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The pressure-induced phase transitions of cadmium sulfide semiconductor in both zinc-blende and wurtzite
structures are investigated by ab initio plane-wave pseudopotential density functional theory with the local
density approximation. On the basis of the fourth-order Birch–Murnaghan equation of state, the phase transition
pressures Pt are determined by the enthalpy criterion. It is found that the phase transitions occur at pressure
of 2.57 GPa (zinc blende–rocksalt structure) and 2.60 GPa (wurtzite–rocksalt structure), respectively. The
equilibrium structural parameters, elastic constants, and phase transition pressures are calculated and compared
with the experimental data available and other theoretical results. According to linear-response approach,
the thermodynamic properties such as the free energy, enthalpy, entropy, and heat capacity are also obtained
successfully from the phonon density of state.

PACS: 71.15.Mb, 65.40.−b

1. Introduction
As a group IIB–VIA semiconductor, cadmium sulfide

has gained wide recognition because of its outstanding
optical-electronic properties [1–7] and polymorphic struc-
tural transformations [8–16]. It has a direct band gap of
2.4 eV that lends itself to many applications in light de-
tectors, forming quantum dots, and passivating the sur-
faces of other materials [1]. Owing to the thermal sta-
bility and the colour in yellow, it can form pigments in
colors ranging from deep red to yellow with the addition
of CdTe et al. [2]. At ambient conditions, CdS exists as
hexagonal greenockite (wurtzite structure (WZ)) or cubic
hawleyite (zincblende structure (ZB)). In this paper, we
investigate the structures of WZ with space group P63mc
ZB with space group F -43m and rocksalt structure (RS)
with space group Fm-3m.

The electronic properties of CdS have been of consid-
erable investigation by both theories [3, 4, 7] and ex-
periments [5, 6]. Zakharov et al. [3] calculated quasi-
particle band structures of CdS using the GW approx-
imation for self-energy operator and obtained satisfac-
tory agreement in comparison with experiments. Using
the first-principles orthogonalized linear-combination-of-
-atomic orbitals method, Xu and Ching [4] calculated the
energy gap of 2.02 eV, which is in reasonable agreement
with experimental values of 2.4 eV [5] and 2.58 eV [6].
Wei et al. studied the structure stability and carrier local-
ization of CdS in both ZB- and WZ-structures by band-
-structure calculations [7]. They found that the band gap
and the valence-band maximum of WZ-CdS are larger
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than those of ZB-CdS, which can affect significantly de-
vice transport properties in a mixed ZB/WZ system.

During the past few decades, the investigations of
phase transitions have attracted considerable atten-
tion by experiments [8–15]. The pioneering study of
optical-absorption edge of CdS under pressure indicated
that the phase transition (WZ-RS) occurs at about
2.7 GPa [8]. In a subsequent resistivity study under
pressure, a large drop in electrical resistance of WZ-
CdS at about 2.5 GPa was observed by Samara and
Drickamer [9]. Corll reported that the phase transition
pressures are very approximately at 3.1 GPa (ZB-RS),
2.5 GPa (WZ-RS), and 2.8 GPa (WZ-ZB mixes — RS),
respectively [10]. Using the resonant Raman scatter-
ing tuned by pressure, Zhao et al. and Venkateswaran
et al. reported that the phase transition of CdS from a
direct-gap WZ to an indirect-gap RS- structure at about
2.7 GPa [11] and 2.5 GPa [12]. Knudson et al. inves-
tigated the WZ-RS phase transition of CdS using pi-
cosecond time-resolved electronic spectroscopy in plate
impact shock wave experiments [13]. They obtained the
phase transition (WZ-RS) pressure of 3.1 GPa by the
Hartree–Fock linear-combination-of-atomic-orbitals self-
-consistent-field calculation and identified a face-centered
tetragonal structure as the most plausible metastable
structure. In addition, due to the interesting and size-
-dependent properties of nanocrystals of CdS semicon-
ductor, the phase transition pressures of size-dependent
nanocrystals of CdS were also studied. Makino et al. [14]
measured the structural phase transition (WZ-RS) pres-
sures of CdS microcrystals in various sizes and obtained
the transition pressures between 6 and 7 GPa, which is
larger than those of bulk crystals. By measuring the op-
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tical absorption of ZB-CdS microcrystals in 4 nm diam-
eter, Haase and Alivisatos [15] reported that the phase
transition pressure of 8 GPa, which outclasses the bulk
CdS phase transition pressure of 3.1 GPa. The investi-
gation on stability of different size nanocrystal CdS are
expected to obtain the surface energy and explain the
effects of strain and dislocation at the surface.

As described above, although the phase transitions of
CdS have been extensively studied by experiments with
different methods, the theoretical investigation [13, 16]
on phase transitions of WZ- and ZB-CdS are relatively
lacking. Thus, our work is respected to give a compar-
ative and complementary theoretical support for experi-
ments. A systematical investigation of high-pressure and
high-temperature behaviors for CdS are given, which in-
clude the phase transition pressure, elasticity, aggregate
elastic modulus, free energy, enthalpy, entropy, and heat
capacity. Our calculations agree well with experimental
results and provide powerful guidelines for further exper-
imental investigation. This paper is organized as follows:
in Sect. 2, we make a brief review of the theoretical meth-
ods. Subsequently, the results and some discussion are
presented in Sect. 3. Finally, the conclusions are summa-
rized in Sect. 4.

2. Method of calculations

2.1. Total energy electronic structure calculations

To perform density functional theory calculations,
we employ the Vanderbilt-type ultrasoft pseudopoten-
tials [17] for the interactions of the electrons and the
ion cores, together with the local density approxima-
tion (LDA) for exchange and correlation in the scheme
of Ceperley–Alder parameterized by Perdew and Zunger
(CA–PZ) [18, 19]. The initial structures used in the
condensed phase simulations are plotted in Fig. 1. The
electronic wave functions are obtained using a density-
-mixing scheme [20] and the structures are relaxed us-
ing the Broyden–Fletcher–Goldfarb–Shannon (BFGS)
method [21]. The electronic wave functions are expanded
in a plane wave basis set with the energy cut-off of
400 eV. Hydrostatic pressure, coupled with the variable
cell approach, is applied within the Parrinello–Rahman
method to perform a full optimization of the cell struc-
ture [22]. For the Brillouin zone sampling, 8 × 8 × 8
(for ZB- and RS-CdS) and 10 × 10 × 6 (for WZ-CdS)
Monkhorst–Pack meshes [23] and the self-consistent con-
vergence 10−6 eV/atom of the total energy are applied.
Pseudoatom calculations are performed for Cd 4d10 5s2

and S 3s2 3p4. All the calculations are implemented
through the CASTEP code [24, 25].

2.2. Elastic properties and mechanical properties

A brief description of computational methods of elastic
constants is given as follows. The elastic stiffness tensor
is related to the stress tensor and the strain tensor by
Hooke’s law. The elastic stiffness tensor cijkl can be ex-
pressed as [26–29]:

Fig. 1. Unit cell of CdS crystal. Gray and black
spheres stand for Cd and S atoms, respectively.

σij =
1,3∑

kl

cijklεkl , (1)

where εkl is the strain, cijkl is the elastic constant (ma-
trix) and σij is the stress. Generally speaking, the elastic
stiffness tensor has 21 non-zero independent components.
However, this number is greatly reduced when taking the
symmetry of the crystal into account. As is known, there
are three independent components of the elastic stiffness
tensor for cubic crystal, i.e. C11, C12, C44, and five inde-
pendent components for hexagonal crystal, i.e. C11, C12,
C13, C33, and C44.

There are two approximation methods to calculate the
polycrystalline modulus, namely the Voigt method [30]
and the Reuss method [31]. The subscript V denotes
the Voigt bound and R denotes the Reuss bound. For
cubic phase CdS, the theoretical bulk modulus B can be
determined from elastic constants

BV = BR = (C11 + 2C12)/3 . (2)
The shear modulus G has the following form:

GV = (C11 − C12 + 3C44)/5 , (3)

GR = 5(C11 − C12)C44

/
[4C44 + 3(C11 − C12)]. (4)

For hexagonal phase CdS, the bulk modulus BV and BR

are given by
BV = (1/9)[2(C11 + C12) + 4(C13) + C33], (5)

BR = C2/M . (6)
The shear modulus G has the following expression:

GV = (1/30)(M + 12C44 + 12C66) , (7)

GR = (5/2)
[
C2C44C66

]
/[

3BVC44C66 + C2(C44 + C66)
]
, (8)

where
M = C11 + C12 + 2C33 − 4C13 , (9)

C2 = (C11 + C12)C33 − 2C2
13 . (10)

The arithmetic average of the Voigt and the Reuss
bounds is called the Voigt–Reuss–Hill (VRH) average and
commonly used to estimate the elastic moduli of poly-
crystals. In the terms of the Voigt–Reuss–Hill approxi-
mations [32]:

BV + BR = 2BH, GV + GR = 2GH . (11)
Young’s modulus E can be calculated by

E = 9BG/(3B + G) . (12)
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3. Results and discussion

3.1. Phase transition
In order to investigate phase transitions, we analyze

the enthalpy variation of CdS with pressure. Enthalpy
H is an important and valuable parameter for the study
of phase stability. The phase transition pressure can
be obtained by the enthalpy criterion, Hphase1(pt) =
Hphase2(pt). Enthalpy H takes the form of

H = E + PV , (13)
where E is the internal energy calculated by density func-
tional theory, the pressure P and volume V are linked by
the fourth-order Birch–Murnaghan equation of states.

Fig. 2. The calculated enthalpy (H) of ZB-, RS-, and
WZ-CdS versus pressure.

By fitting the E–V data to the Birch–Murnaghan
equation of state (EOS) [33]

p = 3B0fE(1 + fE)5/2

[
1 +

3
2
(B′ − 4)fE

+
3
2

(
B0B

′′
+ (B′ − 4)(B′ − 3) +

35
9

)
f2

E

]
, (14)

where fE is written as

fE =
[
(V0/V )2/3 − 1

]
/2 ,

where E is the internal energy calculated by density func-
tional theory, the pressure P and volume V are linked
by the fourth-order Birch–Murnaghan equation of states.
We calculate the variations of the enthalpy of CdS versus
the pressure, which are shown in Fig. 2. The intersec-
tion of the two enthalpy curves implies that the phase
transitions occur at 2.57 GPa (ZB–RS) and 2.60 GPa
(WZ-RS), respectively. We list the available experimen-
tal data and other theoretical results for comparison in
Table I. It can be found from Table I, our computational
values are in good agreement with experimental data [10–
12, 15, 34] and previous theoretical investigation [13, 16].

3.2. Crystallographic structure of CdS at ground state
The ground state crystallographic structure is impor-

tant and fundamental for investigating the other prop-
erties. Ascertaining the equilibrium parameters of CdS
at ambient pressure is important not only for the knowl-
edge of the molecular crystal structure at ambient condi-
tion, but also to benchmark the performance of the the-
oretical methods for its ability to describe interatomic
binding forces in solids. A series of lattice constants
a are set to obtain the total energy E and the corre-
sponding primitive cell volume V , and then the obtained
E–V data are fitted to the Birch–Murnaghan equation of
state [33]. The obtained equilibrium lattice parameters
a and c, bulk modulus B0 and its pressure derivation B′

0

at P = 0 and T = 0 are listed in Table II, together with
the available experimental [35–37] and other theoretical
[13, 16, 38] data. Compared with the experimental data,
our LDA calculations underestimate lattice constants a
by −1.21% (WZ), −0.72% (ZB), −1.51% (RS), respec-
tively. Generally speaking, our computational results are
consistent with the experimental data and other theoret-
ical results.

3.3. Elastic properties and mechanical properties
under pressure

The elastic constants of solids provide a link between
the mechanical and dynamical behaviors of crystals, and
give important information concerning the nature of the
forces operating in solids. Our calculated elastic con-
stants of CdS at P = 0 and T = 0 are summarized
in Table III, together with the available experimental
and other theoretical data. Our calculated elastic con-
stants of WZ CdS approach to the experimental data [39]
and are generally better than those given by Wright and
Gale [38].

The good agreement between ours and experiments im-
plies the validity of aggregate elastic modulus under high
pressure, which is shown in Fig. 3. It is obvious that
the elastic modulus C11, C12, C13, and C33 increase lin-
early with pressure increasing, but the elastic constant
C44 changes slightly. These properties can give some in-
formation for the applications in extreme environments.

In Fig. 4, we plot the variation of bulk modulus B,
shear modulus G, and Young’s modulus E as a function
of the pressure. The bulk modulus of ZB-, WZ-, and
RS-CdS increases linearly with pressure increasing. The
shear modulus and Young’s modulus of ZB- and WZ-CdS
decrease with pressure increasing, while those of RS-CdS
increase with pressure increasing. They exhibit abrupt
changes at 1 GPa for ZB-CdS and 3 GPa for WZ-CdS.
The abrupt changes originate from the sensitivity of C44

with the variation of pressure.



504 J.J. Tan et al.

TABLE IThe pressure (in GPa) of phase transiton of CdS.

Phase transition Pt Method References
ZB–RS 2.57 LDA/USP present work

2.1 FP/LMTO Benkhettou et al. Ref. [16]
2.7 Raman scattering Haase et al. Ref. [15]
3.1 X-ray diffraction Corll Ref. [10]

WZ-RS 2.60 LDA/USP present work
2.3 FP/LMTO Benkhettou et al. Ref. [16]
3.1 HF/LYP Knudson et al. Ref. [13]
2.5 X-ray diffraction Owen et al. Ref. [34]
2.7 Raman scattering Zhao et al. Ref. [11]
2.5 Raman scattering Venkateswaran et al. Ref. [12]
2.5 X-ray diffraction Corll Ref. [10]

TABLE II
The calculated lattice constants (Å), the bulk modulus B0 (in GPa)
and its first pressure derivative B′

0 of CdS at 0 GPa and 0 K.

Structure References a c B0 B′
0

WZ present work 4.086 6.667 68.9 4.7
Ref. [13] 4.18 6.76 79.48 2.941
Ref. [38] 4.19 6.66 66.4

Expt. Ref. [35] 4.136 6.714 62.0
ZB present work 5.776 68.1 4.7

Ref. [16] 5.8081 69.44 4.5656
Ref. [38] 5.87 65.5

Expt. Ref. [35] 5.818 64.4 [36]
RS present work 5.358 92.5 4.8

Ref. [16] 5.3527 97.28 4.5101
Ref. [13] 5.45 94.74 3.802

Expt. Ref. [37] 5.44 86.7 4.36

TABLE III
The calculated elastic constants (in GPa) of CdS at 0 GPa and 0 K.

Structure References C11 C12 C13 C33 C44

WZ present work 93.93 57.64 50.19 105.24 15.87
Ref. [38] 102.8 45.4 47.5 113.3 32.4

Expt. Ref. [39] 84.32 52.12 46.38 93.97 14.89
ZB present work 81.79 61.06 31.0

Ref. [38] 89.38 53.52 39.11
RS present work 157.82 59.66 35.33

3.4. Thermodynamic properties

Phonons play a major role in many physical properties
of solids, such as the thermal property, electrical conduc-
tivity, superconducting temperature and the Debye tem-
perature. The vibration frequency is a function of the
wave vector q, which can be written as: ω(q) = ωj(q).
Due to the translational symmetry ωj(q + G) = ωj(q),
we can only calculate the phonon frequencies in the first
Brillouin zone.

Once the phonon spectra are obtained, we can calcu-
late the Helmholtz free energy F , entropy S and lattice
capacity CV as a function of temperature as follows:

E(T ) = Etot + Ezp +
∫
~ω/

[
exp

(
~ω
kT

)
− 1

]
g(ω)dω

(15)
with Etot and Ezp representing initial energy and zero
point vibrational energy, k and h denoting Boltzmann’s
and Planck’s constant. g(ω) is the phonon density of
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Fig. 3. The calculated pressure dependence of elastic
constants C11 (solid squares), C12 (solid circles), C44

(solid triangles), C33 (solid stars), C13 (triangles) at 0 K
of CdS.

states with
∫ ω

0
g(ω)dω = 1. Ezp can be expressed by

Ezp =
1
2

∫
~ωg(ω)dω . (16)

The vibrational contribution to the free energy F is given
by

F (T ) = Etot + Ezp + kT

∫ [
1− exp

(
−~ω

kT

)]

× lmg(ω)dω . (17)
The vibrational contribution to the entropy S can be
written in the form of

S(T ) = k

{ ∫
~ω
kT

/[
exp

(
~ω
kT

)
− 1

]
g(ω)dω

−
∫ [

1− exp
(
−~ω

kT

)]
g(ω)dω

}
. (18)

The vibrational contribution to the heat capacity CV is
deduced by

CV(T ) = k

∫ (
~ω
kT

)2

exp
(
~ω
kT

)/[
exp

(
~ω
kT

)
− 1

]2

× g(ω)dω . (19)

Fig. 4. The calculated bulk modulus B, shear modulus
G, and Young’s modulus E of ZB- (circles), RS- (solid
circles), and WZ- (solid triangles) CdS as a function of
pressure.

We plotted the thermodynamic functional in Fig. 5.
All the investigated thermodynamic data of ZB- and
WZ-CdS are much similar to each other. The predicted
high-temperature behaviors can give some information
for applications of the materials at different tempera-
tures.

4. Conclusions

In summary, we have presented structural phase tran-
sitions equations of state and elasticity for ZB, WZ,
and RS CdS by ab initio plane-wave pseudopotential cal-
culations. The phase transition pressures are 2.57 GPa
(ZB–RS), and 2.60 GPa (WZ-RS). The effects of the
pressure on the elastic constants and mechanical proper-
ties have also been calculated. These results can give
a better understanding of the high-pressure behavior
of CdS. All the investigated thermodynamic data for ZB-
and WZ-CdS are much similar to each other. These re-
sults can provide powerful guidelines for a further under-
standing of vibrational contribution to the temperature
dependence of the thermodynamic potentials.



506 J.J. Tan et al.

Fig. 5. The calculated temperature dependence of
the vibrational contribution to the free energy F
(KJ mol−1), enthalpy H (KJ mol−1), entropy TS
(KJ mol−1), and heat capacity Cv (J mol−1 K−1) of
the ZB- and WZ-CdS.
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