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I. INTRODUCTION

The II-VI semiconductor ZnO has become a frequently
studied material in surface science because of its wide ran
of technological applications. ZnO is a basic material fo
varistors, thyristors, and optical coatings. In addition, its di
rect band gap makes it an interesting candidate for blue a
UV light-emitting diodes and laser diodes.1 The electronic
and structural properties of the ZnO surfaces are, in partic
lar, important in its applications as chemical sensor in ga
detecting systems and as catalyst for hydrogenation and d
hydrogenation reactions. In combination with Cu particles a
the surface, ZnO is a selective and efficient catalyst for th
methanol synthesis,2 where it is employed in industrial scale.
The mechanism behind the enhanced catalytic activity whe
combined with Cu is poorly understood. However, before
this interesting interplay between the ZnO substrate and th
Cu particles can be addressed, a thorough understanding
the underlying clean ZnO surfaces is necessary.

From a physical/chemical point of view, ZnO is a very
interesting material because of the mixed covalent/ionic a
pects in the chemical bonding. ZnO crystallizes in the hex
agonal wurtzite structure (B4), which consists of hexagonal
Zn and O planes stacked alternately along thec-axis ~see
Fig. 1!. Anions and cations are fourfold coordinated, respec
tively, like in the closely related zinc-blende structure. A tet
rahedral coordinated bulk structure is typical for rather cova
lent semiconductors. On the other hand, ZnO shows gre
similarities with ionic insulators such as MgO.3 This is why
ZnO is often called the ‘‘ionic extreme’’ of tetrahedral coor-
dinated semiconductors.

Wurtzite crystals are dominated by four low Miller index
surfaces: the nonpolar (1010̄) and (112̄0) surfaces and the
polar zinc-terminated~0001!-Zn and oxygen-terminated
(0001̄)-O surfaces~see Fig. 1!. By ion sputtering and anneal-
ing at not too high temperatures, all four surfaces can b
prepared in a bulk terminated, unreconstructed state, whe
the surface atoms only undergo symmetry conserving rela
ations. A typicalp(131) pattern is observed in low-energy
electron diffraction ~LEED! and other diffraction
experiments.4–8 Although in a recent He-scattering
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polar (1010̄) and (112̄0) surfaces as well as the polar
01)-O surfaces of ZnO is presented. Particular attention
rameters such as basis set,k-point mesh, slab thickness, or
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lized-gradient approximation pseudopotential calculations
pros and cons of different approaches to deal with the

ed. Reliable results for the structural relaxations and the
pared to previous theoretical and experimental data, which
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experiment9 it was shown that O-terminated (0001)̄ surfaces
with p(131) LEED patterns are usually hydrogen covered
whereas the clean O-terminated surface exhibits a (331)
reconstruction, we will focus in this study on the clean, un-
reconstructed surfaces of ZnO.

In the present paper, we investigate all four main crystal
terminations of ZnO. The fully relaxed geometric structures
and the surface/cleavage energies have been calculated using
a first-principles density-functional theory~DFT! method.
We have employed both, a local-density approximation
~LDA ! and a generalized-gradient approximation~GGA!
functional. We will discuss the relative stability of the four
surfaces and how the surface relaxations of the nonpolar
faces are connected to the covalency/ionicity of the chemical
bond in ZnO. Finally, a detailed comparison with existing
theoretical and experimental results will be given.

The nonpolar (101̄0) surface of ZnO has been the focus
of several experimental and theoretical studies. However, the
form of the relaxation of the surface atoms is still very con-
troversial. Dukeet al.5 concluded from their best LEED
analysis10 that the top-layer zinc ion is displaced downwards
by Dd'(Zn)520.4560.1 Å and likewise the top-layer oxy-
gen by Dd'(O)520.0560.1 Å, leading to a tilt of the
Zn-O dimer of 12°65°. No compelling evidence for lateral
distortions within the first layer or for second-layer relax-
ations were obtained, but small improvements could be
achieved by assuming a lateral displacement of the Zn ion
toward oxygen byDdi(Zn)50.160.2 Å.11 The strong in-
ward relaxation of the Zn ion was later confirmed by Go¨pel
et al.12 in an angle-resolved photoemission experiment. By
comparing the relative position of a particular surface state
with its theoretically predicted geometry dependence, a Zn
displacement downwards byDd'(Zn)520.4 Å was con-
cluded.

In contrast, Jedrecyet al.13 found best agreement with
their grazing incidence x-ray diffraction~GIXD! data for a
structural model where the top-layer zinc atom is displaced
downwards by onlyDd'(Zn)520.0660.02 Å and shifted
toward oxygen byDdi(Zn)50.0560.02 Å. However, for
their samples they observed a high density of steps and from
their best-fit model they predict rather high vacancy concen-
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