
PHYSICAL REVIEW B 105, 214113 (2022)

Phase transition behavior of heterostructural alloys: Effects of size mismatch and site preference
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Unlike isostructural alloys, phase transitions of heterostructural alloys between two different lattice types
involve more complexity and are less explored. In this work by analyzing the local environment around each
atom, we study the distinct features of phase transitions in three prototypical alloy systems (Cd,Pb)Te, (Cd,Ge)Te
and (Zn,Mg)O with different size and chemical mismatches. We show that for the (Zn,Mg)O alloy with small
size mismatch and low site preference energy between the Zn and Mg compounds, the phase transition occurs
abruptly from the zinc-blende to rock-salt structures, showing the feature of a first-order transition. On the
contrary, many distorted local configurations unlike either tetrahedron or octahedron ones in the zinc-blende
or rock-salt structures, respectively, exist near the phase transition in (Cd,Ge)Te and (Cd,Pb)Te alloys, which
have low formation energies. This is attributed to the large size mismatch between CdTe and PbTe, and stronger
preference of Cd occupying the tetrahedral sites, whereas Pb and Ge occupying the octahedral sites in (Cd,Pb)Te
and (Cd,Ge)Te alloys. Consequently, the phase transitions in (Cd,Pb)Te and (Cd,Ge)Te alloys happen gradually
in a wide composition range, showing the feature of a second-order transition. Our study, therefore, shows that
phase transition behaviors of heterostructural alloys can be rather complex, either abrupt or gradual, largely
depending on the size mismatch and site preference of the constituents. This provides deep understanding on the
phase transition behavior of these types of heterostructural alloys.
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I. INTRODUCTION

Alloying semiconductors AX with BX is a useful ap-
proach to tune various material properties, hence, it is widely
used in a large variety of applications. Usually, alloying
to form (A,B)X was done between compound AX and BX
with the same crystal lattice structures because they usually
have high miscibility. For instance, mixing InAs and GaAs
will form (Ga,In)As in the same zinc-blende structure with
band gap varies from 0.4 to 1.5 eV. Extensive studies have
been done for these isostructural alloys, focusing mostly on
the composition-dependent optical and electronic properties
[1,2], morphology of the film surface [3] and atomic ordering
induced property changes [4,5]. The studies of alloys where
AX and BX have different lattice types are rare, because there
is still lack of knowledge about how the structures of (A,B)X
evolve with the concentrations of A and B. Early theoreti-
cal studies [6] attempted to investigate such heterostructural
alloys by assuming that the alloy structures change abruptly
from one to the other. For example, ZnO has tetrahedral
wurtzite structure but MgO has octahedral rock-salt structure.
By calculating the formation energies of (Zn,Mg)O separately
in wurtzite and rock-salt lattices, the phase transition was in-
ferred at the composition where the formation energies of the
two lattices crosses. As Zn and Mg have similar ionic radii and
chemical properties [7,8], the mixing of the two atoms to form
alloys is relatively easy and an assumption of direct transition
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may be reasonable. An abrupt structural transition from cubic
to hexagonal phase was indeed observed in experiments [9].
However, similar approaches were also applied to the case
of (Cd,Pb)Te [10] where both the ionic sizes and chemical
properties of Cd and Pb are rather different. All the calculated
alloy structures were assumed to be fixed in either zinc-blende
or rock-salt lattices, thus the transition was assumed to be
abrupt, jumping directly from zinc-blende to rock-salt lattice
or vice versa [10].

Nevertheless, due to the large size and chemical mismatch
between Cd and Pb, more complicated structures such as the
occupation of both tetrahedral and octahedral sites may occur
as the mixing ratio changes because the elements have strong
preferences to occupy either tetrahedral or octahedral sites and
the large size mismatch can further enhance such preferences.
To understand this issue, in this work, we perform systematic
studies to investigate whether the alloys will directly change
from zinc-blende to rock-salt lattice, showing the feature
of a first-order transition, or there may exist intermediate
metastable structures unlike either lattice, showing the feature
of a second-order transition. We will demonstrate that the type
of phase transition in these (A,B)X alloys is closely related to
the properties of the constituents, such as the lattice mismatch
between AX and BX as well as the site preference energy of
the constituents.

The systems we choose to study are (Zn,Mg)O, (Cd,Ge)Te,
and (Cd,Pb)Te. They are not only of great theoretical im-
portance, but also have attracted broad interests for possible
practical applications. Alloying ZnO with MgO produces
tunable high band-gap (Zn,Mg)O alloys [11–13], which are
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widely used in solar-blind ultraviolet photodetectors [14,15]
and as buffer layers in thin-film solar cells [16,17]. A similar
heterostructural alloy (Zn,Cd)S can also be used as buffer
layers in thin-film solar cells [18]. PbTe has been extensive
studied as efficient thermoelectric material for decades and
alloying Cd to form (Cd,Pb)Te [19,20] has the potential to
tune its band structure [21] and enhance the thermoelectric
figure of merit [22]. Understanding how the structure evolves
as function of Cd composition will provide insight for a better
control of the alloy properties. Moreover, we also include
(Cd,Ge)Te [23] to compare the influence when Pb is replaced
by Ge, which has a more similar size as Cd but GeTe has a
higher site preference to be at octahedral site.

The structure of this paper is as follows. In Sec. II,
we describe the computational methods used in this work.
Section III A compares the material properties of the con-
stituents. Section III B presents the phase transition in the
simple alloy system of (Zn,Mg)O. Section III C demonstrates
how the formation energies and coordination numbers change
with compositions in more complicated alloy systems of
(Cd,Pb)Te and (Cd,Ge)Te. Finally, the influence of lattice
mismatch and site preferences of atoms on phase transition
behaviors are discussed and a conclusion is given in Sec. IV.

II. COMPUTATIONAL METHODS

The structures of alloys are generated using the cluster
expansion method as implemented in the Alloy Theoretic
Automated Toolkit (ATAT) [24,25]. The generated alloy struc-
tures contains various distributions of atoms, e.g., in the
zinc-blende structure of (Cd,Pb)Te, the zinc-blende sublattice
sites for cations are occupied by either Cd or Pb, and various
possibilities are included in these generated structures. The
numbers of alloy structures we use for each alloy system is
around 100, which is automatically generated by the ATAT
code with the cross validation score around few meV. The
supercells of alloys we used in this study are 64-atom cell
or less. The total energy calculations are performed using the
Vienna ab-initio simulation package (VASP) [26,27]. Projector
augmented-wave method [28,29] is adopted for the pseu-
dopotentials, and Perdew-Burke-Ernzerhof functional [30] is
adopted for the exchange-correlation functional. The energy
cutoff for the plane wave basis is 500 eV, and all atoms are
relaxed until the forces on each atom fall below 0.01 eV/Å.

For this study, it is important to know the coordination of
the atoms to analyze the bonding characters and determine
whether they should be classified as zinc-blende, rock-salt or
mixed. To do this, we first categorize the atoms into cations
and anions, and then define the coordination number of each
atom by the number of surrounding atoms of different types.
Take one Cd in (Cd,Pb)Te as an example, we search its
nearest-neighboring atoms by gradually increasing the radius,
accepting the atom as its coordination atom if it is Te atom, till
we meet a cation like Cd or Pb, then we count how many Te
atoms are within this dynamic radius as the coordination num-
ber for this particular Cd atom. Such procedures are applied
to all atoms, and the average coordination number for this
alloy structure is assigned for the cation and anion. Obviously,
the average coordination number for the standard zinc-blende
lattice is 4, and the number becomes 6 for the rock-salt lattice.

For those structures with average coordination numbers be-
tween 4 and 6, typically around 5, we denote them as distorted
structures.

It is interesting to point out that the determination of coor-
dination numbers for structural identifications is not a simple
task and various approaches have been used in the past [31].
The conventional method [32] usually requires an input of
fixed cutoff radius for searching coordination neighbors for
given atoms, which is somewhat ambiguous, especially for
systems with large atomic displacements where it is hard to
choose a suitable cutoff. In contrast, the system we studied
here has well defined cation-anion bonds and the formation
of anion-anion or cation-cation bonds has a high formation
energy, so our dynamic radius searching method for coordina-
tion numbers is more natural and efficient, which avoids the
arbitrariness that occurred in previous approaches.

III. RESULTS AND DISCUSSIONS

A. Material properties of the constituents

In this work, we focus on the phase transition behaviors
between zinc-blende and rock-salt types of alloys, taking
(Cd,Pb)Te, (Cd,Ge)Te, and (Zn,Mg)O as three examples. ZnO
normally has wurtzite structure, but the energy difference
between the tetrahedral wurtzite and zinc-blende phases are
negligible compared with the one with the rock-salt struc-
ture, so for this theoretical study, we treat ZnO as having
the zinc-blende structure. To study the formation of alloys,
it is instructive to first explore the properties of the end-point
binary constituents. Table I lists the lattice constants of the
corresponding binary constituents in both lattice structures,
and the energy differences between the rock-salt and zinc-
blende structures. Positive energy indicates the zinc-blende
structure is more stable. It is obvious that the lattice constants
of MgO and ZnO are quite close, both in zinc-blende and
rock-salt lattices, as Mg and Zn have similar ionic and cova-
lent sizes. Therefore, it is expected that (Zn,Mg)O alloy can be
easily synthesized. On the contrary, a large lattice mismatch
always exists between CdTe and PbTe in both lattices, while
the lattice constant mismatches between CdTe and GeTe are
relatively small.

TABLE I. Cubic lattice constants a of the end-point binary com-
pounds in both zinc-blende (ZB) and rock-salt (RS) lattices, and
the energy differences per unit formula �E between the rock-salt
and zinc-blende structures. Positive �E indicates the ZB structure is
more stable. The numbers in the parentheses denote the deviations of
lattice constants from the reference compounds. ZB PbTe and GeTe
are referenced to ZB CdTe, and ZB MgO is referenced to ZB ZnO.
The same reference compounds are chosen for the RS structures,
respectively.

Binary aZB (Å) aRS (Å) �E (eV)

CdTe 6.624 (0%) 6.132 (0%) 0.361
PbTe 7.336 (10.7%) 6.566 (7.1%) −0.378
GeTe 6.759 (2.0%) 6.007 (−2.0%) −0.465
ZnO 4.628 (0%) 4.335 (0%) 0.286
MgO 4.607 (−0.5%) 4.246 (−2.1%) −0.210
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FIG. 1. The formation energies (a) and coordination numbers (b)
of (Zn,Mg)O alloys. Blue diamonds denote zinc-blende structures,
and brown circles denote rock-salt structures. The abscissa represents
the concentration of Mg. Only those with the lowest formation ener-
gies in the zinc-blende and rock-salt structures are presented in (a),
and no distorted structures appear. For coordination numbers, only
the one with the lowest formation energy at each concentration is
presented in (b). Obviously, the phase transition of (Zn,Mg)O alloys
shown here is abrupt and hence a first-order transition.

The energy differences between the rock-salt and zinc-
blende structures are comparatively small for ZnO and MgO.
In contrast, such energy differences become large for CdTe,
PbTe, and GeTe, indicating that Cd has high preference to be
at the tetrahedral site, whereas Pb and Ge prefer to be at the
octahedral site. As will be discussed in the next section, the
lattice mismatch as well as site preferences of atoms plays
important roles in the alloy formation and phase transition
behaviors.

B. Abrupt phase transitions in (Zn,Mg)O alloys

To exhibit the phase transition in a straightforward manner,
the variation of formation energies and coordination number
as a function of alloy composition x for (Zn,Mg)O alloys is
depicted in Fig. 1. The formation energies of alloys are based
on the common reference, i.e., the energies of the most stable
structures of the two end-point constituents. Therefore, the
formation energy of Zn1−xMgxO is given by

�H (Zn1−xMgxO) = E (Zn1−xMgxO) − (1 − x)EZB(ZnO)

− xERS(MgO),

where EZB(ZnO) is the energy of zinc-blende ZnO, and
ERS (MgO) is the energy of rock-salt MgO. For each Mg
concentration, the lowest formation energies of alloys in the
zinc-blende, rock-salt and distorted structures are presented,
respectively, and the distorted structures will only be shown
when the formation energy is the lowest at that component
concentration. Phase transitions are evident from the cross-
ing of formation energies in the two lattices, and also from
the abrupt change of coordination numbers. The evident dis-
tinction in the phase transition of (Zn,Mg)O alloys is that
no distorted structures appear. As the concentration of Mg
increases to be near 0.6, the alloy changes abruptly from
the zinc-blende structure to rock-salt structure, showing an
evident feature of a first-order transition. Moreover, the trend
of how the formation energy in each lattice varies with the
concentration of Mg is almost linear with, slightly down-
ward bowing. This is because the lattices of MgO and ZnO
match well, both in zinc-blende and rock-salt structures, and
hence the strain energy cost in forming alloys is small. The

FIG. 2. The formation energies and coordination numbers of
(Cd,Pb)Te (a), (b) and (Cd,Ge)Te (c), (d) alloys. Blue diamonds de-
note zinc-blende structures, brown circles denote rock-salt structures,
and red crosses denote distorted structures. The abscissa represents
the composition of Pb or Ge. Only those with the lowest formation
energies in the zinc-blende and rock-salt structures are presented, and
distorted structures are only shown when the formation energy is the
lowest at that component concentration. For coordination numbers,
only the one with the lowest formation energy at each concentration
is presented. In both alloys, there exist distorted structures with lower
formation energies than in either lattice, hence the phase transitions
happen gradually in a wide composition range, showing the feature
of a second-order transition.

electronegativity difference of Mg and Zn causes charge trans-
fer and lower the formation energies, therefore, alloy mixing
in (Zn,Mg)O alloys is slightly favored in each individual
lattice for this lattice-matched semiconductor alloys. For this
system, the energy difference between zinc-blende and rock-
salt phases is small, indicating that Zn and Mg are not very
sensible to either tetrahedral or octahedral sites. Consequently,
(Zn,Mg)O alloys can exist in both zinc-blende or rock-salt
lattices without large distortions.

C. Gradual phase transitions in (Cd,Pb)Te and (Cd,Ge)Te alloys

Unlike the simple phase transitions in (Zn,Mg)O alloys, the
situations in (Cd,Pb)Te and (Cd,Ge)Te alloys are more com-
plicated. Following the same analyzing methods, we present
the corresponding formation energies and coordination num-
bers in Fig. 2. In contrast to the abrupt phase transition of
(Zn,Mg)O alloys from zinc-blende to rock-salt, there exist dis-
torted structures with lower formation energies in (Cd,Pb)Te
and (Cd,Ge)Te alloys. Generally, the formation energies of
these distorted alloys can span a wide range between zinc-
blende and rock-salt types, and some highly distorted ones
can even be more energetically favored over either type. The
change of coordination numbers also reveals the same trend
of phase transitions. Both in (Cd,Pb)Te and (Cd,Ge)Te alloys,
the coordination number does not jump abruptly from 4 to 6,
and intermediate coordination numbers appear near the phase
transition. Therefore, we conclude that the phase transitions in
(Cd,Ge)Te and (Cd,Pb)Te alloys happen gradually in a wide
composition range, showing the feature of a second-order
transition.
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TABLE II. The average coordination numbers of Cd, Te, Pb, and
Ge separately, for the distorted structure (Cd,Pb)Te or (Cd,Ge)Te at
50% concentration. The overall average coordination numbers are
also shown.

Alloy Average Cd Pb/Ge Te

(Cd,Pb)Te 5.0 4.0 6.0 5.0
(Cd,Ge)Te 5.0 4.6 5.4 5.0

More careful investigations also reveal that there are some
differences between (Cd,Pb)Te and (Cd,Ge)Te alloys. The
most obvious distinction lies in the region near the phase
transition in (Cd,Pb)Te alloy, i.e., many distorted structures
have apparent lower formation energies than those in the zinc-
blende or rock-salt lattices. The reduction of the formation
energy is not that evident in (Cd,Ge)Te alloy. This could be
explained by the lattice mismatches between the two systems
as shown in Table I. Large lattice mismatch between CdTe
and PbTe in either zinc-blende or rock-salt lattices induces
large lattice distortions and structural relaxations in (Cd,Pb)Te
alloys. Particularly, near the phase transition region where
the concentrations of Cd and Pb are similar, so the effect of
site preference energy is the highest, the atomic structures
can be quite different from either lattice types and signifi-
cant structural relaxations can effectively lower the formation
energies, leading to the appearance of more low-energy in-
termediate structures. Such differences of structural changes
between (Cd,Pb)Te and (Cd,Ge)Te alloys are reflected in
their coordination numbers. The evident phase transition in
(Cd,Ge)Te starts at the Ge concentration of 0.42, and ends
at 0.63 as inferred from the steep change of coordination
numbers in Fig. 2(d). As for (Cd,Pb)Te, the evident phase
transition in (Cd,Ge)Te starts at the Pb concentration of
0.33, and ends at 0.63. The wider phase transition range and
more profound structural relaxation in (Cd,Pb)Te than that
in (Cd,Ge)Te is consistent with the larger size mismatch in
(Cd,Pb)Te alloys.

To further investigate the distorted structures in (Cd,Pb)Te
and (Cd,Ge)Te alloys near the phase transition regions, we
present the average coordination numbers of Cd, Te, Pb, and
Ge separately in Table II. The selected distorted structures
have the Pb or Ge concentration of x = 0.5, which is near
the center of phase transition. The general trend is that Cd
prefers to have the coordination number of 4, Pb or Ge prefers
to be 6, and Te stays in the middle. It is easy to notice the
large difference of coordination numbers between Cd and Pb

in (Cd,Pb)Te at x = 0.5, as the structural relaxations there
are more significant. Since the coordination number of Cd
is 4 in the tetrahedral zinc-blende CdTe and the coordination
number of Pb is 6 in the octahedral rock-salt PbTe, the site
preferences of Cd and Pb in this distorted (Cd,Pb)Te structure
are fully satisfied. In contrast, the coordination numbers of Cd
and Ge in (Cd,Ge)Te do not differ so obviously at x = 0.5
because the structural relaxations there are small. In this case,
the site preferences of Cd and Ge are only partially satisfied.
These results indicate that the size mismatch strongly influ-
ences the structural relaxations and the site preferences of the
atoms persist in the distorted structures.

IV. CONCLUSIONS

In this work, we studied the phase transition properties of
three alloy systems (Zn,Mg)O, (Cd,Ge)Te, and (Cd,Pb)Te as
functions of alloy compositions. We propose a method for
calculating the atomic coordination by counting the nearest-
neighbor bonds between cations and anions, which provides
a convenient and unambiguous way to extract the structural
features of largely distorted semiconductor alloys. We illus-
trated the distinct features of phase transitions in these three
systems and attributed the differences to their lattice and
chemical mismatches of the constituents. The lattice mis-
match between ZnO and MgO is small in both zinc-blende
and rock-salt structures, thus, (Zn,Mg)O shows the feature
of a first-order transition. In contrast, the size and chemical
mismatches between Cd, Ge, and Pb are large, especially
between Cd and Pb, thus, (Cd,Ge)Te and (Cd,Pb)Te show the
feature of a second-order transition, where the alloys exhibit
large atomic distortions near the phase transition regions with
lower formation energies and intermediate coordination num-
bers. Our studies, therefore, demonstrate that heterostructural
alloys can exhibit rather different features during phase tran-
sitions, where the lattice mismatch of the constituent binary
compounds, as well as the site preferences of the atoms are the
main influencing factors that determines the phase transition
behaviors of the alloys.
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