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Resonant bipolaron coupling in GaAs quantum wells
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A resonant polaron effect has been observed for negatively charged donors (D~ centers) in a 100
A GaAs quantum-well structure. The magnitude of this effect is found to be smaller than predicted
theoretically. No dramatic enhancement of the resonant polaron effect on D~ centers over the effect

on neutral donors is observed.

In a polar semiconductor, electrons interact with the
polarization cloud of longitudinal-optical (LO) phonons
which they produce to form a polaron. In a weakly polar
material at small magnetic field strengths, nonresonant
polaron effects due to the Frohlich electron-phonon inter-
action are small and difficult to observe. Polaron effects
are best probed in the resonant regime which is reached
in a high magnetic field when a given magneto-optical
transition approaches the LO phonon energy fiwro (36.8
meV in GaAs). This leads to a resonant splitting of this
transition (see, e.g., Ref. 1 and references therein).

In the past, resonant polaron effects have been studied
in a large number of systems,! ~* especially shallow neu-
tral donors D° in GaAs/Ga;_,Al,As multiple-quantum-
well (MQW) structures,’2 for which there is a good over-
all agreement between theory and experiment. Simple
trial wave functions for D° and the use of second-order
perturbation theory (PT) to describe the Frohlich inter-
action with bulk LO phonons have proved sufficient to
describe a large number of experimental data.!

Here, we are interested in resonant polaron effects on
a correlated two-electron impurity system (D~ center),
for which there exist no experimental data to the best
of our knowledge.® A D~ center is a negatively charged
shallow donor formed when a D° donor traps a second
electron.® Although difficult to populate in bulk GaAs,”’
D~ states can be made to form in sizable concentra-
tions in QW’s by the appropriate modulation doping of
a GaAs/Ga;_ Al As MQW structure.®

D~ centers in polar crystals can exhibit a large variety
of physical properties.®!® Depending on the strength of
the electron-phonon interaction and on the strength of
the Coulomb potential that binds the two electrons in
the absence of electron-phonon interaction, D~ centers
can be unstable or they can exhibit negative-U behavior
among other scenarios.1? Since GaAs is lying in the weak-
coupling-weak-binding limit (& < 1 and R* < hwio,
where a = 0.068 is the Frohlich constant in GaAs and
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R* = 5.83 meV is the effective Rydberg in GaAs), a
small decrease of the D~ binding energy is expected at
zero magnetic field in the bulk material.®? Indeed, in
this so-called polaron regimel® of D—, all the interpar-
ticle distances in D~ are much larger than the polaron
radius (40 A in GaAs). As a consequence, the two po-
larons bound to the same impurity ion have little overlap
and the D~ binding energy is only slightly affected (the
polaron correction to the energy of D~ is comparable
to that of a system formed by a D° donor plus a free
electron).

However, in QW’s in a high magnetic field, the situ-
ation is expected to change qualitatively!! because the
orbital length of D~ perpendicular to the magnetic field
scales down approximately as the magnetic length'? (57
A in 20 T) and the orbital length in the field direction
is governed by the quantum confinement. As a matter
of fact, all characteristic lengths become comparable to
(but still larger than) the polaron radius and D~ starts
to resemble a bipolaron—strictly speaking a system with
two electrons in the same polarization cloud—in the sense
that a static polarization starts building up around the
impurity ion. In this case, a deepening of D~ can be ex-
pected but this is difficult to probe experimentally. More
easily accessible to experiment is the resonant polaron
effect which, indeed, is predicted to be enhanced over
the effect on neutral donors.!'''3 In this paper, we de-
scribe such an experiment and we compare our results
with available theoretical predictions.

We have used a 100 A/200 A GaAs/Gag.75Alg 25As
multiple-quantum-well structure grown by molecular-
beam epitaxy. This structure is planar doped with silicon
donors in the middle of the wells (V,, = 1.8 x 10'° cm~2)
and in the middle of the barriers (N, = 3x N,,). This un-
balanced double-planar doping geometry favors the con-
version of all the D° donors in the wells to D~ centers.8
Far-infrared transmission spectra of this sample were
taken using a fast-scan Fourier-transform spectrometer
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(Bruker IFS 113v) connected to a 21 T resistive magnet.
A high-sensitivity Ge composite bolometer was placed
behind the sample.

Typical transmission spectra (normalized to zero-field
spectra) are shown in Fig. 1. At low field, two peaks are
seen which are the 1s — 2p* transitions for D° donors in
the barriers (peak C) and the s — p* spin-singlet transi-
tion of D~ (peak B).!%!® Upon increasing the magnetic
field, both peaks C and B shift to higher energies. It
is found that the D~ transition lies in energy below the
reststrahlen band for fields less than 16.5 T and goes
above Awyo for fields in excess of 19.5 T. The field de-
pendence of the D~ peak energy is shown in Fig. 2. A
typical anticrossing behavior is observed in the optical-
phonon energy range which reveals a resonant polaron
effect. The splitting shown in Fig. 2 between the two
polaron branches is of the order of (1.0 + 0.1)R*. This
is only slightly larger than the polaron splitting of D°
donors in a 100 A QW, which is 0.9R*.! This splitting
turns out to be less than predicted as discussed below.

The predictions of two recent theoretical treatments
of the polaron effect on D~ centers'!'!3 are shown for
comparison with our results in Fig. 2. It can be seen
that these theories differ considerably in the resonant
regime. In Ref. 11, a variational approach was used
to compute the bare D~ states. The Frohlich interac-
tion is taken into account within an improved version
of Wigner-Brillouin perturbation theory which allows for
the inclusion of all the intermediate states. The resonant
polaron effect is calculated in the three-level scheme (s,
p~, and pT singlet states of D”). A similar analysis
for D° donors has shown previously a very good agree-
ment with experiment.! Also shown in Fig. 2 are our
former data® and the predictions of the same theory for
the s — p~ transition of D~ which is not sensitive to res-
onant polaron effects. A satisfactory agreement is found
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FIG. 1. Transmission spectra of a D~ doped 100 A QW
sample showing the 1s — 2p™ transition for D° donors in
the barriers (peak C) and the spin-singlet s — p* transition
of D~ (peak B) both below and above the reststrahlen band
of GaAs (represented by vertical bars). The magnetic field
strength is indicated on each curve.
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FIG. 2. The field dependence of the s — p* transition
energy of D™ centers in a 100 A QW. The open symbols are

the experimental data. The full lines are the predictions of
Ref. 11 and the dashed lines are the predictions of Ref. 13.

because the polaron corrections to the s and p~ states
compensate each other. Such a good agreement is not
found for the transition to the p* state. Clearly, the
theory of Shi et al.!! greatly overestimates polaron ef-
fects in the resonant regime for this transition, i.e., the
experimental data are well above (=~ 2.5 meV) the pre-
dictions for the lower polaron branch and substantially
below (= 3.5 meV) for the upper branch.

A closer agreement is found between the present data
and the predictions of Ref. 13, although the theory again
overestimates polaron effects. In this case, the experi-
ment is above the predictions for both polaron branches
(=~ 1 meV for the lower branch and ~ 0.5 meV for the
upper branch). In Ref. 13, bare D~ states are obtained
by diagonalization of the total two-electron Hamiltonian
describing a D~ center in a QW in a magnetic field.
This procedure turns out to be more accurate than the
approach of Ref. 11 (see below). Five to seven rele-
vant intermediate D~ states are included in a subsequent
second-order PT to take into account the Frohlich in-
teraction. Again, excellent agreement is found for the
polaron-insensitive s — p~ transition.

Current theories, especially those based on variational
calculations of the unperturbed levels, appear to over-
estimate resonant polaron corrections of the correlated
two-electron D~ system in a QW although similar ap-
proaches have been quite sucessful for D°. Perhaps going
beyond second-order PT would give some improvement.
In Ref. 13, the polaron correction in a 100 A QW at 20
T is computed to be ~ 19% (—0.91R*) of the total en-
ergy of D™ measured from the energy of two electrons in
their zero Landau level (—4.88R*). This is a substantial
correction (the equivalent number for D° is =~ 7%). In
Ref. 11, the corresponding numbers are 71%, —3.10R*,
and —4.37R*. Clearly, the polaron corrections are here
much too large to justify the use of PT. Furthermore,
we note that the bare energy is rather poor as compared
to the “true” energy of —5.02R* calculated with diffu-
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sion quantum Monte Carlo techniques.l® Thus we believe
that the trial functions are not sufficiently accurate to use
them in a subsequent perturbation calculation. It is likely
that electron correlation is not correctly described by the
theory, or, in other words, the electron repulsion in D~
is not minimized. The two electrons are allowed to stay
too close to each other on average, thereby magnifying
the polarization cloud around the impurity center and,
therefore, leading to an overestimate of polaron effects.
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To some extent, the wave functions obtained in Ref. 13
appear to be better as suggested by the reasonable bare
energy given above and by the better agreement with the
present experimental data. It is hoped that the present
work will stimulate more studies to reconcile polaron the-
ories of D~ with experiment.

Helpful correspondence with A. B. Dzyubenko is grate-
fully acknowledged.
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