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Magnetospectroscopy of Bound Phonons in High Purity GaAs
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Far infrared magnetophotoconductivity performed on high purity GaAs reveals the existence of fine
structures in the resonant magnetopolaron regions. The fine structures are attributed to the presence
of bound phonons due to multiphonon processes. We demonstrate that the magnetopolaron energy
spectrum consists of bound phonon branches and magnetopolaron branches. Our results also indicate
that different phonons are bound to a single impurity, and that the bound phonon in Si-doped GaAs is
a quasilocalized mode. [S0031-9007(97)03828-3]
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The interaction of an electron with longitudinal optica
phonons (polaron) has fundamental importance for ele
tronic properties of polar solids. With an unmatched co
trol of the concentration of electrically active impurities
intentionally doped semiconductors are excellent mod
systems that have been the focus of numerous stud
concerned with polaron excitations [1] including boun
phonon and resonant magnetopolaron. The bound pho
is a quasiparticle of longitudinal optical (LO) phonon
bound to neutral impurities via electron-phonon intera
tions [2–4]. The bound phonons were observed in Ram
spectra, infrared reflectivity, and photoluminescence
bulk semiconductors with impurity concentrations large
than 1017 cm23 [5–7], where impurity interactions are
not negligible. However, there is no experimental ev
dence to prove whether different LO phonons are bou
to a single impurity or not. In other words, the physica
origin of the bound phonons is still controversial consid
ering whether the bound phonons are due to multiphon
processes or not [7,8]. Because of the complication of im
purity interactions, high purity semiconductor samples a
necessary to clarify this controversy. The bound phono
are quite different from localized phonon modes due
mass defects and changes in force constants. On the o
hand, resonant magnetopolaron effects in both bulk s
tems [9–11] and quasi-two-dimensional systems [12–1
were extensively studied experimentally and theoretical
In these studies, the experimentally yet unproved assum
tion has been made that multiphonon processes can
neglected. Thus, whether multiphonon processes in
resonant polaron energy region are negligible or not r
mains an open question. It is well known that the tra
sition energies between impurity levels can be tuned
magnetic field through the LO phonon energysh̄vLOd. If
multiphonon processes are considered, it is expected
new resonances, corresponding to the bound phonons,
pear in the resonant magnetopolaron region, as predic
more than 20 years ago [2,3].
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It is the purpose of this Letter to clarify the long-
term controversy about the physical origin of boun
phonons and further our understanding of the effects
multiphonon processes on the polaron energy spectrum

We measured far infrared (FIR) magnetophotocondu
tivity spectra on high purity GaAs. The sample used i
this work is a 5-mm thick epitaxial GaAs layer doped with
Si donors at a nominal concentration of5 3 1014 cm23.
All data were taken at 4.2 K in the Faraday geometr
under unpolarized FIR radiation with a Fourier trans
form spectrometer in conjunction with a superconduc
ing magnet. The impurity concentration of approximatel
1014 cm23 is sufficiently small such that the interactions
between impurities can be neglected at high magnetic fie
strength. With improved signal-to-noise ratio and reso
lution, we observed the resonant magnetopolaron pr
cesses between LO phonons and the door transitions fr
1s ground state to donor metastable states. More im
portantly, we have for the first time clearly observe
the fine structures, which are due to bound phonons,
the resonant magnetopolaron regionssh̄v ø h̄vLOd. Our
results demonstrate that the magnetopolaron energy sp
trum consists of both bound phonon branches and ma
netopolaron branches, which have been studied separa
for several decades.

Let us briefly present here the outlines of bound phono
microscopic theory. The Hamiltonian for the LO phonon
interacting with an impurity electron is the sum of the
Hamiltonians of the two noninteracting systems, and
Fröhlich-type coupling term [1–3]. The bound phonon
wave functionw can be obtained by expanding it in terms
of all uncoupled phonon-electron states [4],

w ­
X
k

a1
k j0lck 1

X
j.0

jjl dj

1
1
2

X
kk0

j.0

a1
k a1

k0 jjlfkk0j 1 . . . , (1)
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where ck, dj, and fkk0j are expansion coefficients, th
first term is the free one-phonon state with the electron
the impurity ground statej0l, the second term is the im
purity electronic excited statejjl without phonon, and the
third term is the state with two phonons in the impuri
electronic excited state. One can show that there are
many bound phonon states close to LO phonon energ
there are impurity excited states [3,4]. It is to be remark
that no bound phonon state would appear at all if on
the single-phonon processes were considered. In gen
both bound phonons and resonant magnetopolarons
polaron states, quasiparticles of electron and phonon.
resonant magnetopolaron states are formed by the su
position of zero-phonon and single-phonon impurity sta
in the ratio of approximately 0.5:0.5, while bound phon
states are approximatelya:1 (the Fröhlich coupling con-
stant a is 0.068 in GaAs), i.e., only a small fractio
of the electron wave function contributes to bound ph
nons [2].

The experimental transition energies for several imp
rity transitions have been plotted in Fig. 1 as a functi
of magnetic field. Zero field hydrogen atom quantu
numbersnlm and high field quantum numberssN , m, nd
are used to distinguish between donor bound and do

FIG. 1. Transition energy as a function of magnetic fie
for impurity transitions from 1s ground state to final states
The solid dots are experimental data; the solid curves
calculations for donor transitions without resonance electr
phonon interactions. The dashed curve is a guide to the
Inset: the enlarged resonant region involving the1s ! s310d
transition.
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metastable states, respectively [15]. The metastable s
sN , m, nd is associated with the Landau levelN of a free
electron, modified by the Coulomb interaction betwee
the donor ion and the electron; as such it is observed o
in finite magnetic fields [15–18]. Herem is the magnetic
quantum number, andn is equal to the number of nodes
of the eigenstate in the direction of the magnetic fiel
In the resonant regions, many branches are observ
The solid curves are theoretical calculations for impuri
transitions without resonant electron-phonon interactio
[16,17]. Band nonparabolicity and nonresonant polar
effect corrections were included in the calculation
All transitions below 280cm21 can be identified as
1s ! s210d, 1s ! s212d, 1s ! s310d, 1s ! s410d,
and 1s ! s510d [15,17,18]. However, the transitions
within the reststrahlen band were not observed. T
six branches at the higher frequency side above t
LO phonon frequency can be identified, respectivel
as the upper branches of resonant magnetopola
(Es210d-E1s ø h̄vLO, Es212d-E1s ø h̄vLO, Es310d-E1s ø
h̄vLO, Es410d-E1s ø h̄vLO, Es510d-E1s ø h̄vLO, and
Es610d-E1s ø h̄vLO) [16]. A typical antilevel crossing
behavior of the above mentioned branches with magne
field has been observed at frequencies around the
phonon due to resonant electron-phonon interactions.

For an exact clarification of the polaron behavior i
the resonant regions, the FIR photoconductivity spec
involving the 1s ! s310d transition at magnetic fields
of around 6.0 T are taken as an example, as shown
Fig. 2. A very sharp peak, appearing at a frequen
of approximately 296cm21 in the whole magnetic field
range (not shown completely), begins to separate in
two branches around 5.8 T. The branch on the high fr
quency side, which is the upper branch of the resonan
sEs310d-E1s ø h̄vLOd, decreases in relative intensity an
moves up to higher frequency with increasing magne
field. Around 7.5 T, this branch disappears. The se
ond branch on the low frequency side with a pinnin
frequency of295.8 6 0.2 cm21 near LO phononssGd
frequency appears at first as a weak shoulder at field
5.84 T. At slightly higher fields, the relative intensity
of the pinning peak increases rapidly. It seems that bo
branches exchange the oscillator strength with each oth

The inset of Fig. 1 shows the enlarged resonant reg
involving the 1s ! s310d transition. It is obviously
observed that the pinning transitions at fields arou
5.8 T appear between the upper branch of reson
magnetopolaronsEs310d-E1s ø h̄vLOd and the theoretical
curve of the 1s ! s310d transition energy, where the
resonant electron-phonon interactions are not includ
This indicates that these pinning peaks, which are cal
fine structures [2] in the following, cannot be the lowe
branch of the resonant magnetopolaron involving th
1s ! s310d transition. Of course, the pinning peaks a
somewhat higher magnetic fields (such as 6.63, 6.1
and 7.07 T) are mostly due to the lower branch
1079
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FIG. 2. Photoconductivity spectra in the resonant polar
region involving the1s ! s310d transition at several magnetic
fields. The dashed line is a guide to the eye.

the resonant magnetopolaron involving the1s ! s310d
transition, where the lower branch corresponds to t
transition from 1s ground state to1s 1 LO state [note
that the1s 1 LO state is a mixing state of1s 1 LO state
and nominal (310) state].

We believe that the origin of the fine structures
the resonant region are the transitions from 1s ground
state to the bound phonon states. Other possible orig
of the fine structures could be: (1) the transition fro
ji, 0-phononl to ji, 1-phononl, where jil could be the
excited states, such as 2s, 2p0, and2p2 state, etc.; (2) the
electron-phonon interactions between donor states
local-phonon-modes due to mass defect (force consta
and (3) dielectric artifacts. They can be ruled out for th
following reasons:

First, the electron concentration on these excited sta
is considerably smaller than that on the 1s ground state at
4.2 K, otherwise the transitions from the 2s, 2p0, and2p2

states to high excited donor states should be observe
FIR photoconductivity spectra. However, this is not th
case in our experiment. Second, both Si-Ga and Si-
local modes in Si-doped GaAs have a frequency of mo
than 370cm21 [19], which is higher than the bulk LO
phononssGd frequency of 296cm21. Third, the dielectric
artifacts, in which the transition line shape could b
distorted near the reststrahlen band, are not respons
for the fine structures. This effect can play an importa
role in multilayer structures due to interference effec
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[12]. However, it was shown that photoconductivit
measurements in bulk samples are insensitive to
dielectric effects [10].

Our assignment of the fine structures to the transitio
from the 1s ground state to bound phonon states, t
quasiparticles consisting of both electron and phonon
multiphonon processes, can further be confirmed by
following three facts: (i) the observation of the fine stru
tures by photoconductivity spectroscopy, which indicat
that the fine structures are associated with electron sta
(ii) the pinning of the fine structures near LO phonon
sGd energy against magnetic field, which strongly sugge
that the fine structures are associated with phonon sta
and (iii) the intensity evolution of two branches aroun
LO phonons energy at fields of around 6 T, as shown
Fig. 2. The fine structures with considerable intensity a
pear in the resonant region. This cannot be explained
second-order perturbation theory neglecting multiphon
processes. On the contrary, the above-mentioned exp
mental features are in good agreement with the bou
phonon theory including multiphonon processes.

Therefore, we conclude that the fine structures
the resonant magnetopolaron region involving the1s !
s310d transition are due to the bound phonons. Similar
the fine structures in the resonant region involving t
1s ! s210d transition are also due to the bound phonon
And our magnetospectroscopy of bound phonons dem
strates that the magnetopolaron energy spectrum cons
of both bound phonon branches and magnetopola
branches, where magnetopolaron branches [9] inclu
nonresonant magnetopolaron states in the nonresonan
laron region as well as resonant magnetopolaron state
the resonant polaron region.

As stated in the polaron theory, the sharp difference b
tween the resonant magnetopolaron states and the bo
phonon states vanishes at the resonant situationsh̄v ø
h̄vLOd [2]. In the case of resonance, e.g.,sEs310d-E1s ø
h̄vLOd, the upper branch near the LO phonon energy
also a bound phonon to some extent. However, it is n
in contradiction to the above mentioned identification
both the fine structures and the upper branch of the re
nance involving the (310) state, because the electron p
of the upper branch is mostly due to the (310) state, wh
the fine structures are mostly due to phonon states. A
well known, the donor wave functions are strongly com
pressed under high magnetic field. The interactions b
tween donors in GaAssn300k ­ 5 3 1014 cm23d under
high magnetic field are negligible [11]. Thus, the appea
ance of two bound phonon states in the resonant reg
at the same time demonstrates that bound phonon mu
modes observed in Raman and photoluminescence s
tra are associated with different LO phonons bound to
single donor [8] other than a LO phonon bound to differe
donor pairs [7]. Of course, it can be expected that imp
rity interactions can have an effect on the bound phon
states.
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Finally, note that the bound phonon states correspo
ing to the fine structure inn-GaAs (Rp ø h̄vLO, where
Rp is Rydberg energy) are resonant with Landau leve
The wave function mixing between bound phonon sta
and Landau levels can occur to a small extent, sin
bound phonon states contain nominal donor bound a
metastable states, and nonradiative autoionizing tran
tions may occur between metastable states and the Lan
continuum with smaller Landau quantum number [15
Therefore, the bound phonon in Si-doped GaAs is a ki
of quasilocalized mode.

In conclusion, we have observed for the first time th
fine structures in resonant magnetopolaron regions
sociated with the (210) and (310) zero-phonon don
metastable states by high-resolution FIR magnetop
toconductivity. The fine structures are due to boun
phonons, indicating that multiphonon processes play
important role in the vicinity of the resonant polaro
energy. The magnetospectroscopy of bound phono
demonstrates that the magnetopolaron energy spect
consists of both bound phonon branches and magneto
laron branches. The bound phonon is indeed a quasip
ticle consisting of both electron and phonon. Differe
phonons are bound to a single impurity at low temper
ture. The bound phonon in Si-doped GaAs at low tem
perature is a quasilocalized mode.
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