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We report a high-pressure tetragonal PbO-type structure �B10� of ZnO predicted through ab initio lattice-
dynamics calculation. This structure can be directly transformed from NaCl structure �B1� along an ortho-
rhombic Pmmn transition path and can be viewed as alternatively stacked layers of cations and anions with the
anion layer composed of zigzag arranged anionic rows. Enthalpy curve calculation suggests that B10 is stable
in a large pressure range of 236–316 GPa, above which CsCl structure �B2� takes over. Band-structure
calculation reveals that this polymorph is a wide band-gap semiconductor with an energy gap larger than 2.95
eV.
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Zinc-oxide �ZnO� semiconductor is one of the most in-
triguing materials with a variety of technological applica-
tions, such as transparent field-effect transistors, light-
emitting diodes, ultraviolet nanolasers, photodetectors, solar
cells, catalysis, and chemical sensors.1–3 Also, ZnO exists
naturally as a mineral and its high-pressure phase is of great
geological importance as a component of the lower mantle.4

The electronic and structural properties of ZnO have thus
been a renewing topic in the research community over the
last 60 years.

ZnO crystallizes at ambient conditions in the wurtzite
structure �P63mc, Z=2, and B4�, which is a typical form in
the IIB-VIA and IIIA-VA binary compounds. Under com-
pression a transition to the NaCl phase �Fm-3m, Z=1, and
B1� at �10 GPa was well established both experimentally
and theoretically.5–12 The origin of this transition has been
suggested to be the softening of the shear elastic modes �C44
and C66� of B4 phase.10,13 With regard to higher pressures,
however, there is only an empirical yet widely accepted hy-
pothesis on the B1→B2 transition in analogy to the alkali
halides and alkaline-earth oxides.14 Liu et al.12 made an ex-
perimental attempt to detect the transition but no transforma-
tion sign up to their highest pressure of 209 GPa. Theoreti-
cally, Jaffe et al.15 predicted the B1→B2 transition at 256
and 260 GPa from first-principles study within generalized
gradient approximation �GGA� and local-density approxima-
tion �LDA�, respectively, while atomistic calculation done by
Zaoui and Sekkal13 determined the transition at 305 GPa.
Recently, Amrani et al.16 reported a transition pressure of
243.5 GPa using the full-potential linearized augmented
plane wave method. Although these calculations have been
carried out to probe the high-pressure transition of ZnO, they
were limited by the static calculation of B2 structure, which
may miss some unexpected yet more stable phases. Phonons
are believed to load more subtle information on the structural
stability and to be a powerful tool to probe the transition
mechanisms.17–20 Therefore a lattice-dynamics investigation
is extensively performed to explore the high-pressure struc-
ture of ZnO. Indeed, a tetragonal high-pressure structure
�P4 /nmm� was uncovered and found to be stable in a large
pressure range of 236–316 GPa, above which B2 structure
takes over.

Our phonon calculations were performed using the den-
sity functional theory �DFT� �Refs. 21 and 22� and the linear-

response perturbation theory23,24 as implemented in the
QUANTUM-ESPREESO package.25 GGA exchange-correlation
functional of Perdew, Burke, and Ernzerhof �PBE� �Refs. 26
and 27� is used, and norm-conserving pseudopotentials are
generated within the scheme suggested by Troullier and
Martins28 with valence-electron configurations of
Zn:3d104s2 and O:2s22p4. Kinetic-energy cutoff of 180 Ry
and Monkhorst-Pack �MP� k meshes of 8�8�8 and
6�6�9 for the cubic and tetragonal structures, respectively,
are employed to ensure the total energy convergence within
�1 meV/atom. MP 4�4�4 and 3�3�5 q meshes are
used in the interpolation of phonon bands for the cubic and
tetragonal phases, respectively.

Figure 1�a� compares the calculated P-V curves for B1
phase with experimental data.7,12 Excellent agreement is seen
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FIG. 1. �Color online� �a� The calculated P-V relation for B1
phase together with experimental data from Desgreniers �Ref. 7�
and Liu et al. �Ref. 12�. The theoretical P-V curve is derived by
fitting the calculated volume vs energy data into the Murnaghan
equation of sate. �b� Enthalpy of B1 and B10 relative to that of B2.
The B10 phase is more stable than B1 above 236 GPa and con-
verges with B2 above 316 GPa. �c� Phonon dispersion curves of B2
at 250 GPa. �d� Evolution of the TA�M� phonon frequency with
increasing pressures. The vertical solid line marks the critical pres-
sure above which B2 becomes dynamically stable.
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throughout the wide high-pressure range, supporting the cur-
rent methods and pseudopotentials adopted. Transition from
B1 to B2 takes place at 238 GPa as suggested by our en-
thalpy calculation �Fig. 1�b�� under the static condition of
equal enthalpies. This value is somewhat lower than those by
Jaffe et al.15 and Zaoui and Sekkal13 but in good consistency
with that by Amrani et al.16 As a whole, they are all in line
with the experimental observation that B1 remains stable up
to the pressure as high as 200 GPa.12 Our calculated phonon
bands for B2 phase at 250 GPa are plotted in Fig. 1�c� where
severely softened transverse acoustic �TA� phonons appear at
the M point �0.5,0.5,0.0�, indicating the structural instability
of B2 at this pressure. Evolution of the TA�M� phonon fre-
quency with increasing pressures reveals that B2 can be sta-
bilized only above 316 GPa �Fig. 1�d��. Clearly, the direct
B1→B2 transition is not realistic and an intermediate phase
is calling for assignment. Our effort below is thus devoted to
identifying this phase by adopting a method of freezing
phonon.19

A phonon frequency is the second-order derivative of the
total energy with respect to a vibration eigenvector �denoted
as VR�; therefore, an imaginary phonon ��2�0� corresponds
to the saddle point in the multidimensional energy surface
and atomic displacement along the VR should lead to the
true energy minimum. This can be expressed by the follow-
ing simplified equation: �E= �1 /2�m�2�u2, where E is the
static total energy, � is the phonon frequency, u is the dis-
placement along the VR, and � indicates the corresponding
small variation of E and u. For VR of the TA�M� mode, zinc
atoms stay relatively static while oxygen atoms in the body
center of two adjacent B2 cells move oppositely along the c
axis of the crystal �Fig. 2�a��. Energy evolution curves in Fig.
2�c� are thus derived from distortions along this VR at the
selected pressures. It is evident that at higher pressures �e.g.,
320 and 360 GPa�, B2 structure is stable. However, at lower
pressures of 200 and 250 GPa, the energy minima lie in the
distortion path and, therefore, a lower-energy structure is
formed �Fig. 2�a��.

The predicted structure often referred to as B10 has a
tetragonal lattice with space group of P4 /nmm. At 250 GPa,

its optimized lattice parameters are a=3.237 Å and
c /a=0.71, with zinc and oxygen atoms occupying 2a �0, 0,
0� and 2c �0, 1/2, 0.4531�, respectively. This structure can be
viewed as alternatively stacked anionic and cationic layers.
While its cationic layer is the same planar structure as B2, its
anionic layer is puckered into zigzag arranged anionic rows
which make it distinguished from B2 �Fig. 2�b��. With this
B10 phase in hand, a transition sequence of B1→B10→B2
is revealed by comparison of their enthalpies �Fig. 1�b��. It is
found that B10 is thermodynamically stable in the pressure
range of 236–316 GPa, above which it transforms to the B2
phase with a typical second-order transition nature. We have
calculated the full phonon dispersion curves of B10, and no
any imaginary phonon mode was found in the whole Bril-
louin zone �BZ� to confirm its dynamical stability.

To understand the B1→B10 transition mechanism, we
have further explored the dynamical stability of B1 phase
and a pressure-driven TA phonon softening is clearly re-
vealed at the X point �Fig. 3�b��. The two degenerated TA�X�
modes �perpendicular to each other� involve antiparallel
shuffle of adjacent �001� planes of B1. It is suggested that
this mode degeneracy enables the shuffle movements bring-
ing forth any shear distortion perpendicular to the c axis.
Figure 3�c� shows the energy evolution curves with different
shear distortions. It is found that the lowest-energy structure
is formed when the distortion is along the �110� direction.
Strikingly, optimization of this distorted-B1 structure �space
group: Pmmn; Z=2; and Wyckoff positions: Zn at 2a �0, 0,
z1� and O at 2b �1/2, 0, z2�� at 290 GPa arrives at the B10
phase. This nicely demonstrates that the reconstructive
B1→B10 transition is driven by the softening of TA�X� pho-
non and can be accomplished along an intermediate ortho-
rhombic Pmmn path. The Pmmn structure reduces to B1
when b=c=a /�2, z1=z2=0.75 and transforms to B10 when
a=b, z1=0.5, and z2=0.97 �e.g., at 290 GPa�. The
B1→B10 transition is thus characterized by enlarging of b

FIG. 2. �Color online� �a� The dashed unit cell is a 2�2�1
supercell of B2 structure. Oxygen �small sphere� atomic distortion
along the eigenvector of TA�M� mode as indicated by the arrows
results in the formation of B10 phase �solid unit cell�. �b� Top view
of the B10 structure along the �010� direction. �c� Energy evolution
curves with the oxygen displacements along the eigenvector of
TA�M� mode at 200, 250, 320, and 360 GPa, respectively. The total
energies are normalized to that of B2 for comparison.
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FIG. 3. �Color online� �a� Energy band structure of B10 at 250
GPa. �b� Phonon dispersion curves of B1 along the �-X-K direction
at 250 GPa. �c� Energy evolution curves with respect to the shearing
displacements of �001� planes in B1 at 290 GPa along three differ-
ent directions of �010�, �310�, and �110�. The distorted structures
along the three directions have the space groups of Cmcm, P21 /m,
and Pmmn, respectively. Displacements have been scaled to the
lattice parameter a0 of B1. Note that energy curves with other dis-
placement directions lie in between �010� and �110� with all of the
distorted structures having space group of P21 /m.
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and the splitting of z1 and z2. A schematic description of this
transition is depicted in Fig. 4. It is clearly seen that the
splitting of z1 and z2 actually corresponds to the shuffle
movement of adjacent layers in B1 along the �110�B1 direc-
tion and signals the detachment of the anions and cations
from the same plane to form alternatively arranged anion
layer and cation layer which are typical characteristics of
B10 structure. It is noteworthy that the enlarged b at the
transition might be closely related to the strong Coulomb
repulsion within the anion or cation layer. It should be also

pointed out that the predicted TA�X� mode softening in ZnO
is in line with the results in other binary compounds with B1
structure.29–31 However, the resulting higher-pressure phase
of B10 in ZnO is distinct, in contrast to that of Cmcm �Ref.
29� in ZnS, ZnSe, InP, and InAs and P21 /m �Ref. 31� in
AgBr and AgCl. This can be explained by the different
shuffle directions favorable in these materials. If the shear
distortion favors the �010� direction, Cmcm phase will be
most stable.29 Instead, if the true energy minimum lies in
distortion path along other directions between �010� and
�110�, this will result in a lower-symmetry P21 /m phase.31

Energy band structure of B10 at 250 GPa is shown in Fig.
3�a�. It is clear that this polymorph remains insulating with a
large indirect band gap of 2.95 eV. It is well known that DFT
usually underestimates the energy gap by about 30 %–50 %,
the actual band gap in B10 should be much larger. GW
calculation32 �known to provide accurate description of band
gaps, within 10% of the experimental values� is necessary to
fully account for the energy gap, but is out of scope of this
work. The large band gap implies that the B10 phase is of
great potential in the electronic and optic applications as
what we are expecting for the high-pressure B1 and B2
phases.33,34 Future experiments to quench or synthesize this
polymorph at ambient conditions are thus demanded.

In conclusion, we have predicted a B10 phase in ZnO
sitting in between B1 and B2. This finding modifies earlier
long thought of the direct B1→B2 high-pressure transition.
The stability of B10 is justified by the enthalpy calculations,
and its dynamical stability has been confirmed by the phonon
calculations. The phase transition mechanism of B1→B10 is
revealed by analysis of TA�X� phonon softening in B1, and
an orthorhombic transition path with Pmmn symmetry is ac-
cordingly proposed. The current work has demonstrated that
phonons play a dominant role in determining the high-
pressure structures.
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