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levels. In this case the optical transitions occurs at an en-
ergy substantially smaller than the optical-phonon energy.
The phonons couple the higher-energy state to the electron
ground state which is not involved in the optical transition
(Fig. 1). This method has been applied to InSb by Koteles
and Datars. They used transitions between the first and
the second Landau levels to study polaron phenomena.
The associated mass enhancement was calculated using
Wigner-Brillouin perturbation theory. '

In the experiments presented here we report detailed
magneto-optical investigations of polarons in GaAs. Cy-
clotron emission as well as cyclotron resonance absorption
measurements are performed. Up to four lines due to
transitions between different Landau levels are observed.
With increasing energy the transition energy decreases and
an increasing line splitting occurs. The electrons are excit-
ed by an electric field and occupy higher Landau levels in
a magnetic field.

It will be shown that the splitting of the cyclotron reso-
nance lines corresponding to different Landau-level transi-
tion energies is strongly influenced by electron-phonon
coupling. This splitting is measured to high accuracy and
the results are used to discuss the validity of different
theories. The experimental data are compared with calcu-
lations using Wigner-Brillouin perturbation theory
(WBPT), Rayleigh-Schrodinger perturbation theory
(RSPT), a variational solution of the problem (VARIO)
(see for example Refs. 12—14), and an improved version of
WBPT (IWBPT) introduced by the authors.

a long-range Coulomb interaction first introduced by
Frohlich. The polaron Hamiltonian is given by

Hz H——o+ficoLo g b -b +Hi =Hoed+Hi ~

q

where

H, = g Uqexp(i q r)(b +b ),
q

4~~R(e ~o)'"
{2m p

)'~ Qq

The first two terms of Hz represent the undisturbed elec-
tron and LO-phonon system, and H~ is the Frohlich in-
teraction between electrons and phonons. b and b are

q q
creation and annihilation operators for LO phonons with
wave vector q and frequency coLQ. 0 denotes the crystal
volume. The dimensionless Frohlich coupling constant a
can be obtained from the static and high-frequency dielec-
tric constants. ' From the most reliable experimental data
in GaAs, a can be determined to a=0.058 (Refs. 17 and
18) and +=0.068 (Ref. 19) depending on the value of stat-
ic dielectric constant employed. Owing to this small value
the problem can be treated in the weak coupling limit,
which means that it is sufficient to consider perturbed
states containing not more than one LO phonon. The en-

ergy of an unperturbed state
~
n, k„q) cont'aining one

electron in Landau level n and one phonon with wave vec-
tor q is given by

II. THEORY Hpz ~

n, k„q) =(E„+fuuLo)
~

n, k„q) . (6)

Two effects modify the band structure of electrons in
GaAs: polar electron —LO-phonon interaction (polarons)
and nonparabolicity. Since both effects are small, they
can be treated independently. ' The unperturbed
system —a parabolic band in the presence of a quantizing
magnetic field —is described by a Hamiltonian Hp,

Hp —— (p —eBy) +,p„+ —,p, ,
1 2 1 m 1

2mp 2mp 2mp

with mo the effective band-edge mass, (fr„,fr~,p, ) the elec-
tron momentum operator, r(x,y, z) the electron position,
and B the magnetic field. B is time independent and uni-
form in z direction in the Landau gauge. The eigenstates
of the unperturbed Hamiltonian are given by

fi k
Ho

~

n, k, ) =E„~n, k, ) =fun, (n + —,)+,
~
n, k, ) .

2mp

co, =eB /m p is the cyclotron resonance frequency,
n =0, 1,2, . . . is the Landau-level index, k, is the wave
vector of the electrons in z direction, and

~

n, k, ) is the
wave function for the nth Landau level which is propor-
tional to the harmonic oscillator eigenfunctions. With in-
creasing magnetic field the degenerate conduction band
splits into a series of equidistant Landau levels separated
by an energy of Ace, .

A. Polarons

Electrons in polar crystals interact with LO phonons
through the electric field of the polarization wave. This is

The band structure of electrons including polaron effects
is plotted schematically in Fig. 1 as a function of the mag-
netic field. The solid lines show five unperturbed Landau
levels corresponding to n =0, 1, 2, 3, and 4, and also the
k, =0 and the n =0 plus one-phonon continuum

~

O, k, ;q). The dashed lines indicate the situation when
the Frohlich interaction is included. Generally this results
in two effects: First, there is a shift of the total system by

( ARco LQ) independent of the magnetic field B; second,
with increasing magnetic field the

~
n, O) (Ref. 20) and

~

m, k, ; q ) states mix stronger (for all m & n) and this in-
teraction becomes resonant near the level crossing. As
plotted in Fig. 1, the polaron states with Landau quantum
number n & 0 are repelled from the

~
0,0; q ) level and pin

to it for high magnetic fields. The upper branches lying
above the

~
0,0; q ) level are broadened due to the possibili-

ty of real phonon emission. Their position is not indicated
in Fig. 1, since in the present work we are only interested
in the position of the lower branches.

Several methods have been applied to solve the system
described by the Hamiltonian equation (3): first, a varia-
tional ansatz, " which will not be discussed analytically
but will be compared with the results of the other models,
and second, two standard types of perturbation theory,
Rayleigh-Schrodinger (RS) and Wigner-Brillouin (WB).'

In both, the polaron Hamiltonian H& is split into Hp&, the
Hamiltonian for the unperturbed system, and the perturb-
ing potential H~ [Eq. (3)]. The two procedures differ in
the way in which they resolve the Schrodinger equation.
In second-order perturbation theory the results for the en-
ergy corrections AE„ lead to very similar analytical ex-
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pressions. The matrix elements are identica1 and only the
denominators differ:

b,E„= iM„(q) f

m=0
q

D„

M„(q)=(m, k, ;q ~Hi
~
n, O),

where

Dnm En (Em +~Lo)
Aq,=Ace, (n —m ) — AcoLo+
2mp

D„=(E„+bE„) (E +—irrcoLp)

Aq= fico, (n —m ) — ficoLp+ „—&E„
2mo

(10)

The sums go over the phonon momentum q and the Lan-
dau quantum number m of the virtual states

~
m, k„q).

They are converted into integrals and after some analytical
integration' one gets

b,E„= f dt G„(t)exp( y„t/fico, ) . —(11)
0

Only the factor y„ in the exponent varies for the different
models. It is equal to AcoLo in the Rayleigh-Schrodinger
model, and equal to y„=(ficoLp —bE„) in the Wigner-
Brillouin theory. The detailed matrix elements and func-
tions G„(t) are given in the Appendix for n =0—3. For
co, ~0 the final result is

bE„(co,=0)= a(Picot p—) ~ /(y„)'~ (12)

This is the constant and magnetic field independent shift
due to the polaron interaction (as indicated in Fig. 1).

Both perturbation theories are not well suited to
describe the polaron effect consistently in the whole range
of energies. While the Rayleigh-Schrodinger theory de-
scribes the ground-state correction [Eq. (12)] quite well, it
fails for the nth excited state when neo, ~coLo, since then
the denominator vanishes in Eq. (9) for m =0. It gives
good results away from the resonance, but cannot be ap-
plied near the level crossing.

The Wigner-Brillouin approach has the advantage of
avoiding this difficulty: Through the self-consistent reso-
lution of the Schrodinger equation the self-energy AE„ is
included in the denominator [Eq. (10)]. As a consequence,
no divergent behavior of the self-energy occurs and the re-
sult exhibits pinning behavior. As co, increases, the
denominator becomes at first small for m =0. At the
same time b,E„ increases (with negative sign) and thus
prevents the denominator from becoming zero. The re-
sulting total energy can not become larger than
ficoLo+Aco, /2, which acts as a pinning level. However,
the calculated energy levels are not accurate. Especially
the difference between the zeroth and the excited Landau
levels is larger than the LO-phonon energy in the pinning
region, in contradiction to the physical picture. From our
analysis we can give the following explanation: The total
energy of the system is shifted independent of the magnet-
ic field. In the Wigner-Brillouin theory, however, only the

H(')~
~

n, O) =(E„+bEO )
~
n, O) (14)

and resolve the Schrodinger equation in a Wigner-
Brillouin-type procedure. The first-order perturbation
correction is —AE p and compensates the factor AEo in
Eq. (14). Including the second-order energy correction we
obtain again a similar result as in Eq. (17), with the
denominator given by

2 2
RS=no, (n —m) —eoLo+ aEo —aE„

2mo

It can be seen that the energies of the mixing levels are
both corrected, and the system is described consistently:
The factor y„ is equal to

y =(AcoLo+AEp —AE )

in our procedure. The solution coincides with the
Rayleigh-Schrodinger result for n =0, and leads to the
correct Pinning behavior to the Ace, /2+AcoLo+AEp en-

ergy level for the excited states.
It should be mentioned that our decomposition of the

Schrodinger equation is not arbitrary. Since there are no
resonant contributions to the self-energy of the lowest
Landau level, the application of Rayleigh-Schrodinger
theory is well justified for n =0. For higher Landau levels
the interaction becomes strong in the resonant region.
Our choice of Ho& as the unperturbed Hamiltonian in the
perturbation procedure takes into account that the best en-
ergy level, which can act as a reference for the higher lev-
els, is the perturbed ground-state level. This is best seen in
the pinning regime, where the Ep+AEp +RcoLo energy
level is an upper bound for the lower polaron branches,
and is uniquely determined by the possibility of real tran-
sitions above this level. This provides a unique fixing of
the energy reference frame (by the decomposition of H~)
and leads to our improved Wigner-Brillouin model. A

energy shift AE„of one level is taken into account self-
consistently. This results in an effective increase of the
energy separation of the level n to the virtual states

~
m, k„q) in the perturbation procedure. The interaction

strength is effectively reduced and the pinning behavior is
incorrect.

Based on this analysis, we propose another type of per-
turbation theory which describes consistently the polaron
energy levels in the whole energy range, including the res-
onance region. The physical background of our improved
procedure is the following: As discussed by Epstein the
decomposition of the total Hamiltonian in an unperturbed
and a perturbed part is not unique and has to be discussed
separately for any specific prob1em. In the polaron prob-
lem the ground state (n =0) is shifted by bEo, which can
be calculated in RSPT. Therefore, for the excited states
(n & 0) it is reasonable to take this level as a reference for
counting the energies. This corresponds to the following
decomposition of H~:

H~ =Ho~ +H'i ——(HOp+ bEO )+(H, bEO ) . —(13)

Therefore, we start from an unperturbed energy
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similar result as that obtained in Eq. (15) has been ob-
tained in Ref. 6 by a variational procedure including
higher phonon terms.

+DEg

1/2

(22)

B. Nonparabolirity

A mixing between states of different energy bands, espe-
cially conduction and valence bands, leads to nonparaboli-
city of the conduction band. In this case Eq. (2) is no
longer correct. With the use of a three-level model
neglecting all bands except the valence and conduction
bands, Kane obtains the following equation:

E{E+Eg)(E+Eg+d ) k'P'—(E+Eg+ , b, )=0—.

(16)

Eg denotes the energy gap, 6 the spin-orbit splitting of the
valence band, k the absolute value of the electron wave
vector, and J' is the momentum matrix element between
states of s (conduction-band) and z (valence-band) symme-
try:

P= —j—(s ~P, ~z),

where m is the free-electron mass.
In a quantizing magnetic field 8 this equation is modi-

fied to'4 "
E(E+E }(E+E+6}

P2 (2 + 1 )+k2 (E +E + g)+ P g 0

(18)

For GaAs it can be shown that the contribution of the
term E is very small and can be neglected without con-
siderable loss of accuracy. Neglecting the small spin term
and introducing the free-electron contribution by

Ak
2m

Vrehen gets for the Landau-level band edges E„' (k, =0},
E„' =%co,(n + —, )

mo 3Eg+46+25 /Eg1—
m (Eg+b )(3Eg+2b )

)&(n+ —, ) (Ace, )

The effective mass at the conduction-band edge mo is
given by

1 1 2P 2 1

mo m 3&~ Eg Eg+6~
=—+ q + {21}

The first term describes the undisturbed Landau levels
corresponding to the parabolic case and the second term
represents the nonparabolic correction which depends qua-
dratically on 8.

Another approximation is often used to solve Eq. (16).
In the limit A~ oo as stated by Lax, or more exactly for
E &&Eg+5 (Ref. 27), Eq. (16) results in a quadratic equa-
tion which has the following solution:

Ak,
D =fun, (n+ —, )+ „+—,ps igo iB .

2mo

The effective band-edge mass m o and the effective band-
edge g value go are given by

mo

4J"(6+—,'E )

3' Eg(b +Eg)
(23)

1

go

m

mo ~+3Eg/2 (24)

and pz in Eq. (22) is the Bohr's magneton. The free-
electron term is neglected in this approximation.

For a more accurate description of nonparabolicity in
GaAs the interaction of the conduction band with higher
energy bands has to be included. The problem is that the
matrix elements for these interactions are not known pre-
cisely enough. The error due to the neglection of higher
band contributions enters mainly in the value of the effec-
tive band-edge mass. So we use the three-level model dis-
cussed above and improve it by inserting the experimental-
ly determined value of the band-edge mass instead of the
calculated one.

We have calculated the inAuence of nonparabolicity ac-
cording to Eqs. (20) and (22) using the following parame-
ters: E =1.52 eV, 6=0.34 eV, and go ———0.44. As
the g value is very small, the spin splitting is neglected.
For a magnetic field of 8 T (which is the highest field used
in the experiments) the cyclotron resonance energy calcu-
lated according to Eq. (20} is about 0.3% higher than that
of Eq. (22). This deviation comes mainly from the free-
electron-term contribution. It is important to note that
this discrepancy is within the experimental uncertainty
and, therefore, both approximations are equally suited to
describe our experimental data. In addition, we want to
point out that only differences in the Landau splittings
enter our analysis, which are practically the same for all
models (within a few percent).

III. EXPERIMENTAL

The investigations were performed with high-purity n-
type GaAs samples from different suppliers grown by
1iquid-phase epitaxy on semi-insulating (Cr-doped) GaAs
substrates. Ohmic contacts were alloyed with In. A split-
ting of the cyclotron resonance into several lines due to
transitions between different Landau levels is observed for
all samples independent of the supplier. However, the
linewidth has to be small enough so that the individual
lines are separated. The linewidth is related to the square
root of the ionized impurity concentration Xz (Ref. 30);
therefore, the experiments were done using samples with
the smallest Xz. These samples were made out of layer
R137 grown by H. Bauser (Max-Planck-Institut, Stuttgart)
with a free carrier concentration of n = 1 & 10' cm and
an ionized impurity concentration of Xq ——8&10' cm
Detailed characteristics can be found in Ref. 30.
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A. Cyclotron resonance emission

The experimental system has been described in detail
previously. ' Emitter and detector are immersed in liquid
He and placed in two independent magnetic fields which
can be tuned separately. Cyclotron emission is generated
by applying voltage pulses to the emitter. The radiation is
guided by a metallic light pipe to a narrow-band photo-
conductive detector. The detector signal is measured us-
ing conventional boxcar techniques. The detector consists
of the same GaAs material as mentioned above (R137).
The narrow-band transition between the impurity levels
is-2p (m =+1) of shallow impurities in a magnetic field
is used for the spectral analysis. By a magnetic field up to
8 T the energy of this transition can be tuned between 36
and 110 cm '. The linewidth measured with a Fourier
spectrometer was found to be 0.25 cm '. In the experi-
ments the detector line is set by a constant magnetic field
to a certain resonance frequency. By tuning the emitter
magnetic field the frequency of the emitted radiation is
tuned through the detector line. Resonant peaks occur in
the spectra whenever the emission line coincides with the
detector line. Owing to the small detector linewidth we
get real emission spectra with higher energies on the low
emitter magnetic field side. The analysis of the spectra
was performed by simulating the experimental spectra
with a sum of Lorentz lines of variable positions and
linewidths. The splitting of the observed lines was deter-
mined this way to high accuracy.

B. Cyclotron resonance absorption

Cyclotron resonance transmission measurements were
performed by an optically pumped far-infrared laser: The
laser gas (methanol) is optically excited by a CO& laser and
different wavelengths can be obtained by choosing dif-
ferent modes of the CO& laser. The following wave-

lengths were used: 96.52, 118.83, 133.12, and 170.57 pm.
The radiation is guided by a metallic light pipe into the

cryostat and focused on the sample by a tapered cone.
The sample is placed in the center of a superconducting
magnet. The transmitted radiation is guided to a broad-
band photoconductive detector. For wavelengths shorter
than 133.12 pm we used a Ge detector doped with Ga; for
longer wavelengths we used the broadband response of a
GaAs detector at zero magnetic field. A cold black po-
lyethylene filter and a linear polarizer were placed in front
of the sample to reduce the influence of blackbody radia-
tion and to avoid optical interferences.

In GaAs at 4.2 K the electrons are frozen out in the im-
purity ground level. By an electric field higher than the
threshold for impact ionization the electrons are excited
into conduction-band states. This way cyclotron reso-
nance is switched on by an electric field, above thresh-
old. This leads to a very sensitive electromodulation
method with the laser in the cw mode and the sample
modulated by the electric field. Sample heating was
avoided by a low-duty cycle of the applied electric field to-
gether with low laser intensities (pW).

Both emission and absorption experiments were carried
out in different configurations. In Faraday configuration
the electric field E was perpendicular to the magnetic field
8; in Voigt configuration E was parallel to B. The hot-
electron distribution is different for both configurations
resulting in different cyclotron resonance spectra. As the
carrier concentration of our samples is extremely small,
plasma shifts in the cyclotron resonance are negligible.

IV. EXPERIMENTAL RESULTS

Characteristic emission spectra as a function of the
emitter magnetic field are shown for two electric fields in
the E~ ~B configuration in Fig. 2. The detector response is
set to defined frequencies of 60.4 cm ' (a) and of 83.4

(b)

N
Z:
O
CL

CL

4. 1

I

4. 3 4. 5 5.9

NRGNETIC F IELD (T)
FIG. 2. Emission spectra as a function of the emitter magnetic field for two electric fields. The detector response is set to 60.4

cm ' (a) and 83.5 cm ' (b). The Landau-level indices for the individual transitions are indicated. The intensities are normalized.
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CQ
(Z
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HRGNETIC F IELD [ 7 )

FIG. 3. Absorption spectra as a function of magnetic field for two laser wavelengths and two electric fields applied to the sample,
respectively. Intensities are normalized and the corresponding Landau-level transitions are labeled.

cm ' (b). With increasing magnetic field the cyclotron
resonance spectrum splits into several lines and the split-
ting of the lines increases with magnetic field. The spec-
tra for the lower emission frequency consist of up to four
lines for the higher frequency of two lines. From the in-
crease in intensity of the additional lines with increasing
electric field we conclude that these lines are due to transi-
tions between higher Landau levels.

The corresponding Landau-level transitions are indicat-
ed. Owing to the small g value in GaAs the observed

splitting cannot be explained by transitions between levels
of different spin orientation. The intensity of higher Lan-
dau transitions decreases with increasing magnetic field,
since with increasing Landau-level energy the occupation
decreases for a given excitation.

Characteristic transmission spectra as a function of
magnetic field are shown for two electric fields and two
laser wavelengths in the E~ ~B configuration in Fig. 3. As
the linewidth is smaller in this case the individual Landau
transitions are more clearly resolved. The results are in

0. 2

CL
U)

6 8 10 12
ENERGY (me V)

FIG. 4. Differences in the magnetic field position for different cyclotron resonance transitions as a function of the transition ener-
gy. All transitions are refered to the fundamental transition {n =0 to n =1). Different symbols correspond to different Landau-level
transitions, which are labeled by the corresponding Landau-level indices. The solid curves are calculations including nonparabolicity
[Eq. (22)] and polaron effects (VARIO). Transmission values are characterized by solid symbols, emission values by open symbols.
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irico, =fico, 1+—CX

6
(25)

where fico," is the experimentally determined resonance en-
ergy and Ace, is the corrected resonance energy excluding
polaron effects.

In Fig. 6 the calculated polaron energy correction for
transitions between the lowest (n =0) and the first (n =1)

separate the effects of nonparabolicity and electron —LO-
phonon coupling. Both effects are of the same order of
magnitude and lower the cyclotron resonance frequency.
They only differ in the form in which they depend on en-

ergy: Nonparabolicity increases slowly and continuously
with increasing energy. In contrast, the electron-phonon
coupling effect which is observed in our experiments is
small for low energies and becomes resonant and large
near the level crossing (Fig. 1). This provides the possibil-
ity to separate the influence of the two effects.

(1) The effect of the nonparabolicity is determined from
the fundamental cyclotron resonance transition energy,
after substracting polaron effects.

(2) Polaron effects are determined from the shift of
higher Landau-level transitions with respect to the funda-
mental transition after nonparabolicity has been subtract-
ed.

Effect (1). Cyclotron resonance experiments are com-
monly used to determine the effective mass of carriers.
The measured transition energies at a certain magnetic
field are first corrected due to polaron effects and then
compared with calculations assuming a certain band-
structure model. The effective band-edge mass results as a
fitting parameter. The following approximation is used to
consider polaron effects away from the resonance 13.

Landau level is plotted as a function of y (y is defined by
Ado /AQ) LQ) . The corresponding magnetic field values for
GaAs are also indicated. The straight line represents the
second term of Eq. (25). The upper curve is calculated by
RSPT and VARIO, giving the same result.

In the calculations AcuLQ has been taken to be 36.75
meV. From Fig. 6 it can be seen that Eq. (25) is only
correct for very small y and should not be used for values
higher than @=0.1. %'e think that this effect has been un-
derestimated in some of the previously published work re-
sulting in too large an effective band-edge mass.

In Fig. 5 we have plotted the experimentally observed
transition energies for transitions between the n =0 and
the n =1 Landau levels divided by the magnetic field as a
function of the magnetic field. The solid symbols are the
observed experimental data; the open symbo&s represent
the same data after polaron corrections applied according
to the upper curve in Fig. 6. The corrected data are now
compared with calculations (solid curve) using Eq. (22).
The effective band-edge mass obtained from the best fit is
mo ——(0.0650+0.005)m where m denotes the free-electron
mass. The dashed straight line corresponds to the para-
bolic case (Ace, ) with the same effective mass of
mo ——0.0650m. Owing to the good agreement between ex-
periment and theory we conclude that the model [Eqs. (20)
and (22)] is sufficiently correct to describe nonparabolicity
in GaAs. Herlach came to a similar result for magnetic
field up to 140 T.

The commonly accepted value of the effective band-
edge mass in GaAs is mo ——0.0665m. It is important to
note that without polaron correction a fit of the experi-
mental data (solids symbols) according to Eq (22) l.eads to
tlat 0 =0.0661m, which is in reasonable agreement with the
polaron Zeeman mass of Ref. 39. %"e conclude that the

MRGNETXC FXELD (T)
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FIG. 6. Polaron energy correction to the fundamental cyclotron resonance transition as a function of y. y is defined by

y=Rco, /AcoLo. The corresponding magnetic field values for GaAs are given on the top of the diagram. The straight line is calculated
using Eq. (25}, the upper curve by using a correct polaron theory (RSPT or VARIO, giving the same results).
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FIG. 7. Difference in magnetic field position of transitions (0-1) and (1-2) as a function of the transition energy. Transmission
measurements are characterized by solid symbols, emission measurements by open symbols The solid curve represents a calculation
of the observed line splitting including nonparabolicity but not polaron effects.

difference in the effective mass compared to Ref. 35 is
mainly due to our inclusion of polaron corrections.

Effect (2). We have calculated the splittings of the cy-
clotron resonance lines for different Landau-level transi-
tions due to nonparabolicity. In Fig. 7 the calculated
values of the magnetic field difference of transitions (2-1)
with respect to (1-0) are compared with the corresponding
experimental data (the numbers denote the Landau-level
indices) as a function of the transition energy.

The observed line splitting cannot be explained only by
nonparabolicity. The difference between calculations and
experimental data represents the influence of polaron ef-
fects. Polaron effects are calculated using the different
polaron theories discussed in the theoretical part of the
present paper, with a as a fitting parameter. In Fig. 4 the
measured splittings for all observed Landau transitions are
plotted and compared with calculations including nonpar-
abolicity and polaron effects.

The good agreement between experimental data and the
calculation for all different Landau transitions using the
same value of the coupling constant a shows that our ex-
periments are correctly interpreted. This agreement can
be achieved for all polaron theories applied. The differ-
ences between the individual theories are only manifested
in different coupling constants cx necessary for the best fit.
A comparison of the resulting coupling constants o.' for
the applied polaron theories is given in Table I. The most
accurate values for a determined experimentally from the
static and high-frequency dielectric constants (E'p E' ) are
also included.

A comparison of a(ep, e ) with a resulting from our
calculations shows that RSPT (a =0.07) gives the best
agreement. However, this theory is only valid for energies
far from resonance, and cannot be used to describe
correctly resonant polaron phenomena, as discussed in the

theoretical part.
From a theoretical point of view the variational model

and our improved Wigner-Brillouin theory are the most
reliable theories, and in contrast to the RSPT, it is valid
for all energies, both far away and in the resonance. The
resulting n values for VARIO (a =0.080) and IWBPT
(a=0.083) are almost identical but somewhat larger than
the values determined from the dielectric constants
(a=0.058, o.'=0.068). It is not clear whether the origin of
the small discrepancy is due to experimental uncertainties
or if the polaron band bending is somewhat stronger than
expected from the Frohlich polaron theory. It is interest-
ing to note that the a values determined by resonance
spectroscopy in other materials are also higher than a
determined from the dielectric constants. ' In view of
the smallness of the effect and the experimental problems
in the determination the agreement is satisfying.

VARIO
RSPT
WBPT
IWBPT

0.080
0.070
0.130
0.083

Expt. (eo, e„)'
Expt. (eo, e )

'References 17 and 18.
Reference 19.

0.058
0.068

TABLE I. Comparison of the Frohlich parameter a obtained
from the best fit of different polaron theories to the experimen-
tal results. The most accurate literature values for a determined
experimentally from the static and high-frequency dielectric con-
stant (eo and e„)are also included.

Theory
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A large discrepancy appears when the standard
Wigner-8rillouin theory is applied, showing that this
theory is completely unsuited to describe polaron effects in
GaAs correctly. As a result we can state that polaron ef-
fects in GaAs can be well described by VARIG and by our
improved Wigner-Brillouin theory. From our results we
can make a few comments on the previous work of
Koteles and Datars. They performed similar experiments
on InSb using transitions between pairs of Landau levels
of different spin orientation. The observed polaron effects
are compared with calculations using WBPT. Good
agreement was achieved with an a value twice the value
determined from the dielectric constants. From our
analysis we can conclude that using, e.g. , IWBPT instead
of WBPT a more realistic value of a can be obtained. In
addition, an improvement can be achieved by evaluating
the experimental results not as a function of magnetic
field but as a function of the transition energy, which is
set by the laser frequency and is constant within one spec-
trum.

e
—a

f
M„(q) ['=uq ',

,
a™-n)

f
E„(a)/', (A2)

g q j(I /2

I'p ——1,
E]m =Pl —Q

F2~ ——m (m —1)—2ma +a

(A3)

(A4)

(A5)

where y„ is defined in the text and

G, (t) =B(t),
G, (t) =B(t)+2A (t)C(t),

(A9}

(A10)

F3 ——m —3m (1+a)+m(2+3a+3a ) —a . (A7)

The sums can be converted into integrals and all integra-
tions performed analytically up to the remaining one':

3/2—(xfKoz o
b,E„=, f dt G„(t)exp( y„t /fic—o, ), (A8)

(~co, )'~~
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G3(t) =B(t)+6A (t)C (t)+18A (t)2D(t)

+ —", A (t)'[z'(t'~'/y' —,'v t /y')+ —",—C(t)],
(A12)

APPENDIX

The energy shift of the nth Landau level due to
Frohlich interaction is given by

I M„(q) I
'

~E.= X X (A1)
m =-p q nrn

The denominators D„ for the different models are given
in the text [Eqs. (9), (10), and (15)], and the matrix ele-
ments M„ (q) are

B(t)=1n /z,z+V~
y

C(t) =~i/y B(t), —
2vVz'

9y 2
—C(t) .

y =1—exp( —t), z =V't —y

A (t) = [sinh(t/2)/z]

(A13)

(A14)

(A15)

(A16)

(A17)
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