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In a-HgS, cinnabar, grown by chemical vapor transport, a sharp photoluminescence feature is found at an
energy E(X;) = 1.873 eV. Absorption measurements show that this peak is due to resonance fluorescence
associated with an electronic transition. When the Raman spectrum of such samples is excited with laser
energy fiw; in the range 1.865-1.885 eV provided by a dye laser, new Raman lines appear at 21, 33.5, 67,
and 101 cm~!. These lines exhibit a pronounced resonance in the spectral dependence of their scattering
intensity. The 33.5- and 67-cm™! lines, for which we have a complete spectral dependence, show a resonance
peak at fiw; = E(X,) as well as for #iw; = E(X,) + the phonon energy. The shape of their resonance curves
agrees well with that predicted by the theory of the resonance Raman effect. These resonance curves also
exhibit a péak at #iw, = E(Z,) + the phonon energy, where E(Z,) = 1.870 eV. The 33.5-, 67-, and 101-
cm~' Raman lines are ascribed to the first, second, and third harmonics of a Raman inactive 4, (TO) mode,
activated under resonance conditions as a result of a breakdown of the usual selection rules. The 21-cm™!
line can be interpreted as an “in-band resonant mode.” The zone-center Raman-active phonons at 43 and

48 cm™!, of 4, and E symmetry, respectively, also show a resonance enhancement for #w; = E(X)).

I. INTRODUCTION

The trigonal form of mercury sulfide, cinnabar
or a-HgS, is a wide band-gap semiconductor,
which exhibits a pronounced band-edge dichroism,
a large birefringence,? remarkable optical activ-
ity,%* and one of the strongest acousto-optic
effects observed.® The luminescence of cinnabar
has been studied both by electron-beam excita-
tion®™* and by above band-gap photoexcitation.'®
Using hydrothermally grown as well as naturally
occurring cinnabar, these groups have reported
green, yellow, and red luminescence which they
attribute to edge emission, impurity bands, and
donor-acceptor pairs. In chemical vapor trans-
port grown (CVT) mercury sulfide, excited by
above band-gap radiation, we have reported!®
features similar to those seen by the abave
authors. In addition, with below band-gap exci-
tation, we observed new photoluminescence fea-
tures ~0.4 eV below the band-gap, some of which
are remarkably sharp. A detailed description of
this photoluminescence spectrum will be reported
in a separate publication.'”

The zone-center optical phonons have been
studied both by infrared reflectivity'®™! and by
Raman scattering.?!*?> Employing these two
techniques, all the expected zone-center optical
phonons have been identified.?®> The spectral
dependence of the Raman scattering intensity has
proved to be a valuable technique in the investi-
gation of the electronic states in the crystal par-
ticipating as intermediate states in Raman scat-
tering.?* For example, resonant Raman scatter-
ing has been observed due to free excitons in

Cu,0,?® free and bound excitons in CdS,?*?" and
band to band transitions in GaP.?® Besides an
enhancement of the Raman scattering, one may
also encounter a breakdown of the usual selection
rules as has been observed by Compaan and
Cummins®® in Cu,0. Furthermore, in systems
where the intermediate states are well charac-
terized, resonant Raman scattering can provide
information about the scattering process itself.?*
In the previous Raman scattering work by Zallen
et al.?* and by Nusimovici and Meskaoui,?? only
the 6328-A radiation from an He-Ne laser was
used to excite the Raman spectrum.

In view of this, we have measured the Raman
spectrum of cinnabar with exciting radiation ~0.4
eV below to ~0.1 eV above the band edge. In the
course of this investigation we have observed a
resonant enhancement near the band edge as well
as near the sharp photoluminescence features.
The band-edge work will be published separately.
In this paper, we present our results of the Raman
scattering when laser excitation is in the vicinity
of the sharp features referred to above. Under
these conditions, we observe resonances in the
scattering cross sections of several Raman lines,
some of which appear only with laser excitation
in this range.

II. EXPERIMENTAL

The samples used in this investigation were grown
using a modified CVT technique described by
Faile.? Jodine and NH,Cl were used as trans-
port agents and growth runs of ~2 weeks yielded
optically clear crystals with tabular habit having
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dimensions of ~1X2X0.3 mm. The crystals were
oriented with x-rays using the back-reflection
Laue method and optically by using conoscopic
figures. The largest face was the basal plane,
c{0001}. For backscattering along the optic axis,
¢, the sample surfaces were as-grown, but for
back-scattering perpendicular to the c-axis, a
face parallel to the c-axis was prepared by grind-
ing with successively finer grits of carborundum
powder followed by polishing on a Rayvel cloth
with a slurry of 1-5 p chrome oxide.*® Samples
were cooled by immersion in pumped liquid
helium or mounted on a cold finger of a three-
window optical glass cryostat.®

Raman spectra were recorded with a Spex double
monochromator®? equipped with 1800 grooves/mm
holographic gratings, or a Jarrell-Ash double
monochromator®® incorporating 1180 grooves/mm
gratings. The detection system consisted of a
cooled RCA C31034-02 photomultiplier® together
with the standard photon counting electronics.*
For most experiments a ratemeter was used to
produce a trace on an X-Y recorder while in
some instances the spectra were multiscanned
and stored in a multichannel analyzer.*® The
data were then transferred via paper tape to a
digital computer for analysis. In the spectral
region of interest, the throughput of the spectroni-
eter was significantly greater for light polarized
perpendicular rather than parallel to the grooves
of the grating. When necessary the plane of
polarization of the analyzed radiation was rotated
to the horizontal with a mica half-wave plate in
order to use the spectrometer with the maximum
throughput.

The Raman spectrum was excited by radiation
from a Spectra-Physics He-Ne laser,?” a Jodon
Engineering He-Ne laser,®® or a Coherent Radia-
tion dye laser® pumped by a Coherent Radiation Ar*
laser.*® In order to scan the dye laser energies
from ~1.85 to ~2.35 eV, we employed the follow-
ing dyes: Rhodamine 560, Rhodamine 590, Rhoda-
mine 610, and Rhodamine 640.** To exclude the
broad dye fluorescence and the plasma lines of the
He-Ne laser, we used prisms, spatial filters,
and angle-tuned dielectric filters in the output
beam of the laser. We were also careful to ex-
clude the intense specularly reflected light from
our collection optics. The intensity of the Raman
lines was normalized to the power of the laser as
measured by a Coherent Radiation power meter.*?

The energy range over which we display our re-
sults in this paper is small (1.865-1.885 eV), and
the absorption is flat and structureless except
for an extremely weak feature (Aa ~1 em™) at
1.873 eV. Therefore the spectral response of
the power meter, the transfer function of the spec-

trometer, the “A*’ correction, and the absorption
and reflection of the sample could be justifiably
neglected.

III. RESULTS AND DISCUSSION

Figure 1 displays the Raman spectrum of cinna-
bar recorded with 6328-A radiation in the back-
scattering geometry with the incident wavevector,
E,., and the scattered wavevector, Es, propagating
perpendicular to ¢c. The sample was mounted on
a cold finger held at liquid-helium temperature,
the light was incident vertically polarized but
the scattered light was not analyzed. The point
group of cinnabar is D,; its character table is
exhibited in Table I. The lines in Fig. 1 are
labeled according to the irreducible representa-
tions of D;, and as can be seen from Table I,
only A, or E symmetry phonons are Raman active.
There are three formula groups per unit cell and
the 15 zone-center optical phonons transform as
2A, +3A, +5E. The shifts of the Raman active
phonons reported by Zallen ef al.?* and by
Nusimovici and Meskaoui®? are given in Table II
along with our measured values. We see that all
three sets of measurements are in agreement,
although our values appear closer to those of
Nusimovici and Meskaoui®® both in terms of the
shifts of the Raman lines as well as the tempera-
ture dependence of the shifts.

Figure 2 exhibits the Raman and the photolumi-
nescence spectrum at 7~ 22 K. (The tempera-
ture was determined by measuring the voltage of
a light-emitting diode chip*® mounted on the cold
finger.) A broad luminescence, labeled B, at
1.78 eV dominates the spectrum and is accom-
panied on its high-energy side by two sharper
luminescence features, labeled X, and X, in the
figure, at 1.872 and 1.854 eV, respectively; at
this temperature the halfwidth of X, is 3.7 meV
and of X, is 6.6 meV. Luminescence features
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FIG. 1. Raman spectrum of cinnabar at liquid-helium
temperature excited with ~ 35 mW of 6328-A radiation.
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TABLE I. Character table of D; and the zone-center optical phonons of cinnabar. ?
Raman Infrared
D, E 2C 3C, Basis functions N, active active
Ay 1 1 1 z% xt+ v? 2 Yes No
Ay 1 1 -1 z 3 No Yes
E 2 -1 0 (X,Y); (X2-Y?, —2X7); 5 Yes Yes
(YZ, -ZX)

%X, Y, and Z are components of a polar vector field and N, is the number of zone-center

optical phonons.

are also seen between X, and X, but these are an
order of magnitude weaker in intensity than X,

or X,. A comprehensive discussion of lumines-
cence, the excitation spectra and absorption spec-
tra will be published separately.!” In the context
of the resonant Raman scattering investigated in
this work, it is of interest to discuss the absorp-
tion spectrum in the region of X, and X, shown in
Fig. 3. The lower trace in Fig. 3 shows the X
photoluminescence when excited with 110 mW of
6400-A radiation. The sample was immersed in
pumped liquid helium; at this temperature (~2 K)
the width of the luminescence is 2.6 meV. Cen-
tered at the peak of the X, luminescence is an ab-
sorption line whose width is approximately equal
to that of the luminescence line. Within our detec-
tion limits, an absorption line corresponding to
the X, photoluminescence was not observed. From
this observation, we conclude that X, corresponds
to resonance fluorescence and absorption where
the transition is purely electronic. When the ener-
gy of the incident photon is near an electronic
transition in the crystal, we expect a resonant
enhancement of the Raman intensities. For this

reason, we examined the behavior of the Raman
spectrum when the laser energy was scanned
through X, employing a dye laser.

In Fig. 4 we compare the Raman spectrum ex-
cited with radiation of energy, 7w, coincident
with the energy of X,, E(X,), with that when 7w,
> E(X,). The spectrum labeled “A” shows that,
on resonance, two new Raman lines at 48.5 and
33.5 cm™ appear, with the latter dominating the
spectrum. This is in striking contrast to the
off-resonance case where only the 43-cm™ line
appears. Spectra A and B were excited with 56
mW of 6619-A radiation and 30 mW of 6400-4
radiation, respectively.

In Fig. 5, we plot the energies of the Raman
and luminescence lines as a function of the excit-
ing laser energy Zw,. Such a plot allows one to
graphically distinguish the Raman lines from the
luminescence lines, since the latter appear at
the same energy, independent of 7w, whereas
the former have constant energy shifts from 7w, .
We thus observe that a number of Raman lines
occur with shifts in the range 20-150 cm™, many
of which are observed only under the resonant

TABLE II. First-order Raman lines of cinnabar.

Nusimovici
Zallen et al.? and Meskaoui® Present work

Mode 300 K 90 K 300 K 90 K 300 K 80 K 20 K
Ay 45 42 42 44 42.0 42 4 42.9

B TO 42 38

LO 42 49
E TO 88 85 87 89 85.0 86.5 86.9
LO 91 88 91 93 88.3 90.3 90.9
E TO 106 106 106 110 103.2 108.5 109.3
1O 146 146 145 150 145.6 148.5 149.4
A1 . 256 254 255 259 254.4 256.2 256.5
E TO 283 282 283 286 283.5 283.8 284 .4
LO 290 289 289 293 289.9 293.3 293.8
E TO 345 341 343 349 344.5 345.6 346.2
LO 353 349 351 357 353.0 353.6 354.2

2See Ref. 21.

Y See Ref. 22.
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FIG. 2. The Raman spectrum and photoluminescence
spectrum of cinnabar at 22 K excited with ~5 mW of
6328-A radiation.

conditions fulfilled in this experiment; lines 1,

2, 5, and 6 have not been reported previously in
the Raman spectrum. In contrast to the other
Raman lines, line 1 at 21 em™ is distinctly broad-
er with a half width of 5.9 cm™. Lines 5 and 6
appear to be 1st and 2nd overtones of line 2 at
33.5 cm™. Line 3 at 43.3 cm™ has been identified
by Zallen et al.>! as a zone-center optical phonon
of A, symmetry; under nonresonant conditions this
is the most prominent line among those with shifts
less than 250 cm™. Line 4 at 48.5 cm™ has been
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FIG. 3. The photoluminescence (lower trace) and opti-
cal absorption (upper trace) of the X, line of cinnabar at
~2 K. The photoluminescence was excited with 110 mW
of 6400-A radiation. The half width of the photolumin-
escence line is 2.6 meV and that of the optical absorp-
tion line is 3.1 meV.
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FIG. 4. A comparison of the Raman spectrum of cin-
nabar at ~2 K (A) “in resonance,” with the exciting laser
energy, wg, close to E(X,;), and (B) “off resonance,”
i.e., iwy, > E(X;). The “in resonance” spectrum (A) was
excited with 56.5 mW of 6619-A radiation and the “off
resonance” spectrum (B) was excited with 30 mW of
6400-A radiation.

identified by Marqueton et al.?° and by Nusimovici
and Meskaoui®*? as an LO component of an E mode.
In order to display the resonance Raman effect
of the lines discussed above, we plot in Figs. 6-—
10 the normalized intensities of the Raman lines
as a function of 7Zw,. Figure 6 displays the Raman
intensity of line 2 at 33.5 cm™ in the spectral re-
gion near X;. Two prominent and sharp peaks
occur in the scattering intensity; one at 7w,
=E(X,) and the other at Zw, =E(X,) + 78,
where 7§, =the energy of the phonon involved
=33.5 cm™. The enhancement that occurs when
7wy, the incident photon energy, or 7wy, the
scattered photon energy, is equal to an electronic
transition in the crystal will be referred to as an
“in resonance” or “out resonance,” respectively.
We attribute the shoulder on the high-energy side
of Zw, =E(X,) to an “out resonance” due to a level
labeled “Z,” at 1.870 eV. Luminescence from this
level is weak but appears as a shoulder on the
photoluminescence of X, in Fig. 3. The solid
line in the figure is a theoretical fit to the data
based on considerations given below. The reso-
nance behavior of the 67-cm™ line, the 1st over-
tone of the 33-cm™ line, is displayed in Fig. 7
and shows “in” and “out” resonance peaks due to
X, and an out resonance due to Z,. Note that due
to the larger phonon energy, the out resonance
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FIG. 5. The peak energy of the Raman and photolumin-
escence lines as a function of dye laser energy, 7w,
for 1.865<7%w;<1.885 eV. The Raman lines labeled 1—
6 have constant energy shifts with respect to Zw,,
whereas the luminescence lines labeled 7—9 are ob-
served at a constant energy, independent of Zw;. The
Raman shifts of lines 1<6 are 21.0, 33.5, 43.3, 48.5,
67.4, and 100.7 cm~!, respectively. The energies of
the luminescence lines 7—9 are 1.873, 1.865, and 1.862
eV, respectively. Note that line 7 is referred to as X,
in the text.

due to Z, is well resolved from the other peaks,
in contrast to the similar peak in Fig. 6. Again,
the solid line is a theoretical fit, to be discussed
below. In Fig. 8 the scattering intensity of the 48-
cm™ line is plotted as a function of Zw,. Only
one prominent peak, that due to an in resonance
from the X, level, is observed; the shape of the
resonance shows a marked asymmetry. Figure 9
displays the scattering intensity of the 43-cm™
line; it clearly shows a peak at 7w, =E(X,), al-
though the enhancement is only a factor of 4 over
the nonresonant intensity. Ifs resonance behavior
appears similar to that of the 48-cm™ line and
also exhibits asymmetry in the shape of the reso-
nance. In Fig. 10 we exhibit the spectral depend-
ence of the scattering intensity for the 21-cm™
line. For 7w, <1.875 eV, the X, luminescence is
strong and obscures the Raman line.

In a third-order perturbation treatment of Raman
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FIG. 6. The intensity of the 33-cm~! Raman line as a
function of dye laser energy, %Zw;. Note that the “in res-
onance” at Zwy = E(X) and the “out resonance” at Zw;
= E(X,)+ iQ, are sharp, well-defined peaks. The solid
line is a nonlinear least-squares fit to the data using
Eq. (2). See Table III for the parameters used in the fit.

scattering in a semiconductor, one can expect
large resonant enhancements in the scattering
intensities when the incident or scattered photon
is equal to an electronic transition to an inter-
mediate state of the crystal. For example,
Loudon** has treated Raman scattering mediated
by free-electron and hole states, whereas Ganguly
and Birman*® have considered Raman scattering
in insulators with intermediate exciton states.
Consistent with these treatments, the spectral
dependence of the scattering intensity can be
written as

Ai + Bi
(E,-E,F+v: (Es—E,P+12’
M

where © is the phonon frequency, E, is the inci-
dent photon (laser) energy, E; is the scattered

IQ,E,EgE,)=
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FIG. 7. The intensity of the 67-cm~! Raman line as a
function of dye laser energy, Zw;. In addition to the
sharp, well-defined “in”” and “out” resonances at Zw;,
= E(X,) and 7wy = E(X;)+ IQ;, there is a third, well-de-
fined peak. This peak is ascribed to an “out resonance”
‘of an energy state at 1.870 eéV. The solid line is a non-
linear least-squares fit to the data using Eq. (2). See
Table III for the parameters used.

photon energy, E, is the energy of the ith inter-
mediate state; I'; and 7; are damping parameters
introduced here phenomenologically. The solid
curve in Fig. 6 is a fit of the form

I=I(Q,E,,Es; E(X,))+1(Q, EL, Eg; E(Z,)).  (2)

Implicit in this expression is the assumption of no
interference between terms involving the X, or Z,
states. We introduce this assumption for sim-
plicity. The fit was made using a nonlinear least-
squares routine which minimized the mean-square
errors. The parameters are exhibited in Table
III. From the figure it is apparent that the solid
curve agrees quite well with the experimental
data, although the absence of the in resonance
term for the Z, state is puzzling, since in both
second-order?® and third-order perturbation**:45
approaches to Raman scattering, the in resonance
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FIG. 8. The intensity of the 48-cm-! Raman line as a
function of dye laser energy #wy. The solid line is
drawn for clarity.

is always present. That the state Z, contributes
in the out resonance only is seen more clearly in
Fig. 7. Owing to the larger phonon energy the
out resonance due to the Z, state is clearly re-
solved. The solid curve is a fit using Eq. (2) and
the parameters given in Table III. Here, as in
the 33-cm™ phonon, the in resonance due to Z, is
noticeably absent.  Qualitatively, the resonance
behavior of the 43- and 48-cm™ phonons as shown
in Figs. 8 and 9 exhibits an in resonance due to
X, and a weaker or absent out resonance due to
X, or Z,. A curve of the form of Eq. (1) yields a
poor fit due mainly to the asymmetry in the reso-
nance curve.

We do not attempt a detailed discussion of the
resonance behavior of the 21-cm™ line since our
data are incomplete, although it is apparent that
there is at least an out resonance. For 7w,
<1.875 eV the X, luminescence dominates and
obscures this line, as mentioned above.

Although the resonance enhancement of the pho-
nons is striking and appears to fall within the
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FIG. 9. The intensity of the 43-cm-! Raman line as a
function of dye laser energy Fwy. This line can be seen
away from resonance. The solid line is drawn for clar—
ity.

framework of the theory of resonance Raman
scattering, the lack of specific information con-
cerning X, has hindered our complete understand-
ing of the resonant Raman process. Using the
CVT technique, it is difficult to exclude impurit-
ies due to the transport agent or to include addi-
tional dopants. Because of the phase transition
at 618 +2 K,*” doping by a diffusion process is
slow. Also, in our experience inclusions in the
samples and the sample size prevented us from
making reliable polarization measurements
which are useful in symmetry assignments. We
have attempted to correlate the X; luminescence
with a specific chemical impurity by a mass
spectrographic analysis of samples from two
growth runs with similar morphological features
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FIG. 10. The intensity of the 21-cm~! Raman line as
a function of dye laser energy %Zw;. The solid line is
drawn for clarity.

but only one exhibiting the luminescence.'” The

analysis yielded iodine in both runs at the level
of 10 c¢m™; many other impurities such as Na
and Cl were found in trace concentrations. How-
ever, no clue could be established as to the nature
of the X, luminescence center.

Since significant amounts of impurities are
present, it should not be surprising if localized
modes or perturbed lattice modes appear in the
Raman spectrum. We suspect that the 21-cm™
line is a mode of such an origin, since it has not
been reported previously in either the Raman or

TABLE II. Parameters obtained from nonlinear least-squares fit.

Parameters Resonance of 33-cm™ mode Resonance of 67-cm™ mode
E(Xy) 1.873 eV 1.873 eV
AXy) 4.48 X 10 5.37 x 10
;) 0.41 meV 0.34 meV
B(X;) 1.64x 10 1.50 x 107
v (X;) 0.67 meV 0.51 meV
E(Zy) 1.870 eV 1.870 eV
A(Zy) 0 0
Tz,

B(z) 2.05x 104 6.48 X 10
v(Zy) 1.01 meV 1.37 meV
A9 4,04 meV 8.00 meV
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infrared spectrum. A calculation of the phonon
spectrum by Nusimovici and Gorre?? reveals no
gap in the phonon spectrum below 150 cm™ and
hence a low frequency gap mode does not seem
likely. However, a local mode with its frequency
lying within the band of frequencies of the intrin-
sic phonon, i.e., an “in-band resonant” mode is
a possible interpretation of this line,*®

An infrared-active, Raman-inactive, normal
mode at 33 cm™ has been deduced previously from
the reststrahlen spectra and has been identified
as an A, (TO) mode.?™?! It is possible that the
Raman lines at 33, 67, and 101 cm™ are the funda-
mental and the first and second overtones of this
A, (TO) mode acquiring Raman activity by a
breakdown of the usual selection rules near reso-
nance. However, the identification of this phonon
as a TO mode implies a phonon propagation

" direction perpendicular to the c-axis, whereas

we employ a back-scattering geometry parallel
to this direction. From the usual wave vector
selection rules this geometry selects a phonon
propagating parallel to the ¢ axis. However, due

to the high refractive index of the material (z,
=2.90, n,=3.26 at 6200 A) the reflection coeffi-
cient is rather large, and a reflection of the inci-
dent or the scattered light off the back surface of
the sample can very well result in forward scat-
tering along the c¢ axis. This would easily allow
the participation of a phonon propagating perpen-
dicular to the c axis. The 48-cm™ line has been
identified previously as an E (LO) mode also im-
plying a phonon propagation direction perpendicu-
lar to the c¢ axis, further confirming our argument
above. '
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