 ground state which turns out to be system-
atically below the values derived from the experiments.
This discrepancy has been elucidated independently by
Larsen and McCann and Dzyubenko, who considered
a strictly 2D case in the strong magnetic field approx-
imation in which D eigenstates can be found exactly
(see also Ref. 8). They have shown that in QW's, in the
presence of magnetic fields, D spectra are completely
discrete and the magneto-optical transitions of the sin-
glet lead to the final unbound localized D states (rather
than to a continuum, as it was initially assumed in Refs. 1
and 5). As a result, D singlet transition energies turn
out to exceed substantially ( 20%%up) the ground state
binding energy. More recently, in the work of Mueller
et al. variational calculations of the ground and sev-
eral excited D singlet states for wide 510 A QW's have
been performed (see also Ref. 10) which are in very good
agreement with their experimental results obtained in the

fields B ( 6 T. In higher fields and for narrower QW's
the effects of band nonparabolicity (NP) and polaron cor-
rections become increasingly important and a systematic
treatment of D states is still lacking. It is the aim of
the present paper to provide such a consideration of the
singlet and triplet quasi-2D D states based on a direct
diagonalization of the total Hamiltonian (with the ap-
plication of the Ekenberg free electron Hamiltonian to
the D problem for a treatment of NP) and subsequent
inclusion of magneto-polaron effects. Some preliminary
results are contained in Ref. 12.

Throughout this work we shall consider the case of a
GaAs/Gap 7Alp sAs QW with the width d = 100 A and
with the on-center impurity. The Hamiltonian of the
system is of the form

2 2

H=HO-
E'P y E'P2

+
e rq —r2

where r = (p, z) and the Hamiltonian of free electrons in
a perpendicular magnetic field B is given by

1
Hp = ) E + gpBBo-

C7)A)m

anm~ anmo ~

E„=ep+ h~o, (n+ 1/2).

The operator at creates an electron in the lowest
subband (with the energy ep) with the spin o

(cr, = kl) and the wave function (p(z)P (p). Here

(p) is the in-plane factored wave function, n is the
Landau level number, and m is the oscillator quantum
number connected with the projection of the angular mo-
mentum m by the relation m = n —m, . (p(z) and Ep

are determined in a standard procedure in which we ne-
glect the difference between electron effective masses in
GaAs and in Gai Al As (thus taking m* = 0.067mp)
and the barrier height is taken to be 60%%up of the band-
gap discontinuity LE~ = 1.155x + 0.37x eV. In strong
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magnetic fields r~ ( a~ [where a~ = sh /m*e is the ef-
fective Bohr radius and r~ = (hc/eB) / is the magnetic
length] we take account only of the lowest three to seven
Landau levels (depending on B) and. , since rHa~ d,
we ignore the admixture of higher subbands due to the
Coulomb interactions. To take into account the e8'ect of
the GaAs conduction band NP, we shall use the result
of Ekenberg for the Landau level energies in QW's,
E —+ E + bE, neglecting small spin-orbit splitting.
Since the second order corrections are also smaH (as can
be verified for QW's under consideration), we consider
only the first order corrections [which allows us to still
use the unperturbed wave functions P (p)]

(n + n + 1/4) + (n + n + 1)
H 2P0

[cf. Eq. (35) of Ref. 11, which we have slightly corrected
by the proper symmetrization of the kinematic momen-
tum operators in the initial Hamiltonian]. The calculated
corrections to the cyclotron energy hw which follow from
the Ekenberg's approach are in very good agreement with
the experimentally determined values.

We construct wave functions of D, ilIM, (ri, r2), with
the projection of the total angular momentum M out
of the noninteracting wave functions (o(z)P (p) as a
systematic expansion over symmetrized (for the singlet
8) or antisymmetrized (for the triplet T) combinations
involving the states with ni + n2 —mq —m2 ——M, . For,
e.g. , the singlet with M, = —2 in B = 6.7 T we take
account of 100 initial basis states —all in the first seven
Landau levels.

In high fields it is appropriate to classify D states
(as well as states of any axially symmetric one-component
electron system) by the quantum numbers (N, M); here
N = ni + n2 is the total Landau level quantum num-
ber and M = mi + m2 ——N —M is the total oscillator
quantum number. The scheme of the calculated set of
the low-lying D eigenstates is show'n in Fig. 1. In the
absence of NP the states f'rom the groups (N, M) and
(M, N), which are t ~ t counterpa—rts, difFer in ener-
gies exactly by (N —M)h~, = M, her . Note that this
t ~ —t symmetry becomes especially transparent in the
quantum numbers N, M and the eigenstates in Fig. 1
are symmetrical about the diagonal passing through the
"self-dual" (N, N) s states. ' D states with the ener-
gies below the 1s D ground state have positive binding
energies, i.e., they are bound (see Fig. 1). The results
for the calculated energies of the singlet s ground state
IO, 0; S), of the triplet p ground state IO, 1;T), and of the
final states of the strong magneto-optical transitions (see
below) are presented in Table l. Note that at B = 20.2 T,
the singlet ground state binding energy (calculated with-
out NP) is by 3.5 cm (1.5% of the D singlet Coulomb
interaction energy) lower than that obtained by Pang and
Louie. This underestimation of the interaction energies
is systematic in our approach and, due to the variational
principle for the first JV levels (see Ref. 16), both the
ground and excited states will deepen with the inclusion
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FIG. 1. Scheme of the calculated (a) singlet and (b) triplet
levels of D at H = 10 T (energies are shown in scale). The
states denoted by solid (dashed) lines are bound (unbound).
Horizontal solid lines are guides to the eye separating the
states with different Landau quantum numbers N; the actual
energy positions of Landau levels are also indicated. The
arrows (1—4) show the strongest allowed optical transitions
from the ground D states; transitions (5—8) in (b) are from
the strongly bound ~1, 1;T )state. —

of higher Landau levels and higher subbands. Therefore,
being systematic, the errors compensate each other and
the accuracy for transition energies should be higher than
the accuracy of the ground state energy; we expect that
for LN = 1 transition energies we obtain the accuracy of
1—2cm . It should also be stressed that we find that in
the fields up to 25 T the efFect of NP on the binding en-
ergies of both the D and D states is small and for the
singlet D it is practically absent. These results are in
disagreement with the calculations of Pang and Louie.

Consider now magneto-optical transitions with LM, =
+1 allowed in the Faraday geometry (Figs. 1 and 2).
Only transitions with LM = 0, i.e., conserving total os-
cillator quantum number, are strong in high magnetic
fields. Indeed, all other transitions become allowed only
due to the admixture of higher Landau levels (induced by
the Coulomb interactions) and, hence, they are weak as
[(e /srII)/hw, ] B . From the singlet ground state
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TABLE I. Enenergies [in Ry' = m, 'e ~2e 5
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smaller (see Fig. 2). The calculated ratios of intensities
of the two strong triplet transitions to that of the singlet
R~ = IT /Is at the temperature T = 4 K and B = 10 T
are given by B = 0.15, B+ ——0.12, while at T = 10 K
B = 0.58, B+ ——0.43, i.e., they are not small. However,
these two strong triplet transitions turn out to be close
in energy, correspondingly, to the cyclotron resonance of
&ee electrons bio, and the ls -+ 2p+ (AM = 0, AN = 1)
transition of D within a QW. Note that the latter tran-
sition may in principle be suppressed when all D centers
are converted ' to D and temperature is not too high
so that D centers are not ionized. Our predictions for
the triplet D transitions need experimental verification.

Magnetopolaron eKects lead to a shift of shallow donor
energies in QW's in intermediate magnetic fields and give
rise to resonant splittings in high fields B ) 15 T (see,
e.g. , Refs. 17 and 4 and references therein). To describe
this effect for D, we have taken account of the Frohlich
interactions of electrons with bulk GaAs LO phonons
(h&i, Q —36.25 meV, the electron-phonon coupling con-
stant n = 0.068) within the two second order pertur-
bation theory schemes: (i) Rayleigh-Schrodinger for the
ground and Wigner-Brillouin for excited D states (RS-
WB) and (ii) the improved Wigner-Brillouin (IWB) (see
Ref. 4 and references therein) which ensures the pin-
ning behavior at S'IL~. After performing an infinite
summation over momentum of LO phonon, we include
in the perturabtion theories from five to seven relevant
D states (compare with Ref. 4). All other discarded
D states are localized far away from the states of in-
terest, so that the matrix elements become very small
and exponentially decreasing. The magnetopolaron cor-
rections to the energies of D states turn out to be large

( 4a), as it should be for a bound magnetobipolaron
(when n is small) for which a polarization cloud of LO
phonons is enhanced by a factor of 2 compared with that
for D; to some extent this resembles the giant binding

of D centers in bulk strongly polar semiconductors.
For, e.g. , the D singlet 8 ground state containing two
equivalent electrons, in the field B = 20 T the correction
is —5.28 meV, which exceeds that to the D ground state
by nearly four times. Nevertheless, the LN = 0 transi-
tion energies [Fig. 3(a)] are altered very modestly (the
corrections to the initial and final D states compensate
each other). The same conclusion for the AN = 0 singlet
D transition has been recently reached by Peeters. In
the high-Beld region of resonant splittings, the available
published experimental data for LN = 1 D transition
energies (not diminished by a high-field bio, as in Ref. 1)
are &om Ref. 17, where the peak B should be assigned
to D . We find that IWB gives the results below the
experiment (at B = 16.6 T by 3%), i.e. , overestimates
polaron corrections [see Fig. 3(a)], while RS-WB under-
estimates them by 4% (not shown). We believe that
for D the high-field region of resonant splittings needs
further experimental and theoretical studies.

Note added. In a recently published paper an ad-
ditional feature in the magneto-optical absorption spec-
tra of double-planar-doped GaAs/Gai Al As QW's has
been observed on the low-energy side of the cyclotron res-
onance when the concentration of excess free electrons
n,„was increased. According to our calculations, we as-
sign this feature to the transition evolving with increasing
n,„from the triplet D transition ~0, 1;T) -+ [1,1;T ). —
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