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Multiphonon resonant Raman scattering in a strong magnetic field
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Explicit expressions for multiphonon resonant Raman scattering processes in a strong magnetic
field are derived in the framework of a quasiclassicai picture, where the photoexcited electron and hole
make real transitions through the LO-phonon Fréhlich interaction. It is shown that spin quantization
produces a strong selection rule in different scattering configurations and the calculated magneto-
Raman profile shows a set of sharp peaks that correspond to outgoing resonances. The principal
features of the magnetomultiphonon spectra observed recently in GaAs and InP are discussed. These
results are compared with experimental magneto-Raman profiles for 2-LO-phonon emission in two
scattering configurations. From this comparison a value of the light-hole g factor equal to +22 is

obtained.

I. INTRODUCTION

Landau levels in semiconductors have been intensely
investigated recently by means of resonant Raman
scattering.]™ Using this technique band non-
parabolicities,! resonant magnetopolarons,® magnetic-
field-induced double resonances,* or selection rules for
electron-phonon interactions in a magnetic field (H)
(Ref. 4) have been studied. An interesting problem of
magneto-Raman scattering in semiconductors concerns
multiphonon scattering. It was shown®® that the in-
tensity of the multiphonon process in a magnetic field
is proportional to the Frohlich interaction constant Cr
whereas in zero magnetic field this intensity is propor-
tional to higher powers of the Frohlich constant which
depend on the number of emitted phonons.” The lat-
ter conclusion explains why higher-order resonant Ra-
man scattering in III-V semiconductors (Cr < 1) with-
out magnetic field can only be seen for two or, at most,
three phonons. This is in contrast to observations in
other more polar semiconductors (larger Cr) where mul-
tiphonon peaks up to 9 (e.g., II-VI compounds)® or up to
20 (e.g., III-VII compounds)® have been reported. When
a high magnetic field H is applied to a IT1I-V semiconduc-
tor a sharp intensity increase is expected for secondary
radiation processes.>® Besides, the Raman efficiency is
an oscillating function of H and the incident light fre-
quency wr. These predictions were confirmed recently
in GaAs and InP. Multiphonon scattering up to 9 LO
phonons has been observed in GaAs,'® and up to 4 LO
phonons in InP.!! The measured Raman efficiency of the
multiphonon peaks shows resonant behavior as a function
of H. This fact permits an identification of the Landau
levels involved in the observed resonance. In Refs. 11
and 12 fan plots of magneto-Raman resonances for 2-
LO-, 3-LO-, and 4-LO-phonon scattering in GaAs and
InP have been given and the dependence of the peaks
on magnetic field in terms of electronic interband gaps
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has also been analyzed. From the experimental fan plots
the authors of Refs. 11 and 12 have concluded that (a)
the phonon scattering processes involve interband and
intraband transitions between Landau levels, (b) outgo-
ing resonances are much stronger than incoming ones,
and (c¢) magneto-optical transitions involving light mass
valence levels predominate. Moreover, the investigation
of the multiphonon magneto-Raman spectra unraveled
different features which demand a more comprehensive
theoretical treatment. The spectra, taken in backscat-
tering configurations with H perpendicular to the sur-
face using circularly polarized light [o% = (e, =+ iey) /V/2
referred to H], exhibit pronounced selection rules for
the intensities of the multiphonon lines (see Fig. 1).
The 2(o%,0%) and z(6~,07 )z geometries (Z and z in-
dicate the propagation directions of incident and scat-
tered photon, respectively) yield spectra with mutually
exclusive peaks for both configurations and a large sepa-
ration between the peaks of the two spectra. Strong en-
hancements of the multiphonon Raman efficiencies occur
when the photon frequency is in resonance with an inter-
Landau-level transition. In Refs. 5 and 6 only Frohlich-
interaction-mediated scattering in the conduction-band
Landau levels was considered (i.e., is the limit of hole
mass my — 00) in the multiphonon process. Neverthe-
less, it is clear from the experimental observation in GaAs
(Ref. 10) and InP (Ref. 11) that phonon scattering pro-
cesses involving intervalence and intravalence levels are
of importance for the explanation of the different features
of the Raman profile.

The analysis of fan lines obtained for second to fourth
order Raman scattering in Refs. 11 and 12 shows that the
same magneto-optical interband transitions are involved
in the multiphonon magneto-Raman profile. The aim of
this paper is to develop a semiclassical formalism which
should permit a more quantitative interpretation of the
principal features in the magneto-multiphonon Raman
processes.

12 815 ©1991 The American Physical Society



12 816

(a) 2LO n=1
hwi=1645ev
Z(o",07)z
GaAs

RAMAN INTENSITY (arb.units)

1 3 5 7 9 n
MAGNETIC FIELD (T)

(b) 2LO
hw =1645eV
Z(o0*,0%)z
GaAs

3
ame 11
ey

3
N

1]

w

RAMAN INTENSITY (arb.units)

1 3 5 7 9 n
MAGNETIC FIELD (T)

FIG. 1. Calculated 2-LO-phonon Raman intensities (solid
lines) vs H compared to magneto-2-LO-phonon Raman spec-
tra of GaAs measured (dashed lines) for an incident laser
energy hw; = 1.645 eV in 2(0~,07)z (a) and z(ct,0%)z (b)
configurations. The theoretical outgoing resonances are la-
beled with the corresponding conduction-band Landau level
n.

II. MULTIPHONON RESONANT RAMAN
SCATTERING EFFICIENCY

Multiphonon Raman scattering processes involving
free electron-hole pairs (without Coulomb interaction) in
a high magnetic field are shown schematically in Fig. 2.
The electron energy is represented by

h2k2
E. = 2 + hwe(n + %)'*'/‘Bngmse
2m,

withn=0,1,... , (1)

where m., w,, and g. are the effective mass, the cyclotron
frequency, and the g factor of the electron, respectively,
1B is the Bohr magneton, k., the wave-vector projection
on the direction of the magnetic field, and m,, = :i:—;- for
the two different spin states. For III-V semiconductors
in a magnetic field the valence-band structure is a com-
plicated function of H and k, due to the hybridization
of light and heavy holes.!3 For simplicity in the following
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(a) (b) (c)

FIG. 2. Schematic representation of (a) the 3-LO-phonon
Raman scattering in a strong magnetic field with direct cre-
ation and indirect annihilation of electron-hole pair (me #
mp), (b) with indirect creation and direct annihilation of
electron-hole pair (m. # ms), and (c) the second-order Ra-
man scattering for m. = mj; case when the direct creation
and direct annihilation is allowed. See text for details about
transitions.

we consider a parabolic model for the light and heavy va-
lence bands. Thus, an energy dependence similar to that
of Eq. (1) is obtained for holes in the valence band. The
multiphonon process is represented qualitatively as fol-
lows: (a) the photon creates an electron and a hole with
energies E.(n,k,,m,) and Ex(n, k;, m,) [direct creation,
see Fig. 2(a)], respectively, then the electron and/or hole
are scattered N — 1 times by LO phonons into states sep-
arated by the w0 phonon frequency (in Fig. 2 only the
electron scattering is presented in a 3-LO-phonon pro-
cess), finally the electron-hole pair annihilates indirectly
with emission of one more LO phonon and a secondary
photon with energy hws = hwy — Nhwro; (b) similarly,
an electron-hole pair is created indirectly by the incident
light with the emission of one LO phonon [indirect cre-
ation, see Fig. 2(b)], and after the emission of (N — 1)
LO phonons by the electron and/or hole, the pair anni-
hilates directly. As was pointed out in Refs. 5 and 6 the
difference between the two processes (a) and (b) is that
either the first pair creation (a) or the final annihilation
(b) is direct.

The calculation of the efficiency for high-order phonon
processes in semiconductors is a rather complicated task.
The Nth-order resonant Raman scattering via iterated
electron-one-phonon interaction can be treated in (N +
2)th-order perturbation theory. Depending on the inci-
dent laser frequency and applied magnetic field, differ-
ent energy denominators in the expression of the Ra-
man scattering efficiency can vanish (real transitions)
when the incoming or outgoing resonance condition is
fulfilled or for apppropriate wave vector of the scattering
phonons. If the laser photon energy satisfies

hwe hwh
5+t 5 (2)

where E, is the gap, the N electron and/or hole tran-
sitions can be real. Each real transition corresponds to
a vanishing denominator in the Nth-order Raman scat-
tering and should provide the dominant contributions to
the scattering cross section.

hwr > Eg + Nhwio +
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Under condition (2) the multiphonon Raman process
in a magnetic field can be described as a cascade of real
intermediate transitions. This permits a “classical” rep-
resentation of the high-order scattering (N > 2) in semi-

el Viwin(ws)
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conductors in a magnetic field. Following the above dis-
cussion the two main contributions to the N-LO phonon
Raman scattering cross-section can be written in the
form

B00s = Brn(a) 2o D [P (kee ks Wik (b Kes, )+ PRk (ke ks WS (bt ke k)] . (3)

ke m,kny

where n(w) is the refractive index, Q the solid angle, ¢
the light velocity, Vp the crystal volume, and wg the scat-
tered photon frequency. In Eq. (3) P,{Y,;I'D(kez,lchz)
[P,{Y;,{(kez, kn;)] represents the fraction of electrons and
holes in the state n,k.,; m, ky,, respectively, after the
direct (indirect) creation by the incident laser with en-
ergy hwr and emission of N — 1 (or N) LO phonons.
WL (kes, knz) (W35 is the indirect (direct) annihila-
tion probability per unit time and solid angle due to
simultaneous emission of an LO phonon and a photon
with energy hws. The physical meaning of Eq. (3) is
the following: the contribution of electrons and holes
in n,ke;; m,kp, states to 820™N¥Lo /9Qdws is propor-
tional to the number of electron-hole pairs in this state
[Pn,m(kez, kn,)] multiplied by their probability of emit-
ting a photon of energy hws [W;?’m(hws; kez, knz)]. Tt is

f

clear that for momentum and energy conservation when
the electron effective mass is different from its hole coun-
terpart mp, if Eq. (2) holds one of the N intermediate
states necessarily needs to be a virtual state. In this case
direct creation accompanied by an indirect annihilation
of the electron-hole pair, as much as indirect creation fol-
lowed by direct annihilation have to be considered in the
scattering efficiency. These two processes correspond to
the first and the second term in the right-hand side of
Eq. (3) and to the generalized schemes of Figs. 2(a) and
2(b), respectively.

Within this classical picture, the distribution function
P,f,’m is obtained from the Boltzmann equation. For an
isotropic distribution of electron-hole pairs it is possible
to show that the function P,fm can be obtained from the
following recurrent equations

2m

K h2k2 N 5%
PX (ke kn:)Ynm(kes kn) = D PEV(KL,  kn)Wei (KL, ( 2 4 hwro + hwe(n —n') — -———)

1 1
n', k.,

+ Y PE- ke, zz)W:,,qm(kwé(

’ ’
m'.ky .

2m,

Rk2,
th

h2kl2
+ hwro + hwp(m — m') — ——h—’) )
2mh

K=pp+1,... (4
and
R2k2, Rk
Pﬁ m(kezykhz)7n m(keza khz) = Wyfly)n(kez,khz; th)(S(th - Eg ———tz _ —_hz hwe(n + %) - hwh(m + 1)
’ ! ’ 2m, 2my,
s H(maege — mongn) ptho). 5)

In Eq. (4) We_,,, (Wh,_..) is the probability per unit time that the electron (hole) makes a transition from the
state n', k., (m’,k},) to the state n, k., (m, ks,) accompained by LO-phonon emission. In Eq. (5) W,f"’,’n is the
direct (p = 0) or indirect (p = 1) electron-hole pair creation probability in the state n,k.,, m, kn, by a photon with
frequency wy,. In the indirect creation an LO phonon is emitted. The function vy, m (ke, k) is written as

7n,m(kea kn) = W,f(ke) + W::.(kn) . (6)

1/W, (k) being the electron lifetime in the state n,k,. For h?k2/2m + hw(n + 1) > hwro the electron lifetime is
determined by the LO-phonon interaction, then

h2k2 h2k?
Wa(k:) = Y Waoni(k})6 Z 4 hwro + hw(n —n') — —= | . (7

2m 2m
n' k.

For the transition rate W,_,,+ the following explicit expression is obtained:*
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S

00
Wn_.n/(k,'z) = a,-wLo\/tho/a,-] e_tFn:’m(t){ [t +( hk?z/2miwi + ai/hwi)z]_l
0

x[t +(

where

R k? /
ai:m—f-hwi(n—n)—tho, (9)

n'l n—n'rrn-n' 2 !
1 t [Ln’ (t)] , 1 Z n
n.
Farn(t) = (10)

'Il' ’_ ’_
—t" " Ln "®))%, n'>n,

Lﬁ""l being the Laguerre polynominal and «, (o) the
Frohlich electron (hole) ~LO-phonon coupling constant.
The first and second terms in square brackets in Eq. (8)
correspond to the dependence of the Frohlich interaction
constant on the phonon wave vector q (Cq ~ 1/q) eval-
uated at the maximum (¢, = |k;| + |k}|) and minimum
(g. = |k.|— |K,]) for the transition between n and n’ with
the emission of one LO phonon.
The value of W,,_., is different from zero if

§ I.Z ? i21 !
h ‘bz — hk . - —h .
T om, + hwi(n —n') wro >0 (11)

Transitions into the state &, = 0 give the maximum value
of Wy_ns, i.e., when the wave-vector projection k;, sat-
isfies the condition hkZ,/2m; = hwio + hw;(n’ — n).

If R%k2/2m + hw(n + 1) < hwpo the electron-LO-
phonon coupling is switched off by conservation of en-
ergy and other processes dominate the lifetime (e.g., LA
phonons, impurities, etc.). This means that the life-
time is greatly increased, in this case we will assume
Wh(k;) = 70 = const, independent of k£, and n.

Because we are dealing with LO phonons, the electron
and hole populations will be in a set of energy intervals
separated exactly by hwpo. In the case of zZ(o¥,o%)z
configurations in Faraday geometry the most important
contribution comes from the Frohlich interaction,? and
the corresponding electron-phonon Hamiltonian couples
intraband, i.e., conduction to conduction bands, heavy-
to heavy-hole bands, or light- to light-hole bands. In
a multiphonon process, however, the phonon wave vec-
tors involved have nonzero ¢’s and they can couple states
with different Landau quantum numbers n. This fact
is contained implicitly in Eq. (8). For z(o*,o%)z ge-
ometries and after light absorption all electron and hole
states involved in the Raman process will be populated
mainly via Frohlich interaction. The z(o%,o¥F)z con-
figurations involve mainly interband transitions via de-
formation potential interaction.? In this paper we only
consider multiphonon processes in (0%, 0%)z scattering
configurations. The evaluation of Egs. (4)-(8), and the
electron-hole creation and annihilation probabilities will
be published elsewhere.!* Using Egs. (3)—(8) it is possi-

hk2, /2miw; — \/a; [hw;)?]" 1 }dt, i = (e, h), (8)

f

ble to calculate the Raman efficiency for an N-phonon
process.

In Fig. 3 the Raman scattering efficiency for a 2-LO-
phonon process is shown as a function of the dimension-
less magnetic field H/Hy (Ho = cmowro/e) for differ-
ent ratios of electron and hole effective masses m./my,.
The main maxima in the displayed oscillations are due
to direct electron-hole annihilation from states with con-
duction Landau levels n = 1,2,3, the secondary struc-
tures correspond to incoming resonances with higher in-
dex Landau levels. The incoming resonances are weaker
in comparison with the outgoing ones. The dashed lines
show the evolution in magnetic field of the main reso-
nant peaks with varying m./mj ratio. It can be seen
from Fig. 3 that for the smaller m./m}, the contribution
to do /dQ2 becomes very small. This means that in GaAs
(me/mp = 0.15) and InP (m./my = 0.175) the contribu-
tion of the heavy-hole ladders can be neglected and light
holes should give the main contribution to the Raman
scattering efficiency. Another general feature obtained
from Egs. (3)—(8), illustrated in Fig. 3 for the 2-LO-
phonon case, is the fact that the principal structures for
a fixed laser frequency and sweeping the magnetic field
correspond to outgoing resonance with different Landau
levels. These resonances are related to direct annihilation
of the electron-hole pair in their corresponding Landau

2-L0-PHONON RAMAN INTENSITY (arb.units)

55 %1072

25 35 45
H/Hg

FIG. 3. Results of numerical calculations according to
Eq. (3) for the second-order Raman intensity vs H/Ho at
(hwi — Eg)/hwro = 3.7 for different ratios of me/mn. The
theoretical outgoing resonances are labeled with the corre-
sponding Landau quantum number = in the conduction band.
The change of the peak positions with m./mp is represented
by dashed lines.
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level, i.e., when the electron and hole kinetic energies are
equal [see Eq. (3)] the direct annihilation probability is
maximum due to the singularity in the one-dimensional
density of states. In the same way, the process which
corresponds to indirect annihilation W,f‘,{n presents no
singularity like W;f’f,) , because either the electron or the
hole are separated in energy with respect to the Lan-
dau band bottom (if A%k2/2m, ~ 0 then h2k2/2m; # 0
and vice versa). It is therefore clear why only outgo-
ing resonances with only “light-mass” levels are observed
in magneto-multiphonon Raman profiles for GaAs and
InP.1%1! Under condition (2) incoming resonances are
obtained with higher Landau levels, thus their relative
contribution to the cross section are weaker than that
corresponding to outgoing ones.

If m, ~ m), the Landau levels have the same separa-
tion in the conduction and valence bands, this means that
the electron and hole are both in resonance at the same
time.1% In this case all intermediate states in the process

]
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are real if the number of emitted phonons is even. For
the odd processes one of the several intermediate states
has to be virtual even when m, = m;.!® In Fig. 2(c) a
schematic representation of the Raman scattering by 2
LO phonons is shown for m, = my. The physical pic-
ture when N is even is as follows: (i) the incident light
creates directly an electron-hole pair; (ii) the electron
and hole perform -12! real transitions each by emitting LO
phonons; (iii) finally, the pair annihilates directly creat-
ing a quantum of secondary light hw; = hw; — Nhwyo.
The differential cross section can be written in the form

o Viw?2n(w;) N
- s PND (L ko
50000, ~ ety 2 2 Tam (berskns)

X Wyf,re; (hws skez, kns )
(12)

Following Egs. (4) and (12) we can obtain the scattering
efficiency for N = 2,4,..., e.g., for 2 LO phonons:

oV Viwin(w,) 3 WED, (E3, »)
00w,  (2m)3cin(w) EO
n,n1 Wn ni,n
2
2
W Egh"l
mi—n | 7o WD (EO )
n,n
X 5 " 5 6 (hwy — hwy — 2hwro),
y Enl,nl . En,n — 2tho oW, En,n - 271(.0[,()
ny,n 2 ’ 9 n - ——“_‘2
(13)
where 1.00
n=1
Ej,, = hwi — Eg — ppH(gemse — gnman) 2L0
—2hw, (n+ 1). 14 hw = 1645ev
ol 2) (14) GaAs

A comparison between the Raman efficiency obtained
with Eq. (13) and Eq. (3) for two-LO-phonon processes
is shown in Fig. 4. In InP and GaAs the light hole and
electron conduction masses are rather similar. The pa-
rameters used in this case correspond to GaAs (see Table
I). An average mass between those of the electron and the
light hole was used in Eq. (13). From Fig. 4 immediately
follows the fact that the processes involving direct-direct
transitions, where all intermediate states are real, make
the strongest contribution and the indirect-direct transi-
tions can be neglected even for m, >~ my,.

III. COMPARISON WITH THE
EXPERIMENTAL RESULTS

A comparison with the experimental results for GaAs
(Ref. 10) with the calculation is shown in Fig. 1.
In Z(ct,o%)z configuration [Fig. 1(b)] the coupling is
between the In,%,-{-%) hole ladders and an electron

075

0.50

0.25

RAMAN INTENSITY (normalized)

o ke 7 L L
4 6 8 10 12
MAGNETIC FIELD (T)

FIG. 4. Second-order Raman intensity vs magnetic field
according to Eq. (13) (solid line) and Eq. (3) (dashed line)
at hw; = 1.645 eV. The calculation has been done with the
GaAs parameters and we assume the g factors to be equal to
zero. The curve from Eq. (3) has been multiplied by 10%. In
Eq. (13) an average mass between those of the electron and
the light hole is used.
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TABLEI. Numerical values of the GaAs parameters used
for the calculation of Figs. 1 and 4.

me = 0.0665mo> ge = —0.32° E, = 1520 meV?

min = 0.087Tmo? gin = 22° Ey+ Ao = 1861 meV?
€ = 12.5% ghh = —4.5° hwro = 37 meV?

€00 = 10.9%

* Landolt-Bornstein Tables, edited by O. Madelung, M. Schulz,
and H. Weiss (Springer-Verlag, Berlin, 1987), Vol. 17a, ¢, and
€co are the static and optical dielectric constants, respectively.
>This value was calculated according to Ref. 16.

“From the best fit to the experiments.

with spin up |n,s 1) in the conduction band,* while in
Z(0~;07 )z configuration [Fig. 1(a)] the resonant tran-
sitions occur between the |n,%,~%> hole ladders and
|n,s |) electron state.* This explains the strong selection
rule observed experimentally and the shifts between the
different peaks, which are proportional to pgHg;,. The
g factor for the electron and heavy hole were calculated
following (Ref. 16). The light-hole g factor is given by
gin/2 = limp—oo (B — EF) = 714+ 27"+ 2k, where 71, v/
[~ $(¥2 + 73)], and « are the Luttinger parameters and
Ef, Ef are the Landau energies for the “light”-hole lad-
ders reported in Ref. 17. The above equation is obtained
by using the optical selection rule An = 0. The value
9in/2 = 1 + 29" — 2k given in Ref. 16, which correspond
to An = 2, is incorrect for optical experiments. Using
typical parameters for GaAs (Ref. 18) the first equation
gives gjp = 26 while the second one yields gj, = 18. In
the fitting of Fig. 1 a value of 22 was used. This value is
smaller than the calculated one due to the exciton dia-
magnetic shift.1®

In order to compare with the experimental data the
exciton correction was included in Eq. (13).3 The peaks
(labeled peaks n = 1,2,3,...) in Fig. 1 correspond to the
Fan plots of Ref. 12 which are in good agreement with
our calculation. The differential cross section given by
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Eq. (13) works well in real semiconductors if the direct
creation and direct annihilation is possible near k, ~ 0.
In real III-V semiconductors for k, # 0 the hole masses
perpendicular and parallel to z are not exactly the same.
This explains the discrepancy observed in Fig. 1 between
experiment and theory (hatched areas in Fig. 1). An-
other important result relates to 3-LO-phonon process
in GaAs. Within our model the intensity of the 3-LO-
phonon process is weaker than that of 2-LO- and 4-LO-
phonon overtones, because at least one of the electron
and hole intermediate states needs to be virtual. This
is in complete agreement with the experimental observa-
tions of Refs. 10 and 12.

IV. CONCLUSION

The principal features of the multiphonon processes
in a magnetic field can be described through a classical
picture where the electron and hole make a number of
real transition equal to the order of the process. The
validity of this classical picture is governed by the laser
frequency and the applied magnetic field whenever

h
hw; > Eg + pBH(gem,e - yhmsh) + De

+E%-’i + Nhwro.

Under this condition the maximum contribution to the
scattering efficiency in III-V compounds corresponds to
the light-hole valence band and the peak positions in the
magneto-Raman profile are due to direct electron-hole
recombination from the bottom of Landau bands. Spin
quantization introduces a strong selection rule for the
Raman efficiency in different scattering configurations.
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