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The behavior of the 4,, phonon line in Cd,Hg, I, (with 0 <x <0.38) solid solution has been
investigated by Raman spectroscopy between 20 and 300 K. At room temperature, the 4,,
linewidth unexpectedly decreases as the cadmium concentration is increased; at low temperature,
the more conventional opposite trend is observed. By taking into account a variation of the final
density of states in which the 4,, phonon decays, a convincing explanation of the experimental re-
sults is given. In addition, useful information on the behavior of the boundary LO(X) and/or LA(X)

phonons in the solid solution can be extracted.

INTRODUCTION

In spite of the large amount of work already done,
many aspects of the lattice vibrations in solid solutions
are still questionable and their investigation is an open
field of research! ~ at the present time. Raman spectros-
copy is known to be one of the most powerful and used
techniques for studying phonons in solids; however, when
mixed compounds are investigated, the interpretation of
the experimental results very often becomes difficult.

First of all, the symmetry reduction of the pure-
compound space group is difficult to deal with.> For ex-
ample, the lack of translational symmetry may imply a
relaxation of the K-selection rule.! Therefore some vibra-
tions with finite wave vector become Raman active in the
perturbed crystal. It turns out that the broadening of Ra-
man phonons in solid solutions is often related to this in-
homogeneous contribution. Moreover, the change of the
homogeneous broadening (and therefore of the phonon
lifetime) due to alloying should also be considered.?>

In general both homogeneous and inhomogeneous
broadenings have to be taken into account in order to ex-
plain the phonon linewidths. Since they come from
different physical mechanisms, various experimental ap-
proaches are necessary to evaluate their relative
strength.’

In this work, we have investigated the microscopic ori-
gin of the 4,, phonon spectral broadening in the system
Cd,Hg,_ I, as a function of composition (0 <x <0.38)
and temperature (20-300 K) by means of Raman spec-
troscopy. We show that the temperature behavior of the
phonon linewidth allows evaluation of the homogeneous
and inhomogeneous contribution to the phonon spectral
broadening. Further, this kind of investigation gives fun-
damental information on the phonon decay processes and
therefore on the phonon lifetime.

RESULTS AND DISCUSSION

In previous papers,® the interpretation of the Raman
spectra for this system as well as some peculiar features
of the mercuric iodide anharmonicity has been presented.
Single-crystal characterization as well as details of the ex-
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perimental apparatus presently used can also be found in
these works. For x between O and 0.44, the system
Cd,Hg,_,I, belongs to D}; (P4,/nmc) space group; sin-
gle crystals are laminar semiconductors with irreducible
representation of the lattice vibrations at K =0 as fol-
lows:®

L=A4,,+24,,+B,,+2B,,+3E,+3E, . )

We turn our attention to 4,, normal mode of vibration
in which the cation (Hg or Cd) mass does not oscillate,
while the two anions (iodine) vibrate one against the oth-
er.® The experimental spectra taken at room temperature
for x =0,0.23,0.38 are reported in Fig. 1. The most in-
teresting aspect is the narrowing of the phonon linewidth
as alloying takes place. Figure 2 shows the full widths at
half maximum (I") as a function of composition with tem-
perature ranging from 50 to 300 K. The instrumental
spectral bandpass has been accounted for in evaluating
the phonon linewidth. In the high-temperature range
(200-300 K), T surprisingly decreases as the cadmium
concentration increases; at lower temperatures the usual
trend of the disordered systems is observed.

In solid solutions the breakdown of the K-selection rule
induces a broadening of the Raman lines with a max-
imum for concentration values close to the central com-
position. Figure 2 shows that this effect is completely
inadequate in order to explain the experimental behavior.
As we will see later, present data rather suggest that cad-
mium content strongly influences the decay processes.

In mercuric iodide the 4, phonon at Q=114 cm™
decays in three phonons belonging to the X point of the
Brillouin zone.” In fact the occurrence of an energy gap
in the phonon density of states® prevents the decay of the
A4,; mode into two phonons of lower frequency because
of energy conservation. Following Ref. 9, the full width
I" can be written as

I'=a +b[n(Q/2)+%]+c{[n(9/3)+%]2+L (2)

12

1

which depends on temperature through the Bose-Einstein
factors n(Q/2) and n(€/3); a, b, and c are positive con-
stants. In Eq. (2) the first term takes into account scatter-
ing processes due to defects or impurities which are tem-
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FIG. 1. Room-temperature spectra of the 4,, mode in
Cd,Hg,_.I, (x =0, 0.23, and 0.38).

perature independent. The second one (cubic anharmoni-
city) is related to events in which the 4,, phonon decays
into two vibrational modes with frequency equal to
%Q(Alg). Since n () is the Bose-Einstein factor, this
term behaves linearly with temperature. The last one
(quartic anharmonicity) describes decays into three pho-
nons with frequency +Q( 4,,) and it depends quadratical-
ly on temperature.

In order to estimate the parameters a, b, and ¢ which
are, indeed, proportional to the efficiency of each decay
channel, a least-squares fit of the experimental data with
Eq. (2) has been performed. The results for three
different compositions are reported in Table I. It is
worthwhile to notice that the constant a is always negligi-
ble. This implies that no contribution from disorder-
allowed phonons close to the I' point is present also in
the mixed crystals. On the other hand, this is in agree-
ment with the nature of the 4,, normal mode. In this vi-
bration the cation mass does not move, while the iodine
anions vibrate one against the other. Therefore no mass
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FIG. 2. A4,, linewidth behavior as a function of cadmium
concentration for temperatures between 50 and 300 K. The
straight lines are only a guide to follow the experimental data
behavior.
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TABLE I. a, b, and ¢ parameters obtained from the best fits
of the experimental data with Eq. (1). a describes the
temperature-independent contribution to the linewidth, while b
and c are related to the cubic and quartic anharmonicity, re-
spectively.

Cd, Hg,_.I, x =0 x=0.23 x=0.38
a (cm™) 0.1 0.1 0.1

b (cm™) 0.01 0.23 0.80
¢ (em™ 0.21 0.16 0.06

disorder is introduced in the alloys. In addition the force
fluctuations should also be very small, since the frequency
shift of this mode was found negligible in the solid solu-
tion.°

In the mixed crystals the cubic anharmonicity in-
creases with cadmium concentration while the opposite
trend is observed for the three-phonon decay process.
These contributions to the full phonon linewidth are re-
ported in Fig. 3 by solid lines. The points represent the
experimental data.
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FIG. 3. A, linewidth behavior as a function of temperature

for three different cadmium concentrations. The cubic and
quartic anharmonic contributions are found by means of Eq. (2)
in the text.
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In mercuric iodide (x =0) only the ¢ factor is different
from zero and, as expected, only the three-phonon relaxa-
tion process occurs. The more effective decay mode of
the A,, phonon is the creation of three longitudinal-
optical and/or longitudinal-acoustical (LO-LA) phonons
of 39 cm™! belonging to the X point of the Brillouin
zone.® Every other possibility is ruled out by energy con-
siderations. In the mixed crystals (x >0) the contribution
of the term linear in temperature indicates that the pho-
non density of states at ${0( 4,) has a finite value which
increases with cadmium concentration. Though the pho-
non dispersion curves of the mixed compounds are miss-
ing, a possible explanation of the origin of this alternative
decay channel can be given.

In solid solutions phonon resonances can follow a one-
or a two-mode behavior.'" 2 In the one-mode system
the peak frequency, characteristic of one end member of
the solid solution, shifts continuously until it reaches the
proper frequency of the other end member. The peak in-
tensity is fairly constant. In the two-mode behavior both
structures are present at the characteristic frequency of
the end members: their intensity, and therefore their
density of states, is proportional to the parent member
concentration.

In the first hypothesis the LO-LA phonon frequency
should shift from 39 cm ™' (Ref. 8) to at least 57 cm ™! as
lighter cadmium atoms replace mercury in the crystal
structure. The decay of A4,, in two or three LO-LA pho-
nons must satisfy the energy conservation:

Q(A4,,)=20(LO-LA) or Q(4,,)=30ULO-LA) . (3)

As the first condition for the two-phonon decay is
achieved, theory predicts a sudden hybridization of the
A, mode with the two-phonon states 2(LO-LA)."* This
coupling gives rise to a strong distortion of the 4, line
shape, which disappears when the resonance condition
between the 4,, and the 2(LO-LA) phonon energy is
lost. It should occur at higher cadmium concentrations
when the frequency of the 4,, phonon becomes lower
than 2Q(LO-LA). Thereby the comparison between ex-
periment and theoretical prediction rules out the one-
mode behavior of these phonons.

In the two-mode hypothesis, the two LO-LA densities
of states should be peaked at the characteristic frequen-
cies of the Hgl, and of the ideal CdI, with tetragonal
structure. According to neutron scattering results,® the
first one occurs at 39 cm ! which corresponds to
+Q(4,,) and activates the three-phonon decay channel.
Our results suggest that LO-LA phonons related to Cdl,
should be located at about 57 cm ™! so that energy is con-
served in the two-phonon decay process. In such a way it
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FIG. 4. A4, linewidth for x =0.38 between 20 and 120 K.
Solid lines represent the best fitting of the experimental data
(points) when decay or diffusion processes are considered.

is possible to explain the change of the efficiency of each
decay channel. The quartic anharmonicity associated to
the presence of mercury atoms decreases with cadmium
concentration because the phonon density of states in
which the 4, decays becomes smaller. Instead the cubic
anharmonicity increases for higher x values, being associ-
ated with the cadmium atoms.

Finally it is possible to exclude a relevant contribution
of the diffusion processes to the A4, linewidth. These
processes differ from the decay channels for the statistical
weight.!*!> This has the form n, —n,, where n, and n,
are the Bose-Einstein factors of the phonons which are
destroyed and created in the process. In Fig. 4 the solid
line represents, for x =0. 38, the theoretical contribution
to I' of a scattering event in which two phonons of 114
(4,,) and 16 (LO or LA) cm ™' create an E} phonon of
130 cm ™ 1.¢ This condition is the best choice in order to
fit the experimental data with diffusion processes. How-
ever, below 50 K, i.e., in the quantum-statistical limit, the
agreement with experiment is inadequate. This is princi-
pally due to the fact that, at low temperature, diffusion
processes give a small contribution to the I' linewidth
which is predicted to vanish at 0 K.

In conclusion we have studied a new mechanism which
can influence the linewidth behavior of the Raman-active
phonons in solid solutions: the change of the final density
of states in the decay processes. This mechanism does
not take its origin from the breakdown of the K-selection
rules, but nevertheless it is peculiar to the alloying pro-
cess in solid solutions. In this prospect interesting results
should be expected from similar experiments in alloy sys-
tems that exhibit a fully or partially ordered cation sub-
lattice.
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