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Raman scattering from coupled plasmon-phonon modes in HgTe
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An inelastic-light-scattering experiment from the (100) face of p-type HgTe, a zero-band-gap

semiconductor, is reported. The spectral features, which involve coupling of the longitudinal pho-

non mode with the multicomponent plasma comprised of light electrons in the I 8 conduction band

and heavy holes in the 1", valence band, are analyzed by calculating Irn[e '(q, co)], where e(q, co) is

the frequency- and wave-vector-dependent dielectric function of the medium. The sharp peak at

138 cm ' is ascribed to "forbidden" LO-phonon scattering. The partially screened allowed LO

phonon appears as a broad peak around 127 cm ', which is higher than the TO-phonon frequency
(-118cm '). The hole carriers give rise to additional features in the spectrum around 160 cm

The results of infrared-reflectivity measurements by Grynberg et al. are also discussed in light of
Raman data. While the ir spectra can be analyzed using e(co), it is seen that a finite wave vector in-

volved in the light-scattering experiment modifies the phonon-plasmon spectrum profoundly.

I. INTRODUCTION

Coupling of carriers (electrons or holes) with polar
longitudinal-optical modes in doped semiconductors have
been extensively investigated by an inelastic-light-
scattering technique. ' The macroscopic electric field as-
sociated with both of these excitations provides a strong-
coupling mechanism. The frequency —wave-vector
dispersion relations of the coupled modes LO+ (q) can be
obtained from a knowledge of the frequency- and wave-
vector-dependent dielectric function e(q, co) of the medi-
um. Much of this work has been carried out in n-type
GaAs. ' e(q, cu) can be expressed as sum of the contribu-
tions arising from phonons e z, electronic intraband tran-
sitions e„and electronic interband transitions e;„„,.
Since characteristic phonon energy is a small fraction of
the electronic band gap even in narrow-band-gap semi-
conductors like InSb, the last term can be taken as con-

stant in the phonon frequency range and is generally
represented as e( ~ ). HgTe, a zero-band-gap semicon-
ductor, provides an interesting and a rare example where
electronic transition energies between the valence (I s)

and conduction (I s) bands overlap with phonon energy
(Fig. 1). Consequently it cannot be simply included in
e( ~ ). Grynberg et al. have shown that contribution of
a frequency-dependent dielectric function corresponding
to the above interband transitions has to be explicitly
considered in order to explain the observed infrared spec-
tra of phonon-plasmon modes in HgTe.

In this paper we describe the results of our Raman
measurements on longitudinal coupled modes in HgTe at
difFerent temperatures. We find that a finite wave vector
involved in a light-scattering experiment has to be explic-
itly taken into account in analyzing the frequency and
line shape of the coupled modes.

II. EXPERIMENTAL DETAILS AND RESULTS
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FIG. 1. Energy-band structure of HgTe. The negative ener-

gy gap E0-0.3 eV, spin-orbit splitting hp-0. 9 eV, El -2. 1 eV,
and 6& -0.6 eV. The ordering of conduction and valence bands
near the zone center and position of Fermi level EF at T=O K
for intrinsic HgTe are indicated separately. I 8~I 8 interband
transition energies overlap with phonon energy.

Thin p-type HgTe samples (-0.5 mm thick) were cut
having the (100) face. From Hall-coefficient measure-
ments at liquid-nitrogen (LNz) and higher temperatures,
the hole carrier concentration was inferred to be around
5X10' cm . For Raman scattering experiments in the
backscattering geometry, the face was mechanically pol-
ished and followed by etching in 0.01% Br2 —methanol
solution. The specimen was mounted on the cold finger
of a LN2 cryostat. The Raman spectra were excited with
the available lines of Ar+ and Kr+ lasers. The incident
laser energies fall on either side of the E, band gap (-2.2
eV) of HgTe (Ref. 7) (Fig. 1). To avoid laser heating, the
incident power was kept between 50 and 100 mW and the
beam was focussed into a slit-shaped spot (size
-50 pmX1. 2 mm) on the sample surface. A computer-
controlled-laser Raman spectrometer was employed for
data acquisition and processing. As the Raman scat-
tered intensity from Hg Te is very weak, the spectra were
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generally recorded without placing the Polaroid in the
scattered beam.

Figures 2 and 3 show the spectra recorded from the
(100) face of HgTe at various temperatures using different
exciting laser lines. The low-frequency mode around 100
cm ' is believed to arise from combination modes
and is not relevant to our present discussion of coupled
modes. The band around 127 cm ' labeled as LO is a
coupled mode and the sharp peak at 138 cm ', seen
prominently in the low-temperature spectra, is an "un-
screened" LO mode. A broad feature appears around
160 cm '. Intensity at 118 cm ' is also seen in some of
the spectra corresponding to the position of the TO-
phonon line. TO-phonon intensity is forbidden, however,
in this geometry according to the usual selection rules. '

III. THEORY AND ANALYSIS

Light scattering by the coupled modes can arise (i) via
electron density fluctuations and (ii) via the deformation
potential and electro-optical mechanism. ' The former
dominates when energy of the exciting laser radiation ap-
proaches energy gaps that involve states of free carriers.
In the present experiment, energy of the incident laser ra-

diation is close to E, which is situated at the Brillouin-
zone boundary (Fig. 1) and the free carriers are eventual-
ly located at the I point. Hence the charge-density
mechanism is not expected to be important. For the de-
formation potential and electro-optic mechanism, the
spectral line shape for the excitation of the coupled
plasmon-phonon system is given by

ANI.A(q, co)= 1 —exp

2 2
NO N

2 2
NTO N

(la)

where NTO is the transverse-optical frequency and No is a
parameter with dimensions of frequency related to the
Faust-Henry coefficient. A typical value of the wave vec-
tor transferred in the present light-scattering experiment
is q=q0-0. 8X10 cm

When incoming photon energy approaches an energy
gap of the material„a q-dependent Frohlich interaction
can contribute significantly to the scattered intensity for
the polar longitudinal modes. This is termed as "forbid-
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FIG. 2. Raman spectra of HgTe (100) recorded with 100 mW
0

of 4765 A at different temperatures. The short-dashed lines on
the vertical scale indicate the zero shifts for the upper two spec-
tra, respectively. Notice the weak feature around 160 cm
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FIG. 3. Raman spectra at 280 K with different excitation
wavelengths 4965, 5145, and 5682 A. The former two corre-
spond to energies greater than El and the latter to less than the
gap. The zero shifts are indicated on the vertical scale. The
broad feature around 130 cm ' is LO . Note the decrease in
intensity when the exciting wavelength lies below the El gap.
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den" scattering in contrast to the allowed scattering
mechanism discussed above. The corresponding line-
shape function can be written as

—1

AQ)
LF(q, co) = 1 —exp q Im . (lb)

e q, co

+eh(q, co)+e;„„,(q, co) . (2)

The subscripts refer to phonons, electrons in I 8, holes
in the I s band, and I s~ I s interband transitions (Fig. 1).
The remaining interband contributions to e are in effect
included in e( ~ ). As the dispersion of the optical branch
is practically zero in the neighborhood of zone center, mph

can be treated as q independent for q of the order of one-
hundredth of the Brillouin zone. The expression used for
calculating the various terms in Eq. (2) are discussed
below.

We have

The various processes whose contributions to e(q, ~)
need to be considered in p-type Hg Te are

e(q, cu)=e(~ )+e „(q,c0)+e, (q, co)

et al. ' from ir measurements are F=4.7 and coTo-118
cm ' and they are found to be almost temperature in-
dependent. We use the above values in our calculation.

The electron carrier density in Hg Te at a finite temper-
ature is contributed by (i) photoexcited carriers in the
conduction band because of laser irradiation and (ii) the
thermally excited carriers. Taking the absorption
coeScient of Hg Te as -2 X 10 cm in the visible, ' for
an incident laser beam of about 100 mW with a spot size
of 50 pm X 1.2 mm, the number of photoexcited carriers
is estimated to be —1X10' cm . Contribution from
thermally excited carriers becomes comparable to this
value at temperatures above 120 K.' With this electron
concentration and the effective electron mass of
m,' =0.03m, (Refs. 7 and 15) (m, being the free-electron
mass), the Thomas-Fermi screening wave vector works
out to be q„-0.9X10 cm '. Since the wave vector
transferred in the light-scattering experiment is also of
this magnitude and the electron Fermi energy (-40 meV)
is not very large compared to kT, the electronic intra-
band contribution to the dielectric function has to be
evaluated in the Lindhard-Mermin formulation. The
relevant expression is given by

FcoTg2

~eh 2 2
COTo CO

(3)

F is the oscillator strength of the TO phonon having
frequency ~To. The values as determined by Grynberg

I

4n(1+i I, /co)[yo(q, co+i I, ) j
e, (q, co) = 1+(iI, /co)[y 0(q, co+i I, )/go(q, 0)]

where

(4)

r

2~ q q m,'+2 q m,' —2 co —i2 I, q m,' —2 q m,*+2 co+i2 I,

TABLE I. Parameters used in the calculation of e(q, co) and Raman line shapes at T=165 K for
Hg Te.

To:
COO'.

ne:
m, /m, :

m„/m, :

r„:
g(oo ):

qo:

' Reference 5.
Reference 13.' References 7 and 15.

Oscillator strength of the TO phonon
TO-phonon frequency
Parameter related to Faust-Henry
coefficient
Absorption coefficient for visible
radiation -5000 A
Electron carrier concentration
Electron effective mass in I 8 band
in units of free-electron mass
Electron damping parameter
Hole carrier concentration
Hole effective mass in I 8 band in
units of free-electron mass
Hole damping parameter
Dielectric constant at frequencies
large compare to I 8~I z interband
transition energies
Wave-vector transfer in the
light-scattering experiment

47'
118 cm
50 cm

2X10' cm-lb

2X10" cm
0.03'

12 cm ''
5X10" cm

0.4'

50 cm
10'

SX10' cm
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FIG. 4. Contributions to real part e& of the dielectric con-
stant due to intraband and interband scattering processes in the
vicinity of phonon energy. The results presented here are for
average q ( =0.8X10 cm ') involved in the light-scattering ex-

periments.
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FIG. 5. Contributions to imaginary part e& of the dielectric
constant due to intraband and interband scattering processes in
the vicinity of phonon energy. The results presented here are
for average q ( =0.8 X 10' cm ') involved in the light-scattering
experiments.

The calculated curves using the parameters given in
Table I are shown in Figs. 4 and 5.

The hole carriers in p-type HgTe are contributed by
the I 8 band. Given a carrier density of nz -5X10'
cm (Ref. 6) and hole mass mz =0.4m„' the Thomas-
Fermi screening wave vector q,z -4X10 cm '. Thus
for the hole plasma, the condition q & q,z holds. Howev-
er, since qvI& -A~, where vI& is the hole Fermi velocity,
we use the hydrodynamic model to calculate ei, (q, cu):

e( 00 )cgj

eq(q, co) =
[co —

( —,')q vI&)+i I z

(6)

where co =4nne /e( ao )mi„. and I z is hole-plasma
damping parameter. The imaginary and real parts of eI,
are shown in Figs. 4 and 5.

The contribution to the imaginary part of the dielectric
function arising from interband transitions between the
heavy-hole valence band F~ and the electron conduction
band I's (Fig. 1) is given by'

2

e„'„,= fd k ((k+q, e~e 'q'~k, v )) (f, f, )5(E, ( k+q) —E,(k) —Ace), —
m q

f, and f„being Fermi-Dirae distribution functions given
by

f„=(1+exp[(EF—E)/kT])

and

f, =
( 1+exp[( E E~ ) /k T])— The Fermi energy for the p-type Hg Te is calculated in

the parabolic-band approximation with m,' =0.03m, and

m& =0.4m, . The lower valence band 16 is ignored for
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this calculation at subambient temperature as it is —300
meV away from the upper heavy-hole valence band I 8

and the exact carrier concentration is not known. Using

n, =

nh—

(2m,*kT)
J F. ' f (E)dE,

(2m„kT) f ( E)—"f„,(E)dE .

The integration is performed numerically over a range of
EF values. Of these the EF value that results in correct
hole concentration at a given temperature is used for cal-
culating interband contribution to the dielectric constant.
It may be mentioned that the situation is quite complex
here owing to the presence of trapped electrons on the
vacant Hg sites. However, because of large concentra-
tion of holes (-5X10' cm ) which remains more or
less temperature independent, it is possible to obtain an
estimate of EF.

The real part of e(q, co) is obtained by Kramers-Kronig
inversion of the imaginary part. These are plotted in

Figs. 4 and 5.
As the refractive index of the crystal is complex for the

laser wavelength employed in this experiment, the effect
of absorption on the line-shape function [Eq. (I)] has to
be taken into account. The absorption coefficient
a -0.2 X 10 cm ', it contributes a spread to the mean
wave vector qo-0. 8 X 10 cm '. Equations (la) and (lb)
are integrated to obtain the Raman line-shape function in

backscattering geometry as follows:

(q —qo) +(2a)

The line-shape function L„(cu) calculated using Eq. (8)
is shown in Fig. 6. By comparing with the experimental
data Figs. 2 and 3, we find that the LO mode (-127
cm ') lies above coTo. This feature can be related to in-

complete screening of the longitudinal-optic phonon
mode by the electron plasma since the phonon wave vec-
tor qz (-0.8X10 cm ') is of similar magnitude as the

screening wave vector q„(-0.9 X 10 cm '). The hole-

plasma term only modifies the line shape and contributes
to the wing at higher frequencies. It is important to point
out here that even though electron concentration in-
creases with increasing temperature (1 X 10"cm at 120
K to 3 X 10' cm ' at 250 K), ' the position of the LO
peak does not shift appreciably. This is because the elec-
tron plasma screening wave vector q„ increases by only
20% over the above range of concentration and the cor-
responding shift in LO is less than 3%. The above pre-
diction is in agreement with our experimental observation
of the behavior of LO as a function of temperature. It
is relevant to mention here that in the Raman spectra
from the (111) face of HgTe, Amirtharaj et al. ' observe
a broad feature around 133 cm ' which they ascribe to a
screened LO phonon. For the upper plasmon branch,
calculation indicates that LO+ (&200 cm ') should in-

crease rapidly with increasing n, but it gets overdamped
because of large contribution of Im(e, ) (Fig. 5). Experi-
mentally, we also do not observe any clear evidence of the
LO+ mode.

We next discuss the origin of the sharp peak which ap-
pears at —138 cm ' and is particularly prominent in the
low-temperature spectra (Fig. 2). The intensity of this
line shows a strong resonance behavior when energy of
the exciting laser radiation is close to the E& energy-band

gap. Further, intensity in the off-diagonal geometry is

only 10% of that in the diagonal geometry. Thus, the
origin of this mode can be ascribed to "forbidden" q-

dependent LO scattering. The resonance behavior of this
mode has been discussed in detail in our earlier paper. It
may be noted here that intensity variation of the coupled
mode spectra as a function of the exciting laser wave-
length (Fig. 3) follows qualitatively the behavior exhibited
by the TO mode. "

The line-shape function LF(q, co) for the forbidden
scattering process can be calculated using Eq. (Ib) and q
integration can be performed as in Eq. (8). In Frohlich
interaction, excitations with large wave vectors dominate
in the scattering process. For these relatively large q
values, the electric field associated with the LO mode is
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FIG. 6. The spectral line shape for the allowed light scatter-
ing from phonon-plasmon coupled system calculated using Eq.
(la) with parameters given in Table I. The experimentally ob-
served feature at -95 cm ' (Figs. 2 and 3) can be reproduced
by including an additional oscillator (Refs. 5 and 10).
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FIG. 7. The spectral line shape for the "forbidden" light
scattering from phonon-plasmon coupled systems calculated us-

ing Eq. (1b) with parameters given in Table I.
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not effectively screened by the carriers and e;„„,also be-

comes negligible. The result of the calculation is present-
ed in Fig. 7. A sharp peak appears at 139 cm ' and a
broad hump at 160 cm ' which is contributed by the
hole plasma. These features are in excellent qualitative
agreement with the observed spectra (Figs. 2 and 3).

It is interesting to point out here that in ir experiments
on n-type HgTe, Grynberg et al. observe the coLo fre-

quency at 132 cm ' in the absence of carriers at 8 K. In
this case, q can be taken as zero. Consequently, Eq. (2)
takes the form

Some of the spectra shown in Fig. 2 indicate the pres-
ence of intensity around 118 cm ' which corresponds to
TO-phonon frequency. From selection rule considera-
tions, TO (q ~0) is forbidden in the backscattering exper-
iment from the (100) face. Since the p-type Hg Te sample
has Hg vacancies, impurity-induced scattering leading to
wave-vector nonconservation can give rise to finite inten-
sity for the TO phonon. '

IV. CONCLUSIONS

e(co) =e(co)+e~b(to)+e;„„,(co) .

e;„„,(co) has large contribution for q=0 (Ref. 5) and
the peak in Im(1/e) now occurs at 132 cm '. This ex-
plains why the "unscreened" LO-phonon mode manifests
at different frequencies in Raman and ir experiments. It
may be emphasized here that we do not expect to see the
"allowed" unscreened LO phonon in Raman scattering
experiments because of the presence of photoexcited car-
riers which screen the mode even at the lowest tempera-
ture. ' ' In most other semiconductors, however, the ob-
served unscreened LO peak is attributed to the allowed
LO scattering from the depletion layer.

Peak intensity of the forbidden LO mode at 138 cm
is seen to decrease with increasing temperature (Fig. 2).
Excitonic contribution to intensity of the forbidden LO
mode near resonance at the E, gap can be expected to be
large at low temperatures. As the exciton band broadens
rapidly with increasing temperature, its contribution to
forbidden scattering becomes progressively less.

The analysis of the results presented in the previous
section brings out the interesting fact that the spectra
contain features of both allowed and forbidden Raman
scattering from coupled phonon-electron-hole plasma. It
may be noted in this connection that most of the work re-
ported so far in the literature relates to allowed scattering
from coupled phonon-electron systems in semiconduc-
tors. An explanation is also given as to why in HgTe the
"unscreened" LO phonon occurs at 132 cm ' in infrared
experiment and at 138 cm ' in Raman experiments in
terms of the interband contribution to the dielectric func-
tion e(q, to).
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