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High-pressure dynamic, thermodynamic properties, and
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Using a pseudopotential plane-waves method, we calculate the phonon dispersion curves, thermodynamic properties,
and hardness values of α-CdP2 and β -CdP2 under high pressure. From the studies of the phonon property and enthalpy
difference curves, we discuss a phase transform from β -CdP2 to α-CdP2 in a pressure range between 20 GPa and 25 GPa.
Then, the thermodynamic properties, Debye temperatures, and heat capacities are investigated at high pressures. What is
more, we employ a semiempirical method to evaluate the pressure effects on the hardness for these two crystals. The results
show that the hardness values of both α-CdP2 and β -CdP2 increase as pressure is increased. The influence mechanism of
the pressure effect on the hardness of CdP2 is also briefly discussed.
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1. Introduction

Cadmium diphosphide, which belongs to the family of
II–V group semiconductor compounds, is an important techni-
cal material as a wide-gap semiconductor. Due to its superior
optical properties, CdP2 has a wide range of applications in
the fabrication of solar cells.[1] In addition, its large thermo-
optical coefficient leads to numerous applications in thermal
sensors.[2,3] What is more, its wide band gap and anisotropic
electrical properties make CdP2 a promising material in elec-
tronic engineering.[4]

Owing to its important practical application values, the
properties of CdP2 have been extensively studied. There are
two well-known crystalline phases of cadmium diphosphide,
i.e., orthorhombic (α)-CdP2

[5] and tetragonal (β ) CdP2.[6]

These two modifications are considered to be stable under am-
bient conditions. But because β -CdP2 is more stable than α-
CdP2 at ambient pressure, most of the previous investigations
focused on β -CdP2, especially, on its optical and electrical
properties.[7–11] Dynamics of the lattice and thermal proper-
ties of β -CdP2 have also been investigated.[12] In addition,
because the defects and doping effect have a strong influ-
ence on electrical and optical properties of CdP2, so a lot of
studies[13,14] have been focused on studying the band struc-
ture and absorption spectrum of β -CdP2 with the effects of
doping and process-induced defects, and the reported proper-

ties of CdP2 compounds with defects or doping effect differ
widely. What is more, the temperature-induced phase tran-
sition of CdP2 crystal has been studied.[15] In our previous
work,[16] we investigated the photoinduced non-thermal phase
transition of β -cristobalite. In addition, we have predicted the
pressure-induced phase transition of CdP2 crystals.[17]

However, there is little attention being paid to the hard-
ness of CdP2 under high pressure, especially for α-CdP2, even
the phonon, thermodynamic properties under high pressure
have not been reported before. Hence, we will mainly inves-
tigate the phonon dispersive curves, thermodynamic proper-
ties and hardness values of α-CdP2 and β -CdP2 under high
pressure in this paper. In addition, we will further study the
pressure-induced phase transition of CdP2 crystal from dy-
namic properties. What is more, we will discuss the effects
of pressure on the hardness for these two formations of CdP2

crystal.
First-principles calculations within density functional

theory (DFT) have been widely used to investigate the struc-
tural properties, lattice dynamics and thermodynamic proper-
ties for many kinds of crystals.[18,19] In this work, we em-
ploy this method to systematically explore the phonon prop-
erties, thermodynamic properties and hardness of α-CdP2 and
β -CdP2. The rest of this paper is organized as follows. In
Section 2, the theoretical computational method is briefly de-
scribed. In Section 3, the results and discussion are presented.
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In Section 4, some conclusions are drawn from the present
study.

2. Computational methods and details
In this work, the phonon properties, elastic properties,

thermodynamic properties, and hardness values of α-CdP2

and β -CdP2 are investigated by standard Kohn–Sham self-
consistent density functional theory.[20,21] In our study, the ex-
perimental lattice parameters for α-CdP2 and β -CdP2, cited
from Refs. [22] and [23], are used as the initial structure of
calculations, respectively. The β -CdP2 crystallizes in space
group P43212 = D4 with lattice parameters a = b = 5.2852 Å
and c = 19.787 Å, and β = 90◦ at a temperature of 293 K;
while the α-CdP2 crystallizes in space group Pna21 with lat-
tice parameters a = 9.901 Å, b = 5.409 Å, and c = 5.157 Å,
and β = 90◦. The structural optimizations for the positions
of atoms are carried out by using the conjugate gradient
(CG) algorithm, and the self-consistency tolerance is set to
be 1×10−7 eV for the total energy per atom and 0.03 eV/Å
for atomic force in the CG optimization move. For the
exchange-correlation energy, we adopt the generalized gra-
dient approximation designed by Perdew, Burke, and Ernz-
erhof (PBE).[24,25] A pseudopotential plane-wave method is
employed to describe the interaction between valence electron
and atomic core. In our calculation, the valence electronic con-
figurations for Cd and P are set to be 4d105s2 and 3s23p3, re-
spectively. A plane-wave basis set to be an energy cutoff of
290 eV is closed to ensure a stable state of the system en-
ergy. The Brillouin zone sampling is performed by using the
Monkhorst–Pack grid.[26]

For phonon calculations, there are two main methods: a
frozen-phonon method[27] and a linear-response method.[28,29]

In the frozen-phonon method, by exerting a small displace-
ment for each of the atoms of the central cell in different di-
rections, the forces acting on the other atoms can be calculated.
Then the phonon dispersion curves can be obtained from su-
percell calculations by comparing the forces changes before
and after the small displacement. In the linear-response ap-
proach, the second derivatives of the total energy are obtained
by the linear variation of the electron density with applica-
tion of an external, static, perturbation. Then, according to the
first-order perturbation theory, a self-consistent equation be-
tween the variation of external potential field and charge den-
sity response can be established. By solving the self-consistent
equation, the charge density response, dynamical matrix, force
constants and phonon frequencies can be calculated. In this
paper, we adopt the linear-response method for all the phonon
calculations.

In addition, computational methods of thermodynamic
properties are shown in Subsection 3.3. What is more, the
Vickers hardness values of crystals are calculated by the theo-

retical method proposed by Gao[30] in 2006, and the calcula-
tion method is given in detail in Subsection 3.4.

3. Results and discussion
3.1. Phonon properties and structural transition

As is well known, there are two phases of cadmium
diphosphide, i.e., α-CdP2 and β -CdP2. These two modifi-
cations are considered to be stable under ambient conditions.
But little attention has been paid to the hardness of CdP2 under
high pressure. In this work, we investigate the changes of en-
thalpy value of α-CdP2 and β -CdP2 as pressure is increased,
and plot the enthalpy difference curves of α-CdP2 and β -CdP2

in Fig. 1.
Based on the results of enthalpy difference curves shown

in Fig. 1, it is easy to find that β formation is a more stable
structure of CdP2 in a pressure range from 0 GPa to 20 GPa.
While as the pressure further increases, the enthalpy value of
the α phase becomes smaller than that of the β phase, which
means that α-CdP2 becomes a more stable phase when the
pressure is larger than 20 GPa. This may indicate that a phase
transition from β to α phase happens at a pressure of just a
little over 20 GPa.
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Fig. 1. (color online) Variations of enthalpy difference of α-CdP2 and
β -CdP2 with pressure at 298 K. With the enthalpy value of β -CdP2 used
as a reference, we set the enthalpy value of β -CdP2 at different pres-
sures to be zero marked by a red line, then the black line corresponds to
the enthalpy difference between α-CdP2 and β -CdP2.

A phonon dispersion curve is an important approach to
studying the lattice dynamics. To confirm our guess, we cal-
culate the phonon dispersion curves of β -CdP2 and α-CdP2

at several different pressures. Figures 2 and 3 show our cal-
culated results. From Fig. 1, it can be seen that the lat-
tice dynamics of β -CdP2 exhibits a variety of anomalies. (i)
It is interesting to note that the phonon frequencies of opti-
cal branches increase as pressure increases, while the acous-
tic phonon branches soften as pressure increases. (ii) When
the pressure is raised to 20 GPa, an imaginary frequency ap-
pears at the M point. As the pressures further increases, the
whole transverse acoustic (TA) branches soften to imaginary
frequencies at 25 GPa, which indicates a structural instability
of β -CdP2 under high pressure.
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Fig. 2. Phonon dispersion curves of β -CdP2 at different pressures.
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Fig. 3. Phonon dispersion curves of α-CdP2 at different pressures.

For α-CdP2, the phonon calculations predicted that it is
stable from 0 GPa to 25 GPa. While for β -CdP2, the appear-
ance of the imaginary frequency in the phonon spectrum at a
pressure larger than 20 GPa indicates that it becomes unstable
under high pressure.

Combining the phonon dispersion curves with the en-
thalpy difference curves of α-CdP2 and β -CdP2, it can be
determined that a phase transition from β phase to α phase
occurs at a pressure slightly larger than 20 GPa. Before phase
transition, the α-CdP2 is a metastable phase. At a pressure
larger than 20 GPa, α-CdP2 becomes a more stable phase than
β -CdP2. The transition pressure corresponds to the intersec-
tion point of enthalpy difference curve shown in Fig. 1.

3.2. Mechanical stability

In order to show the rationality of our research for CdP2

transition, we calculate the elastic properties of these two
phases in a pressure range between 0 GPa and 25 GPa to in-
vestigate their mechanical stabilities.

For α-phase, the mechanical stability criteria[31] are as
follows:

C11 > 0, C22 > 0, C33 > 0, C44 > 0, C55 > 0, C66 > 0,

C11 +C22 −2C12 > 0, C11 +C33 −2C13 > 0,

C22 +C33 −2C23 > 0. (1)

For the β -phase, the mechanical stability criteria are given as
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follows:

C11 −C12 > 0, (C11 +C12)C33 −2C2
13 > 0, C66 > 0. (2)

The elastic constants of α-CdP2 and β -CdP2 at zero pres-
sure are presented in Table 1.

Table 1. Elastic constants of α-CdP2 and β -CdP2 at zero pressure.

C11 C22 C33 C44 C55 C66 C12 C13 C23

α-CdP2 101.3 91.4 87.3 37.4 28.2 19.0 31.1 37.7 32.5
β -CdP2 92.6 92.6 102.2 36.2 36.2 41.1 33.2 32.3 32.3

Combining the results listed in Table 1 with the mechan-
ical stability criteria presented in Eqs. (1) and (2), it is not
difficult to judge that both α-CdP2 and β -CdP2 are stable in
mechanics. Further studies show that these two phases are me-
chanically stable in our research pressure range.

3.3. Thermodynamic properties

The Debye temperature of a solid is an important physi-
cal quantity of thermodynamic properties, it is closely related
to the hardness and superconducting transition temperature of
material. So the research of Debye temperature has an im-
portant physical significance. The Debye temperature can be
obtained from elastic constants by following equation:

Θ =
h

kB

[
3n
4π

(
NAρ

M

)]1/3

Vm, (3)

where h is the Planck constant, kB is the Boltzmann constant,
NA is theAvogadro constant, n is the number of atoms in the
cell, M is the molar mass, ρ is the density, and Vm is the aver-
age wave velocity, which can be calculated from the following
formula:

Vm =

[
1
3

(
2

V 3
s
+

1
V 3

p

)]−1/3

, (4)

where Vs and Vp are the shear wave velocity and compressional
wave velocity, respectively.

According to the above formula and the results of elas-
tic constants, we further obtain the Debye temperatures of two
formations of CdP2 crystal at high pressures. Figure 4 shows
the calculated Debye temperatures of CdP2 varying with tem-
perature at different pressures. It is noted that the Debye
temperatured of α-CdP2 and β -CdP2 increase as pressure in-
creases.

The heat capacity of a solid, as an old topic of the con-
densed matter physics, follows the standard elastic continuum
theory:[32] the heat capacity Cv is proportional to T 3 at suffi-
ciently low temperatures; while at a higher temperature, the
heat capacity Cv approaches to the Petit–Dulong limit.[33] Fig-
ure 5 shows plots of heat capacity Cv(T ), versus temperature,
for α-CdP2 and β -CdP2 at different pressures. It can be seen

from Fig. 5 that the heat capacity Cv decreases as pressure in-
creases at low temperatures. However, at higher temperatures,
Cv is still close to the Petit-Dulong limit at different pressures.
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Fig. 4. (color online) Variations of Debye temperature with temperature
of two formations of CdP2 crystal under high pressures.
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Fig. 5. (color online) Variations of heat capacity with temperature for
α-CdP2 and β -CdP2 at different pressures.

3.4. Hardness

Vickers hardness, as a physical property to measure the
shearing resistance and compression resistance of a solid ma-
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terial, is commonly defined as the ratio of F/A; where F is
the pressed force applied to the diamond indenter in the unit
of kilograms-force, and A is the indentation area on the sur-
face of a measured material in the unit of square millimeter. In
this work, we calculate the Vickers hardness values of α-CdP2

and β -CdP2 from 0 GPa to 20 GPa by the microscopic theo-
retical model proposed by Gao.[30] In this model, the Vickers
hardness can be calculatedfrom the following formulas:

Hv =

[ µ

∏(Hµ
v )

Nµ

]1/ΣNµ

, (5)

Hµ
v = 699Pµ(vµ

b )
−5/3 exp(−3005 f 1.553

m ), (6)

where Hv is the hardness of the calculated material, Hµ
v is the

hardness of µ-type bond in the calculated material, Nµ is the
total bond number in the cell, Pµ is the Mulliken overlap pop-
ulation of µ-type bond, vµ

b is the bond volume, and fm is the
metallicity. The value of vµ

b can be calculated from the follow-
ing formula:

vµ

b =
(dµ)3

∑
v
(dv)3(Nv/Ω)

=
(dµ)3Ω

∑
v
[(dv)3Nv]

, (7)

where dµ is the bond length and Ω is the cell volume.

The metallicity fm is approximate to nm/ne, where nm

and ne are the number of electrons that can be excited and the
total number of the valence electrons, respectively. According
to the electronic Fermi liquid theory, fm can be expressed as
follows:

fm =
nm

ne
=

0.026DF

ne
, (8)

where DF is the electron density of states at the Fermi level.

According to the above theory, we calculate the bond pa-
rameters and Vickers hardness values of α-CdP2 and β -CdP2

at ambient pressure. The P–P and Cd–B bond parameters as
well as the Vickers hardness values are listed in Table 2. From
Table 2, it is not difficult to find that the contribution of the
P–P bonds plays a major role in determining the hardness val-
ues of α-CdP2 and β -CdP2, while the Cd–P bonds limit their
hardness values. In addition, the metallicity fm is an important
factor to limit their hardness values. With the increase of the
metallicity of material, the hardness decreases.

Table 2. Calculated bond parameters and Vickers hardness values of α-CdP2 and β -CdP2 at ambient pressure.

Bond dµ /Å Pµ Ω /Å3 vµ

b /Å3 fm/10−3 Hµ
v /GPa Hv/GPa

α-CdP2 P–P 2.162 0.62 286.0 7.802 0 14.12 3.84
P–P 2.208 0.49 8.310 0 10.05

Cd–P 2.584 0.53 13.320 1.713 4.16
Cd–P 2.616 0.44 13.821 1.713 3.25
Cd–P 2.626 0.10 13.980 1.713 0.72
Cd–P 2.644 0.33 14.269 1.713 2.31

β -CdP2 P–P 2.168 0.60 574.1 7.873 0 13.461 4.59
P–P 2.214 0.50 8.385 0 10.099

Cd–P 2.583 0.58 13.315 1.078 4.979
Cd–P 2.621 0.43 13.911 1.078 3.431
Cd–P 2.633 0.16 14.103 1.078 1.248
Cd–P 2.638 0.42 14.183 1.078 3.245

In order to study the effect of pressure on the hardness
property of CdP2, we calculate the Vickers hardness values in
a pressure range from 0 GPa to 20 GPa. The results are shown
in Table 3. It is noted that the hardness values of α-CdP2 and
β -CdP2 increase as pressure is increased. By analyzing the
bond parameters and electronic properties of α-CdP2 and β -
CdP2, we find that the hardness is most closely related to the
chemical bonds and structural symmetry of crystal. While the
pressure has almost no effect on the structural symmetry of
crystal, it mainly affects their chemical bonds. Further anal-
ysis shows that there are three reasons for explaining the in-
creasing hardness at high pressure: 1) the hardness of cova-
lent bond (P–P bond) increases as pressure is increased; 2) the
hardness of ionic bond (Cd–P bond) increases as pressure is
increased; 3) the metallicity of CdP2 is weakened as pressure
is increased. In a word, due to the enhancement of covalent

bonds and the weakening of metal bonds, the hardness values
of α-CdP2 and β -CdP2 are increased at a higher pressure.

Table 3. Calculated Vickers hardness value of α-CdP2 and β -CdP2 at
different pressures.

Compounds 0 GPa 5 GPa 10 GPa 15 GPa 20 GPa

α-CdP2 3.84 4.76 5.71 6.28 6.71
β -CdP2 4.59 5.42 5.98 6.40 6.74

4. Conclusions
In this work, by calculating the phonon properties and

enthalpy difference between α-CdP2 and β -CdP2 at high pres-
sures, a pressure-induced phase transition of CdP2is confirmed
in a pressure range between 20 GPa and 25 GPa in theory. In
addition, the studies of elastic properties show that α-CdP2

and β -CdP2 are stable in mechanics in our studied pressure
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range. The investigations of thermodynamic properties show
that the heat capacity decreases and the Debye temperature in-
creases as pressure increases.

What is more, we discuss the pressure effects on the hard-
ness of α-CdP2 and β -CdP2. The results show that both
the hardness values of covalent bonds (P–P bonds) and ionic
bonds (Cd–P bonds) increase as pressure is increased, while
the metallicity is weakened as pressure is increased. This
causes the hardness values of both α-CdP2 and β -CdP2 to
increase as pressure is increased. As the pressure rises from
0 GPa to 20 GPa, the Vickers hardness of α-CdP2 increases
from 3.84 GPa to 6.71 GPa. While the Vickers hardness of
β -CdP2 increases from 4.59 GPa to 6.74 GPa. From this con-
clusion, it is easy to find that the effect of pressure plays an
important role in the hardness of CdP2 crystal; it can change
the hardness of the material by affecting its chemical bonds.
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