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The efficiency of resonant Raman scattering by TO and LO phonons in molecular-beam epitaxi-
ally grown HgTe is studied for (001), (110), and (111) surfaces with incident photon energies near the
E; and E;+A; band gaps. Absolute values of the Raman scattering efficiency are obtained by means
of a sample substitution method and by correcting the experimental data with respect to absorption
and reflection losses of the incident and the scattered radiation as well as the different angles of
collection inside and outside the sample. We compare our results with calculated resonance profiles
assuming uncorrelated electron-hole pairs as intermediate states. Interference effects between dipole-
allowed (deformation-potential and electro-optic coupling) and dipole-forbidden scattering by LO
phonons in HgTe (001) are used to separate extrinsic (electron-impurity interaction) from intrinsic
contributions (Frohlich intraband coupling) to dipole-forbidden scattering. The optical deformation
potentials near the E; and E;+A; gaps are obtained from TO scattering in HgTe (111) [HgTe (110)]
to be df ,=-19.9 eV (-21.9 eV) and d35,0=14.7 eV (13.0 ¢V). The Faust-Henry coefficient of HgTe is
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determined.

I. INTRODUCTION

During the last two decades resonant Raman scat-
tering has proved to be a powerful technique to study
elementary excitations in semiconductors as well as
their interactions. The resonance behavior of the op-
tical phonon Raman efficiency in the vicinity of elec-
tronic critical points provides information about both the
electron-phonon coupling and the participating interme-
diate states. Investigations of the Raman efficiency near
the interband critical points E; and E{+A; have been
reported for several semiconductors of the diamond and
zinc-blende structure.!™® These band gaps correspond to
transitions along the [111] directions in the Brillouin zone
{BZ) where each of the two highest valence bands is
nearly parallel to the lowest conduction band (Sec. IIL A).

Two different mechanisms for electron-phonon inter-
action are operative in polar materials such as HgTe.®
The short range deformation-potential coupling leads to
an energy shift (two-band process) and a mixing of elec-
tronic band states (three-band process). The coupling
parameters of this interaction, called “deformation po-
tentials,” can be obtained from measurements of the ab-
solute Raman efficiency. The long range Frohlich interac-
tion causes a change in electronic energies via the macro-
scopic electric field created by the longitudinal-optical
phonon. The Frohlich Hamiltonian can be expanded
into a sum consisting of a two-band term (Frohlich in-
traband coupling) as well as a three-band term (electro-
optic coupling).”

Several contributions to the efficiency of Raman
scattering by transverse-optical (TO) and longitudinal-
optical (LO) phonons have to be considered near the E;
and E;+ A, gaps. Deformation-potential interaction and
electro-optic coupling result in the usual selection rules
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for dipole-allowed scattering by optical phonons, where
the electro-optic part affects the LO processes only®
and can be expressed by the Faust-Henry coefficient.®
The Frohlich intraband matrix elements give rise to
dipole-forbidden LO scattering if their dependence on
the phonon wave vector q is taken into account.” More-
over, the effect of surface electric fields enhancing dipole-
forbidden scattering was shown to be important at fields
on the order of 10* V/cm by Pinczuk and Burstein.}® An
additional, extrinsic dipole-forbidden scattering mecha-
nism involving impurities has been proposed by Gogolin
and Rashba.!! In this case the electron-hole pair is scat-
tered twice: once by the LO phonon via the Frohlich
intraband coupling and once by the electron-impurity in-
teraction. Since the q conservation is relaxed by the mo-
mentum transfer in the impurity scattering, this fourth-
order process can be of comparable intensity to intrin-
sic Frohlich intraband scattering described in third-order
perturbation theory.1%:13

The study of interference effects between allowed and
forbidden scattering by LO phonons enables the sepa-
ration of intrinsic from extrinsic sources of forbidden
scattering.}? In this way, there has been considerable
progress in understanding forbidden Raman scattering in
the vicinity of various electronic critical points in many
semiconductors,3%12,14720

The resonance enhancement of Raman scattering effi-
ciencies near critical points is known to be strongly af-
fected by the electron-hole interaction.!®-21:22 Within the
scope of a model which only takes into account uncor-
related electron-hole pairs as intermediate states, exci-
tonic effects at the E; and E;+A; gaps can be repre-
sented by introducing multiplicative factors to the effi-
ciencies of forbidden Raman scattering.? In the case of
allowed deformation-potential scattering the Raman effi-
ciency can be written in terms of the linear optical sus-
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ceptibility and its first derivative.? The main effect of
the electron-hole interaction usually is included by mul-
tiplying the one-electron susceptibility by a phase fac-
tor e#.23:24 The investigation of the resonance behavior
of forbidden scattering and interference effects thus pro-
vides additional information about the role of excitonic
interaction in the Raman process.

HgTe plays a particular role within the majority of
zinc-blende type materials because it is a zero-gap semi-
conductor (i.e., a semimetal) with an inverted band struc-
ture in the center of the BZ.25:26 The two highest valence
bands in HgTe originate from s- and p-like atomic states,
whereas in normal zinc-blende semiconductors such as
GaAs, CdTe, etc., they are degenerate components of a
p-like state. However, at the E; and E;+A; gaps el-
lipsometric measurements demonstrated the similarity of
HgTe with other zinc-blende crystals concerning the two
optical transition matrix elements which connect the two
highest valence bands to the lowest conduction band.?

An investigation of TO and LO Raman efficiencies at
the ) and E;+A; band gaps of HgTe was performed by
Ingale et al.® The importance of three-band processes in
TO and forbidden LO scattering was found for a p-doped
HgTe (111) bulk sample at 90 K, where the forbidden
scattering was assigned to a dominance of the impurity
mechanism.

Here we present a detailed study of Raman efficien-
cies in the vicinity of the E; and E;+A; gaps of three
nominally undoped HgTe samples oriented in the (001),
(110), and (111) directions. By means of interference ef-
fects in scattering by LO phonons, intrinsic and extrinsic
sources of forbidden scattering are clearly separated and
the role of excitonic effects in the Raman process is stud-
ied. The coupling parameters of the electronic states at
the E; and E,+A; gaps to optical phonons, i.e., the de-
formation potentials d , and d3 ,,%" are determined by
an analysis of the TO Raman efliciencies in HgTe (110)
and HgTe (111), where their signs are derived from the
1LO interference profiles in HgTe (001). A comparison of
the Raman polarizabilities of allowed scattering by TO
and LO phonons yields the Faust-Henry coefficient for
HgTe. In addition, the result of a reflectivity study of
HgTe in the energy range of the F; and E;+A; gaps is
presented, which was performed in order to determine the
shape of the optical susceptibility at low temperatures.

This paper is arranged as follows. The experimental
setup and procedure is given in Sec. II. Section III is
devoted to the optical properties of HgTe in the energy
range of the F; and E;+A; gaps, including the results of
the reflectivity study. Theoretical expressions for the Ra-
man polarizabilities of the various scattering mechnisms
operative near the critical points F, and F1+A; are re-
viewed in Sec. IV (written in SI units). In Sec. V we
discuss the results of our resonant Raman scattering ex-
periments. Finally the main conclusions are summarized

in Sec. VI.
II. EXPERIMENT

The three HgTe samples under investigation with
- principal faces (001), (110), and (111) were grown on
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Cdg.g6Znp 04Te and CdTe substrates by molecular-beam
epitaxy (MBE)?® and are nominally undoped. The Ra-
man experiments were performed in a backscattering con-
figuration in a helium bath cryostat at about 1.5 K. A
jet-stream dye laser pumped by a continuous-wave (cw)
Ar™ ion laser was used to excite the Raman spectra. The
energy regions of the E; and E;+A; gaps of HgTe were
covered by operating the dye laser with Coumarin 510
(2.21-2.45 eV) and Stilbene 3 (2.7-2.98 V), respectively.
Coumarin 510 was pumped by the 457.9 nm line (1.6 W)
of the Ar" ion laser, while all uv lines (2.8 W) were used
to pump Stilbene 3. The laser beam was focused onto
the samples with two cylindrical lenses producing a lin-
ear focus of about 60 pym width and 3 mm length. Ac-
cordingly, the power density was kept below 20 W/cm?
in order to avoid sample heating. After passing through
a 0.5 m triple grating Raman spectrometer the scattered
light was analyzed with an optical multichannel detector
system.

In Fig. 1 a typical example of our Raman resonance
investigations is displayed. The resonant enhancement
of the TO, 1LO, and 2LO scattering intensities in HgTe
(111) near the E; gap (18 107 cm™1= 2.245 eV, Sec. III B)
is clearly observed. The one-phonon resonances shown in
Fig. 1 will be discussed in detail in Sec. VB.

For a quantitative comparison of experimental and the-
oretical results, the Raman scattering efficiency dS/d<2,
which is defined as the ratio between the scattered power
and the incident power per solid angle dQ and scatter-
ing length, is a convenient measure of the Raman signal
intensity. In order to obtain absolute values for the Ra-
man efficiency we used a sample substitution method,!
recording the scattered signal of the 522 cm—! 1LO line of
silicon as a reference. Each HgTe sample together with
the silicon crystal was glued on a sample holder which

Counts

FIG. 1. Resonance behavior of TO, 1LO, and 2LO phonon
Raman scattering in a (111)-oriented HgTe sample near the
E; gap (18107 cm ™! =2.245 eV). The signal intensities are
normalized with respect to the 1LO phonon Raman intensities
of Si.
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guaranteed that the alternating measurements were per-
formed at reproducible surface positions.
The observed counting rates I for the sample and I'* for

the reference outside the crystal are related to the Raman

scattering efficiency dS/dS2 inside the sample by':2
ds K*(wL,wS) ds* I(wL)
haindl =72 1
2“Y = Klop,ws) @ “Dr@y O

where dS*/dQ} is the Raman efficiency of the reference.
The functions K(wr,ws) and K*(wg,ws) are correction
factors for sample and reference, respectively, which ac-
count for absorption and reflection losses of the incident
light with frequency wy and the scattered light with fre-
quency wg as well as the different angles of collection
inside and outside the crystals. In the strong absorption
limit, which is valid for HgTe and Si in the energy re-
gions under investigation, the correction factors have the
following form:!

(l—RL)(l*Rs) (2)
(ap +as)nf
Here Ry (Rs) is the reflectivity for the incident (scat-
tered) intensity, ay (as) the corresponding absorption
coeflicient, and ng the index of refraction for the scat-
tered radiation.

The 1LO Raman efficiency of Si,?° as well as its absorp-
tion coefficient, reflectivity, and refractive index,3° were
taken from the literature. The corresponding optical con-
stants of HgTe were derived from the complex linear sus-
ceptibility x(E) obtained by a line shape analysis of the
reflectivity spectrum of the (111)-oriented sample at 5 K.
Since this procedure requires knowledge of the separate
contributions to the function x(E), we first consider the
optical properties of HgTe in the energy region of the E;
and F1+A; band gaps.

K(wL,ws) =

III. OPTICAL PROPERTIES OF HgTe

A. Band structure and optical susceptibility

HgTe is characterized by an inverted band structure
in the center of the BZ with respect to the majority of
zinc-blende compounds (Fig. 2). In typical direct gap
semiconductors such as GaAs, CdTe, etc., the lowest (Is)
conduction band originates from an s-like atomic state,
while the two highest valence bands (I's), which are de-
generate at the I' point, are of p-like character. Due to
relativistic effects the corresponding I's band in HgTe
falls below the I'g state, which is now both the bottom
of a conduction band and the top of a valence band.25:26
Hence due to this zero band gap the II-VI compound
HgTe is a semimetal.

However, the irreducible representations of the elec-
tronic states at the £ and F1+A; gaps, which occur on
the A lines (I' = L) in the BZ where the A4 5 (v1) and
Ag¢ (v2) valence bands (notation of Ref. 31) are nearly
parallel to the Ag conduction band (c), are the same as
in typical zinc-blende semiconductors. Note that for rea-
sons of symmetry there exist eight F; and E;+A; gaps
within the BZ, where the gaps along opposite valleys are
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FIG. 2. Schematic band structure of HgTe in the principal
symmetry directions A ([111]) and A ([100]), illustrating the

positions of several observed interband transitions (from Ref.
25).

Kramers degenerate. The F; and F1+A; band gaps can
be considered as two dimensional (2D) or M;-type crit-
ical points since here the reduced joint-density-of-states
mass g along A is very large in comparison with the
transverse mass f] .

The contributions of interband transitions at the E;
and E;+A; critical points to the linear susceptibility of
HgTe are given as a function of the energy E by!'2:32

82 [(cfé - plo1)|?

ByE) = In(1—z% Ye* (3
X (B) = Il T m ek )
and
o 2
XE1+A1 (E) - _ Sezﬂfldl_Al |(c|e ) pl’U2>|
\/gwaoeongz
X In(l1—z% 4 a,) etz (4)

The quantities zg, and zg, +a, in Egs. (3) and (4) are
reduced energies defined as zg, = E/(E; —iI'1) and
zg +a, = E/(Ey + Ay — iT3), respectively, where I’y
and I'; take into account the broadening of the corre-
sponding gaps. Here p,fl =[(1/mie)+ (1/myp1)]" " and
p A = [(1/mye) + (1/mop2)]™! are reduced joint-
density-of-states masses, where mi. (m_p1,n2) is the
mass of the conduction band ¢ (valence band v1, v2) in
the directions perpendicular to A. The phase angles ¢;
and ¢, describe the character of the 2D critical points
(¢ = 0 for a 2D minimum, ¢ = =/2 for a 2D saddle
point) as well as excitonic effects within the Koster-Slater
approximation.?® The importance of the electron-hole in-
teraction at M;-type critical points has been emphasized
by several authors.3373% The two optical transition ma-
trix elements (c|é - plvl) and (c|é - p|v2) correspond to
transitions at the E; and E;+A; energy gaps, respec-
tively, for a polarization of the light & and an electron
momentum p. In Egs. (3) and (4) ao is the lattice con-
stant, o the vacuum permittivity, e the electron charge,
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and mg the free electron mass.

Within k-p theory the reduced masses p,fl and uf""A‘
are approximately given by u®* ~ m2 (E; + A,/3)/ 3P’
and pf1tA x m (E; + 2A1/3)/3?2,36 where the Kane
matrix element P is defined as P := i(X|p,|S) :=
i (Y|py|S). The vectors X and Y are chosen to be per-
pendicular to the direction A. Since |{c|é - p|vl)|® =
l(c|é - pjv2)|? = P”/2,% Egs. (3) and (4) can be rewrit-
ten in a simplified form as

X (E) = —'g: (E1 + A1/3)In(1 — 2% ) e (5)
and
xP+o1(E) = —é%ﬁl_(El +2A./3)
x In(l - 2%, ,a,) €% (6)

introducing the real amplitudes A%+ ~ AFit+41
44/3¢? /9megag = 6.874 V. These amplitudes are treated
as adjustable parameters when determining the shape of
the optical susceptibility from experiment.

B. Reflectivity measurement and evaluation

The dispersion of the optical susceptibility x(F) in the
vicinity of the By and E;+A; gaps must be known ex-
actly to determine absolute Raman efficiencies by the
sample substitution method [Eq. (1)]. Ellipsometric mea-
surements on HgTe at room temperature have been per-
formed by Vina et al.2* and Ingale et al.> However, since
the critical point energies and linewidths strongly depend
on sample temperature, knowledge of the optical suscep-
tibility in the temperature range of the Raman measure-
ments is necessary.

In order to obtain the frequency dependence of the
optical susceptibility, the reflectivity of HgTe (111) in the
energy range from 1.1 to 3.5 eV was recorded at 5 K. The
part of this spectrum between 2.1 and 3.1 eV is shown by
the solid line in Fig. 3(a). The structure with two distinct
peaks due to the F; and F;+A; critical points [noted in
Fig. 3(a)] is excellently described by a theory [dashed line
in Fig. 3(a)] based on the optical susceptibilities x#* and
xFi+41 [Egs. (5) and (6)], and additional contributions
due to the Ey and E; gaps.???

We determined the parameters necessary for an analyt-
ical description of the optical susceptibility x(E) in the
energy range of the Ey and E;+A; critical points (tran-
sition energies, linewidths, amplitudes, phase angles) by
a line shape analysis of the measured reflectivity spec-
trum. A Kramers-Kronig transformation was performed
after every step of the fit procedure to yield the real part
of the underlying x(E) from the corresponding imaginary
part. Since Kramers-Kronig analysis requires knowledge
of the reflectivity over a wide energy range, additional
data below 1.1 eV and above 3.5 eV were taken from
the literature.?4:37 The fitted parameters are E; = 2.245
eV, 'y = 0.015 eV, AP = 5.639 eV, ¢, = 1.19 rad and
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E,+A;=2877eV, Ty =0.025 eV, AF1T41 = 6,389 eV,
¢2 = 1.23 rad. The values of the phase angles imply that
the E; and E1+A; gaps are affected by the excitonic in-
teraction, since these critical points are described as 2D
minima (¢ = 0) in a one-particle model.2* From the re-

HgTe (111) 1
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FIG. 3. (a) Experimental (solid line) and calculated reflec-
tivity spectrum (dashed line) of HgTe (111) at 5 K in the
energy range between 2.1 and 3.1 €V. The arrows at F; and
E; + A; mark the transition energies obtained from the fit. A
Kramers-Kronig analysis of the reflectivity spectrum yielded
the complex optical susceptibility of HgTe. (b) Absorption co-
efficient « and (c) LO correction factor K(wr,ws) for HgTe,
derived from the optical susceptibility.
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sulting optical susceptibility, the absorption coefficient o
[Fig. 3(b)] and thus the correction factor K (wr,,ws) [Fig.
3(c)] for HgTe was derived.

IV. THEORY

For one-phonon scattering, the Raman efficiency can

R d
be expressed as a function of the Raman tensor R in the
following form:?

ds wiwy, h ns.. 2 .
o= 564 TATCTN n—LIes - R -&r*[n(Qpn) + 1],
(7)

where &1 (&g) is the incident (scattered) photon polar-
ization vector, ny (ng) the corresponding index of re-
fraction, n(Qpn) the Bose occupation factor of an optical
phonon with frequency Qpp, Ve = ad/4 the volume and
M* = (1/Mug+1/Mr.) " the reduced mass of the prim-
itive unit cell, and ¢ the speed of light in vacuum. The

s
independent components of the Raman tensor R, called
Raman polarizabilities and labeled a, are related to the
transition amplitude Wy; [Eq. (12) in Ref. 12] between
an initial state |¢,&L) and a final state |f,&g) by*3®

"Lns‘_/g 1
27 o hwp

Wyi(és,8L) . (8)

Here 4o = (AV,/2VM*$,y) is the zero-point amplitude
of the optical phonon, where V is the crystal volume.
Theoretical expressions for the scattering amplitudes Wy;
can be derived in time-dependent perturbation theory.®®

Different mechanisms of scattering by TO and LO
phonons resonant near the E; and E;+A; gaps must
be taken into account. The corresponding Raman polar-
izabilities based on the assumption of free-electron—hole
pairs as intermediate states have been treated in detail
by Richter et al.3® and Kauschke et al.4

A. Allowed scattering by TO and LO phonons

Dipole-allowed scattering by TO phonons arises from
deformation-potential interaction only, including two-
band processes as well as three-band processes. An ad-
ditional contribution to dipole-allowed scattering by LO
phonons is due to Fréhlich interband (electro-optic) cou-
pling.

The Raman tensor for deformation-potential (DP)
scattering can be derived in third-order perturbation the-
ory. For backscattering at a (001) face it has the form?3°

o 0 app O
RDP,Z =|app 0 O . (9)
0 0 0

The contributions of the DP process to backscattering at
(110) and (111) surfaces will be discussed in Sec. IV C.
The Raman polarizability app in the vicinity of the E;
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and Ey+A; gaps can be written as a function of the op-
tical susceptibilities x®* and xF1*41 (Eqgs. (5) and (6)]:2

1 a%[ 1 s (de‘ dy 1+ )

P = drave| 2v2 e\ dE, T d(E,+ Ay)
Ey, _ L E1+4
yodd XX B} . (10)
y Al

The derivatives on the right-hand side of Eq. (10) are
given by (for By = E; and Ey = E;+A;, respectively)

dxFs

X T DX 3K 11

dE, = E, dE EX (1)
where the parameter £ describes the variation of the
transverse reduced joint-density-of-states mass uf” with
phonon perturbation. If the phonon does not affect the

electron band, ,uf" is independent of E, corresponding

to the case £ = 2. A linear dependence of pf” on E is
equivalent to & = 1.2

The Raman polarizability app [Eq. (10)] consists of a
two-band contribution arising from the phonon-induced
modulation of the gaps (deformation potential df,),*
a three-band term describing the coupling of the A4
and Ag valence bands (deformation potential ds ), and
a real constant B representing the contribution of inter-
band transitions far removed from the F; and F,;+A;
gaps. Equation {10) holds for the adiabatic approxi-
mation only (i.e., the limit where the phonon energies
can be neglected with respect to |hwy — E; + iT'1| and
|Awr, — Ey — Ay +iT3|), otherwise the derivatives in the
two-band term have to be replaced by the finite differ-
ences of the susceptibilities at £ = hwy, and F = hwg.
However, for AQ,n = I'y 2 (as is the case for the E; and
Ey1+A, gaps of HgTe at 1.5 K) the error using Eq. (10)
was shown to be less than 5%.3

The two-band terms give rise to sharp resonance max-
ima near E; + AQpn/2 and Ey + Ay + Afdpn/2 (for
M < T'q,T3); the three-band contribution produces
mainly a broad resonance between E; and F;+A;. The
sign of app is determined by the signs of the deforma-
tion potentials (df, < 0,d5, > 0).%*” Figure 4 shows
the effect of the three-band term on the resonance profile
of |lapp|®. The curves were calculated with Eq. (10) for
three different values of the ratio d3 ,/d} ,, using param-
eters appropriate to the F; and E;+A; gaps of HgTe.

The expression for the three-band term in Eq. (10)
is correct only under the assumption of an approximate
equality of the two optical transition matrix elements in
Eqgs. (3) and (4).! Consequently, Ingale et al.’ pointed out
that because of its inverted band structure the validity of
this requirement has to be verified in the case of HgTe.
Following Ref. 5, the amplitudes AF: and AF1+41 ob-
tained from the reflectivity measurement were analyzed
with regard to the two transition matrix elements be-
tween the states forming the E; and E;+A; gaps to
check the applicability of Eq. (10) in our case. Using
Egs. (3) and (4) and inserting the reduced joint-density-
of-states masses from k - p theory (Sec. III A), the ratio
was found to be |(c|& - p]v1)|?/|(c|é - p|v2)|* = 0.88, a



49 RESONANT RAMAN SCATTERING IN A ZERO-GAP. ..

| = DP

(03, / df) =

-0.74 (x 10)
Szl / -2 (x 3)
CUO Ei+dy
g 4 )
22 24 26 28 30
haw, (eV)
FIG. 4. Squared Raman polarizability of deforma-

tion-potential (DP) scattering, calculated with Eq. (10) using
parameters appropriate to the £y, and E; + A; gaps of HgTe
for three different values of the ratio d35,o /df’,o (-0.74, -2, and
—4) with fixed dls’,,. The value d;;z’yo/df,o = —0.74 corresponds
to the result obtained for HgTe (111) in this article.

result similar to that of Ref. 5. Thus our experiment
likewise shows the applicability of Eq. (10) to describe
DP scattering in HgTe.

Deformation-potential scattering by LO phonons® is
accompanied by electro-optic (EO) scattering due to
their macroscopic electric field Eyg, since the electro-
optic and deformation-potential interactions produce Ra-
man tensor contributions of the same symmetry.2™* The
ratio of a0 (EO and DP contribution to scattering
by LO phonons) to ato (pure DP scattering by TO
phonons) is determined by the complex Faust-Henry co-
efficient C,2°

2 _ 02
%_Ozl_QLo Q70 (12)

2 ?
aTo C QTO

where Qro and Q7o denote the frequencies of LO and
TO phonons, respectively. The dimensionless parameter
C is given by?

e*(9x/0u)
M+ QZTO (ax/aELo)

and is a measure of the relative strength of the DP
coupling [(x/du)] to the EO mechanism [(8x/dEL0)],
where e* is the effective charge associated with the opti-
cal phonons. The Faust-Henry coefficient can be either
positive or negative, leading to weakened or enhanced
scattering intensities for the LO phonon compared with
the TO phonon.?

C= (13)

B. Forbidden scattering by LO phonons

Scattering mechanisms violating the usual dipole selec-
tion rules [Eq. (9)] are called forbidden since the contribu-
tions of electrons and holes cancel exactly if the phonon
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wave vector q is taken to be zero (dipole approximation).
Due to the finiteness of the wave vector q these processes
become “allowed” in a backscattering configuration and
can produce higher scattering efficiencies than the dipole-
allowed terms in the proximity of critical points.?

Intrinsic forbidden scattering by LO phonons is pro-
duced by Frohlich intraband (F) coupling?! and, in ad-
dition, can be induced by electric fields due to space-
charge layers if the scattering volume is close to the
sample surface.!® As in the allowed case, intrinsic for-
bidden scattering obeys crystal-momentum conservation,

e., the phonon wave vector is given by q = k; — kg,
where ky, (kg) is the wave vector of the incident (scat-
tered) photon.

The Raman tensor of g-dependent Fréhlich intraband
scattering (two-band process) has been calculated in
third-order perturbation theory. Near the E; gap it has
the form*42

_.V3f 1 1 <e>2 V. —2

—F P
47ra0 wL(wLw5)1/2 4meg V1/27,
(

g
R,= =
F me

(ﬁQLo)Z se —5p1)[2 + (@ + B)(In S — Ina)]
4
2 A
X ero qzq—z(q 1 Q)Tz, (14a)
=1
_hwp —~ E; +1iTy _
= o , PB=a-1. (14b)

In Eq. (14a) CF represents the Frohlich interaction con-
stant: Cp = e[AQuo(1/e0 — 1/e5)/260]*/? [written in
terms of the static (es) and high frequency (eoo) di-
electric constants|, sc(n1) represents the reduced mass:
Se(h1) = Mie(h1)/(MLie + M1n1), and f the fraction of
the distance in the BZ between I' and L where the Ay
and Ag valence bands are nearly parallel to the Ag con-
duction band [f is estimated to be 1/2 in HgTe (Ref. 37)].
The unit vector &, characterizes the relative atomic dis-
placements in the LO phonon mode measured in Raman
scattering and is choosen here to be antiparallel to the

Axd
direction of q. The T, matrices describe projection op-
erators 1 — |&;)(&| onto the [ = 1,2,3,4 valleys (where
the &; vectors are unit vectors pointing in the direction
of the Ith valley) arising from the fact that only the ma-
trix elements P = i (X |p.|S) = i (Y |py|S) contribute to
optical transitions at the F; gap,

. 2 -1 -1 o 1f21 1
T,=c|-12 -1, T,=2|12 1],
-1 -1 2 1 -1 2
. 2 1 -1 . 2 -1 1
T,=-( 121 |, T,=-[-1 2 1
11 2 6\ 1 1 2

(15)

An expression similar to Eq. (14a) holds for the F1+A;
gap, with E1+iT; replaced by E;+A;+¢I'; in the quan-
tity a and the corresponding reduced mass sp, inserted.
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Exd
For backscattering at a (001) face R j, is diagonal, since

And
the sum in Eq. (14a) becomes §1:4

- ap 0 O
R,=| 0 ar 0 |, (16)
0 0 ar

where the Raman polarizability ar is given by

2V3f 1 1 e\ V. —2
arp =1t — | —m— P
Imap wr(wrws)l/? dmeg \mo ) V1/2%,
X_fé;_@ — sh1)
(ﬁQLo)2 e h1)q
X[2+ (a+B)(Inf —Ina)]. (17)

The Raman tensors for backscattering at (110) and (111)

>
faces are derived by a transformation of the T';, matrices

into coordinate systems with corresponding symmetries.
In the case of a (110) surface one obtains

. 3/4 0 0
Rp=ar| 0 1 0 |, (18)
0 0 5/4
and for a (111) surface we find
. 5/6 0 0
Rp=ap| 0 5/6 0 |. (19)
0 0 4/3

Figure 5 displays the resonance shape of |ar|? in the
vicinity of the E; gap of HgTe, calculated with Eq. (17)
for different values of the damping constant I'; and the
material parameters of HgTe. The squared Raman po-
larizability |ar|? produces maxima of nearly equal size at

E, Fo
r = 2meV ]
o ]
T = 5 meV 1
o i
= 25 meV | ]
'_(X 20) = 15 meV 7
[ L (x 10)
224 226 228 230 232

hw (eV)

FIG. 5. Squared Raman polarizability of Frohlich intra-
band (F) scattering, calculated with Eq. (17) using parame-
ters appropriate to HgTe for four different broadenings of the
E, gap (I'1 = 2, 5, 15, and 25 meV). The latter two values
correspond to the results obtained for HgTe at the E; and
E, + A: gaps, respectively.
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E; (incoming resonance) and Ey + AQLo (outgoing res-
onance). However, for I'; > 2 meV the two resonances
cannot be separated and only one resonance maximum
appears at E; + AQ1o0/2. The sign of ar depends on the
difference m ). — M h1(n2) < 0 and on Cr.*

Dipole-forbidden Raman scattering by LO phonons
can be enhanced if electric fields due to space-charge lay-
ers near the sample surface exist. The importance of this
process was shown by Pinczuk and Burstein!® for surface
electric fields of the order of 10* V/cm. The surface-field-
induced (E) mechanism should be particularly noticeable
in the vicinity of the E; and E; + A; gaps since in this
energy region the penetration depth of light (ca. 200 A
for HgTe) is of the same order of magnitude as the thick-
ness of space-charge layers. The corresponding Raman
tensor for backscattering at a (001) face is diagonal, as
in the case of Frohlich intraband scattering.®43° Since
real and imaginary parts of the Raman polarizabilities
of the E mechanism and the F' mechanism show a sim-
ilar dependence on laser energy and because the same
selection rules are valid,* the two processes cannot be
distinguished without applying an external electric field.
Consequently, we assume intrinsic forbidden scattering
to be primarily F induced and take E scattering into
account by multiplying ar with a constant factor.

An additional extrinsic dipole-forbidden scattering
mechanism proposed by Gogolin and Rashba!l involv-
ing electron-impurity interaction was shown to be oper-
ative near the E; gap in InSb (Ref. 3) and in the vicin-
ity of the E; and E; + A; gaps of GaSb.? In this case
the electron-hole pair is scattered twice, once due to the
Frohlich intraband interaction and once elastically by the
screened Coulomb potential of an ionized impurity. Al-
though impurity-induced scattering is a process calcu-
lated in fourth-order perturbation theory, its magnitude
can be comparable to intrinsic F-induced scattering.!®
This is mainly based on the fact that due to the repeated
interaction the momentum conservation q = ky — kg is
relaxed and LO phonons of an extended area of the BZ
participate in Raman scattering: the difference between
the phonon wave vector q and the small optical wave vec-
tor k; —kg is compensated by the impurity. In particular
the contribution of phonons with large q vectors strongly
increases the scattering efficiency of this mechanism be-
cause of the ¢ dependence of the Fréhlich intraband pro-
cess. Furthermore, processes relaxing the wave vector
conservation enable double-resonance effects*3 producing
an additional enhancement of the Raman efficiency.

- The squared Raman polarizability |ap|? of the

impurity-induced (FI) mechanism in the vicinity of the
E, (E; + Ay) gap has been calculated by Kauschke et
al.* For backscattering at a (001) face the Raman tensor
of the FI process is again diagonal. The Raman res-
onance shape of the impurity-induced mechanism near
the F; (E; + A1) critical point consists of an incoming
resonance at E; (E; + A;) and an outgoing resonance
at Ey + Ao (F1 + Ay + hQuo), where the outgoing
one is strongly enhanced by double-resonance effects.*
Therefore, with increasing broadening of the gap only
one maximum of the impurity-induced scattering occurs
at E1 + iQro/2 (E1 + A1 + ﬁQLo/Z).
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C. Interference effects in scattering by LO phonons

Since the long range Frohlich interaction and the
short range deformation-potential coupling are strictly
additive,® interference effects between allowed and for-
bidden scattering by LO phonons occur for suitable ge-
ometries. Deformation-potential and Frohlich intraband
scattering interfere coherently because both are intrin-
sic processes with the q vector of the final state (LO
phonon) fixed by momentum conservation. Thus, when
calculating the Raman efliciency of the interference be-
tween the two mechanisms the Raman tensors for allowed
and F-induced forbidden scattering have to be added
before squaring. In contrast, the tensor for impurity-
induced scattering must be added to the intrinsic con-
tribution after squaring, since the extrinsic mechanism
results in a broad distribution of final states with differ-
ent q vectors.'? In this paper we represent ap; by the
same expression as in Eq. (17), but shifted by AQpro/2
to higher energies. The two main effects of impurity-
induced scattering, the shifted resonance maximum and
its incoherent character, can be taken into account in this
way.

The selection rules for the described scattering mecha-
nisms in the energy range of the E; and E; + A, gaps for
backscattering at (001), (110), and (111} faces are sum-
marized in Table I. The notation of the crystal axes for
the (001) surface and the definition of the unit cell [Hg at
the origin and Te at ag/4 (1,1,1)] refers to that of Fig. 1in
Ref. 12. Such a convention is necessary because the [110]
and [110] directions are physically inequivalent in zinc-
blende compounds and the labeling depends on the po-

TABLE 1. Selection  rules of  dipole-allowed
and dipole-forbidden contributions to backscattering at (001),
(110), and (111) surfaces of zinc-blende crystals in the vicinity
of the E; and E1 + A, energy gaps. The Raman polarizabili-
ties are denoted by aro for allowed scattering by TO phonons,
aro for allowed scattering by LO phonons, and ar for Fréohlich
intraband scattering. The selection rules concerning impu-
rity-induced scattering (ar1) were calculated using the same
expression as for ar, but shifted by %10 /2 to higher ener-
gies. The positive or negative signs of aro in the interference
configurations were derived in a microscopic formulation of
DP scattering, which is not presented here.

(001) face: z = [001], y = [010], z = [001],
o' = J=[110], y’ = J5[110]
(1) Z(z',x')z

lar + avol|® + |aF1|?
(I1) zZ(y',y')z lar — aLo|? + |aF1|?
(IH) E(sz)zv E(yvy)z |aF|2 + ’G«FI|2
(IV) E(y,w)z, E(zvy)z |04LO|2

(110) face: 2 = =[110}, y = [001], z = ~5[110]

Z(z, )z
Z(y,y)z
2(y,z)z, Z(z,y)=z

(111) face: z = -[112], y = - [110], 2 = Z111]

|2ar — %GLOP + Zar1|* + ZlaTol?

Slar? + Xlari® + |aol|?
lar|* + |ap1|®
|laol?

zZ(z, )z, Z(y,y)z

Z(y, x)z, Z(z,y)z 2|aro/?
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sitions of cations and anions in the coordinate system.!?

In the case of backscattering at (110) and (111) faces
it is convenient to choose coordinate systems with cor-
responding symmetries. The scattering geometries are
written in the Porto notation defined as k. (ér,&s)ks.

For backscattering at a (001) surface, in the Z(z',z')z
configuration a destructive interference between allowed
and forbidden scattering by LO phonons at the E; gap
and a constructive interference at the E; + A; gap is ex-
pected: the sign of the three-band contribution to app
changes between E; and F; + A,, while real and imagi-
nary parts of ap have the same sign at E; and E; + A%
In the Z(y', ')z geometry the interference is constructive
near the F; gap and becomes destructive in the vicinity
of the E; + Ay gap. Thus, if the directions of the physi-
cally inequivalent axes ' ([110]) and y’ ([110]) are known
on a (001) surface, the signs of the deformation potentials
dy , and d3 , can be determined.® If the impurity-induced
mechanism dominates, the z(z',z')z and z(y',y')z con-
figurations should give nearly the same result, whereas a
different behavior is expected if the intrinsic mechanisms
play an important role.

V. RESULTS AND DISCUSSION
A. Scattering by LO phonons in HgTe (001)

We studied the resonance behavior of first- and second-
order Raman scattering by LO phonons in HgTe (001)
in the z(z',2")z (I), Z(v',y')z (II), Z(z,z)z (III), and
Z(y,z)z (IV) configurations (Table I). The directions
of the physically inequivalent axes z’ and y’ were de-
termined by a detailed x-ray diffraction study?* of the
sample surface.

A typical Raman spectrum of HgTe (001) is shown in
Fig. 6, recorded in the Z(z, z)z geometry at hwy = 2.347
eV. The 1LO line at 136 cm™!,*5 the 2LO scattering at
274 cm™!, and the 3LO process at 410 cm ™! are clearly
observed. A symmetry-forbidden TO signal was detected
at 116 cm™! (Ref. 45). An additional mode at 131 cm™1!,
in Fig. 6 a weak shoulder, shows a distinct resonant en-

HgTe (001)
15 K
-2(X.x)Z
hw_ = 2347 eV ]

~ 1L0

~2L0

o}
C +
3 1131 cm™
O

3L0

o J ]

50 100 150 200 250 300 350 400 450
Raman shift (cm'1)

FIG. 6. Raman spectrum of HgTe (001), excited at
hwy = 2.347 eV in the Z(z, z)z configuration.
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hancement near the E; and E; + A, gaps in a similar
manner as the 1LO process. The origin of this feature,
which is more intense in the Z(y, )z configuration than
in Z(xz,z)z geometry relative to the LO signal, is not
clear. However, using Green-function theory Talwar and
Vandevyver*® showed that Te atoms occupying Hg sites
in HgTe are able to produce a Raman-active phonon at
about 131 cm~! with only small changes in the nearest
neighbor force constant (less than 15%).

In Figs. 7(a)-7(d) the resonance behavior of the 1LO
scattering efficiencies in the configurations I-IV is dis-
played, expressed in terms of the squared Raman tensors

Axd

|€s- R-&r|? [Eq. (7)]. The error in the experimental data
mainly arises from the uncertainty in the Raman polar-
izability of silicon, which is known only to within 50%.2°
According to Table I, interference effects between allowed
and forbidden scattering are observed in configurations
I and II, while pure dipole-allowed and dipole-forbidden
scattering is expected in configurations III and IV, re-
spectively.

Comparing Figs. 7(a) and 7(b) with Fig. 7(c), the inter-
ference in the Z(z',2')z geometry is found to be destruc-
tive near the F; gap and constructive near the F; + A,
gap. In the Z(y',¥')z configuration the interference is
constructive in the vicinity of the F; gap and destructive

10 T T - T . T
g (a) HgTe (001) 1LO
< gt 15 K 4
o} -z(x'\x")z
Q
= 6 r E, 1
N——_
& T
AT Ei+dy 1
' l
<ol o i
& b M
. : S
0 . s .
22 24 26 28 30
ha (eV)
10 T T T T T T
Fo(c) HgTe (001) 1LO
8 + 15 K i
-z2(x,x)z

hw_ (eV)
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in the neighborhood of the F; + A; gap. The interfer-
ence behavior is compatible with the theory described in
Sec. IV C including the signs of the deformation poten-
tials df , and d3 ,. However, in contrast to the calculated
resonance profile the Raman efficiency near the E; + Ay
gap is higher in the Z(y',y')z configuration than in the
Z(z,z)z geometry. The squared Raman polarizability of
dipole-allowed scattering [Fig. 7(d)] near the resonance
maxima is about one order of magnitude lower than in
the case of forbidden scattering [Fig. 7(c)].

In order to compare the experimental data with the
theory reviewed in Sec. IV, dipole-allowed scattering was
represented by app according to Eq. (10), where the
electro-optic part of a0 was neglected for the present.
This additional contribution can be expressed using the
Faust-Henry coefficient taken from the ratio of arLo to
the corresponding atop measured in backscattering at
a (111) face (Sec. VB). As pointed out in Sec. IVC,
the impurity-induced mechanism was represented by
ap(wr — Q10/2). Following Menéndez et al® we in-
troduced a parameter € < 1 expressing the fraction of
forbidden scattering which interferes coherently with the
allowed scattering. Consequently, the noninterfering part
(1—¢) should be due to impurity-induced scattering. The
selection rules of Table I thus can be written as

}

—~ | )& HgTe (001) 1L0O {
< 8 i’ 156 K ]
© -Z(y'y')z
o
St 6 -
(\‘_
@
. E+ay
' l
o ° ]
@ &
0 L AQO”Q\&.
26 2.8 30
hw (eV)
6 T A T T T v T
— (@) | E4 HgTe (001) 1L0
< D l 15 K 1
L:)Q Wl -z(y.x)z |
9]
=37 ]
< Eq+dy
2| l
nlr .
< - %%o
0 . T .

26 28 . 3.0
hw, (eV)

22 24

FIG. 7. Squared Raman tensors for 1LO scattering in the vicinity of the E; and E; + A; gaps of HgTe (001), observed in
the (a) z(z',z')z, (b) 2(y',¥)z, (c) Z(z,z)z, and (d) Z(y,z)z configurations at 1.5 K. Note the different vertical scale in (d).
As in all subsequent figures, the vertical arrows mark the transition energies obtained from the reflectivity measurement. The

solid lines represent the best fit to experiment using Egs. (20).
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(@) |e/%ap(wr) + avo(wr)l?

+(1 - ¢)lap(wr — Qo/2)*, (20a)
(I) |e'/%afp(wi) — avo(we)|?

+(1 - ¢)lap(wr — QLo/2)|*, (20b)
(IIT) |/ 2ap (wi )| + (1 — €)|ak(wr — QLo/2)|*, (20c)
(IV) Jaro (wr)f? - (20d)

The Raman polarizability af differs from Eq. (17) by
a real multiplicative factor k fitted to experiment tak-
ing into account the surface-field-induced scattering as
well as excitonic effects neglected in the derivation of Eq.
(17). In the allowed case the excitonic interaction is in-
cluded by the use of the experimental data of the optical
susceptibility when calculating the Raman polarizability
app [Eq (10)]

The best fit based on one set of parameters using Egs.
(20) is shown by the solid lines in Figs. 7(a)-7(d). First
the Z(y,z)z configuration [Fig. 7(d)] was fitted treat-
ing the deformation potentials df , and d3,, the band-
deformation factor £ [Eq. (11)], and the real constant B
[Eq. (10)] as adjustable parameters. The remaining ma-
terial parameters of HgTe used are listed in Table II. The
calculation yields d3,/df, = —0.89, £ = 2, and B = 0.
Since dipole-allowed LO scattering in HgTe is distinctly
affected by the electro-optic contribution (Sec. VB), no
absolute values of the deformation potentials can be de-
rived from this measurement. Nevertheless, a remarkable
agreement between experimental data and DP theory is

TABLE II. Material parameters of HgTe, used to calculate
the Raman resonance profiles.

El =2269eV*®

Ef +A;=2901V?2
'y =0.015eV?

I'; =0.025eV?

AFr = 5639 eV P
AB1HA1 - 6389 eV P
¢ =1.19 rad ®

¢2 =1.23rad ®
iQro = 14.4 meV €
ﬁQLo = 16.8 meV ¢
ao = 6.445 A 9

mie = 0.123mg ¢

mihr = 0.332m0 €

M) h2 = 0470m0 €

M* =142166m, *
P=715x10"%eVsm '8
Cr=166x10"%evm!/2 P
C =0.96—-1i0.03"
d,=-199 eV
ds,=14.7eV}

g=2"

f=1/2%

®“Raman gap,” from allowed scattering in HgTe (001).
PFrom the line shape analysis of the reflectivity spectrum of
HgTe (111).

“From the Raman spectra.

dReference 47.

“From k - p expressions (Ref. 36).

fReference 48.

EReference 26.

hReference 45.

At hwy = 2.60 eV, from the ratio aro/aro (Sec. VB).
iFor HgTe (111), see Sec. VB.

kReference 37.
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obtained, whereas the differences at the high-energy side
of the E; + Ay gap are probably due to the absorption
corrections and the uncertainty in the Raman efficiency
of Si in this energy region.?®

In spite of the good description of the line shape, the
fit procedure required the whole resonance curve to be
shifted by 24 meV toward the high-energy side with re-
spect to the transition energies obtained from the re-
flectivity spectrum. Such energy differences between ob-
served resonant Raman peak positions and the ones cal-
culated from the optical constants are a well established
phenomenon at the E; and E; + A, gaps of zinc-blende
compounds.*?49753 This effect has been investigated in
detail by Carles et al.3 in the case of InAs, where the
shift between the optical gap and the “Raman gap” was
found to depend on the phonon involved but to be tem-
perature independent. However, no theory to account for
these experimental observations has been published.?*

Using the parameters obtained by the fit of the al-
lowed scattering resonance, the squared Raman tensors
for the I-1II configurations were fitted. The only ad-
justable parameters were the factors ¢ and k. The best
fit to experimental data was found for e = 1 and k = 4.1,
yielding an excellent agreement of the measured peak
maxima with theory near the E; gap. In the vicinity
of the E; + A, gap the experimental values are higher
than the calculated ones by a factor 2-3. Whereas the
Raman resonance profile of allowed scattering at the E;
gap is in very good accordance with the lifetime broad-
ening obtained from the optical spectrum (15 meV), the
resonance shapes of forbidden scattering [Fig. 7(c)] and
the interference configurations [Fig. 7(a) and 7(b)] show
a stronger broadening near the critical points. In addi-
tion, as observed in the case of InSb (Ref. 3) and GaSb,*
the resonance profiles recorded in the I-III configurations
display an asymmetric behavior on the high-energy sides
which is not predicted by theory.

Figure 8 displays the calculated dispersion of aro and

500 T T T T T T T T
| Re (a%) HgTe (007)
i i 1LO 1
250 [ i .
N
& |
= [
© 250 |
500 |
-750 L . ] . I N L . .
22 24 26 28 30
ho (eV)

FIG. 8. Calculated dispersion of the Raman polarizabilities

aio of allowed and a% of forbidden scattering, used to fit the
data in Fig. 7.
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a'p as a function of laser energy. Since m . —m,pi(n2) <
0, the real part of afr is negative at the incoming and
positive at the outgoing resonance. Because of the dom-
inance of the imaginary part the two resonances cannot
be observed separately. Whereas the components of o'z
have the same sign at E; and E;+ A, the imaginary part
of ayo0 changes its sign between the critical points, lead-
ing to a constructive interference at one and a destructive
interference at the other critical point, respectively.

The value ¢ = 1 obtained from the fit implies that the
forbidden scattering is caused totally by intrinsic pro-
cesses: no impurity-induced mechanism is necessary to
describe the observed interference behavior. The discus-
sion of this result requires a short review of the theory
of impurity states in zero-gap semiconductors, which is
a somewhat intricate problem. Impurity levels in these
materials occur in the continuous spectra corresponding
to either the conduction or the valence band. Therefore,
bound states should not exist, but only a certain change
in the density of states for energies of the order of the
Bohr energy of the impurity state. However, Gel’mont
and D’yakonov®® have pointed out that quasidiscrete ac-
ceptor states possibly exist in a semiconductor with zero
forbidden gap, provided the hole mass m] (at the I'
point) is much larger than the electron mass m,, as is
the case for HgTe [m] = 0.42mg, ml = 0.03mg (Ref.
56)]. Therefore acceptors in HgTe are neutral at low
temperatures, whereas donors should be ionized at ar-
bitrary temperatures. Thus, the vanishing contribution
of the impurity-induced mechanism at 1.5 K on the one
hand can be explained if either the acceptor concentra-
tion is negligible in Raman scattering or by a thermal
freeze-out of acceptor levels found in bulk HgTe at ener-
gies of E4 = 0.7 meV, 2.25 meV, and 9.5 meV in various
transport and magneto-optical investigations.?®%7 Evi-
dence for a temperature dependence in forbidden scatter-
ing has been given by measurements on p-doped AlSb.2°
Here the Raman efficiencies obtained at high tempera-
tures were stronger than at low temperatures, an ob-
servation that can be explained if ionized impurities are
involved in the scattering process. Such a mechanism
should be weaker at low temperatures when impurities
are frozen out. On the other hand, since donor levels
are expected to be ionized even at low temperatures, our
result implies that donorlike impurities do not exist in
our sample at a concentration high enough to affect the
Raman scattering. Recent publications!®!52! concern-
ing the scattering at the Fy and Ey + Ao gaps of several
zinc-blende semiconductors confirm that, at sufficiently
low temperatures and with typical impurity concentra-
tions n; found in undoped samples (n; < 107 cm™3),
forbidden scattering can be described very well without
taking into account an impurity mechanism. Remark-
able agreement between theory and experiment was ob-
tained assuming the discrete and continuous spectra of
Mott-Wannier excitons as intermediate states. The im-
purity mechanism turned out to be not as important as
previously!? assumed.

The scaling factor k = 4.1 describes the Raman effi-
ciency of dipole-forbidden scattering to be one order of
magnitude stronger in experiment than in theory. An
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enhancement of the experimentally obtained scattering
amplitudes with respect to the theoretical ones has been
also observed at the F; and E;+A gaps of GaSb and was
attributed to the electron-hole correlation in the interme-
diate states.? However, in that case the Raman polariz-
ability of F-induced scattering had to be increased by a
factor of 20 in order to fit the measured resonance pro-
files. Even within the error in the experimental data the
effect of the excitonic interaction seems to be less impor-
tant in HgTe than in GaSb. This fact manifests itself also
in the phase angles ¢, 2 describing excitonic effects on the
optical susceptibilities of Egs. (3) and (4). Whereas the
values ¢1 2 = 1.57 rad were obtained for GaSb,* the cor-
responding angles in the case of HgTe were found to be
¢1 = 1.19rad and ¢» = 1.23 rad. The decreased influence
of the excitonic interaction in HgTe may be explained by
the relatively large Bohr radius of the 2D exciton3® due
to the high value®® ¢, = 15.2 of the infrared dielectric
constant. In addition, the comparatively low value of
the scaling factor k£ points out that surface-field-induced
scattering is not important in our sample, as expected for
Raman scattering from an undoped semiconductor.%2:53

Besides the study of interference effects in 1LO scat-
tering, the investigation of 2L.O processes can provide in-
formation about the significance of the impurity-induced
mechanism. Although scattering by two LO phonons is
described in fourth-order perturbation theory,*%° the Ra-
man efficiency of this process can be comparable to F-
induced 1LO scattering since the phonon wave vectors
involved are not confined to the center of the BZ in this
case. On the other hand, if the impurity-induced mecha-
nism dominates, 1LO scattering is expected to be much
stronger than the 2LO process. The 2LO Raman effi-
ciency of HgTe (001) obtained in the Z(x,z)z configu-
ration is shown in Fig. 9. In the proximity of the E;
gap the Raman efficiency is lower than the correspond-
ing 1LO maximum (about 20 X 107% sr™! cm™?!) by a
factor of about 0.5. However, this 2LO/1LO ratio is dis-
tinctly higher than the value of about 0.01 determined for
GaShb at 10 K, where 30% of forbidden 1LO scattering
was found to be due to the impurity mechanism.* This
result thus is another indication of the negligible role of
impurity-induced forbidden scattering in HgTe at 1.5 K.
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FIG. 9. Experimental Raman efficiency for 2LO scattering
in HgTe (001) at 1.5 K in the Z(z, z)z geometry.
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B. Scattering by TO and LO phonons in HgTe (111)

At a (111) surface, in addition to dipole-allowed and
dipole-forbidden LO processes, TO scattering can be ob-
served in the Z(z,z)z geometry (Table I). The reso-
nance behavior of the squared TO Raman tensor in the
Z(z,x)z configuration is displayed in Fig. 10. The solid
line shows the best fit to experiment calculated with Eq.
(10). The differences between experiment and theory in
the proximity of the E; + A; gap are again probably
due to the uncertainty in the Raman polarizability of
silicon in this energy range.?® The fit required B = 0,
£ =2,d3,/d} , = —0.74, and the deformation potentials
d},=—-19.9 eV and dj , = 14.7 V. The remaining ma-
terial parameters used were those of Table II. Similar
to the case of allowed LO scattering in HgTe (001), the
resonance curve had to be shifted by 17 meV to the high-
energy side with respect to the transition energies ob-
tained from the optical spectrum. The values determined
for the deformation potentials have been confirmed with
a deviation of less than 10% by the measurements in the
Z(y, z)z configuration (not shown here), where the same
selection rules are valid (Table I).

Since no theoretical calculation exists for the optical
deformation potentials in HgTe, we compare our data
with the values obtained in Ref. 5 and both experimental
and theoretical results for other zinc-blende compounds.
Qur results are in fair agreement with the deformation
potentials, |d} | = 24 eV and |d3 | = 21.6 eV, found by
Ingale et al.’ via resonant TO scattering in a p-doped
HgTe (111) bulk sample at 90 K. We think that our
lower value of the three-band deformation potential is
reasonable, since due to the lower lifetime broadening at
1.5 K the competing effects of interband coupling and
electron damping on the resonance profile of |aTo|? are
suppressed. Our value for d15, , lies within the range of
calculations which yield values between —10 eV and —20
eV for many tetrahedral semiconductors.*® In contrast,
our results imply a striking deviation in the size of the
deformation potential d35,O with respect to all other inves-
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FIG. 10. Squared Raman tensor for scattering by the TO
phonon in the vicinity of the E; and E; + A; gaps of HgTe
(111), observed in the Z(z,z)z configuration at 1.5 K. The
solid line represents the best fit to experiment using Eq. (10).
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tigated zinc-blende materials. Using nonlocal pseudopo-
tential theory, Pétz and Vogl®® found for dj, values of
about 40 eV in many zinc-blende compounds. Experi-
mentally, Menéndez et al.® have obtained the deforma-
tion potentials df, = —16.2+ 4 eV and d5, = 32.9+ 8
eV for InSb; investigations on GaSb yielded the values
df, = —10 eV and d3, = 60 eV.* As already proposed
by Ingale et al.,® we think that the comparatively small
value of the three-band deformation potential in HgTe
is a consequence of its inverted band structure: The
phonon-induced mixing of the Ag valence band originat-
ing from an s-like and the A4 5 valence band arising from
a p-like state at the I' point (as is the case in HgTe) is
expected to be smaller than the coupling of two bands
both originating from p-like states (as in normal semi-
conductors).

Using the parameters obtained by the fit of the Z(z, z)z
TO resonance, a comparison of the calculated disper-
sion of apo with the corresponding one of aro [in HgTe
(001), Fig. 8] yields the Faust-Henry coeflicient of HgTe
(Fig. 11). According to Eq. (12) C = 0.54 — 10.04 at
hwp = 2.25 eV, C = 0.93 — 10.06 at hw; = 2.30 eV,
and C = 0.96 — 10.03 at Awy = 2.60 eV, which reflects
that the allowed scattering is weakened by the additional
EO contribution. The Faust-Henry coefficient proved
to be nearly real below and above the critical points
but becomes complex at the E; (C = 0.75 — 10.26 at
hwy, = 2.275 eV) and E; + A; gaps and above Ey + A;.

No theoretical study is available concerning the Faust-
Henry coefficient of HgTe, and therefore we compare our
result with values obtained for other zinc-blende com-
pounds. Theoretically, the parameter C' was predicted
to be negative in many III-V cubic materials, equiva-
lent to an enhancement of allowed scattering by the EO
process.5® This fact has been confirmed experimentally
for several of the ITI-V compounds.}?** The ab initio cal-
culation of Flytzanis®® also implies that the Faust-Henry
coefficient is negative in all II-VI cubic compounds. In
contrast, a theoretical study by Kelly? predicted a pos-
itive Faust-Henry coefficient in ZnS and CdO. In var-
ious experiments negative as well as positive values of

15 e T T
L HgTe 15K

hw, (eV)

FIG. 11. Faust-Henry coefficient C for HgTe in the energy
range of the F; and E; -+ A: gaps at 1.5 K, obtained by a
comparison of the calculated dispersion of aro [HgTe (001)]
and aro [HgTe (111)] using Eq. (12).
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FIG. 12. Squared Raman tensor for scattering by the LO
phonon in the vicinity of the E; and E; + A; gaps of HgTe
(111), observed in the Z(x,z)z configuration at 1.5 K. The
best fit to experiment using Egs. (10), (12), and (17) is shown
by the solid line.

the coupling constant C were determined in II-VI type
crystals. 260762

Figure 12 displays the squared Raman polarizability of
the LO scattering in the Z(z, )z geometry. According to
Table I, a constructive interference between allowed and
forbidden scattering near the F; gap and a destructive
interference near the E; + A; gap are expected. The
latter behavior is clearly observed in Fig. 12. The best
fit to the experimental data is shown by the solid line in
Fig. 12. Following the results in HgTe (001) only intrinsic
(F-induced) forbidden scattering was taken into account,
and the parameters obtained for allowed LO scattering
in HgTe (001) were used. A scaling factor of k = 4.6 is
required in order to fit the squared Raman polarizabil-
ity to the experiment, in good conformity with the result
for the (001)-oriented sample. As in the case of HgTe
(001) [Fig. 7(b)] the resonance maxima of this interfer-
ence profile are shifted to higher energies with respect to
TO scattering. The asymmetries at the high-energy sides
observed in HgTe (001) also appear in the present case.

C. Scattering by TO and LO phonons in HgTe (110)

For backscattering at a (110) face, TO phonon and for-
bidden LO phonon scattering occur in the Z(z, )z geom-
etry (Table I). In the measured spectra (not shown here),
a distinct feature below the TO phonon (Raman shift of
116 cm™!) was observed at about 109 cm™!. A mode
with nearly the same frequency (108 cm™!) has been
found previously in far-infrared®* and Raman spectra®
from HgTe and was assigned to an antisite defect in
which Hg occupies a Te site. Calculations by Talwar
and Vandevyver® confirmed that such a configuration
can produce a mode at about 105 cm ™.

The resonance shape of the squared TO Raman po-
larizability measured in Z(z,z)z geometry is shown in
Fig. 13. The solid line displays the best fit to exper-
iment using Eq. (10). The calculation using material
parameters of Table II required the following: B = 0,

FIG. 13. Squared Raman tensor for scattering by the TO
phonon in the vicinity of the E; and E; + A, gaps of HgTe
(110), observed in the zZ(z,z)z geometry at 1.5 K. The solid
line represents the best fit to experiment using Eq. (10).

£=2,dj,/d}, = —0.59, and the deformation potentials
d?, = —21.9 eV and d3, = 13.0 eV. This result corrob-
orates the values of the deformation potentials found in
HgTe (111). The resonance profile was shifted by 14 meV
to the high-energy side with respect to the transition en-
ergies obtained in the optical spectrum. A comparison of
the differences between the optical gap and the Raman
gap observed in the (001)-oriented sample (LO scatter-
ing) with the corresponding differences for TO scattering
in HgTe (111) and HgTe (110) indicates that the Raman
gap depends on the phonon involved in the scattering
process.

Figure 14 shows the squared Raman polarizability of
the LO phonon in HgTe (110) obtained in the Z(z,z)z
configuration. Only F-induced scattering was taken into
account in order to calculate the resonance profile. Us-
ing the parameters of Table II and the transition energies
from allowed TO scattering, Eq. (17) describes the mea-
sured maximum values well if ap is multiplied by a pref-
actor k = 3.1. However, the positions of the peak max-
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!
o L
_
QO 5
HI. ° E1+A1
o O O%900m 1 " vy mm i
22 24 26 28 30
hew, (eV)

FIG. 14. Squared Raman tensor for scattering by the LO
phonon in the vicinity of the E; and E; + A; gaps of HgTe
(110), observed in the Z(z,z)z configuration at 1.5 K. The
best fit to experiment using Eq. (17) is shown by the solid
line.
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ima, the broadenings, and the asymmetric behavior at
the high-energy sides of the resonance maxima are again
not reproduced by theory. A theoretical explanation of
these phenomena which were also observable in Raman
scattering near the E; gap of InSb (Ref. 3) and in the
vicinity of the E; and E; + A; gaps of GaSb (Ref. 4)
is still lacking. Nevertheless, in an energy range where
the light penetration depth typically is limited to about
200 A, different surface effects could modify the Raman
resonance shape predicted by theory.

VI. CONCLUSIONS

We have determined the absolute TO and LO phonon
Raman scattering efficiencies in HgTe in the energy range
of the E; and F; + A; band gaps from (001), (110),
and (111) surfaces. The values have been compared with
a theory for deformation-potential, Frohlich intraband,
and impurity-induced scattering assuming free-electron—
hole pairs as intermediate states. However, in the case of
the deformation-potential process the effect of excitons
was taken into account by using the experimentally ob-
tained shape of the optical susceptibility to calculate the
scattering efficiency.

The investigation of interference effects between
dipole-allowed and dipole-forbidden LO scattering in
HgTe (001) has clearly demonstrated that impurity-
induced scattering is negligible in our sample at T' = 1.5
K. The Raman efficiency of Frohlich intraband scattering
appeared one order of magnitude stronger in experiment
than in theory, a fact that can be explained with the
electron-hole correlation in the intermediate states.*

The optical deformation potentials evaluated from TO
scattering in HgTe (111) and HgTe (110) confirmed the
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results obtained previously by Ingale et al.> Our values
are able to reproduce the TO resonance shape presented
in Ref. 5 within the error bars given by the authors when
the different lifetime broadenings in both cases are taken
into account. By means of the investigation of the inter-
ference effects in HgTe (001) the signs of the deformation
potentials are also clarified now.

The reduced strength of the DP interband coupling
near the F; and F; + A, gaps of HgTe with respect to
other zinc-blende compounds is probably a consequence
of its inverted band structure in the center of the BZ.5 In
contrast to the results reported in Ref. 5, no experimental
evidence for three-band contributions to dipole-forbidden
scattering was obtained.

The electro-optic contribution was found to reduce in-
tensity of the dipole-allowed scattering by LO phonons,
resulting in a positive value of the Faust-Henry coupling
coeflicient in the energy range under investigation. As
prevouisly observed in many III-V compounds, the E;
and E; + A; band gaps are shifted to higher energies in
Raman scattering with respect to the ones obtained from
the optical spectrum. This effect still lacks a theoretical
explanation.
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