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In a magnetic field the efficiency for Raman scattering by LO phonons in InP(001) exhibits reso-
nant structure which can be associated with interband magneto-optical transitions between Landau
levels. The Raman processes are found to occur in outgoing resonance and theoretical transitions,
determined by an 8 X8 k-p calculation, are assigned to the experimental fan lines. A model for the
Raman processes is deduced which explains the resonances in different scattering configurations
with circularly polarized light using deformation-potential and Frohlich electron-phonon interac-
tion in a heavily mixed valence band. To substantiate the theoretical description of the Raman pro-
cesses by obtaining directly the interband transitions, piezoreflectance measurements are performed.
For conduction-band Landau levels E, around E,+#Q(LO), pronounced anticrossings are found
which can be attributed to resonant magnetopolaron effects. No anticrossings other than with the
|[n =0, 1-LO) state are observed in the reflectivity measurements which were performed up to 18.5
T. In the Raman data, however, anticrossings with higher Landau levels up to |n =2, 1-LO) are
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found.

1. INTRODUCTION

Interband magneto-optical studies of semiconductors
provide a powerful tool to obtain band-structure informa-
tion about this technologically important class of materi-
als.! Together with elaborate theories, they can be used
for a highly accurate determination of band parame-
ters.>”® Recently it was demonstrated that resonant Ra-
man scattering by LO phonons between Landau levels
can be used to enhance our knowledge of the
conduction-band nonparabolicity of GaAs.’

In the attempt to apply this technique to InP in the re-
gion above the E, gap, we encountered several phenome-
na which have to be taken into account in order to arrive
at a consistent description of resonant Raman scattering
in a magnetic field:'° Valence-band mixing has to be con-
sidered explicitly within the {T'¢, T3, I'5} manifold to de-
scribe the complex selection rules which are found in the
scattering configurations with circularly polarized light.
Corrections for the exciton binding energies have to be
used since our experiments were performed in a region of
small oscillator quantum numbers (7 < 10). Finally, reso-
nant magnetopolaron effects introduce pronounced an-
ticrossings in the fan lines whenever the energy difference
between two conduction-band Landau levels becomes
equal to the energy of the LO phonon.

Resonant Raman scattering for laser energies up to 200
meV above the E, gap was found to occur in outgoing
resonance channels. The energy of one LO phonon has
thus to be subtracted from the laser energy in order to
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compare the experiment with theoretical interband tran-
sitions. To obtain direct experimental information about
the interband transitions, we measured the piezomodulat-
ed reflectivity spectra (piezoreflectance).! The results
provide a thorough test of our theoretical model before
we apply it to the more complicated Raman processes
which are described by third-order perturbation theory.

This paper is organized as follows. In Sec. II we give a
brief description of the experimental techniques. The
theory is discussed in Sec. III. In Sec. IV we present the
piezoreflectance data and discuss the most important in-
terband magneto-optical transitions. Section V is devot-
ed to the Raman data. A model for resonant Raman
scattering involving Landau levels in InP is introduced
which explains the spectra obtained in different scattering
configurations. The resonant magnetopolaron effects are
discussed in both Secs. IV and V for the two types of ex-
periments. A summary of the results and new aspects of
this work is given in Sec. VI.

II. EXPERIMENT

The experiments were performed on two samples of
InP with (001) surfaces: The Raman data for laser ener-
gies up to 1.56 eV were measured on a metalorganic
chemical-vapor-deposition (MOCVD) -grown sample
with n=1.4X10" cm™3 and u,,=45500 cm?/V's pro-
vided by Scholz.!! To measure the Raman oscillations at
higher incident laser energies (1.55-1.63 eV) and to ob-
tain higher-resolution reflectivity data, we found it neces-
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sary to use a very-high-purity MOCVD-grown sample of
InP with n=3X10" cm™3 and pu,;=268000 cm?/Vs
provided to us by Thrush.!> The Raman data from the
two specimens were compared for laser energies around
1.55 eV; agreement in all details was found. The
piezoreflectance measurements, however, were performed
on the higher-mobility material over the whole range of
energies because of the increased sharpness with which
the interband transitions show up in the first-derivative
spectra.

The Raman data were obtained in the Faraday
configuration with a split-coil superconducting magnet
which provides fields up to B=12.8 T.>!° For each laser
energy a Spex 1404 double monochromator is set at a
fixed energy corresponding to the Stokes-Raman LO-
phonon peak (#iw; —43 meV) and operated as a spectral
bandpass with a width of 1 meV. The signal, retrieved
with a GaAs-photomultiplier (RCA C31034A, cooled to
—50°C) and conventional photon-counting electronics,
provides a measure of the Raman-scattering efficiency.
This efficiency is then measured as a function of the mag-
netic field for the four different scattering configurations
with circularly polarized light. The experiments were
performed in an exchange-gas cryostat with a sample
temperature of about 10 K.

The piezoreflectance spectra>!> were measured up to
18.5 T generated by a Bitter magnet. A unipolar modula-
tion voltage (f=400 Hz, V, ,=275 V) from a Kepco
high-voltage operational amplifier was applied to a PXE
5 piezoelectric transducer'* with a thickness of 0.3 mm.
The sample was mounted onto the transducer using con-
ductive carbon cement!'® which allows for good transmis-
sion of the strain into the specimen. The sample was il-
luminated with white light from a 150-W quartz-iodine
tungsten lamp and the reflected radiation was dispersed
with a Jobin-Yvon HRSI1 single monochromator. A Si
photodiode with integrated field-effect transistor (FET)
amplifier'® and conventional phase-sensitive detection
were used to retrieve the signal. The measurements were
performed in a He-bath cryostat so that the sample tem-
perature was slightly lower than in the Raman experi-
ments. From the spectrum of the E, exciton at B =0, it
was made sure that the specimen was not strained!” due
to-the mounting onto the piezoelectric transducer.

3

III. THEORY

It was realized early by Luttinger and Kohn?3 that the
degeneracy of the valence-band edge in diamond-type
semiconductors leads to a series of irregularly spaced
Landau levels when a magnetic field is present. Only in
the limit of large oscillator quantum numbers are two
equally spaced series for heavy and light holes found.
Pidgeon and Brown* extended the Luttinger-Kohn for-
malism to zinc-blende-type semiconductors (similar to di-
amond but without a center of inversion) and at the same
time treated the conduction band on the same footing as
the valence and spin-orbit split-off bands. Using an
invariant-expansion formalism'® which was applied to the
case of diamond-type semiconductors under uniaxial
stress in a magnetic field, by Suzuki and Hensel,'>?° Tre-
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bin and Rossler’ 8 treated this problem for zinc-blende
semiconductors. The set of {I'g,I'g, I'5}-basis functions is
considered quasidegenerate and interactions within and
between the I'§ conduction band and the I'g and the I'5
bands are handled in an exact way, while interactions
with more remote bands are treated by second-order per-
turbation theory. In an invariant expansion the Hamil-
tonian is split into terms of different symmetries. This
symmetry classification leads to a hierarchy of axial, cu-
bic, and tetrahedral contributions.” The eigenstates
within the eightfold space can then be characterized by
sets of quantum numbers which correspond to the respec-
tive symmetry of parts of the Hamiltonian. In the
Pidgeon-Brown model only the terms of highest axial
symmetry are treated exactly, the terms of lower symme-
try are treated as a perturbation. Using the concept of
invariant expansion, selection rules for interband transi-
tions can be obtained on purely group-theoretical
grounds. The strength with which allowed transitions
occur is determined by material constants. It is found to
be weaker for terms of lower symmetry.

For a magnetic field in the [001] direction and terms of
axial symmetry, an eigenstate is described by a set of
quantum numbers N,,K",Q,P.> N=n+m;+3 is the
quantum number of axial symmetry (C_,). It corre-
sponds to the z component of total angular momentum to
which the cyclotron motion (Landau quantum number n)
contributes, as well as the equivalent angular momentum
of the Bloch state (J =3 for I' and J=1 for ' and I'}).
If cubic terms are considered, the axial symmetry is re-
duced to Cy4, (for BJ||[001]) and the eigenstates are la-
beled by K =N mod 4. For k, =0, the dominant case for
dipole transitions, a parity 7 can be assigned to the eigen-
states. Including tetrahedral terms with k, =0 lowers the
symmetry from C,, to S, (states being labeled by
0=0,1,2,3), while tetrahedral terms with k,70 are in-
variant only under C, (states being labeled by P=0,1).
The selection rules of importance for our case can be
summarized by AN==x1, Ar==1, AK==1,and AP=1
(Ref. 5) for 0™ (0 7) circularly polarized interband tran-
sitions induced by the stronger terms of axial symmetry.
The less stringent selection rule AP =1 (mod 2) holds for
the transitions mediated by the weaker tetrahedral terms.
For convenience, we are going to label the eigenstates
with the more instructive notation |n,{S,V,C},m;).
Here S, V, or C stand for the split-off, valence, or conduc-
tion bands with J=1,2,1, respectively. We shall only
refer to the explicit description in terms of the
N,,K™,Q0,P quantum numbers, which can be derived
from the above notation when necessary.

So far, we have described the uncorrelated electron and
hole states appropriate to the interpretation of our exper-
iments. The eigenvalues and eigenvectors are obtained by
numerically?! solving their Hamiltonian. They can be
used to interpret interband magneto-optical transitions.
However, it was realized early22 that electron-hole
Coulomb attraction plays an important role. Unfor-
tunately, an exact solution of a Hamiltonian which in-
cludes band effects, magnetic field, and Coulomb attrac-
tion has not yet been obtained. There are, however, ap-
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proximations for the cases when the cyclotron energy is
large compared to the Coulomb energy??>~2* and
vice versa.??* 1In these calculations one of the two
effects is treated exactly and the other as a perturbation.
The reduced magnetic field y, defined by y =%w} /2R
where 7w} =ieH /u is the effective cyclotron energy and
R} =pe*/2#%” is the effective Rydberg, is used to
characterize the high-field limit in which y >>1.2* For
InP this is the case for magnetic fields above 7 T. We ob-
tain the exciton ground-state binding energies as a
correction to the Landau levels by solving the one-
dimensional Schrédinger equation
2 g2

4 +V(z)

—Z—szz f(2)=Ef(z), 1)

which is based on the assumption that for high magnetic
fields the Coulomb interaction only affects the electron
motion in the direction of the magnetic field.?? It is, how-
ever, not possible to solve this equation with the full
Coulomb potential. A potential of the general form
e? fe

* —
0 2

Vig)=——t—
@ elala,+|z|) ue
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can be used to approximate the Coulomb potential where
the a, have to be chosen for each Landau oscillator quan-
tum number 7.2 We find that the choice
a,=V(2n +1)/my gives an excellent approximation to
the adiabatic potentials which were obtained by Balderes-
chi and Bassani?® by numerical integration of the
Schrédinger equation with the full Coulomb potential.

J
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We now solve Eq. (1) with a variational method using the
approximate potential (2). With the ansatz

f(z2)=VBe B, 3)
we arrive at the condition

X

=14+(1+x)e”Ei(—x), x=2Baja, 4)
n

for the variational parameter 8 which optimizes the exci-

ton binding energy E, where Ei( —x) is the exponential

integral function.?® For Landau oscillator quantum num-

ber n, the binding energy of the exciton ground state is

then given by

2 x ‘4a,+X

2a, a,(1+Xx)

X

Ex)= 2a,

RS, (5)

where X is the solution of (4). With this approach, the re-
sults of Larsen®’ can be reproduced with good accuracy.

The theory outlined above is necessary to understand
the interband magneto-optical transitions mediated by
the electron-photon interaction. Because of its complexi-
ty and the multitude of transitions which can be calculat-
ed, we find it mandatory to test the theoretical picture
by comparing it to results obtained from piezo-
magnetoreflectance measurements before reliable state-
ments about the more complicated resonant Raman pro-
cess can be made. The efficiency for resonant Raman
scattering is given in third-order perturbation theory by
the expression?®?°

~
[

|n>,|m> (ﬁwS~En+tI‘n)(ﬁa)L—Em+tI“m)

where |n),|m ) are intermediate states of energy E,,E,,
and lifetime broadening T',,I",,. |i) and |f) denote ini-
tial and final states; #iw; and #iwg are the energies of the
exciting laser and the scattered radiation, where the rela-
tion #iw; =fiog +#Q,p,, holds, %, being the energy
of the phonon emitted in the process. H, ., denotes the
electron-photon interaction, H, ;,, that between elec-
trons and phonons. There are two matrix elements from
interband magneto-optical transitions which enter into
the expression for the Raman-scattering efficiency. At
this point we are going to use the results of the theory
outlined above in the interpretation of our experiments:
The two denominators, which can cause an enhancement
of the Raman efficiency in incoming (#iw; ) and outgoing
(fiwg) resonance, provide the connection between calcu-
lated transition energies and the experiment, whereas the
matrix elements can be used to sort out selection rules.
However, for a complete description of the Raman
process, the matrix element and the selection rules for the
electron-phonon interaction have to be known. There
have been a few studies of the electron-phonon interac-
tion in a magnetic field treating the Frohlich interaction
in a simple free-electron model (for the purpose of

, (6)

describing cyclotron resonance).’°~3* It was shown that
the Frohlich Hamiltonian couples Landau states with ar-
bitrary oscillator quantum numbers n.° In an eight-
band model, including spin-orbit interaction, an addition-
al selection rule for the component of the total angular
momentum in the direction of the magnetic field holds,
which arises from the Bloch part of the wave func-
tions.>>3% Thus the Frohlich Hamiltonian only couples
equal Bloch states. The deformation-potential electron-
phonon  interaction leads to nonvanishing matrix ele-
ments between Landau levels with the same oscillator
quantum numbers. In the valence bands the Bloch parts
of the wave functions give the usual couplings of
[J=23,£2) to [J=%,F1) and |J=1,F1) states.”
With these selection rules we can describe possible reso-
nant enhancements in the Raman efficiency. A detailed
calculation of the one-photon resonant Raman processes
in a magnetic field, including both Frohlich and
deformation-potential electron-phonon interaction will be
published later.®

Other phenomena related to Frohlich interaction in
polar semiconductors are resonant magnetopolaron
effects which occur whenever harmonics of the cyclotron
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frequency in the conduction band are equal to the energy
of a LO phonon.>*"* In a simple picture, the Frohlich
interaction causes an anticrossing of Landau levels in the
resonant region where a |n,1-LO) state becomes degen-
erate with an |n +An,0-LO) state. As the magnetic field
is increased towards resonance, the lower |n +An,0-LO)
state loses its oscillator strength and the fan line bends
such that its slope approaches that of the higher
|n,1-LO) state. At the same time, and for higher mag-
netic fields, the |n,1-LO) state picks up oscillator
strength and the fan line bends up towards that of the
lower |n +An,0-LO) state. This upper branch, however,
is degenerate with the k,-dependent continuum of the
lower Landau states. Thus it is strongly broadened due
to emission of LO phonons>® and it is difficult to observe
it in interband experiments.

The splitting at the anticrossing depends on the
Frohlich constant @ and thus on the polarity of the ma-
terial under investigation. For InP we have a=0.11
(Ref. 41) and the anticrossing energy, which is given by
Ta#Q(LO), is almost 10 meV. This is twice as much as
for GaAs;*>*! thus InP is a very suitable material with
which to study these effects.

IV. INTERBAND MAGNETOREFLECTIVITY

Figure 1 shows typical piezoreflectance spectra. of
InP(001) at liquid-He temperature for several magnetic
fields. With our better sample we obtained high-
resolution spectra which show more interband magneto-
optical features than have been observed before.*> We see
at first glance a series of closely spaced features, weaker
than the more pronounced structures labeled 4 —G. In a
simplistic approach these two types of features can be re-
garded as the heavy- and light-hole ladders.?™> In order
to assign peak positions in a consistent way, we chose as
excitation energies the negative extrema on the lower-
energy side of each structure. Due to the sharpness of
the features in our high-resolution spectra, these values
do not deviate significantly from the actual critical ener-
gies, which for first-derivative Lorentzian spectra corre-
spond to the zero between negative and positive extrema,
by more than 0.5 meV. These possible offsets should be
about the same for all structures. In order to assign the
observed peaks we calculate Landau levels and interband
transition energies for each magnetic field. Among the
various sets of Luttinger parameters found in the litera-
ture, 1434 best agreement is found using those of Table
I. All mass parameters include a renormalization due to
the Frohlich interaction (except the resonant one dis-
cussed above). The Luttinger parameters y,; and y, are
close to those used in recent calculations.** The anisotro-
py of the |3,£3) states, expressed by the difference be-
tween ¥, and y3, which is smaller in Ref. 43, is essential
to obtain the strong valence-band mixing needed to inter-
pret the Raman data (see below). This anisotropy, how-
ever, does not affect the transition energies within the ex-
perimental accuracy. A recent determination of ¥, using
hot photoluminescence** supports the present value.
Terms linear in k, expressed by the constant C, do not
‘yield observable changes in the transition energies when
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FIG. 1. Piezoreflectance spectra of InP(001) for different
magnetic fields. The features labeled A-G are interband
magneto-optical transitions involving [J=3,+3) valence-band
states. The sign of AR corresponds to a tensile biaxial stress. It
was determined from the effect on the main exciton for B ~0.

varied around reported values.* The most striking result
of the calculation is that the valence-band states become
strongly mixed, i.e., one can no longer consider pure
heavy- and light-hole states. The implications of this
valence-band mixing on the description of the Landau
levels in terms of a single effective mass have been point-
ed out.** The calculations give particularly strong inter-
band transitions whenever states with |[J=32,+3) as
Bloch parts of the wave function become dominant in the
admixtures of the corresponding valence Landau levels.
The pronounced features in the spectra can be attributed
to these transitions. The weaker structures correspond to
a multitude of closely spaced possible transitions which
have |[J=2,+1) Bloch states as dominant constituents.
Table II shows the interband transitions which we assign
to the features labeled 4 -G in Fig. 1. To characterize
the valence-band state of a particular transition, we use
its strongest component. A consistent picture emerges:
For each Landau oscillator quantum number n there are
two strong transitions, one with a change of m; from
m;=+3 to m;=+1 (features 4,C,E,G) and another
where m; changes from m;=—23 to m;=—1 (features
B,D,F). Since Am;==1 these transitions can be dis-
tinguished with circularly polarized light (see Sec. V).
From the calculations it is found that for magnetic fields
up to 18 T the conduction levels for the same Landau
quantum number n should not split by more than 1.5
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TABLE I. Parameters used to calculate Landau levels in InP.

Luttinger Further band and Band-interaction
parameters® gap parameters® parameters®
v1=4.95 1+2F=—1.75 P=8.88X107% eVcm
y,=1.65 g+4N,=—1.956 B=—2.734X10"'° eV cm?
y3=2.35 C=0.00 P'=8.88X107% eVem
«=0.97 E;=1.423 eV? '=—2.684X1071¢ eV cm?
¢=0.00 Ap=0.110 eV? N,=—0.003

N3 =—0.003

#Reference 41.

°A description of the parameters is given in Refs. 5 and 47.

meV for the two states with spin up and down. The ex-
periment, however, gives a much larger separation of the
interband energies for transitions involving the same n
but opposite spins. This can be understood only when
the valence Landau levels are explicitly taken into ac-
count.

Subtraction of the theoretical valence contributions
(see Fig. 2) from the experimental transition energies
gives the conduction-band fan charts shown as dash-
dotted lines in Fig. 3. The experimental energies are sys-
tematically found to be lower than the pure Landau levels
(solid lines). A correction for excitonic effects (dashed
lines), as outlined in Sec. III, is necessary to obtain a sa-
tisfactory description of the experiment.

Whenever harmonics of the cyclotron energy become
equal to the energy of a LO phonon (43 meV in InP), an-
ticrossings due to Frohlich-interaction-mediated magne-
topolaron resonances may occur.’*”%° This phenomenon
can be observed in Fig. 1 for transitions F and G which
become weaker and broader for increasing magnetic
fields. Table IT shows deviations between the experimen-
tal and theoretical (exciton corrected) transition energies
for features D ~G. In Fig. 3 we find a clear pinning of the
interband transition energies to the |n =0, C,*+1;1-LO-
phonon ) Landau levels when the magnetic field becomes
high enough for the resonances to occur. Anticrossings
at magnetic fields corresponding to the second to fourth
harmonic of the cyclotron frequency are observed. As

mentioned in Sec. III, the upper branches of the an-
ticrossings are hardly observed due to the admixture of
states from the k, continuum of the lower Landau levels
which leads to broader and weaker transitions. By com-
paring the observed anticrossings to the lines calculated
without electron-phonon interaction, we estimate the en-
ergy separation between the upper and lower branches to
be about 6 meV. This leads to a Frohlich coupling con-
stant of @ =0.07x0.01 somewhat smaller than the litera-
ture value of =0.11.#! A peculiar behavior is found for
transition A, which shows strong bending at about 16 T,
whereas neighboring peaks at slightly higher energies
move straight on. This cannot be understood in the
framework of our present theory. Valence-band effects
may play a certain role since the energy of the valence-
band contribution is the most pronounced difference be-
tween transition 4 (|1,V,+3)—|1,C,+1)) and the
partner transition |1,¥,—3)—[1,C,—1), which does
not show any deviations from linearity up to 18.5 T.

V. MAGNETO-RAMAN EXPERIMENTS

In Fig. 4 we show the intensity of the Stokes-Raman
LO-phonon peak of InP(001) versus B, measured at a
laser energy of fiw; =1.525 eV for the four scattering
configurations with circularly polarized light. The spec-
tra for the two configurations with crossed polarizations
mutually exclude each other, whereas those taken with

TABLE II. Assignment of theoretical interband magneto-optical transitions to the large features in the reflectivity spectra for a
magnetic field of 9 T (see Figs. 1 and 3). Note the increasing difference between the experimental and the corrected theoretical transi-
tion energies for features D —G. They arise from resonant magnetopolaron interaction. All energies are given in meV.

Experiment Theory
Transition Transition Valence-band Exciton Corrected
Features energy Transition energy contribution correction transition energy?®
4 1456.2 LV, +3)—]1,C,+1) 1461.1 18.5 4.4 1456.7
B 1467.4 [2,V,—3)—l2,C,— 1) 1471.4 16.9 3.6 1467.8
C 1477.2 2,V,+3)—[2,C,+1) 1480.6 25.5 3.6 1477.0
D 1486.6 I3, V,—%)—»B,C,-—%) 1491.1 24.3 3.2 1487.9
E 1493.0 [3,V,+3)—13,C,+1) 1499.6 32.1 3.2 1496.4
F 1498.6 14,V,—3)—4,C,— 1) 1510.0 31.0 2.9 1507.1
G 1504.4 [4,V,+3)—l4,C,+1) 1517.9 383 29 1515.0

2Theoretical transition-energy—exciton correction.
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FIG. 2. Theoretical valence-band contributions used to
correct the experimental data in Figs. 3 and 7. The valence
Landau levels contribute to (a) |n,¥,+3)<>|n,C,+1) and (b)
|n,V,—3)<|n,C,—1) interband transitions, respectively.
The levels are labeled according to the dominant admixture in
the wave function.
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FIG. 3. Conduction-band contributions to interband

magneto-optical transitions of InP(001) at liquid-He tempera-
ture: exciton and resonant magnetopolaron effects. Straight
lines, theoretical Landau levels; dashed lines, theoretical Lan-
dau levels corrected for exciton binding energies; dashed-dotted
lines, experimental transition energies after subtraction of
theoretical valence-band contributions (see Fig. 2). Capital
letters denote the transitions as given in Table II.
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equal polarizations for both incident and scattered light
show all the peaks which are found in the other two spec-
tra. The resonant enhancement of the Raman efficiency
compared to the intensity at zero field for the Z(oc *,0 ™)z
and Z(0 ~,0 ")z spectra at #iw; =1.525 eV is larger than
40, whereas it is at least 4 times smaller in the Z(c *,0 ")z
and Z(0 ~,0 " )z configurations. When one plots the peak
positions found in the different spectra as #iw; versus B,
it is realized that the fan lines do not converge to the E,
gap as B—0, but rather they converge at an energy
which is one LO-phonon energy above E,. This indicates
that the Raman processes occur in outgoing resonance,
that is, the scattered photons correspond to real inter-
band magneto-optical transitions. Thus the knowledge of
the particular interband transitions which contribute to
the Raman processes in outgoing resonance should yield
important clues for the understanding of the dominant
resonant Raman processes within the theoretical frame-
work outlined in Sec. III.

In Fig. 5 the experimental fan lines for the four
different scattering configurations are plotted as a func-
tion of B. On the energy scale we subtracted 43 meV
from the laser energy for which the peaks occur to ac-
count for the fact that the resonance is outgoing. The re-
sulting fan lines are found to be in agreement with the
theoretical transition energies which we assigned to the
dominant features of the piezoreflectance data in Sec. IV.

InP (001)

LO - phonon

hw =1525eV
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o
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FIG. 4. Intensity of the Stokes-Raman LO-phonon peak vs
magnetic field for InP(001) for the four different scattering
configurations with circularly polarized light.
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Corrections for exciton binding energies are incorporated
in the calculated transition energies shown as straight
lines in Fig. 5. The fan plots also show pronounced an-
ticrossings which will be discussed later. The picture ob-
tained from piezoreflectance data can now be applied to
describe the Raman processes in outgoing resonance.
Moreover, since we performed the Raman experiments
with circularly polarized light, the previous assignment
of transitions occurring in 0" and ¢~ polarizations is
verified by the Raman data.
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Let us first concentrate on data taken with crossed po-
larizations. The experiments were performed with B
pointing along —z, whereas the opposite was assumed in
the calculations.” This results in a complementary
change of the circular polarization in which the theoreti-
cal interband transitions occur as compared to the experi-
ment and has to be kept in mind.*® The outgoing reso-
nances in the Z(o *,0~ )z-scattering configuration can be
described by interband transitions between conduction-
band states |n,C, ——21—) and valence-band Landau levels
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FIG. 5. Peaks in the Raman intensity vs magnetic field for the four scattering configurations possible with circularly polarized
light. The straight lines indicate theoretical transition energies which were corrected for the exciton binding energies. The dashed-
dotted lines connect experimental peak positions. To account for outgoing resonance, the energy of a LO phonon (43 meV) was sub-
tracted from the laser energy for which the peaks occur. The theoretical lines in the lower two figures are a composition of those of
the upper two graphs. 1 and | stand for spins of —l—% and —% in the conduction-band state of the transitions. Note that the experi-
mental lines in the upper two figures were fitted to interband transitions occurring in the opposite polarization. This comes from the
fact that the experiments were performed with B|| —z, whereas the calculations were done for B|| +z, which results in a change of po-

larizations for the transitions (Ref. 46).
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with |n,V, —%) as the dominant contribution. Transi- Since changes in the component of the angular momen-
tions between |n,C, +%) and |n, V,+%) states can be as- tum along the magnetic field of the Bloch parts of the
signed to the peaks of the Z(¢ ~,o *)z spectra. The two  conduction wave functions IS1) and [S1) cannot be
types of transitions occur in opposite polarizations and, mediated by the two types of electron-phonon interac-
due to the respective valence-band contributions, the tion, we investigate Raman processes where the emission

Z(o*,0 7 )z and z(0 ~,0 ")z spectra appear mutually ex- of the LO phonon must correspond to transitions be-
clusive, as can be observed in Fig. 4. tween valence-band states. The calculations show that

In the spectra with equal polarizations, we find that the - - there is another type ?f strong interband transitions, in-
experimental fan lines are in. agreement with the com- volving the [n,S,%) split-off-band Landau levels.

bination of the theoretical transitions occurring for both ~ Furthermore, the conduction state of an interband transi-
circular polarizations. This is independent of whether  tion which accounts for an outgoing resonance in one po-
the spectra are taken in z(ocT,0")z- or Z(oc ,0 7 )z larization can only be reached by an interband transition
scattering configurations. [In the lower part of Fig. 5 the involving split-off levels and with the opposite polariza-
labels n1 (n | ) stand for the conduction-band parts of the  tion. However, it is the admixtures to the spin-orbit
calculated transitions as used in the upper two fan plots.  split-off Landau levels which give rise to the large oscilla-
With 1 ({) corresponding to spin +4 (—1) and n the tor.stren'gths of thpse transitions. This is shown in Fig. 6,
usual Landau quantum number, the transitions can be yvhxch gives the eigenstates invol.ved in a Raman process
readily identified.] This experimental result, which seems I terms of the four most dominant admixtures of the
to be in violation of the simple selection rules for axial = Wave functions .for B=8 T. The.upper lines give the
terms, can be understood when the valence-band mixing  WaVve functions in the short notation |n,{C,V,S},m;)
is considered. At the same time, a description of all steps  Whereas the full [N,,K7,Q,P) notation is shown below
involved in the resonant Raman processes can be ob-  the weight coefficients. For each eigenstate the sum of
tained. the squares of these coefficients is equal to 1. The ener-

First, it is necessary to find suitable transitions for the  gies of the levels with respect to the top of the valence
absorption of the incident photons. This must involve  band are shown on the left-hand side of Fig. 6. The tran-
states which, by either Frohlich or deformation-potential  sition which occurs in outgoing resonance is found to
interaction, allow for the emission of a LO phonon due to  arise from coupling between the strongest admixtures of

coupling to a Landau level of the real interband electron-  the eigenstates at —33.65 and 1483.73 me}_’, leading to a
ic transition which gives rise to the outgoing resonance. transition energy of 1517.38 meV in o™ polarization
1s,C.-4> 16.v,-3> 14,5, +5> 1a,v, 45>
A 1483.73meV 0.9775 0.1589 -0.1106 -0.0833
165.2%,2,0> 16g.2%,2,0> 164,27,0,0> 164.2%,2,0>
»
c_ 0* 0_
th hvs
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FIG. 6. Theoretical Landau levels at 8 T and transitions which contribute to a particular Raman process in the different scattering
configurations for InP. The four most significant components of the wave functions are given for each level. The upper lines show
the short notation of the contributing wave functions, in the middle the weighting coefficients are given, and the lower lines show the
description of the states in terms of the quantum numbers IN,,K™,Q,P) which are explained in Sec. III. F and DP label couplings
which are mediated by Frohlich or deformation-potential electron-phonon interaction, respectively.
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(theory), where the selection rules AN=+1, AK=-+1,
AQ=+1, AP=1, and A7=+1 (Ref. 5) for transitions
induced by terms of axial symmetry of the k-p Hamil-
tonian are obeyed. The level at —142.71 meV couples to
the conduction-band state in o~ polarization involving
all the admixtures. Applying the selection rules for the
electron-phonon interaction outlined in Sec. III, we real-
ize that the two valence Landau levels couple via
deformation-potential interaction, which connects the
most dominant contributions of the wave functions.
Thus a complete description of the Raman process in
outgoing resonance has been achieved. The energy of the
transition where the incident photon is absorbed is larger
than the sum of energies of the Stokes photon plus the
emitted LO phonon. However, because of the rather
small value of the spin-orbit-coupling energy and the
larger energy of the LO phonon as compared to GaAs,
the energy mismatch of this virtual transition is small.
This situation gives an outgoing resonant Raman process
close to double resonance, where both denominators in
the scattering efficiency (6) nearly vanish. Experimental
evidence for this is the enormous enhancement of the
scattering efficiency in the spectra taken with opposite in-
cident and scattered circular polarizations.

When we consider the spectra for the Z(oc*,0")z- and
Z(o~,0 " )z-scattering configurations, it is found that the
conduction-band states of the interband transitions in
outgoing resonance cannot be reached from the spin-orbit
split-off states in the same polarization. Another possibil-
ity for the absorption of the laser photons, however, is in-
terband transitions from the same admixture of valence
Landau levels which are involved in the outgoing reso-
nances. Since the Frohlich interaction leads to coupling
between arbitrary Landau oscillator states n, as was men-
tioned in Sec. III, the emission of LO phonons by cou-
pling within these valence-band Landau levels is possible
and Raman processes occur. In order to understand, for
example, why a peak observed in Z(o *,0 ")z can also be
found in Z(o ~,0 )z, we have to consider the components
of the wave functions. In Fig. 6 it is illustrated that the
strong transition for o™ polarization in outgoing reso-
nance may also occur, with a weaker oscillator strength,
in 0~ polarization due to coupling with the other com-
ponents of the valence Landau level. Since the incident
o~ photons can be absorbed in interband transitions
from both spin-orbit split-off and valence-band Landau
levels, both types of electron-phonon interaction are in-
volved in the Raman process.

These considerations explain the phenomena which
occur in the different scattering configurations. The
surprising fact that the peaks of both spectra with oppo-
site circular polarizations are observed together for equal
polarizations can be understood when the mixing of the
valence band is considered. For a quantitative descrip-
tion of these resonance phenomena and of possible in-
terference effects between Raman processes mediated by
the two types of electron-phonon interaction, a theory
has to be developed which takes Frohlich and
deformation-potential interaction between Landau levels
into account for electronic transitions calculated with the
k-p model. ¥
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We have interpreted the outgoing Raman resonances
in terms of interband magneto-optical transitions which
are also observed in the piezomodulated reflectivity spec-
tra (Sec. IV). From this a consistent model which de-
scribes both experiments has been proposed. It also ap-
plies to the resonant magnetopolaron effects, which in the
Raman case should affect the electronic structure
relevant for the transitions in outgoing resonance. As
can be seen in the upper two plots of Fig. 5, there are
pronounced anticrossings which occur along the fan lines
of the calculated transition energies. The experimental
fan lines of Fig. 5 are shown in Fig. 7 (dashed-dotted
lines) after subtracting the theoretical valence-band con-
tributions (given in Fig. 2). The straight lines of Fig. 7
correspond to the conduction-band energies calculated
including corrections for the exciton binding energies.
The conduction-band wave functions are given in short-
hand notation and the respective valence-band levels can
be found from this in analogy to Figs. 3 and 5. The an-
ticrossings are in agreement with predictions of resonant
magnetopolaron effects whenever harmonics of the cyclo-
tron energy become equal to the energy of the LO pho-
non (43 meV). In addition to the anticrossings which in-

volve the |n=0,C, i%; 1-LO) states, we also observe res-
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FIG. 7. Resonant magnetopolaron effects as observed in Ra-

man scattering. Straight lines: theoretical conduction-band
contributions to the interband magneto-optical transitions
corrected for exciton binding energies. The transitions are la-
beled as explained in the text. Dashed-dotted lines: experimen-
tal peak positions corrected by 43 meV to account for the out-
going resonance and after subtraction of the theoretical
valence-band contributions (see Fig. 2).



onant magnetopolaron effects where the
|[n=1,C,£1;1-LO) and |n =2,C,%1;1-LO) states con-
tribute. In contrast to the piezoreflectance data, these
anticrossings as well as the upper branches of the reso-
nances with the |n=0,C = X 1-LO) state are readily
resolved by using the magneto-Raman technique.
Whereas the upper branches in the piezoreflectance ex-
periments seem to be damped and broadened by emission
of LO phonons in the k,-dependent continuum from the
lower Landau states,>*° the Raman efficiency seems to
be less sensitive to these changes in the electronic struc-
ture. It is thus possible to study magnetopolaron reso-
nances up to the case where the phonon energy equals 4
times the energy corresponding to the cyclotron frequen-
cy involving the [n=6,C,—1) and |n=2,C,—1;1-LO)
Landau states. The repulsion in energy of the anticross-
ings is found to be the same as estimated from
piezoreflectance. An interesting effect can be seen in
those regions of Fig. 7 where the lower fan line from a
state with higher Landau quantum number n connects to
the upper fan line of the Landau state with the next lower
n. These lines were corrected for two different valence-
band contributions, and thus they are clearly separated
from each other in Fig. 5, where the total transition ener-
gies are plotted. This is another manifestation of the im-
pact of valence-band mixing and underlines the necessity
to take it fully into account.

VI. CONCLUSIONS

With a theoretical model for electronic states and opti-
cal transitions of III-V semiconductors in a magnetic field
based on an invariant expansion for an 8 X8 k-p Hamil-
tonian and a correction for Coulomb effects which are in-
troduced by a variational approach, it is possible to arrive
at a consistent description of the dominant features in the
interband magnetopiezoreflectance spectra of InP(001).
Resonant magnetopolaron effects are observed in this ma-
terial, to our knowledge for the first time. With the in-
clusion of Frohlich and deformation-potential electron-
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phonon interaction, this model can be applied to inter-
pret the resonant enhancement of the Raman-scattering
efficiency. The same interband magneto-optical transi-
tions which dominate the piezoreflectance spectra con-
tribute to peaks in the magneto-Raman experiments
which are caused by electronic transitions in outgoing
resonance. A consistent interpretation of the systemati-
cal trends for the four scattering configurations with cir-
cularly polarized light has been given. Different types of
electron-phonon interaction participate in the Raman
processes for spectra with opposite or equal circular po-
larizations for laser and Stokes photons. It is demon-
strated that the mixing of the valence-band Landau levels
in a magnetic field has to be fully taken into account in
order to obtain a consistent description of the reflectivity
and Raman experiments. Resonant magnetopolaron
effects involving higher levels than the
|n =0,C,i%;1-LO) state are observed in the magneto-
Raman experiments, a fact which highlights the useful-
ness and sensitivity of this modulation technique as com-
pared to measurements of magnetoreflectivity.
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