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ZnO has been extensively studied by virtue of its remarkably high piezoelectric responses, especially in

nanowire forms. Currently, the high piezoelectricity of wurtzite ZnO is understood in terms of the

covalent-bonding interaction between Zn 3d and O 2p orbitals. However, the Zn 3d orbitals are not

capable of forming hybridized orbitals with the O 2pz orbitals since the Zn ion is characterized by fully

filled non-interacting 3d orbitals. To resolve this puzzling problem, we have investigated the atomic-

scale origin of piezoelectricity by exploiting density-functional theory calculations. On the basis of the

computed orbital-resolved density of states and the band structure over the G–M first Brillouin zone,

we propose an intriguing bonding mechanism that accounts for the observed high piezoelectricity –

intra-atomic 3dz2–4pz orbital self-mixing of Zn, followed by asymmetric hybridization between the Zn

3dz2–4pz self-mixed orbital and the O 2pz orbital along the polar c-axis of the wurtzite ZnO.

1. Introduction

Piezoelectricity is an electromechanical phenomenon in which
an electric dipole is generated by an external mechanical stress
(and vice versa). Owing to this tendency of the electromechanical
coupling, piezoelectric materials have received a great deal of
attention1–8 and are crucial in a variety of different applications
that include piezoelectric sensors and motors, ultrasonic and
medical imaging devices, and microactuators. Renowned examples
of piezoelectrics that have been extensively studied are BaTiO3,9

PbTiO3,10 Pb(Zr1�xTix)O3,11 PbMg1/3Nb2/3O3–PbTiO3 (PMN-PT),12,13

Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZN-PT),13 BiFeO3,14 III–V wurtzite
nitrides,15 and wurtzite oxides.16–20

Among numerous piezoelectrics currently under investigation,
III–V wurtzite nitrides and oxides are considered to be two most
promising candidates for practical applications of lead-free piezo-
electric materials. In particular, wurtzite ZnO has been extensively
studied by virtue of its high piezoelectric tensor.16–20 Moreover, ZnO

nanostructures show a variety of different morphological con-
figurations that include nanowires,21 nanobelts,22 nano-
springs,23 nanorings,24 nanobows,25 and nanohelices.26 Among
these nanostructures, nanowires exhibit remarkably enhanced
piezoelectric responses. According to previous experimental
results,27 the piezoelectric coefficient of the ZnO nanowire with a
diameter of 230 nm is as high as 1200 pm V�1 which is two orders
of magnitude larger than that of the bulk ZnO (9.93 pm V�1).
Because of this, ZnO nanowires are considered to be the most
promising candidate of nanogenerators in the field of energy
harvesting. On the basis of first-principles calculations, Agrawal
et al.28 recently showed that the observed giant piezoelectric
responses of ZnO nanowires mainly stem from the size effects.
In spite of extensive experimental21–29 and theoretical16,17,20,30–33

studies on its piezoelectric properties and technological applications,
however, little progress has been made in our fundamental
understanding of the microscopic origin of piezoelectricity in
the wurtzite ZnO.

Polar ZnO possesses the hexagonal P63mc space-group symmetry.
This polar structure is characterized by the absence of mirror planes
that are perpendicular to the c-axis. Thus, ferroelectricity might be
expected in the wurtzite ZnO with its polarization vector along the
unique c-axis of P63mc.16 In reality, however, the ferroelectric dipole
switching does not occur up to its melting point of B1975 1C. This
unusual observation can be attributed to a very large activation
energy needed for the dipole switching across the two degenerate
off-centering positions.18 In the wurtzite structure, each Zn ion is
tetrahedrally coordinated with four O atoms, forming a tetrahedral
unit [Fig. 1(a)]. The center of the positive charge (Zn ion) is displaced
with respect to that of the negative charges along the c-axis.
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This creates a c-axis-oriented electric dipole moment in each
tetrahedral unit [Fig. 1(b)]. When a strain is applied along the
c-axis, the dipole moment is substantially enhanced by the
deformation of the tetrahedral unit. This strong strain–phonon
coupling consequently leads to large piezoelectric coefficients.9

According to the previous first-principles study,17 the hybridization
between Zn 3d and O 2p orbitals is the origin of the observed
strain–phonon coupling, thus, of large piezoelectric coefficients in
the wurtzite ZnO. In other words, the covalent-bonding interaction
between Zn 3d and O 2p orbitals plays a major role in the
manifestation of piezoelectricity. However, the Zn 3d orbitals are
not capable of forming hybridized orbitals with the axial O (OA) 2pz

orbitals since Zn ions are characterized by fully filled non-
interacting 3d orbitals, namely, (Ar core) 3d.10 The present context
is similar to chemically inert noble gas elements (such as Ne or Ar)
having fully filled non-interacting s and p orbitals.

Considering the above puzzling problem associated with the
Zn 3d–O 2p covalent-bonding interaction, it is of great scientific
importance to clearly elucidate the atomic-scale origin of piezo-
electricity and associated chemical bonding in the wurtzite ZnO.
Accordingly, the main purpose of the present study is to resolve the
above-mentioned dilemma by exploiting first-principles density-
functional theory (DFT) and density-functional perturbation theory
(DFPT) calculations. On the basis of ab initio calculations of the
orbital-resolved band structure and density of states, we propose
a new bonding mechanism directly responsible for triggering
piezoelectricity in the wurtzite ZnO. This can be summarized as
intra-atomic 3dz2–4pz orbital self-mixing of Zn, followed by

asymmetric hybridization between the Zn 3dz2–4pz self-mixed
orbital and the OA 2pz orbital along the c-axis of P63mc.

2. Computational details

To elucidate the piezoelectric origin of ZnO, we performed
ab initio DFT calculations on the basis of the generalized
gradient approximation (GGA) and the GGA + U method implemen-
ted with the projector augmented wave (PAW)34,35 pseudopotential
using the Vienna ab initio Simulation Package (VASP).36,37 We
adopted (i) a 7 � 7 � 5 Monkhorst-Pack k-point mesh centered at
G,38 (ii) a 500 eV plane-wave cutoff energy, and (iii) the tetrahedron
method with the Blöchl corrections for the Brillouin zone integra-
tions.39 The Hubbard Ueff of 8 eV on Zn 3d states was chosen on the
basis of experimental results. When Ueff = 8.0 eV, the position of the
Zn 3d level is in good agreement with the experimental range which
is between�8 and�7 eV below the valence-band top.40 This enables
us to make an accurate analysis on the bonding nature of ZnO. We
explicitly treated 12 valence electrons for Zn (3d104s2) and 6 for O
(2s22p4). All structural relaxations were performed with a Gaussian
broadening of 0.05 eV.41 The ions were relaxed until the forces on
them were less than 0.005 eV Å�1. The piezoelectric tensor was
calculated using the methods of DFPT.42–44

3. Results and discussion

In Fig. 1(a), we compare the computationally optimized struc-
tural units of the wurtzite (P63mc) unit cell with those of the
nonpolar P63/mmc unit cell (see the ESI†). The experimentally
obtained lattice parameters45 were used in the DFT calculations
(a = 3.2418 Å and c = 5.1877 Å). The wurtzite structure with
P63mc symmetry is known as the ground-state structure of ZnO,
while the nonpolar P63/mmc structure is less stable than the
polar P63mc structure and can be stabilized by an imposed
strain. The P63/mmc structure is commonly called a ‘graphitic-
like structure’.46–48 This nonpolar structure possesses zero
piezoelectric coefficients (e33 and e31) since both Zn and O
atoms are located on the same a–b plane, and consequently the
electric dipole is removed (Table 1). In the present calculations,
thus, we adopt the P63/mmc structure as a reference structure.

The main difference between the P63/mmc and P63mc struc-
tures is that, in the nonpolar P63/mmc phase, all ions are
restricted within the planes that are parallel to the a–b basal
plane, whereas the mirror planes perpendicular to the c-axis
disappear in the polar P63mc structure. As shown in the
computed structure of the ZnO5 unit [Fig. 1(b)], the electric

Fig. 1 Crystal and off-centering structures of ZnO. (a) Comparison of the
nonpolar P63/mmc structure (left) with the polar P63mc structure (right).
(b) The ZnO5 unit in the polar P63mc structure. The black arrow denotes
the direction of the off-centered displacement (OCD) in the ZnO5 unit.
(c) The computed double-well potential plotted as a function of the
Zn-ion displacement from the centrosymmetric position.

Table 1 Comparison of the calculated e33 and e31 components of the
piezoelectric tensor (in units of C m�2) of the P63/mmc and P63mc
structures with the experimental values

This work Experiment50

e33 e31 e33 e31

P63mc 1.01 �0.50 0.96 �0.62
P63/mmc 0 0
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dipole moment originates from the vertical shift of the Zn ion
with respect to the centre of the surrounding oxygen cage.
Thus, the net dipole moment develops along the c-axis of
P63mc. The computed Kohn–Sham (K–S) energy plotted as a
function of the Zn-ion off-centering displacement (OCD)
demonstrates the stability of the polar P63mc phase over the
centrosymmetric P63/mmc phase [Fig. 1(c)]. According to the
computed double-well potential, the difference in the thermo-
dynamic stability between the two phases is 0.255 eV per
formula unit, with a remarkably large net OCD of 0.615 Å for
the central Zn ion.

We have then accurately determined the piezoelectric tensor
by exploiting the ab initio DFPT calculations. The computed
piezoelectric coefficients (e33 and e31) for the P63/mmc and
P63mc structures are listed in Table 1. The spontaneous polar-
ization along the c-axis, P3, can be expressed via e33 and e31 as

dP3 = e33e3 + e31(e1 + e2) (1)

where e1 and e3 are the strains along the a-axis and the c-axis,
respectively. In eqn (1) we ignore the nonlinear (second order)
terms that are proportional to the product of ej and ek. This
nonlinear effect is known to make a substantial contribution to
the piezoelectric polarization of highly strained systems such as
quantum wells, wires and dots.49,50 By restricting our analysis
of the piezoelectric origin to bulk piezoelectrics under small
strains, we can deliberately remove the nonlinear effect in our
subsequent analysis.

The Berry-phase polarization calculations predict that P3 for
the P63mc structure is �0.03 C m�2.51 This value is consistent
with previous calculations.20 The calculated e33 (1.01 C m�2) for
the P63mc phase is also in good agreement with the experi-
mental e33 value (0.96 C m�2),52 as shown in Table 1. The
magnitude of the calculated e31 (0.50 C m�2) for the P63mc
phase is somewhat smaller than that of the experimental e31

value (0.62 C m�2). In the case of the P63/mmc structure, both
e33 and e31 are zero. Thus, there is no dipole moment induced
by the external strain along the c-axis in the nonpolar P63/mmc
structure. As mentioned previously, this graphitic-like structure
is an ideal reference system.

In Fig. 2, we show a purely electronic contribution to e33

plotted as a function of the Zn-ion OCD. On the other hand,
we do not display ionic contributions for various values of the
Zn-ion OCD since one cannot define the ionic contribution of
e33 under non-equilibrium conditions. According to the Born–
Oppenheimer approximation, the macroscopic piezoelectric
tensor stems from two distinct effects: (i) the purely electronic
contribution and (ii) the ionic contribution due to the atomic
displacement of sublattices. In this point of view, e33 can be
expressed as15,16

e33 ¼
@P3

@e3

�
�
�
�
u

þ @P3

@u

�
�
�
�
e3

du

de3
(2)

where u is the bond length between Zn and OA ions along the
c-axis. The first term in the right-hand-side of eqn (2) represents
the purely electronic contribution to e33, whereas the second

term describes the ionic contribution. As shown in Table 1 and
Fig. 2, the total e33 value for the P63/mmc structure is zero. In
contrast, the total (net) e33 value for the polar P63mc structure is
1.01 C m�2. This DFPT value which is the sum of the ionic and
electronic contributions is in accordance with the experimental
values.16,52 To be more specific, the purely electronic contribu-
tion to e33 is �0.69 C m�2 while the ionic e33 is +1.70 C m�2.
This shows that the ionic contribution to e33 is opposite to the
electronic contribution in their signs. This cancellation reflects
the fact that the negatively charged electron cloud moves in the
same direction as the positive Zn ions as the electron cloud
follows the positively charged ionic core with some displace-
ment between these two centres.

The magnitude of the purely electronic contribution to e33

decreases with decreasing Zn-ion OCD and becomes zero at the
OCD value of zero which corresponds to the P63/mmc structure
(Fig. 2). The ionic contribution is also zero at this point. We
have also evaluated the zz component of the Bon effective
charge (BEC) tensor for both P63/mmc and P63mc phases. The
BEC tensor (zz component) of the Zn ion increases marginally
from B1.93 to B2.04 (by 5.1%) upon the transition to the polar
P63mc structure from the nonpolar P63/mmc structure. The
enhanced BEC value of the P63mc structure is strongly corre-
lated with the ionic contribution to e33 because the BEC is
represented by the term (qP3/qu)e3

in eqn (2). Thus, the Zn off-
center-dependent BEC tensor is expected to correlate well with
the variation in the ionic contribution to e33.

In order to understand the effect of the nonpolar–polar
phase transition on the electronic structure and the nature of
Zn–O bonding, we compare the computed electronic band
structure of the P63mc phase with that of the P63/mmc phase.
In Fig. 3, the degree of electron occupancy is represented by
circles with their size being proportional to the electron occu-
pancy. The electron occupancy values of the Zn 4pz and 3dz2

orbitals (open circles) are much smaller than that of the OA 2pz

orbital (filled green circles). Hence, we rescaled the electron
occupancy values of the Zn 4pz and 3dz2 orbitals by suitably

Fig. 2 Computed purely electronic contribution to e33 plotted as a
function of the Zn-ion OCD.
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enlarging the occupancy values until these values were comparable
to that of the OA 2pz orbital. It is interesting to notice that the
electron occupancy of the Zn 3dz2 orbital enhances remarkably
upon the transition to the polar P63mc structure (Fig. 3). The most
prominent feature of the band structure for the polar P63mc phase
is a strong overlapping of the OA 2pz orbital with the Zn 3dz2 orbital
in the vicinity of symmetry point A in the first Brillouin zone.53

Since point A corresponds to the zone boundary point at which the
three components of the wave-vector (k) are (2p/c)(001), this
pronounced overlapping indicates a strong covalent-bonding inter-
action between the Zn 3dz2 and the OA 2pz orbitals along the c-axis
or [001] of P63mc. However, we still have one puzzling problem to
be clarified since the fully filled non-interacting 3d orbitals of Zn
alone are not capable of forming hybridized orbitals with the OA 2pz

orbitals unless the out-of-plane-type orbital self-mixing of Zn is
invoked.

To resolve this controversial issue, we have examined the
partial density of states (PDOS) for various atomic orbitals
involved in the bonding interaction. In Fig. 4(a), we compare
the orbital-resolved PDOS for OA 2pz, Zn 4pz, and Zn 3dz2 of the
P63/mmc structure with those of the polar P63mc structure. The
two prominent features in the PDOS are: (i) a remarkable

enhancement of the Zn 4pz orbital PDOS upon transition to
the polar P63mc phase and (ii) a strong overlapping of the Zn
4pz orbital PDOS with the Zn 3dz2 orbital PDOS (for an energy
range between �2 and 0 eV below the valence-band top) in the
P63mc phase. These features in the PDOS, as obtained using the
GGA + U method, suggest the occurrence of symmetry-allowed
Zn 3dz2–4pz orbital self-mixing in the polar P63mc structure.
Essentially the same results were obtained by using the hybrid
functionals (see ESI†). This assertion of the symmetry-allowed
orbital self-mixing is also in good agreement with the previous
result obtained by adopting angle-resolved photoelectron
spectroscopy.54 In addition, this kind of orbital self-mixing
was proposed previously for other systems, e.g., a partially
occupied 3d orbital (3d5 or d6) of an Fe ion55,56 and a fully
filled 4d orbital of In3+ in a polar hexagonally structured
InMnO3.57

In the case of the polar P63mc phase, the PDOS results also
indicate a strong overlapping of the OA 2pz orbital PDOS with the
Zn 3dz2 orbital PDOS for a wide energy range between �2 and 0
eV below the valence-band top. Combining the proposed idea of
orbital self-mixing with these PDOS results, one can delineate
the following bonding mechanism of Zn–O – out-of-plane-type
intra-atomic 3dz2–4pz orbital self-mixing of Zn, followed by
asymmetric hybridization between the Zn 3dz2–4pz self-mixed

Fig. 3 Electronic band structures of hexagonal ZnO: (a) band structure of
the nonpolar P63/mmc phase along the surface k vectors of the high
symmetry line of the first Brillouin zone as shown in the inset. (b) Band
structure of the polar P63mc phase.

Fig. 4 (a) Comparison of the partial density of states for Zn 4pz, 3dz2, and
OA 2pz orbitals of the nonpolar P63/mmc structure with those of the polar
P63mc structure. (b) The orbital-resolved band structures for selected 4pz

and 3dz2 bands over the G–M first Brillouin zone. Here the variation of the
band structure is displayed in the ascending order of the Zn-ion OCD. In
the diagrams, a gradation of the line intensity was introduced to best
represent the occupational density of each orbital over the G–M first
Brillouin zone.
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orbital and the OA 2pz orbital along the c-axis of P63mc.
This asymmetric overlapping is symmetry-allowed only for one
neighboring Zn–OA bond owing to the antisymmetric nature of
the 2pz orbital wavefunction along the c-axis.

The proposed 3dz2–4pz orbital self-mixing of Zn can be
substantiated by examining the k-vector-dependent orbital-
resolved band structure. In Fig. 4(b), we show the effect of
the Zn-ion OCD on the band structure of ZnO for selected 3dz2-
and 4pz-orbital bands over the G–M first Brillouin zone. Here
the variation in the band structure is displayed in the ascending
order of the OCD (with the upper panel for 4pz-orbital bands
and the lower panel for 3dz2-orbital bands). The four band
structures that are shown between the two extreme band
structures (for P63/mmc and P63mc phases) correspond to the four
intermediate points between the P63/mmc state and the P63mc state
in the double-well potential [Fig. 1(c)]. In the chemical-bonding
energy region (between �1.6 and �0.4 eV below the valence-band
top), the degree of orbital overlapping of the Zn 3dz2 band with the
Zn 4pz band is most pronounced in the polar P63mc structure and
progressively decreases as the Zn-ion OCD decreases (i.e., moving
from right to left). As shown in Fig. 4(b), the orbital overlapping
almost vanished in the third band structure from the left
and completely disappeared when the Zn-ion OCD is equal to
0 Å (P63/mmc). In other words, the piezoelectricity increases (Fig. 2)
with the degree of Zn 3dz2–4pz orbital self-mixing [Fig. 4(b)]. All
these computed results thus clearly indicate that the manifestation
of the c-axis-oriented piezoelectricity in the wurtzite ZnO is closely
linked with the intra-atomic 3dz2–4pz orbital self-mixing of Zn.

In Fig. 5, we schematically depict a sequential orbital-
interaction mechanism that leads to the c-axis-oriented polar
structure and piezoelectricity in the wurtzite ZnO. The out-of-
plane-type Zn 3dz2–4pz orbital self-mixing produces a mixed
orbital (fm = cdf3dz2

+ cpf4pz
with cd 4 cp) having an asymmetric

shape along the c-axis [Fig. 5(a)]. This self-mixed Zn 3dz2–4pz

orbital (fm) is now able to form an asymmetric covalent bond
(cdp–p) with one of the two neighbouring OA 2pz orbitals along
the c-axis, not simultaneously with the two neighbouring 2pz

orbitals. This asymmetric covalent bonding results in sponta-
neous breaking of the centrosymmetric P63/mmc state [Fig. 5(b)
and 1(b)]. Fig. 5(c) depicts c-axis-oriented sequential MOs
formed by the asymmetric covalent-bonding interaction
between Zn and OA ions in the wurtzite ZnO. In view of the
present orbital-interaction mechanism, the asymmetry in the
mixed orbital (fm) which is formed by the intra-atomic 3dz2–4pz

orbital self-mixing of Zn is the electronic origin of the c-axis-
oriented piezoelectricity.

Asymmetric covalent-bonding interaction can further be
visualized in real space by presenting the valence-electron
charge density (VECD) profile of the bonding molecular orbitals
(cdp–p) at the highest symmetry G point. There is no over-
lapping between the VECD of the Zn ion and the VECD of the
OA ion in the P63/mmc structure [Fig. 6(a)], which demonstrates
a dominant ionic-bonding character in the Zn–OA bond. Con-
sequently, the VECD of the P63/mmc structure is solely repre-
sented by the VECD of the O 2pz orbital (f2pz

), which is in
agreement with the band structure shown in Fig. 3(a). In the

P63mc wurtzite structure, in contrast, the Zn ion moves to an
asymmetric position, and there exists some covalent-bonding
interaction between Zn and OA along the c-axis [Fig. 6(b)]. It is
interesting to notice that the VECD of the O 2pz orbital becomes
highly asymmetric along the c-axis in the polar P63mc structure,
which is in accordance with the real-space asymmetric orbital-
hybridization diagram presented in Fig. 5(c). The computed valence
charge density thus supports the existence of asymmetric covalent

Fig. 5 Schematic orbital-interaction diagrams that illustrate bonding MOs
responsible for the c-axis-oriented piezoelectricity: (a) intra-atomic 3dz2–
4pz orbital self-mixing of Zn. (b) Asymmetric hybridization between the Zn
3dz2–4pz self-mixed orbital and the OA 2pz orbital along the c-axis
of P63mc. (c) A pictorial representation of the bonding MOs for the
asymmetric covalent-bonding interaction between Zn and OA ions in the
wurtzite ZnO. Blue circles denote Zn ions, whereas smaller red circles
represent OA ions.

Fig. 6 Valence-electron charge density (VECD) profiles of the bonding
MOs at the highest symmetry G point of (a) the nonpolar P63/mmc
structure and (b) the polar P63mc structure.
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bonding interactions between the self-mixed Zn 3dz2–4pz orbital
(fm) and one of the two neighbouring OA 2pz orbitals along the
c-axis, which results in spontaneous breaking of the nonpolar
P63/mmc state.

4. Conclusions

We have investigated the atomic-scale origin of piezoelectricity
in the polar wurtzite ZnO. For this, we evaluated the piezo-
electric constants (e33 and e31) by exploiting the DFPT calcula-
tions. The computed PDOS and orbital-resolved band structure
demonstrate that the c-axis-oriented piezoelectricity (Fig. 2) in
the wurtzite ZnO is directly associated with the degree of orbital
overlapping between Zn 3dz2 and 4pz bands [Fig. 4(b)]. On the
basis of further ab initio calculations, we propose an intriguing
bonding mechanism that accounts for the c-axis-oriented piezo-
electricity – intra-atomic 3dz2–4pz orbital self-mixing of Zn,
followed by asymmetric hybridization between the Zn 3dz2–
4pz self-mixed orbital and the O 2pz orbital along the c-axis of
the wurtzite ZnO. This mechanism can be applied to all
wurtzite-based piezoelectric materials having fully filled 3d
orbitals.
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