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Mass and force-constant disorder in the rocksalt Cd1−x Znx O alloy: A Raman scattering study
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We present a Raman scattering study of rocksalt Cd1−xZnxO alloys in the compositional range between x = 0
and x = 0.1. We use the sharp feature in the second-order Raman spectra associated with the transverse acoustic
(TA) modes at the L point to monitor the effect of alloy disorder on the phonon lifetime. The 2TA(L) peak shows
a substantial broadening as the Zn content is increased up to 10%. The rate of increase is significantly higher than
that expected from cationic mass fluctuation as predicted by the mean-field coherent potential approximation.
Excellent agreement with the experiment is achieved by including the effect of the force-constant fluctuations
using the itinerant coherent potential approximation, demonstrating the significant role of the force-constant
disorder in limiting the phonon lifetime in the Cd1−xZnxO alloys.
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I. INTRODUCTION

CdO, a semiconductor that crystallizes in the rocksalt
structure, has recently emerged among the transparent
conducting oxides as a unique plasmonic material for
mid-infrared applications [1]. CdO exhibits exceptionally
low optical losses due to its low effective mass, high
electron concentration and high electron mobility [1–3].
The sharp epsilon-near-zero resonance can be tuned over
the entire mid-infrared (IR) range while maintaining
high quality factors by using aliovalent dopants of
similar atomic radii that minimize lattice strain [4]. The
rocksalt Cd1−xZnxO alloy offers an alternative route
to modulating the plasma frequency while enhancing
the transparency in the visible range [5]. A simultaneous
increase in electron density and electron mobility has been re-
ported upon Zn incorporation up to 10% [5]. Surface plasmon
polariton resonances with good quality factors have recently
been reported in Cd1−xZnxO layers deposited on GaAs,
opening the door to the integration of the plasmonic material
with GaAs-based mid-IR optoelectronic technology [6].

The development of advanced applications will require
a good knowledge of the basic physical properties of the
Cd1−xZnxO alloy. Raman scattering is widely used to inves-
tigate phonons in semiconductors and to characterize their
crystal quality. However, its use in rocksalt structures is
severely limited because the first-order Raman scattering is
forbidden by symmetry [7,8]. Nevertheless, the second-order
Raman spectra display a number of sharp features associated
with critical points in the phonon dispersion that have been
used to extract information about the phonon lifetime [8].
When the lighter Zn atom is incorporated to the lattice, the
coherence length of the phonons is reduced due to elastic
scattering by the fluctuations in the alloy, which results in a
disorder-induced intrinsic broadening of the phonons.

In addition to the high technological interest of Cd1−xZnxO
for plasmonic applications, this compound is an ideal platform
for the study of the effects of alloy disorder. At low Zn con-
tents (x � 0.3) [9], Cd1−xZnxO has a relatively simple crystal
structure formed by two interpenetrating face-centered-cubic
(fcc) lattices, which lends itself to analytical lattice-dynamics
calculations. There is also a large mass difference between the
two cations of the alloy (MCd = 112.4 u vs. MZn = 65.4 u),
which must lead to a strong scattering regime by mass defects
and hence to a significant phonon broadening. Furthermore,
the ionic radius of Cd is notably larger than that of Zn
(0.95 vs 0.74 Å) [10], which will have an impact on the
force constants between these isovalent cations. In fact, ab
initio lattice-dynamics calculations [11] revealed a transverse-
optical frequency of fcc ZnO that is somewhat lower than that
of CdO, despite the much lighter cation mass, thus suggesting
significant differences in their respective force constants.

The problem of disorder-induced phonon broadening has
been extensively investigated in semiconductors with isotopic
disorder [12–16]. Most studies are based on the lowest-order
perturbation-theory calculation of the phonon self-energy. The
disorder-induced scattering rate, which corresponds to the
imaginary part of the self-energy, was calculated by Tamura
and is proportional to the mass variance and to the phonon
density of states (PDOS) [17]. For systems with large mass
variance, such a lowest-order approach proved to be in-
sufficient, and a treatment based on the coherent potential
approximation (CPA) provided a better description of the
experiments [15,18]. The CPA is a multiple-scattering, mean-
field theory in which the disordered crystal is replaced by a
self-consistent effective medium where the average scattering
from each cell vanishes [19]. In the CPA, only the effects
of the mass fluctuations (on-site disorder) are susceptible to
calculation, and therefore CPA cannot account for the disorder
in two-site quantities such as the force constants. While this
is a good approximation for the case of isotopic disorder, it
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may not be appropriate to treat disorder in alloys where the
different cation species give rise to significant fluctuations in
the force-constant environment. Force-constant disorder was
included in a mean-field theory by using the itinerant CPA
(ICPA) formulation in the augmented space of all possible
configurations [20,21]. Recently, ab initio supercell phonon-
unfolding simulations have shown good agreement with ICPA
when the statistical distribution of the force constants is not
very wide [22], as is probably the case in the relatively diluted
alloys studied in this work. Furthermore, it was also revealed
that, generally, ICPA properly accounts for the off-diagonal
disorder associated with the averaged interspecies force con-
stant fluctuations [22].

In this work, we present a Raman-scattering study of the
disorder-induced effects on the phonons of the Cd1−xZnxO
alloy for Zn fractions up to 0.1, well within the rocksalt struc-
ture regime [9]. We analyze the broadening of the prominent
two transverse acoustic [2TA(L)] sharp feature of the second-
order spectra with increasing Zn fraction. The effects of mass
and force-constant disorder are discussed, and the predictions
of the CPA and ICPA models are compared with the Raman
spectra. The paper is organized as follows: In Sec. II we
describe the details of the sample growth, the experimental
conditions of the Raman measurements, and specific aspects
of the ab initio calculations. In Sec. III we discuss the general
features of the Raman spectra and the contributions of the
two-phonon density of states (2PDOS) and charge density
fluctuations (CDF) to the Raman profile observed in the ex-
periments. A brief outline of the CPA model for the mass
disorder and a comparison of the results with the Raman
spectra is given in Sec. IV. Section V provides an overview of
the main ideas of the ICPA model and deals with the extension
of the fcc elastic model to next-nearest-neighbors (NNN) and
the intra- and interspecies force-constant determination in the
cation sublattice. Finally, the results of the ICPA model are
compared with the Raman spectra.

II. EXPERIMENT

Single crystal Cd1−xZnxO epilayers with x = 0.01, 0.025,
0.05, 0.075, and 0.1 were grown by metal-organic vapor-phase
epitaxy on r-plane sapphire substrates. The epilayers had a
thickness of ∼500 nm. Tertiary butanol and dimethylcadmium
were used as precursors in a a reactor equipped with two
independent gas inlets. The sample was kept at 304 ◦C on a
radio-frequency heated graphite susceptor.

Raman spectra were excited using the 514.5-nm line of
an Ar+ laser in backscattering geometry from a c sur-
face. The scattered light was analyzed using a Jobin-Yvon
T64000 spectrometer equipped with a liquid N2 (LN2)
cooled charge-coupled detector. The measurements were
performed at 80 K using a TBT-AirLiquide LN2 cryostat.

Ab initio calculations in the virtual crystal approxima-
tion (VCA) were carried out to obtain phonon frequencies,
PDOS, and force constants from the alchemical mixed
pseudopotential approach provided in the ABINIT package
[23]. Since alchemical calculations are only implemented
with norm-conserving pseudopotentials we had to use the
revised Perdew-Burke-Ernzerhof exchange-correlation func-
tionals for the (Cd,Zn) pseudoatom instead of the ultrasoft

pseudopotentials we employed in our previous work on CdO
[8]. Density functional perturbation theory calculations were
performed in the framework of local density approximation.
An energy cutoff of 60 hartree and a 6 × 6 × 6 Monkhorst-
Pack k-point sampling were used in the calculations.

III. THE RAMAN SPECTRA OF Cd1−xZnxO

Because each atom of the lattice is a center of inversion,
first-order Raman scattering is forbidden by symmetry in
the rocksalt structure [7]. The second-order Raman spectrum
of CdO was studied in detail in a previous publication [8],
revealing a number of sharp features correlated with the over-
tone PDOS. These were observed on a broad background
arising from overdamped oscillations of the high-density
free-electron plasma [8,24]. In the acoustic-overtone spectral
region, a sharp peak corresponding to the 2TA(L) mode stands
out against a relatively low background and separated from the
sapphire modes. We will focus on this isolated peak to study
the effect of mass and force-constant disorder on the phonon
linewidth. In Fig. 1 we illustrate the relative contributions
of phonon overtones and plasma oscillations to the Raman
spectra.

Neglecting possible scattering efficiency enhancements
due to electron-photon and electron-phonon matrix elements,
the second-order Raman spectrum profile would be given
by the convolution of the individual overtone line shape and
the overtone PDOS. It turns out, however, that the overtone
scattering efficiency is notably enhanced at the edge of the
Brillouin zone, which results in a 2TA(L) feature that is
narrower than the straightforward convolution with the over-
tone PDOS. We have included an enhancement factor around
the critical points L, X , and � ∼ 2

3�-X , which give rise to
the peaks in the overtone PDOS (see Ref. [8]), to account
for this effect. The enhancement factor is given by �(ω) =
1 + aLL (ω2TA(L) ) + aX L (ω2LA(X ) ) + a�L (ω2LA(�) ), where
L (ω0) is a Lorentzian distribution of full width at half max-
imum (FWHM) = 6 cm−1 around ω0. The coefficients aL =
4, aX = 6, and a� = 13 were adjusted for the case of pure
CdO to obtain a good agreement with the measured Raman
spectrum. The anharmonic decay and background impurity
scattering were taken into account by considering an intrinsic
2TA(L) phonon linewidth of FWHM=10 cm−1. This value
is consistent with the results of our previous temperature
dependence study of Raman scattering in CdO [8]. For the
alloy, the 2TA(L) phonon line shape obtained from the ICPA
calculations (Sec. V A) was used. The same enhancement
factor �(ω) was applied in all alloy compositions. Convolving
the intrinsic phonon line shape with the enhanced overtone
profile yields the second-order Raman spectrum, which was
then superimposed on the CDF contribution [8,24] to obtain
calculated line shapes (calc.) in good overall agreement with
the experimental Raman spectra.

The Raman spectra of Cd1−xZnxO samples at 80 K are
displayed in Fig. 2 for Zn fractions up to 10%. The 2TA(L)
mode can be observed in all spectra and it broadens rapidly
and decreases in intensity with increasing Zn composition.
An extremely weak band at about 230 cm−1 is also observed.
The origin of this feature, whose frequency and width re-
main unaltered as the Zn content is increased up to 10%, is
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FIG. 1. Raman spectra of CdO and Cd0.95Zn0.05O at 80 K (top red
curves in each panel) and the different contributions in the spectral
region of the acoustic overtones. The dotted line is the phonon-
overtone density of states. The peaks corresponding to the critical
points in the PDOS (L, X , and � ∼ 2

3 �-X ) are indicated by the
arrows. The dashed line represents the the charge-density-fluctuation
(CDF) scattering and the blue curve corresponds to the overtone con-
tribution (OTD) to the Raman spectra. The green curve (calc) is the
calculated spectrum obtained by adding these two contributions. The
peaks marked with asterisks correspond to the sapphire substrate.

not clear. We speculate that it could be due to a sapphire
second-order band or to the sapphire/Cd1−xZnxO interface,
since it appears more clearly in the layers with higher Zn con-
tent, which have an increased transparency to the excitation
light.

As discussed in our previous work [8], the high elec-
tron density present in these samples (on the order of
3 × 1020 cm−3) gives rise to a broad background due to
overdamped plasma oscillations and it opens the band gap
due to the Burstein-Moss effect. As the Zn fraction in-
creases, the band gap further blueshifts and the peaks from
the sapphire substrate gain intensity as the layer becomes
less light-absorbing at the excitation wavelength. Both ef-
fects interfere with the observation of the 2LA(�) line

FIG. 2. Raman spectra of Cd1−xZnxO alloy for increasing Zn
fraction at 80 K in the spectral region of the acoustic overtones. The
peaks marked with asterisks correspond to the sapphire substrate.

shape, whereas the 2TA(L) mode is essentially free of these
drawbacks.

IV. MASS DISORDER

A. Theory: The CPA model

Given the large difference in cationic masses, phonon scat-
tering by mass fluctuations is expected to play an important
role in the Cd1−xZnxO alloy, where mass disorder is limited
to the cation sublattice. We start therefore by considering only
the effect of cationic mass fluctuation.

The CPA model developed by Taylor [19] has been widely
used to study the effects of mass disorder in isotopically dis-
ordered crystals [12,13,18,25] and in mixed-crystal systems
[26,27]. Since we will be monitoring the alloy disorder using
the sharp 2TA(L) feature, we focus on the acoustic modes of
the alloy. These mainly involve the motion of the cation atoms,
as illustrated by the CdO phonon density of states projected
on the Cd sites [8]. We therefore restrict our analysis of the
acoustic modes to the cationic sublattice.

The CPA considers an effective medium with a mass de-
fect δM relative to the average mass 〈M〉 of the VCA alloy,
which is characterized by a frequency-dependent complex
self-energy ε̃(ω). The self-energy is self-consistently evalu-
ated by imposing that the average scattering from a single site
vanishes. Then, ε̃(ω) is determined from the relation [28]

〈M〉ε̃(ω) = x(1 − x)(δM )2ω2G (ω2)

1 + [(1 + 2x)δM + 〈M〉ε̃(ω)]ω2G (ω2)
, (1)

where

G (ω2) = 1

〈M〉
∫ ∞

0

gVCA(η)dη

ω2[1 − ε̃(ω)] − η2
(2)
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is the site Green’s function and gVCA(ω) is the PDOS of the
virtual crystal. The phonon self-energy produces a frequency
shift to

ωCPA = ωVCA[1 − Re{ε̃(ωCPA)}]−1/2 (3)

and a FWHM broadening

�CPA = −ωCPAIm{ε̃(ωCPA)}. (4)

Using the PDOS projected on the cation sites as obtained
from ABINIT VCA calculations, we evaluate Eq. (1) iteratively
until convergence on ε̃(ω) is reached. It must be stressed that
only mass fluctuations (on-site or diagonal disorder) can be
addressed within the CPA formalism.

The second-order Raman spectra closely follows the over-
tone PDOS, which is also broadened by disorder according to
[12]

ρOT(2ω)

= − 2

πω

∫ ∞

0
gVCA(η)

× ω2Im{ε̃(ω)}
[ω2(1 − Re{ε̃(ω)}) − η2]2 + ω4Im{ε̃(ω)}2

η2dη.

(5)

The final line shape is obtained from the convolution of
a Lorentzian line shape of FWHM = 2�CPA, corresponding
to the second-order phonon, with the overtone scattering-
efficiency profile

OTD(ω) = �(ω)ρOT(ω)[nBE(ω/2, T ) + 1]2, (6)

where nBE(ω) is the Bose-Einstein occupation factor.

B. Results

Figure 3 displays the 2TA(L) Raman peaks at 80 K for
Zn concentrations between 0 and 0.1. The background of the
spectra was carefully subtracted by taking into account the
elbowlike profile of the CDF contribution in this frequency
range and adjusting its slope to match the Raman spectra.
The experimental results are compared with the predictions
of the CPA model, displayed as solid lines. The agreement
between theory and experiment is excellent for the pure CdO
crystal and for the x = 0.01 alloy, but as the Zn concentra-
tion increases, striking discrepancies become apparent. On
the one hand, the theoretical line shapes show very little fre-
quency upshift with increasing Zn content. This results from
an important underestimation of the phonon frequencies by
the VCA ab initio calculations, which are based on a crude
mixing of pseudopotentials that may not account properly for
the large difference in cationic radii [29]. The small frequency
increase with Zn composition given by the VCA model is
nearly compensated by the frequency downshift due to mass
disorder [Eq. (3)]. On the other hand, although the CPA model
does predict a gradual increase of FWHM with increasing
Zn composition, its magnitude is significantly lower than that
observed in the Raman spectra. These results indicate that
mass disorder alone cannot explain the experimental obser-
vations. On account of the large difference in cationic radii, it
is necessary to take into account force-constant fluctuations in
the treatment of the alloy disorder.

FIG. 3. Raman spectra of the 2TA(L) peak at 80 K of Cd1−xZnxO
for 0 < x < 0.1 after background subtraction (circles). The solid
lines are the mass-disorder broadened line shapes as predicted by
the CPA model.

V. MASS- AND FORCE-CONSTANT-DISORDER

A. Theory: the ICPA model

Including force-constant changes in a CPA approach is a
nontrivial problem because the sum of the force constants
�ll ′ between a site l and its neighbors must verify Newton’s
third law, i.e.,

∑
l ′ �ll ′ = 0. Thus, a fluctuation on site l af-

fects the neighboring sites leading to environmental disorder.
A self-consistent cluster theory was formulated in the aug-
mented space of all possible random disorder configurations
by Kaplan et al. [20] and later applied to face centered cubic
(fcc) binary alloys with nearest-neighbor (NN) interaction by
Ghosh et al. [21]. In this framework, when a phonon interacts
with a fluctuation at site l , it also scatters from its neighbors
via changes in the force constants. Therefore, the scattering
by fluctuations on all of the neighboring sites has to be in-
cluded, which eventually leads the scattering to extend over
the entire crystal. The coherent potential for a single fluctua-
tion state is self-consistently determined taking into account
the itineration of the fluctuation in the average medium and
defines the ICPA. Multiple uncorrelated fluctuations are self-
consistently incorporated in the itinerator operator F(q) by
considering a conditional propagator G(0) that includes those
scatterings that neither start nor end at the site considered [21].
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Since the scattering may have started at any site, the theory
is translationally invariant and the phonon self-energy �(q)
can be determined in q space by Fourier transforms on the
fluctuation sites. The configuration-averaged Green’s function
is then given by 〈〈G(q)〉〉 = [GVCA(q)−1 − �(q)]−1, where
GVCA(q) is the Green’s function of the average VCA crystal.
The partition of the augmented space into the average configu-
ration space and the rest of fluctuation states greatly simplifies
the algebra of operator inversion [21]. The ICPA spectral
function, which is proportional to the Raman cross section, is
defined by the imaginary part of the q-space Green’s function.
Explicit expressions for the itinerator operators are given for a
fcc system with NN interaction in Ref. [21]. Unfortunately,
the ICPA model becomes very complicated and essentially
unfeasible for systems more complex than binary alloys, and
a full description of the Cd1−xZnxO lattice dynamics is out of
the question. Nevertheless, as shown below, the ICPA can be
applied to the cationic sublattice to gain insight into the effect
of disorder on the acoustic phonons as described in Sec. V B.

The numerical integrations involved in the Fourier trans-
forms were carried out using a set of 408 special points in the
irreducible 1/48th wedge of the Brillouin zone [30]. The VCA
propagator was used as an initial guess for G(0) to calculate
F(q) and �(q) at a frequency close to the spectral density
peak. The self-energy �(q) in turn determines 〈〈G(q)〉〉, and
from this configuration-averaged propagator a new G(0) is
obtained. The latter is used to recalculate F(q) and the process
is iterated until self-consistency is reached. A linear mixing
scheme G(0) = αG(0)

out + (1 − α)G(0)
in with α = 0.6 was used

to accelerate convergence. The configuration-averaged prop-
agator obtained at each frequency was used as the initial
guess for G(0) at the adjacent frequency in the spectral density
calculation.

B. VCA model up to next-nearest neighbors
for the acoustic phonons

Owing to the large mass difference between cations and
anions in the Cd1−xZnxO alloy, the lower frequency modes
mainly involve the heavier cations. This is illustrated by
the phonon density of states projected onto the O sites,
which is negligible in the acoustic frequency range [8]. Since
the Cd1−xZnxO crystal consists of two interpenetrating fcc
lattices, we consider only the fcc cation sublattice for de-
scribing the disorder effects on the 2TA(L) mode. For the
determination of the intraspecies force-constant parameters
we consider the interatomic interactions in a fictitious fcc
lattice comprised of either Cd or Zn atoms. As illustrated in
Fig. 4, where the results of the Cd sublattice calculation are
compared with ab initio VCA calculations of CdO, it turns out
that the NN interaction is insufficient to provide a reasonable
description of the lattice dynamics, and NNN interactions
are essential to achieve a good agreement with the acoustic
phonon dispersion. The force-constant matrices for the NN
and NNN interactions in the fcc system are of the form

�NN
(000),( a

2
a
2 0) =

⎛
⎝a1 b1 0

b1 a1 0
0 0 g1

⎞
⎠,

FIG. 4. Acoustic phonon dispersion of CdO along high-
symmetry directions calculated in the NNN approximation of the
cation sublattice (solid lines), compared to full-crystal ab initio cal-
culations (circles). The dotted lines display the results of the NN
approximation.

�NNN
(000),(00a) =

⎛
⎝a2 0 0

0 a2 0
0 0 g2

⎞
⎠, (7)

and the matrices for the rest of the NN and NNN are gener-
ated by symmetry operations. Given the particularly simple
form of the NNN interaction matrices, it is straightforward to
generalize the NN expressions of the ICPA operators given in
Ref. [21] to include NNN interactions. The ICPA operators
thus become 57 × 57 complex matrices.

We adjust the parameters a1, b1, g1, a2, g2 for the fcc
lattices of Cd and Zn so that the diagonalization of their
dynamical matrices reproduce the TA(L) frequencies of the
respective oxides and fit the TA and LA frequencies along
high symmetry directions. Optimized parameters for Cd–Cd
and Zn–Zn force constants are listed in Table I. Since the Zn
atom is sizably smaller than the Cd atom, the average Cd-Cd
distance in the alloy is lower than in pure CdO. Conversely,
the Zn–Zn distance is higher in the alloy. Assuming a d−4

bond-length dependence of the force constants [31,32], the
intraspecies Cd–Cd and Zn–Zn force constants in the alloy
are scaled to

�
alloy
Cd−Cd = �CdO

Cd−Cd

(
aCdO

aCdZnO

)4

(8)

TABLE I. Lattice parameter of Cd1−xZnxO in the virtual crystal
approximation and force-constant parameters in the cation sublattice
optimized to reproduce the acoustic phonon dispersion of the alloy.

Force constants (dyn cm−1)

x a (Å) a1 b1 g1 a2 g2

0.00 4.691 358.81 −537.50 35.83 −43.03 −569.37
0.01 4.688 358.14 −546.51 38.97 −44.19 −572.23
0.025 4.683 362.22 −520.26 27.10 −41.95 −558.86
0.05 4.675 367.04 −485.94 11.12 −39.41 −539.85
0.075 4.667 370.46 −472.66 2.27 −36.55 −531.20
0.10 4.658 370.66 −458.17 3.15 −38.16 −520.15
1.00 4.259 368.36 −246.86 0.90 −86.56 −368.98
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and

�
alloy
Zn−Zn = �ZnO

Zn−Zn

(
aZnO

aCdZnO

)4

, (9)

where aCdO, aZnO, and aCdZnO are the lattice parameters of the
CdO, ZnO, and CdZnO crystals, respectively. The lattice pa-
rameters for the alloys were obtained from ABINIT calculations
and are listed in Table I.

For the determination of the interspecies Cd–Zn force con-
stants we calculated the phonon dispersion in the alloy using
the ABINIT alchemical approach. The resulting frequencies
were aligned with the critical points of the Raman spectra
and the NNN model was fitted to the high symmetry points
in the same way that was carried out for the determination of
�CdO and �ZnO. This procedure ensures that the NNN model
reproduces the alloy frequencies observed in the Raman mea-
surements. The interspecies force constants �Cd−Zn are then
obtained from the relation

�Cd1−xZnxO = (1 − x)2�Cd−Cd + x2�Zn−Zn

+ 2x(1 − x)�Cd−Zn. (10)

C. Results

The 2TA(L) line-shape simulations based on the ICPA
model are compared with the Raman spectra in Fig. 5. The
calculations are in excellent agreement with the Raman data.
Since the phonon frequencies of the alloy used to evaluate
the force constants in the NNN model of the cation sublattice
were extracted from the Raman spectra, these simulations are
not affected by the underestimation of the phonon frequen-
cies by the VCA ab initio calculations. Therefore, the close
frequency match with the Raman spectra was to be expected.
Remarkably, the ICPA model also accounts very well for the
line-shape broadening over the whole range of alloy compo-
sitions studied. As the Zn content of the alloy increases above
1%, the ICPA simulations reproduce the overall 2TA(L) line
shape, in contrast with the much narrower and symmetrical
line shapes predicted by the CPA model of mass disorder
(see Fig. 3).

According to the ICPA model, the TA(L) phonon broad-
ening due to alloy disorder is accompanied by a frequency
downshift, which increases with Zn composition and reaches
∼1.8 cm−1 for the x = 0.1 alloy. Therefore, the actual VCA
frequencies are slightly higher than those inferred from the
2TA(L) feature of the Raman spectra. This is illustrated in
Fig. 6, where we plot the dependence of the TA(L) frequency
on the alloy composition. The increase of the TA(L) fre-
quency with increasing Zn fraction derived from the Raman
spectra is appreciably higher than the predictions of VCA
ab initio calculations based on a straightforward combination
of atomic pseudopotentials [23]. The shortcomings of this
simple approach to accurately modeling the effects of the
differences in chemical bonding are likely at the root of these
discrepancies [29].

VI. SUMMARY AND CONCLUSIONS

We have investigated the Raman spectra of the Cd1−xZnxO
alloys for 0 < x < 0.1 at T = 80 K. In this composition

FIG. 5. Line-shape simulations of the 2TA(L) peak of
Cd1−xZnxO for 0 < x < 0.1 using the ICPA model (solid lines)
compared with the 80 K Raman spectra (circles). For the sake of
comparison, the spectra have been normalized to have the same peak
intensity.

FIG. 6. Dependence of the TA(L) frequency on the alloy com-
position. Circles correspond to the halved frequency of the 2TA(L)
feature in the Raman spectra (the solid line is a guide to the eye).
The dashed line indicates the corresponding frequency of the NNN
cation-sublattice model. The ab initio VCA calculations with aver-
aged pseudopotentials are shown as a dotted line.
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range, the alloys have a rocksalt structure and the first-order
Raman spectrum is forbidden. The second-order Raman spec-
tra show distinct features, most notably a relatively narrow
2TA(L) peak that evolves smoothly as the Zn fraction is
increased and can be used to monitor the effects of alloy
disorder. The frequency of the 2TA(L) feature increases with
Zn fraction at a higher rate than predicted by VCA ab ini-
tio calculations based on average potentials. In spite of the
large cationic mass difference, the conventional CPA model
for mass disorder cannot account for the broadening of the
2TA(L) peak in the Raman spectra. These results suggest that
the fluctuations in the force constants across the alloy play a
prominent role in determining the phonon linewidth.

Mass and force-constant disorder effects are intertwined
and cannot be separated. Force-constant perturbations affect
not only the dynamical matrix of a defect site but also those
of its neighbors. The ICPA mean-field theory accounts for
the off-diagonal multiple scatterings and can be applied to
the fcc cation sublattice of Cd1−xZnxO to describe disorder
on the acoustic phonons of the alloy. An NNN elastic model
of the cationic sublattice provides a good account of the
acoustic phonon dispersion and it allows one to estimate the

different pairwise force constants that can be used in the ICPA
model. Excellent agreement between the 2TA(L) Raman line-
shape simulations using the ICPA model and the Raman
measurements is found for all the Zn fractions studied, thus
highlighting the important role of force-constant disorder in
the lattice dynamics of Cd1−xZnxO. The force-constant varia-
tions stem from the disparity in ionic radii between Cd and Zn
and the relaxation of the interatomic distances in the alloy.
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