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Abstract: In this work, the crystal structure of the ZnO was studied under high hydrostatic pressure using ab initio

calculations. Pressure–volume relationships and structural transitions in ZnO were investigated using Siesta method. A

first-order transition from the hexagonal wurtzite (B4) structure with space group P63mc to the cubic NaCl (B1) structure

with space group Fm�3m was successfully observed. A transition was also observed from Fm�3m to another cubic CsCl (B2)

structure with space group Pm�3m for ZnO. These phase transitions which occur around 9 and 119.5 GPa were also

analyzed from the total energy and enthalpy calculations. In addition, electronic, elastic and vibrational properties of ZnO

were analyzed based on the high pressure.
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1. Introduction

Recently, the properties of ZnO have been subject to many

experimental and theoretical studies in recent years due to

its technological significance in various fields including

photovoltaic, piezoelectric surface acoustic wave devices,

varistors, optical waveguides, gas sensors, ceramics, etc.

[1–14]. For example, ZnO films are used as n-type con-

ductive glass in thin-film solar cells consisting of copper

indium diselenide [1] or amorphous silicon [2]. It is a low-

cost material well adapted for the new generation of solar

cells.

Besides the above-mentioned properties, the high-pres-

sure behavior of ZnO has theoretically attracted interest at

the same time [14–17]. There is a continuing interest in the

high-pressure behavior of ZnO in the field of geophysics as

well as the basic material physics [13]. The phase-depen-

dent phase transition in ZnO has been studied experimen-

tally and theoretically. Experimental studies have shown

that the B4 phase of ZnO is converted to the B1 phase at

about 10 GPa [18], and then, this transformation is per-

formed by Jamieson [19] and Yu et al. [20]. Desgreniers

reported that the transition pressure (Pt) for B4 ? B1

transition was 9.1 ± 0.2 GPa and a 16.7% collapse in

volume [21]. Energy-diffused X-ray diffraction (EDX)

studies have shown that the transition from B4 ? B1

occurs at about 9.8 GPa at room temperature [22, 23]. In

addition, previous high-pressure structural calculations

have mostly focused on phase transformation from B4 to

B1. The linear combination of Gaussian-type orbitals

(LCGTO) Hartree–Fock (HF) method reported a transit

pressure of 8.57 GPa [16]. The elastic and structural

properties of ZnO have been investigated with the full-

potential linear-muffin-tin-orbital method (FP-LAPW)

[24].

Recently, the structural parameters of ZnO in three

phases (B4, B1, B3), as well as the transition to B1 and B3

phases from B4, have been presented with both the local

density approximation (LDA) and the generalized gradient

approximation (GGA) [25].

We also investigated the electronic properties of ZnO

for low- and high-pressure phases and found that all phases

of ZnO exhibited semiconducting properties.
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The purpose of this article is to compare the structural

and electronic properties of ZnO with other theoretical and

experimental studies using the Siesta package program and

to complement the lack of literature. The remainder of this

article is organized as follows: Chapter 2 summarizes the

calculation method, Chapter 3 results and discussion and

Chapter 4 the conclusions.

2. The method of calculations

The phase transition properties of the hexagonal B4

structure of ZnO under pressure are investigated using the

ab initio method. The SIESTA [26] package program is

used as the ab initio code in the study. GGA approach is

applied, and parameters of the Perdew–Burke–Ernzerhof

(PBE) [27] exchange–correlation function are entered into

the calculations with ‘‘double f (DZ) basis set.’’ Troullier–

Martins’ norm-protective pseudo-potential [28] is used for

electronic band structure, total and partial density of state

calculations.

Cutoff energy at work is sufficient as 300 Ryd. In order

to calculate the relation between the energy–volume, the

Table 2 The equilibrium lattice parameters and the atomic fractional

coordinates of the P63mc, Fm�3m, and Pm�3m phases

Phases a (Å) b (Å) c (Å) x y z

P63mc 3.2896 3.2896 5.2829 Zn: 0.3333 0.6667 0.5000

Zn: 0.6667 0.3333 0.0000

O: 0.3333 0.6667 0.1214

O: 0.6667 0.3333 0.6214

Fm�3m 4.1746 4.1746 4.1746 Zn: 0.0000 0.0000 0.0000

Zn: 0.0000 0.5000 0.5000

Zn: 0.5000 0.5000 0.0000

Zn: 0.5000 0.0000 0.5000

O: 0.5000 0.5000 0.5000

O: 0.5000 0.0000 0.0000

O: 0.0000 0.0000 0.5000

O: 0.0000 0.5000 0.0000

Pm�3m 2.3708 2.3708 2.3708 Zn: 0.0000 0.0000 0.0000

O: 0.5000 0.5000 0.5000

Table 1 Theoretical (T = 0 K) lattice parameters of ZnO for wurtzite

structure (space group, SG:P63mc) and high-pressure phases: Rock-

salt structure (SG:Fm�3m) and CsCl structure (SG:Pm�3m) with GGA

at the corresponding pressure PT. a, b and c are the lattice parameters,

V is the equilibrium volume at the respective pressure, B0 the bulk

modulus, B
0

0 the first derivative of the bulk modulus

Phases P (GPa) a (Å) b (Å) c (Å) V (Å) B0 (GPa) B
0
0 References

P63mc 0 3.2896 3.2896 5.2829 49.51 168.43 4.17 This study

3.1900 3.1900 5.1800 49.18 146.00 [7]

3.2562 3.2562 5.2563 [8]

3.1950 3.1950 5.1200 161.60 4.53 [9]

3.2890 3.2890 5.3080 128.20 [10]

3.2077 3.2077 5.1636 46.00 168.40 4.34 [11]

3.1832 3.1832 5.1482 45.16 164.36 3.77 [12]

3.1841 3.1841 5.1550 145.90 3.72 [13]

Fm�3m 9.00 4.1746 4.1746 4.1746 72.75 201.84 4.49 This study

9.00 4.2300 4.2300 4.2300 79.90 223.00 [7]

13.0 4.2120 4.2120 4.2120 [8]

9.48 4.2170 4.2170 4.2170 208.00 4.80 [9]

8.72 4.3390 4.3390 4.3390 165.00 [10]

8.08 4.2230 4.2230 4.2230 75.20 209.60 4.46 [11]

10.49 4.2100 4.2100 4.2100 74.63 229.83 3.67 [12]

8.80 4.2110 4.2110 4.2110 210.10 4.44 [13]

Pm�3m 119.50 2.3708 2.3708 2.3708 13.32 235.10 4.52 This Study

2.6100 2.6100 2.6100 19.36 177.00 [7]

251.00 2.6130 2.6130 2.6130 205.34 4.72 [9]

268.50 2.6920 2.6920 2.6920 159.10 [10]

243.53 3.2930 3.2930 3.2930 17.85 205.40 4.44 [11]

260.00 2.6680 2.6680 2.6680 18.65 234.00 3.49 [12]

263.00 2.6080 2.6080 2.6080 208.90 4.44 [13]
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Fig. 1 (Color online) The graph of the change in simulation cell

volume (a), lattice constant (b) and angles (c) as function of the

pressure

Fig. 2 (Color online) Crystal structures of ZnO: B4 at 0 GPa, B1 at

30 GPa and B2 at 170 GPa

Fig. 3 (Color online) The energy–volume curves of the main

structural phases of ZnO
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unit cells of the crystal structures are utilized for P63mc,

Fm�3m and Pm�3m structures.

For Brillouin region integration, 8 9 8 9 6, 8 9 8 9 8

and 8 9 8 9 8 Monkhorst–Pack (MP) mesh [29] were

used for the P63mc, Fm�3m and Pm�3m structures, respec-

tively. Simulation cells are constructed from 72 atoms

under periodic bond conditions using a 3 9 3 9 2 super-

cell. Pressure is gradually increased by 10 GPa by applying

conjugate gradient technique to the system. The KPLOT

[30] program and the RGS [31] algorithm are used to

analyze each simulation step. They give detailed informa-

tion about the space group, atomic positions and lattice

parameters of an analyzed structure. In addition, the

Crystalmaker program is used to visualize phase transfor-

mation and its mechanism.

3. Results and discussions

Firstly, ZnO is equilibrated by relaxing 72 atoms supercell

at zero pressure. The equilibrium unit cell lattice constants

are found to be a = b = 3.2896 and c = 5.2829 Å for B4

structure. The transition pressure values, equilibrium lattice

parameters, volume, bulk modulus and pressure derivatives

of bulk modulus in Table 1 and the lattice parameters and

fractional atomic positions in Table 2 are tabulated for

ZnO.

As can be seen from Table 1, the obtained phase tran-

sition value for Fm�3m ! Pm�3m is slightly lower than the

other studies. ZnO crystallizes in two stable states under

ambient conditions. One of these structures is hexagonal

with space group P63mc, and the other is cubic with space

group Fm�3m. Other authors preferred the Fm�3m phase as

the first phase and obtained phase transition from Fm�3m to

Pm�3m at about 250 GPa. However, due to the lack of lit-

erature, we preferred the hexagonal phase as the first phase

and obtained phase transitions from P63mc to Fm�3m at

about 9 GPa and from this Fm�3m phase to Pm�3m phase at

about 115.5 GPa. The pressure is gradually increased by

10 GPa by applying conjugate gradient technique to the

system. The pressure of 10 GPa was applied to the struc-

ture of ZnO at 0 GPa. Then, a pressure of 20 GPa was

applied to the structure obtained by applying pressure of

10 GPa. After that, pressure of 30 GPa was applied to the

structure obtained by applying pressure of 20 GPa. In this

way, when the pressure is gradually increased, the mate-

rials can undergo to phase transition at more low pressure.

Because of this, while other authors observed the phase

transition from Fm�3m to Pm�3m at about 250 GPa, we

obtained this phase transition at about 115.5 GPa.

Later, the phase transition properties for ZnO are

investigated under constant pressure. The pressure–volume

relation is shown in Fig. 1. A sharp decrease in volume is

observed because of the variation of the pressure from 20

to 30 GPa and from 160 to 170 GPa for P63mc ! Fm�3m

and Fm�3m ! Pm�3m, respectively. The collapse in the

value of volume during this transformation shows us that

the phase transition is first order.

Figure 2 shows that hexagonal B4 structure converts

into a cubic B1 structure with space group Fm�3m at

30 GPa, and then, this B1 structure converts into another

cubic B2 structure with space group Pm�3m at 170 GPa for

ZnO. From the results, one can conclude that phase tran-

sitions of ZnO under pressure can be reliably predicted

based on ab initio calculations. However, the predicted

phase transition pressures give slightly different results

Fig. 4 (Color online) The enthalpy curves of the main structural

phases of ZnO
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compared with the experimental results. The reason of this

difference is related to the infinite volume defect form of a

free structure where the phase transition occurs over the

whole simulation cell rather than nucleation and buildup.

Therefore, such an overestimated transition pressure can be

predicted for the particular conditions such as a finite size

of the simulation cell and the time scale of simulations, etc.

[32–36]. On the other hand, energy–volume calculations

(see Fig. 3) are considered to find out the stability of B4,

B1 and B2 structures, since the thermodynamic theorem

does not consider the possible an activation energy barrier

separating the two structural phases. As can be seen in

Fig. 3, the most stable phase of ZnO is P63mc.

Their energy–volume data are fitted to the third-order

Birch–Murnaghan equation of state [37, 38] that given by

P ¼ 1:5B0

V

V0

� ��7
3

� V

V0

� ��5
3

" #

x 1 þ 0:75 B
0

0 � 4
� � V

V0

� ��2
3

�1

" #( ) ð1Þ

Fig. 5 (Color online) The behavior of the simulation cell lengths and angles as the function of minimization steps: (a) at 30 GPa and (b) at

170 GPa
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Fig. 6 (Color online)

Formation of the B1 structure at

30 GPa

Fig. 7 (Color online)

Formation of the B2 structure at

170 GPa
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where P is the pressure, V is the volume at the pressure, V0,

B0 and B
0

0 are the volume, bulk modulus and its pressure

derivate at 0 GPa, respectively.

Enthalpy Hð Þ is the sum of the total energy Etotð Þ and

the product of pressure and volume PVð Þ given by the

equation:

H ¼ Etot þ PV ð2Þ

where P ¼ dEtot=dV is obtained by differentiation of the

predicted the energy–volume curves. Therefore, the

transition pressure can be calculated by equating the

enthalpy of the two pressure (see Fig. 4). The transition

pressures about 9 and 119.5 GPa are obtained as P63mc !
Fm�3m and Fm�3m ! Pm�3m, respectively.

The variation of the simulation cell under the pressure

gives information about this transformation. The simula-

tion box is initially a cubic cell whose lattice vectors are

along the [0 0 1], [0 1 0] and [0 0 1] directions. Thus, as

based on predicted parameters, we analyzed the variation

Fig. 8 Band structure for ZnO

in the B4 structure at 0 GPa

Fig. 9 Band structure for ZnO

in the B1 structure at 30 GPa

Pressure-induced phase transitions, electronic, elastic 985



of the simulation cell lengths and angles as a function of

the minimization step (see Fig. 5).

From Fig. 5(a), the b and c angles remain unchanged

through the simulation, a angle starts to increase at around

60th minimization step, and after reaching about 135
�
, it

remains unchanged through the simulation. The A, B and

C remain constant up to about 50th minimization step. A

increase up to about 8 Å, as C decreases up to about 12 Å.

Then, they remain unchanged through the simulation.

As shown in Fig. 5(b), a and b angles remain unchanged

through the simulation. c angle remains constant up to

about 30th minimization step. c angle starts to decrease,

and after reaching about 75
�
, it remains unchanged through

the simulation. B and C decrease up to about 10.5 and 7 Å,

respectively, as A remains constant through the simulation.

Each simulation step of the ZnO is analyzed in detail by

the KPLOT program to determine whether there are any

intermediate states during this phase change at 30 GPa and

170 GPa. As a result of the analysis, we suggest that the B1

phase of ZnO proceeds through five intermediate states

with space groups Cmc21 at 17th step, Cmcm at 44th step,

P21/m at 51st step, Pmmn at 60th step and I4/mmm at 79th

step. For the B2 phase, we suggest that it proceeds through

six intermediate phases with space groups Immm at 15th

step, Cm at 38th step, P1 at 43rd step, Pm at 55th step,

Fig. 10 Band structure for ZnO

in the B2 structure at 170 GPa

Fig. 11 The density of states for ZnO in the B4 structure at 0 GPa Fig. 12 The density of states for ZnO in the B1 structure at 30 GPa
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Pma2 at 80th step and Cmmm at 85th step. These inter-

mediary states are depicted in Fig. 6 for the evolution of

the B1 structure and in Fig. 7 for the evolution of the B2

structure.

The calculated electronic band structures of ZnO are

given in Figs. 8, 9 and 10 for B4, B1 and B2 structures

along high symmetry directions and shown at the level of

Fermi energy as a function of the energy. The Fermi energy

level is set to 0 eV. The symmetry points are chosen as

C�M � K � C� A� L� H for the B1 phase, C� X �
W � C� L�W � L� X for the B1 phase and X � R�
M � C� R for the B2 phase. As seen from the electronic

band structure graphs, the valence band is located below

the Fermi energy level and the transmission band is located

on the top. The obtained results show that ZnO at 0 GPa

corresponds to a direct band transition with a band gap of

about 0.69 eV. Because the maximum of the valence band

and the minimum of the conduction band are at the same

symmetry point [C]. Fm�3m and Pm�3m phases of ZnO

correspond to indirect band transition with a band gaps of

1.99 and 0.98 eV, respectively. Thus, all phases of ZnO

show semiconductor characteristic.

It also calculated the density of states (DOS) to obtain

further information about the electronic nature of ZnO and

depicted in Figs. 11, 12 and 13. It can be seen from these

figures that the largest contribution came from Zn-3d state

below the Fermi energy level and from Zn-4s above the

Fermi energy level for all phases of ZnO.

Elastic constants (Cij) are the important properties of

solids, which determine the mechanical stability of crys-

tals. So, we also calculated the elastic constants to inves-

tigate the mechanical stability of the obtained phases of

ZnO. The obtained Cij values are given in Table 3. The

well-known conditions for the mechanical stability of

hexagonal and cubic structures are: C44[ 0, C11 [ |C12|,

(C11 ? 2C12)C33 [ 2C13
2 for hexagonal and C11 [ 0,

C44 [ 0, C11 [ |C12|, (C11 ? 2C12)[ 0 for cubic [39–41].

Our results given in Table 3 satisfy these stability condi-

tions for P63mc and Fm�3m phases of ZnO. So, these phases

are mechanically stable. However, the Pm�3m phase of ZnO

is mechanically unstable because it does not provide the

conditions of cubic stability.

The calculated phonon dispersion curves for the B4 and

B1 structures of ZnO are shown in Figs. 14 and 15,

respectively. Since unit cell of the P63mc phase of ZnO

contains four atoms, the corresponding number of vibration

modes is twelve, as seen in Fig. 14, of which three are

acoustic branches and the remaining nine are optical

modes. The Fm�3m phase of ZnO contains eight atoms; the

corresponding number of vibration modes is twenty four,

Fig. 13 The density of states for ZnO in the B2 structure at 170 GPa

Table 3 Elastic constants (in GPa) for ZnO in P63mc, Fm�3m, and Pm�3m phases

Phases C11 C12 C13 C33 C44 References

P63mc 192.32 109.04 92.21 204.07 41.62 This study

221 139 124 238 38 [10]

235.007 66.742 60.95 287.891 49.891 [42]

206 118 118 211 44 [43]

190 110 90 196 39 [44]

Fm�3m 229.45 139.35 83.82 This study

305 159 129 [9]

278 172 87 [10]

237 145 82 [42]

326 139 110 [45]

Pm�3m 462.98 47.167 - 56.261 This study

477 68 - 68 [10]

433.76 35.975 69.041 [42]
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as seen in Fig. 15, of which three are acoustic branches and

the remaining twenty one are optical modes. We do not

find any imaginary phonon frequency in the whole Bril-

louin zone for the P63mc and Fm�3m phase of ZnO. This

supports the dynamical stability of P63mc and Fm�3m phase

of ZnO. As can be seen from the elastic constant calcula-

tions, since the Pm�3m phase of ZnO is mechanically

unstable, we did not make the phonon calculate for the

Pm�3m phase. The Pm�3m phase of ZnO is also dynamically

unstable.

4. Conclusions

We investigated phase transition properties of ZnO under

high hydrostatic pressure using ab initio calculations. ZnO

exhibits phase transition at different pressures. The phase

Fig. 14 The phonon dispersion

curves for ZnO in the B4

structure at 0 GPa

Fig. 15 The phonon dispersion

curves for ZnO in the B1

structure at 30 GPa

988 C Kürkçü et al.



transformations from the B4 structure with space group

P63mc to the B1 structure with space group Fm�3m and

from this B1 structure to the B2 structure with space group

Pm�3m were obtained at 9 and 119.5 GPa, respectively. In

addition, five and six intermediate states for the first time

were predicted in the simulations for ZnO. Therefore, the

analysis of phase transition properties implies that ZnO

considerably shows a dependence on the composition

under pressure. Also, we studied electronic, elastic and

vibrational properties of ZnO and obtained band gaps from

band structure about 0.69, 1.99 and 0.98 eV for P63mc,

Fm�3m and Pm�3m phases, respectively.
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