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Total energy calculations for the adsorption of hydrogen on the polar Zn-ended ZnO�0001� surface predict
that a metal-insulator transition and the reversible switch of surface magnetism can be achieved by varying the
hydrogen density on the surface. An on top H�1�1� ordered overlayer with genuine H-Zn chemical bonds is
shown to be energetically favorable. The H�1�1� covered surface is metallic and spin polarized. Lower
hydrogen coverages lead to a nonmagnetic insulating surface, with strengthened H-Zn bonds and corrugation
of the topmost layers. Our results explain the experimental observation of formation of an ordered H�1�1�
overlayer on the ZnO�0001� surface and its unexpected evolution toward a disordered layer. Furthermore, we
identify a mechanism which can contribute to the room-temperature ferromagnetism measured in ZnO thin
films and nanoparticles.
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I. INTRODUCTION

ZnO is a wide band gap semiconductor and one of the
most technologically important metal oxides due to its ex-
ceptional semiconducting and optical properties.1 The re-
cently reported high-temperature �HT� ferromagnetism in
ZnO-based thin layers and nanostructures2 turns it addition-
ally into a potential HT prototypical semiconducting ferro-
magnet, which could be used in magnetoelectric and magne-
totransport devices tuning simultaneously charge and spin.3

However, at present, and despite numerous experimental and
theoretical studies, the mechanism behind the HT magnetic
order in ZnO is still under debate.4–7 Many studies on ZnO
doped with magnetic ions are in contradiction and even there
is not consensus on whether the observed ferromagnetism is
intrinsic or due to magnetic clusters, secondary phases or
unintentional impurities. Besides, thin films and nanopar-
ticles of undoped ZnO are surprisingly found to exhibit fer-
romagnetism at HT,6,8 which has been suggested to be due to
surface effects.

In addition, the study of ZnO surfaces has experienced a
renewed interest stemming from their relevance in heteroge-
neous catalysis,9 and also due to the present ability to grow
nanoparticles in a rather large variety of sizes and shapes.
For the ZnO polar surfaces, there is also the fundamental
stimulus of understanding the stability of the polar termina-
tions of ionic crystals.10 Particular attention deserves their
interaction with H. Although undetectable for most experi-
mental techniques, hydrogen is often present in the environ-
ment and its strong reactivity may result in the passivation of
polar surfaces with unsaturated dangling bonds. Hence, ad-
sorbed H may drastically alter the properties and even
modify the structure of low-dimensional ZnO structures, in
which surface phenomena are determinant.

Hydrogen is one of the most abundant impurities in ZnO.
Although it has an amphoteric character, isolated hydrogen
has always been found to form shallow donor states in bulk
ZnO. Therefore, it has been regarded as a source of the un-
intentional n-type conductivity exhibited by ZnO.11 How-
ever, despite the numerous experimental and theoretical stud-

ies, the nature of the n-doping remains unclear. While the
thermally activated population of the conduction band has
been achieved in recent experiments based on reversible hy-
drogen doping,12 it has also been shown that the isolated
species is not stable at room temperature. Hydrogen migrates
through the crystal and forms electrically inactive H2 mol-
ecules, supporting that the hidden species in ZnO is H2.13

Furthermore, some experiments indicate that a high concen-
tration of electron carriers is still present even when hydro-
gen is removed by thermal treatment at 1100 °C.14 Hence,
native defects cannot be excluded as the origin of the high
free electron density. Moreover, interactions between defects
lead to a significant reduction in their formation energy, mak-
ing defects a plausible source of n-type conductivity in
ZnO.15

In recent years, systematic investigations of the different
ZnO low-indexed surfaces have been performed, indicating
that hydrogen exhibits qualitatively different behavior at the
surface than at the bulk.9 There is agreement in the formation
of an ordered hydrogen overlayer on both the nonpolar ZnO
�101̄0� and the polar O-ended ZnO �0001̄� surfaces. Expos-

ing the ZnO �101̄0� surface to atomic H at low temperature
leads to the formation of an ordered overlayer containing two
adsorbed H atoms per unit cell, one bonded to O and one to
Zn, while adsorption at room temperature results in a metal-
lic surface with an odd number of H atoms per unit cell
where H is only bonded to O. Among the polar surfaces, the

hydrogen-terminated H�1�1� O-ZnO �0001̄� surface is
found to be stable. Nevertheless, the stabilization mechanism
needs to be identified, since according to the theoretical
analysis the overlayer structure is unstable.16 On the other
hand, the interaction of H atoms with the polar Zn-
terminated ZnO�0001� surface is thought to be the weakest
among the ZnO surfaces, because the binding energy of ZnH
pairs should be considerably weaker than that of OH bonds.
An experimental study revealed that, exposing this surface to
atomic hydrogen, an ordered �1�1� overlayer consisting of
Zn-hydride species is formed.17 However, larger exposures
to both atomic and molecular hydrogen cause the unexpected
unstability of the H�1�1� overlayer, leading to a complete
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loss of lateral order which reflects a random distribution of H
adatoms.

The aim of this paper is to show that the adsorption of
atomic hydrogen on the polar Zn-ZnO�0001� surface gives
rise to a tunable system in which it is possible to switch the
electronic and magnetic properties by varying the surface H
density. As shown below, an on top H�1�1� ordered over-
layer with genuine H-Zn chemical bonds is formed under
complete H coverage, surface magnetism and metallicity be-
ing its distinct characteristics. The partial desorption of the
surface H leads to reinforcement of the H-Zn bonds, corru-
gation of the surface layer and, more interestingly, the emer-
gence of a spin-paired insulating state. Hence, a metal-
insulator transition accompanied by the extinction of the
magnetization can be driven by reducing the H density on
the surface from 1 monolayer �ML� down to 1/2 ML. Further
decrease of the H coverage restores the surface metallicity.

II. THEORETICAL APPROACH

Our calculations are based on density functional theory
employing norm-conserving pseudopotentials and localized
numerical atomic orbitals �AOs� as implemented in the SI-

ESTA code.18 We consider both the local spin-density ap-
proximation �LSDA� and the generalized gradient approxi-
mation �GGA�, with the same basis set and calculation
parameters of Ref. 5. Hydrogen is described by a Double Z
1s AO.

Whereas the local-density approximation �LDA� and
semilocal GGA approximations for the exchange-correlation
potential usually provide structural accuracy, they often fail
to describe systems with localized d electrons. For semicon-
ductors and insulators, the Kohn-Sham single-particle band
gap is significantly smaller than the measured quasiparticle
band gap. Particularly, the LDA/GGA description of ZnO
underestimates the energy gap, and the binding energy of
Zn d states, which consequently are too delocalized and too
much hybridized with the Oxygen p-derived valence states.
Hybrid functionals, in which a certain amount of exact non-
local Hartree-Fock exchange is added to the LDA/GGA ex-
change energy, have proved to yield ground-state properties
of ZnO in better agreement with experiments.19 In order to
ensure that our conclusions are robust against the choice of
the exchange-correlation functional, we have performed ad-
ditional total energy optimizations with both the Perdew-
Burke-Ernzerhof �PBE0� and the screened Heyd-Scuseria-
Ernzerhof �HSE� hybrid functionals20 using the projector
augmented wave �PAW� method21 implemented in the VASP

code.22 We employ similar parameters to those used in Ref.
23, where such functionals were successfully applied to
study the defect energetics in ZnO. In our case radial cutoffs
of 1.3, 0.9, and 0.4 Å for Zn, O, and H, respectively, are
used and a plane-wave cutoff energy of 350 eV. For the
hybrid functionals we have used different values of both the
amount of exact exchange and the characteristic length, at
which the Fock interactions are neglected. The PBE0 func-
tional corresponds to a 0.25 fraction of exact exchange with-
out screening, while the HSE results presented here are ob-
tained including a 0.35 fraction of exact exchange at a range

of 0.2 Å−1. As shown below, despite the better description of
both the ZnO band gap and the energy and localization of
Zn d states using hybrid functionals, the electronic structure
at the valence band edge is analogous for the different ex-
change correlation functionals. This is the important energy
window containing the hydrogen induced states for the H
covered ZnO surfaces under study.

The surfaces of intrinsic—dopant free—ZnO crystals and
those covered by neutral hydrogen adlayers are modeled by
periodically repeated slabs containing between 15 and 17
atomic planes, separated by a vacuum region of at least
20 Å. Bulk-like behavior is always attained at the innermost
central layers. We calculate both symmetric and asymmetric
slabs about the middle plane, though we are always subject
to the lack of inversion symmetry of the wurtzite structure.
Hydrogen induced effects result to be independent of the
symmetric or asymmetric structure of the slab. We use
�1�1� and �2�2� two-dimensional �2D� unit cells to model
the surfaces with adsorbed hydrogen. All the atomic posi-
tions are allowed to relax until the forces on the atoms are
less than 0.03 eV /Å. Brillouin zone �BZ� integrations have
been performed on a 12�12�1 Monkhorst-Pack supercell
�12�12�8 for bulk structures�. Careful convergence in the
k-mesh and the inclusion of relaxations are essential in order
to accurately describe the adsorption states and magnetism.

The H-Zn bonding properties are analyzed mainly in
terms of density of states projected �PDOS� onto the surface
atoms. They have been evaluated both for the 2D slabs em-
ployed for the density functional theory optimizations as
well as for semi-infinite geometries—i.e., surface plus
bulk—following the prescription of Ref. 24. Additionally, we
have performed Mulliken and crystal orbital overlap popula-
tion �COOP� analysis.25 These quantities give information on
the electronic charge at the atomic sites and on the charge
shared by any pair of atoms, respectively. Hereafter, we will
use the term charge referring to these populations, despite
there is no strict equivalence between them, e.g., the Mul-
liken populations are basis set dependent. Nevertheless, their
trends with the H coverage provide a comprehensive repre-
sentation of the charge redistribution occurring at the sur-
face.

III. HYDROGEN ADSORPTION

A. Ordered (1Ã1) hydrogen overlayer

For 1 ML coverage, the stable adsorption site of H was
determined to be atop the Zn atoms after exhaustive minimi-
zation considering several surface and subsurface positions,
including fcc and hcp hollow, bridge and off-symmetric
sites. We present in Fig. 1 the PDOS onto the outermost
layers for the bare and H covered surface, both using LDA
and the HSE functional. For comparison, the PDOS corre-
sponding to a substitutional H atom at an oxygen site in bulk
ZnO—multicenter bonds configuration �MBC�11—is also
shown. As expected, the HSE functional gives a better de-
scription of the band gap and increases the localization of the
Zn d states. The calculated gaps using LDA and HSE for
bulk ZnO are 0.80 and 3.45 eV, respectively, compared to the
experimental value of 3.40 eV.26 The results obtained with
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GGA, not shown in Fig. 1, are analogous to those of LDA.
Further, the HSE and PBE0 yield similar band gaps and
Zn d-states localizations despite the long-range screening of
the Hartree-Fock exchange in the former. Therefore, the
physical picture provided by calculations performed with dif-
ferent approximations for the exchange-correlation potential
is equivalent, supporting their accuracy. The clean surface
exhibits the well-known metallic character, with the occu-
pied surface states �SSs�, arising from the unsaturated dan-
gling bonds of surface Zn, placed at the bottom of the con-
duction band �CB�.27 An adsorbed H interacts with a surface
Zn atom and forms a strong Zn-H bond. The hybridized
bonding state is located at the valence band �VB� edge and is
partially filled, so the Fermi level lies in the H derived states
and the surface is metallic and hole doped. Therefore, the
adsorption of hydrogen changes the position of the Fermi
level �EF� at the surface layer with respect to the band edges.
EF shifts from the CB edge for the Zn bare surface to the VB
edge for the hydrogen covered surface. Conversely, H in the
bulk MBC interacts with the unsaturated dangling bonds of
the four surrounding Zn atoms to form a bonding state lo-
cated deep below the VB and an antibonding state lying in
the CB of ZnO. The electron, which would occupy the anti-
bonding state, is transferred to the CB minimum. Thus, the
complex composed of the hydrogen and the four nearest-
neighbor Zn atoms acts as a shallow donor.11 Note that while
in the hydrogen covered surface all surface Zn atoms are
bonded to hydrogen, in the MBC there is an isolated hydro-
gen impurity in a ZnO bulk crystal.

A distinct characteristic of the H covered surface in the
atop geometry is the spin-polarization of the bands. It is not
restricted to the H layer, but extends into the ZnO subsurface
leading to a net magnetization of the surface region. This is
clearly seen in Fig. 2, in which up to four ZnO atomic planes
present spin-polarization. The magnetic moments at the H,
Zn and O layers are 0.29, 0.09 and 0.09 �B /atom, respec-
tively, being 0.50 �B the total magnetization induced by a
hydrogen. The magnetic energy gain, defined as the differ-
ence between the total energy of the magnetic ground state
and that corresponding to a non-spin-polarized state, is
around 70 meV per unit cell containing just a hydrogen
atom. Similar values are obtained in the HSE calculation, the
total magnetization differing in less than 10%. Summarizing,
H adsorption at the ML coverage gives rise to a hole-doped
metallic surface with the Fermi level at the outermost layers
pinned below the VB maximum at the H-derived bands. Fur-
thermore, there is a magnetization of the surface with a net
magnetic moment of around 0.5 �B per hydrogen atom.

B. Partial hydrogen coverage

In order to understand the emergence of the spin polariza-
tion when going from the bare Zn surface to the complete H
overlayer, we have modeled partial hydrogen coverages of
3/4, 1/2, and 1/4 MLs with LDA. The corresponding geomet-
ric and electronic structures are displayed in Fig. 3 and fur-
ther details are given in Table I. The adsorption of H creates
low dispersion states at the top of the VB, which are spin-
splitted for 1 ML coverage, with only one spin component
completely filled. Furthermore, the spin-splitted states start
to merge for lower coverages until they become degenerate
for 1/2 ML of H. The loss of spin polarization is accompa-
nied by a metal to insulator transition of the surface. Thus,
while at 3/4 ML the surface is still ferromagnetic and metal-
lic, for coverage of 1/2 ML the ground state corresponds to a
nonmagnetic insulator with the Fermi level above the hydro-
gen derived band. Further decrease of the hydrogen coverage
results in partial occupation of the CB states due to the in-
creased number of unsaturated Zn dangling bonds, restoring
the surface metallicity. Therefore, our results reveal that the
H covered Zn-ZnO �0001� surface is a novel system, in
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FIG. 1. �Color online� PDOS on the H �filled curve� and outer-
most Zn and O atoms of the Zn-Zn�0001� surface either bare �top
panels� or covered by 1 ML of H �middle panels�. The left �right�
column corresponds to LDA �HSE� calculations. At the bottom pan-
els we provide the PDOS on the H and neighboring Zn and O atoms
for bulk ZnO with a H impurity in the MBC.

FIG. 2. �Color online� Side view of the spin density distribution
of the ZnO�0001� surface covered by 1 ML H, along a plane con-
taining the Zn-O bonds. The contour lines correspond to steps of
5�104 electrons.
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which a metal to insulator transition can be tuned by varying
the H-coverage back and forth. Even more, by modifying the
hydrogen density reversible switch of surface magnetism can
be achieved.

A deeper insight about this remarkable phenomenon can
be obtained regarding the nature of the bonds, see Table I. In
all cases, the H-Zn bond length, which coincides with the
interlayer distance for the on top adsorption site, is signifi-
cantly shorter than at the bulk ��2 Å in the MBC�, a hint of
the formation of genuine and stronger chemical bonds at the
surface. Furthermore, the bond length reduces as the H cov-
erage diminishes, evidencing a reinforcement of the H-Zn
bonds. This bond strengthening is consistent with the varia-
tion of the Mulliken populations and the corresponding
COOPs displayed in the lower panel of Fig. 3. The electronic

charge localized at both the H and the Zn increases as the H
coverage reduces, indicating that a larger amount of charge is
shared between the two atoms. The COOPs confirm this sce-
nario; their positive value corresponds to bonding states,25

which are progressively filled as the H coverage reduces.
Noticeably, hydrogen also interacts with the O in the subsur-
face layer forming an antibonding state. However, the Mul-
liken population of Oxygen atoms remains almost unchanged
and close to the bulk values.

The reinforcement of the H-Zn bonds can be understood
regarding the atomic structures in Fig. 3 and Table I. For the
clean surface we find a contraction of the first double layer
spacing, dZn-O, in agreement with previous calculations.27

Contrary, the surface completely covered with H exhibits a
slightly expanded Zn-O distance. For partial H coverages the

TABLE I. H-related surface energy �Esurf, in eV�, interlayer distances �d, in Å�, and total Mulliken
populations �Q� of the surface atoms for the Zn-ended ZnO�0001� surface covered by different amounts of H
�from 1 to 1/4 ML of H� and bare. For partial coverages, the inequivalent Zn surface atoms are distinguished
as ZnH, bonded to H, and ZnDB, with a dangling bond. As a reference, the last column provides values for the
undoped bulk ZnO.

1 H 3/4 H 1/2 H 1/4 H Bare Bulk

dH-Zn 1.62 1.60 1.57 1.56

dZnH-O /dZnDB-O 0.71 0.78/0.21 0.91/0.20 1.02/0.14 0.39 0.61

QH 1.09 1.12 1.17 1.21

QZnH /QZnDB 11.36 11.38/11.25 11.42/11.24 11.45/11.27 11.37 11.23

Esurf −1.53 −1.86 −2.51 −3.22

FIG. 3. �Color online� �Top� Side views of the ZnO�0001� surface for decreasing H coverage from left to right. Oxygen, Zn and H atoms
are colored in red �black�, blue �gray�, and white, respectively. Below each sketch we provide for each case the corresponding: �middle�
PDOS projected on the first surface layers calculated for the semi-infinite crystal and resolved in k-space �Ref. 24�—the BZ for the
�1�1� and �2�2� 2D cells is depicted at the right of the bottom panel; �bottom� H-Zn and H-O �magnified by a factor of 5� COOPs.
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surface Zn atoms become inequivalent, leading to two differ-
ent Zn-O interlayer distances and a large corrugation of the
Zn plane: Zn atoms bonded to H experience an outward re-
laxation while the unbonded ones show an inward relaxation
even stronger than that at the bare surface, becoming almost
coplanar with the oxygen plane. For deeper layers little re-
laxation is found. There is a strong correlation between the
Zn-O interlayer distance and the redistribution of charge: Zn
atoms bonded to H—large dZn-O—show an increase in their
Mulliken populations, while those not bonded—small
dZn-O—lose charge approaching the bulk values.

The energies provided in Table I for the H covered sur-
faces also support the formation of strong bonds with a sig-
nificant covalent character. They are calculated as the differ-
ence between the total energy of the relaxed slab and those
of the relaxed isolated ZnO and hydrogen slabs. Their nega-
tive values indicate that the chemisorption of H on the
Zn�0001� surface is favorable. In fact, at a hydrogen density
of 1/2 ML the adsorption is exothermic. The surface energy
exceeds by 140 meV the formation of the H2 molecule in the
gas phase, 2.37 eV/H, making adsorbed hydrogen highly
stable against desorption. In addition, there is a net reduction
of the surface energy for all H coverages with respect to the
bare surface. This is specially significant for partial H cov-
erages, where the existence of inequivalent Zn sites allows
for the corrugation of the Zn layer and the subsequent de-
crease of surface energy.

As a final remark, the Zn-ZnO�0001� surface may under-
take a triangularly shaped reconstruction under specific
growth conditions.28 We have investigated the effect of such
reconstruction through calculations of stepped surfaces, and
the general conclusions are analogous to those presented here
for the unreconstructed surface, although strong O-H bonds
are also formed at step edges.

IV. DISCUSSION AND CONCLUSIONS

Our findings consistently explain experimental results
about the formation and structure of hydrogen adlayers on
the Zn-ZnO�0001� surface. He-atom scattering revealed not
only the formation of a H�1�1� ordered overlayer, but also
the loss of surface order under prolongated hydrogen
exposures.17 As shown above, partial H adsorption is ener-
getically more favorable than the bare and fully covered sur-
faces, which could explain the experimentally observed un-
stability of the �1�1� ordered overlayer and its evolution
toward less densely packed disordered structures. In addi-
tion, the formation of such disordered and highly corrugated
terminations provides the clue to understand the enhance-
ment of the chemical reactivity of surfaces previously ex-
posed to H with respect to the pristine ones. Also the almost
coplanar positions of the Zn and O atoms in the bare regions
of the partially H covered surface can account for the ob-
served surface restructuring and for the oxygen signature de-
tected in the x-ray photoemission spectra �XPS�.17

Unfortunately, to our knowledge information about the
electronic properties of the hydrogen covered surface is not
available. Although control of the graphene properties by
reversible hydrogenation has been recently achieved,29 for

the Zn-ZnO�0001� surface further experimental research is
deserved to confirm our predictions about the possibility to
reversibly control the conductivity and tune the surface mag-
netism. In this sense, it is interesting to evaluate the impli-
cations of the unintentional n-type conductivity exhibited by
ZnO samples, pinning the Fermi level close to or in the CB
minimum. As stated above, the clean Zn polar �0001� face
shows a charge polarization arising from the lack of inver-
sion symmetry of the wurtzite structure and the partly ionic
nature of the Zn-O bond. The electrons in the CB are bound
to the surface region and then, for an intrinsic—dopant
free—ZnO crystal as modeled by us, a downward band
bending is present near the surface. Adsorption of H passi-
vates the Zn dangling bonds creating holes in the VB and the
energy bands bend strongly upward. Under n-type condi-
tions, free electrons will likely move toward the hydrogen
covered surface in an attempt to compensate its positive po-
larization. Thus, an electron accumulation region will be
formed adjacent to the H-Zn surface, contributing to reduce
the number of hydrogen induced VB holes bound to the sur-
face region. However, the number of free electrons in the
accumulation layer will be insufficient to compensate the
positive surface sheet of holes. First, the surface density of
holes is large, approximately half hole per surface unit cell,30

i.e., around 1014 hole cm−2. In addition, in most common
cases, the carriers can still be bound to the ionized defect
center by the Coulomb interaction in a hydrogenic effective-
mass state, which lowers the effective concentration of free
carriers hindering the hole compensation. Then, although
n-doping will compensate some of the surface VB holes, it is
unlikely that it would completely destroy the surface metal-
licity induced by the hydrogen adsorption.

Finally, an additional important conclusion can be ex-
tracted with respect to the HT ferromagnetism measured in
ZnO-based thin layers and nanoparticles, both undoped and
doped with magnetic impurities. Various experimental inves-
tigations exclude the magnetic elements as the origin of the
HT ferromagnetism in ZnO nanoparticles and nanostructured
granular films doped with magnetic elements.31 Moreover, as
has been recently revealed in a detailed analysis of the ex-
tended experimental bibliography about magnetism on pure
ZnO and Mn-doped ZnO, grain boundaries and related va-
cancies are likely to be the intrinsic source of HT
ferromagnetism.32 HT ferromagnetism has also been reported
in ZnO doped with nonmagnetic atoms and in undoped ZnO
nanostructures, and recent experimental studies have shown
that the occurrence of surface ferromagnetism is a universal
characteristic of oxide nanoparticles.33 This scenario cor-
roborates our previous predictions of surface magnetism at
the O-terminated surface of ionic oxides and in particular of
ZnO, due to the presence of p holes in the valence band of
the oxide.5,34 A step forward, our present results strongly
suggest that unintentionally adsorbed hydrogen may also
take active part in the observed magnetism, particularly for
undoped ZnO nanocrystals. Since HT ferromagnetism has
been observed to vary with the oxygen partial pressure, its
existence has been associated to oxygen vacancies. However,
calculations as well as careful experiments indicate that oxy-
gen vacancies cannot be a source of magnetism, but instead
it may develop from unsaturated oxygen either due to Zn
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vacancies or to O-terminated surfaces.5–7,35 Adsorbed hydro-
gen is sensitive to the oxygen partial pressure, since the
probability of formation of HO complexes increases with the
oxygen chemical potential, leading to the subsequent extinc-
tion of the magnetism reported here. Moreover, the hydrogen
electron spin has been measured in In2O3 when hydrogen
acts as an oxygen vacancy passivating center, demonstrating
the ability of H to be spin polarized.36

In conclusion, our first-principles calculations show that
atomic hydrogen adsorbs on the Zn-ZnO�0001� polar surface
atop the Zn atoms, forming strong H-Zn bonds and
leading to a metallic, hole-doped surface with a net magnetic
moment. As the H coverage diminishes, there is a reinforce-
ment of the remaining H-Zn bonds accompanied by the
removal of the valence band holes and the subsequent
extinction of magnetism. We predict that controlling the hy-

drogen coverage can serve to transform the conductive polar
surface into an insulator and hence to tune a metal-insulator
transition and to achieve reversible switch of surface magne-
tism.
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