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Magnetopolaron effect on shallow donors in GaAs
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Low-temperature experimental measurements and variational calculations of the transition energies of
shallow donor (Si) impurities in bulk GaAs as a function of magnetic field throughout the resonant po-
laron region are reported. Far-infrared photoconductivity spectra in magnetic fields up to 23.5 T show
several anti-level-crossing processes at energies above the LO-phonon energy, clearly demonstrating the
resonant interactions between GaAs LO phonons and impurity-bound electrons involving several excited
impurity states. Very good agreement is obtained between experiment and calculated tramsition energies
throughout the resonant region with the accepted value of the Frohlich coupling constant (a=0.068).
The effects of uncertainties in the measured values of the dielectric constants (thus the value of a) are
studied in the calculation, and the implication of these results for similar studies in GaAs/Al,Ga,_,As

quantum wells is discussed.

INTRODUCTION

Much work, both experimental and theoretical, has
been devoted recently to the investigation of the
electron-phonon interaction in reduced-dimensional sys-
tems, such as semiconductor heterostructures, quantum
wells, and superlattices.! ~7 Some of these investigations
have been on quasi-two-dimensional (2D) systems with a
large density of free electrons,! which complicates the in-
terpretation due to possible screening and Pauli principle
effects.’ An inherent single-particle system, which is free
of such complications, involves shallow hydrogenic
donors, and recent investigations of such systems in
GaAs/Al,Ga,_,As multiple-quantum-well (MQW)
structures’ have been interpreted in terms of both
Frohlich interaction with bulk (3D) longitudinal-optical
(LO) phonons,® as well as with confined and interface op-
tical modes.” A crucial feature in these interpretations is
the magnitude of the resonant interaction which takes
place when the electronic transition is tuned into reso-
nance (by an applied magnetic field) with the optical
modes. In the structures investigated these questions are
basically quantitative ones, which depend both on the
magnitude of the Frohlich coupling constant a and the
choice of variational trial functions for the calculations.
The latter point is particularly important for variational
calculations since the splittings at the various resonances
involve matrix elements of the interaction Hamiltonian
between excited-state wave functions, which are likely to
be less accurate than the expectation values in, e.g., the
ground state. Thus it is important to obtain some indica-
tion of the accuracy of the trial functions and the depen-
dence of the results upon the value of the coupling con-
stant (which has some range of uncertainty as discussed
below) and upon the trial wave functions for a system in
which the phonon modes and the form of the interaction
is well known. The ideal system for this is shallow
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donors in bulk GaAs. To our knowledge, the present
work is the first experimental work on the resonant in-
teraction of donors with optical phonons in bulk GaAs.
In the following sections we present a detailed experimen-
tal study of the resonant interaction of shallow Si donors
in a “thick” epitaxial GaAs layer in magnetic fields up to
23.5 T; these results are compared with variational calcu-
lations involving two different sets of trial wave func-
tions, and the dependence of the results in the resonant
region on the value of « is examined. These dependences
are discussed, and the general validity of various interpre-
tations of such experiments on MQW structures is exam-
ined.

EXPERIMENT

The sample used in this work is a 10-um-thick epitaxial
layer grown by molecular-beam epitaxy on a semi-
insulating GaAs buffer layer and doped with silicon
donors at a nominal concentration of 2X10™/cm?.
Ohmic contacts were made by indium diffusion, and the
photoconductive ac voltage signal was obtained by pass-
ing a constant current through the sample and chopping
the incident far-infrared (FIR) light. Magneto-optical
spectra were obtained with Fourier-transform spectrome-
ters in conjunction with a 9-T superconducting magnet
(at Buffalo) or a 23-T Bitter magnet (at the Francis Bitter
National Magnet Laboratory). FIR light was guided
from the spectrometer to the sample by light-pipes,
reflecting mirrors, and condensing light-cone optics. All
data were taken at liquid-He temperatures in the Faraday
geometry, in which the FIR light was intentionally guid-
ed with its propagation direction parallel to the magnetic
field. However, a small fraction of the light incident on
the sample propagates at a small angle to the magnetic
field due to the nature of the condensing light cone that is
placed immediately before the sample.
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THEORETICAL

Our theoretical analysis is based on the standard
effective-mass approximation, and in the absence of
electron-LO-phonon interaction it is described by the
Hamiltonian

1 A 2
= ea e (1)
c €t
where A=(—By/2,Bx/2,0) is the vector potential,

which we have expressed in the symmetric gauge. In the
following we use the effective Rydberg R *=e?/2¢€,a* as
the unit of energy, a* =¢y#>/m*e? as the unit of length,
and y =#ieB /2m*cR* as the dimensionless unit of mag-
netic field. The Schrédinger equation corresponding to
the Hamiltonian of Eq. (1) cannot be solved exactly;
therefore we relied on a variational calculation for the
donor states. We used the trial wave functions

Vump (02 2)=pImIzPeime ~7 =6V pH42" (2)

where £ and § are two variational parameters which min-
imize the unperturbed energy of the donor state ¥

EO — <¢nmp |He '¢nmp )
e ( ¢nmp |¢nmp )

We have compared the resulting binding energies and
have found them to be within 1.6% of an exact numerical
solution®!7 of Eq. (1). The 1s—2p ,, transition energies
are within 0.2% of this exact numerical calculation. We
also tried a wave function with three variational parame-
ters where we replaced exp{—¢[p*+z?]'?} by
exp{ —¢[p*+8°2%]'/?} in Eq. (2). We found that this im-
proves the 1s—2p , ; transition energy by 0.13% at most
in the intermediate magnetic-field region. For small and
large magnetic fields the improvement is negligible. For
the considered experimental situation it is sufficient to in-
clude the following states in the calculation: 1s=|1,0,0),
2p,=12,+1,0), 2p,=12,0,1), 3d_,=13,—2,0), and
4f _y=14,-3,0).

In order to incorporate the polaron correction we use
second-order perturbation theory which gives

|{ijk;q|H;|nmp;0)|?

) (4)
Enmp = %zq: fiog+EYy +Ep,, +A

nmp nmp

nmp>

(3)

H | is the electron-phonon interaction Hamiltonian given
by
H;=3 (Vqaqe' "+ Viale iar) . (5)
q
Here a; (a,) is the creation (annihilation) operator of a
LO phonon with wave vector q and energy o,
2

fw
|Vq|2: 4ra # LO ’ 6)
V 2m *CL)LO q
with ¥ the volume of the system, and
o [m 1 o
#i | 2fiw; o €, €
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is the dimensionless coupling constant with €; and €, the
static and high-frequency dielectric constants, respective-
ly. The state [i, 1, k;q) describes an electron with unper-
turbed energy E. jk and a LO phonon with momentum 7q
and energy fiwg. To describe the resonant magnetopo-
laron effect it is necessary to rely on improved Wigner-
Brillouin perturbation theory,*® which implies that we
have to use

A,,,=AE,,,—AE (8)

in Eq. (4).
We know that in high magnetic fields band nonpara-
bolicity is important for the donor energy levels. We
used the standard Kane model'°
E 2
P
1+4 E

E
Enpzzg- —1+
4

)

in order to obtain the energies of the nonparabolic con-
duction band (E,,) from the energies in a parabolic con-
duction band (E,). For the band gap we took E, =1520
meV. The Kane model has been proven'! to be successful
in describing the band nonparabolicity in GaAs.

RESULTS AND DISCUSSION

Photoconductivity spectra of the impurity transitions
at several magnetic fields (low-field region) are shown in
Fig. 1. In this field region all features in the spectra can
be clearly identified by comparison with previous experi-
mental work!? and theoretical calculations.!> At zero
magnetic field the strongest peak at 35.5 cm ™! in the
spectrum is comprised of 1s—2p; and 1ls —2p, transi-
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FIG. 1. Photoconductivity spectra at several magnetic fields
(low-field region). Major transition peaks are labeled by com-
parison with previous experimental and theoretical work (Refs.
12 and 13).
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tions which are degenerate. As the field is increased, the
peak splits into three lines. In the spectrum of 4 T, the
strongest line at 88 cm ! is the 1s—2p_ | transition, the
second strongest line at 34 cm ™! is the 1s —2p _, transi-
tion, and the weaker line at an energy ~13 cm ™! higher
than the 1s—2p_, line is the 1s—2p, transition. The
latter is electric dipole allowed for the FIR E field polar-
ized along the magnetic field; it is observed in these ex-
periments only because all of the FIR radiation does not
propagate exactly along the direction of the magnetic
field due to the condensing-cone optics. Other, even
weaker, features are due to transitions from the ground
(1s) state to other excited states (such as 3d ,, ), which we
will not discuss in this paper.

The 1s—2p ., transition can be tuned by magnetic
field through the resonance energy region with GaAs op-
tical phonons. Figure 2 shows the photoconductivity
spectra of impurity transitions in the resonant magneto-
polaron region. As magnetic field increases, the state
|2p,,, O-phonon) crosses the state |1s, 1-phonon). A
typical antilevel crossing behavior for the relative intensi-
ties of the lower and higher branches can be clearly ob-
served at fields near 18 T due to the resonant electron-
LO-phonon interaction. Notice that the 18-T spectrum
appears much noisier than other spectra; this is due to
the fact that the 1s—2p ., transition is very close to the
reststrahlen band and the entire spectrum is dominated in
this case by the ls—2p_, and ls—2p, transitions at
much lower energies (not shown in the figure); thus the
vertical scale is expanded for this spectral region for a
clearer comparison. Above 18.5 T the upper branch be-
comes the strongest line in the spectra, and the lower
branch completely disappears. Meanwhile, several weak
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FIG. 2. Photoconductivity spectra for the 1s —2p,, transi-
tion at several magnetic fields in the resonant polaron region.
The 18-T spectrum has been expanded for clarity of compar-
ison.
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features appear in the highest-energy region of the spec-
tra. These transitions have been attributed to resonant
coupling of the |2p, ;, O-phonon) state to other excited
states, |2p_;, 1-phonon), |3d_,, 1-phonon), |4f_;, 1-
phonon), and |2p,, 1-phonon), via the electron-phonon
interaction (see discussion below). At the highest mag-
netic fields, the relative intensities of these features be-
come stronger, since the [2p_, ;, O-phonon ) state is cross-
ing those excited states in this field region.

In Fig. 3 we plot experimental transition energies for
several impurity transitions as a function of magnetic
field (dots). In the resonant polaron region six branches
are clearly observed which result from virtual interac-
tions with the LO phonons. Theoretical calculations
(solid lines) are also presented in this figure for compar-
ison. In the numerical analysis we use the approach of
Ref. 14 (see also Ref. 17) for the nonresonant polaron
correction in the low magnetic-field region. In the reso-
nant polaron region (high magnetic fields) the perturba-
tion theory outlined in the preceding section is used.
These two methods yield nearly identical results in the in-
termediate field region. The following parameters were
used in the calculation: m*/m;=0.067, €,=12.75,
fiwo; =296 cm !, @=0.068. Notice that the measured
low-temperature value of €, has an uncertainty region
from 12.14 to 12.8;'° however, our choice of €, gives good
agreement with observed ls —2p transitions at low mag-
netic fields when the polaron corrections are considered.
For example, at zero magnetic field the measured 1s —2p
transition energy is 35.5 cm !, and the calculation gives
33.9 cm™! without polaron correction and 35.4 cm ™!
with the correction. The value of coupling constant « is
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FIG. 3. Transition energy as a function of magnetic field for
several major impurity transitions. The solid dots are experi-
mental data; the solid curves are variational calculations of
magnetopolaron effects on shallow impurities with a=0.068.
An unidentified transition is indicated by open circles and a
dashed line. Experimental precision in peak position is less than
the size of the dots.
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determined by Eq. (7), where € is determined from the
Lyddane-Sachs-Teller (LST) relation with ¢€,/€,
=(@wo/wr0)*=1.17 (corresponding to the TO-phonon
energy #iwpo=273.5 cm™'). Hence, there is no adjust-
able parameter in the calculation. (See below for a dis-
cussion of the effects of varying a on the results.) Overall,
the calculations are in very good agreement with experi-
mental results for all transitions in the whole magnetic-
field region of the experiment. The largest discrepancy
occurs for the 1s 47wy branch in the region just above
the LO-phonon energy; the experimental points are below
the theoretical line by a maximum of 4—5 cm ™! between
16 and 20 T. This systematic deviation may result from
dielectric effects in the optical response in this spectral
region, which is very close to #iw;  (the upper edge of the
reststrahlen band). The four highest-energy branches
have been identified as the resonant branches of
2p _ THwy g, 3d_, tHiw o, 4f _3+Hw o, and
2py+#w; o, and we believe that this is the first time that
the transitions have been observed in bulk GaAs. In ad-
dition to these resonant branches, a nonresonant feature
is observed at energies above the LO-phonon energy, as
indicated by the open circles and the dashed line. This
feature increases linearly in energy with increasing mag-
netic field, and the origin of this transition is not clear at
present.

From the definition of a [see Eq. (7)] we notice that «
is determined by the values of the dielectric constants, €,
and €,. Experimental uncertainties in the low-
temperature values of €, and €., will induce uncertainties
in a and consequently in the strength of the polaron
effects. From Ref. 15, the LST relation gives values of
€y/€,, between 1.166 and 1.183 from experimentally mea-
sured optical-phonon energies at low temperatures. Thus
a has a corresponding uncertainty region between 0.064
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FIG. 4. Expansion of the resonant polaron region of Fig. 3.
The dotted curves are calculations with «=0.064, the solid
curves are for a=0.068, and the dashed curves are for
a=0.072.
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and 0.072. To study the effects of this uncertainty in o
on the resonant polaron corrections, the resonant interac-
tion region in Fig. 3 has been enlarged in Fig. 4, and
three calculated curves with different values of the
Frohlich coupling constant are shown in the figure; the
dotted curves are for a=0.064, the solid curves for
a=0.068, and the dashed curves for «=0.072. There is
no significant difference between these three curves in this
energy region, although the reduced coupling-constant
value (dotted curves) slightly improves the agreement be-
tween the theory and experiment for the 1s-+#iw; g
branch. This result might be understood by considering
the case of resonant polaron effects for free-electron Lan-
dau levels, where the energy splitting at resonance (N =1
Landau level crossing the energy of N =0 level plus one
phonon) is proportional to a?/°. For about 12% change
in a, the relative change in the resonant splitting is about
8%, which is only 2-3 cm™! for a roughly 30-cm™!
total-energy splitting. As a consequence an accurate
determination of the coupling constant from the polaron
resonance splitting is quite difficult.

CONCLUSION

Resonant electron-LO-phonon interaction has been
clearly observed for shallow donors in GaAs polar semi-
conductor with no complications of screening and occu-
pation effects which are encountered in the free-electron
cyclotron resonance experiments in quasi-2D systems.
The complex resonant branches above the GaAs LO-
phonon energy result from interactions involving several
excited impurity states, and they provide more reliable
data for the resonant polaron effects since they are free
from possible dielectric artifacts due to the reststrahlen
band. The energy splittings at and above the LO-phonon
energy are a measure of the electron-LO-phonon cou-
pling strength and are well described by our variational
calculations with the accepted value of coupling constant
(¢=0.068) in the Frohlich interaction Hamiltonian.
When the coupling constant is changed within the al-
lowed range as given by the uncertainties of the
dielectric-constant measurements at low temperatures,
our calculation shows no significant change in the transi-
tion energies in the resonant polaron region.

These same selected parameters (dielectric constants
and Frohlich coupling constant) that result in a best fit to
the resonant polaron data in bulk GaAs should be used in
the calculation for the quasi-2D systems when the model
of a 2D electron interacting with bulk (3D) LO phonons
is used in order to clarify the different interpretations of
the observed enhancement in the polaron effects in the
confined structures.'® At present, it is clear that the elec-
tronic wave-function confinement is the major contribu-
tion to the enhanced polaron effects since the energy
splitting at resonance is not very sensitive to the value of
coupling constant in the Frohlich Hamiltonian. Howev-
er, the subtle differences between the calculated results of
different interaction mechanisms, namely the electron-
interface (confined)-phonon interactions versus the
electron-bulk-LO-phonon interactions, are still not
resolved with the existing experimental results.
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