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In several metal/oxide interfaces, it is well known that polar facet of the oxide influences the formation of a
stable metal/oxide interface. However, the formation mechanism of such polar interface is still unclear. In this

work, Pd/�0001�ZnO and Pd / �0001̄�ZnO interfaces were used as model systems to investigate the polar
metal/oxide interfaces. High-resolution transmission electron microscopic �HRTEM� observation was per-
formed on atomic scale. Quantitative analysis of the HRTEM image revealed specific local atomic structures
near the polar interfaces. The Pd/�0001�ZnO interface is found to be terminated with Zn and only these Zn
atoms were relaxed to compensate for the interfacial lattice mismatch as large as 18%. Moreover, the Zn atoms

occupy lattice sites of the Pd crystal. On the other hand, the Pd / �0001̄�ZnO interface is terminated with O. In
this case, the Pd crystal was relaxed to terminate dangling bonds of all terminating oxygen atoms. These results
were complemented by semiquantitative first principles calculations, where the charge transfer across each
interface could be analyzed. The different terminations and charge transfers across the interfaces preserved the
total charge balance of the ZnO crystal. The relaxations of lattice mismatch at the interfaces formed chemically
interactive geometries depending on the polarity of ZnO.
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I. INTRODUCTION

Metal/oxide �M/O� systems are employed in various in-
dustrial applications, e.g., oxide-strengthened alloys, cata-
lysts, Schottky barrier diodes, and metal-oxide-
semiconductor field-effect transistors.1,2 The interface
between the metal and oxide play a key role in macroscopic
properties.2–5 In many cases, it is well known that stable M/O
interfaces tend to grow on the polar facet of the oxide.6–11 A
detailed analysis of the local atomic structure of such a polar
M/O interface is essential for understanding and improving
their performance and functionality.12–19

ZnO is an II-VI wide-band-gap semiconductor and a
promising candidate for electronic and optical devices.20–22

ZnO crystallizes in the wurtzite structure with lattice param-
eters of a=0.325 nm and c=0.521 nm, resulting in a non-

center symmetric structure. The �0001�ZnO and �0001̄�ZnO
surfaces are polar planes which can be terminated with either
O or Zn. It is known that atomically flat polar �0001�ZnO
surfaces result in electrical instability.23 Actually, ZnO crys-
tals grown in air do not possess a basal plane as a surface of
the ZnO. When the �0001� surface is atomically flat and un-
reconstructed without charge transfer, the sum of the dipole
moments caused by Zn-O atomic pairs cannot be annihilated
along the c axis of ZnO; then, the electric field and the sur-
face energy diverge to infinity.24 Noguera suggested a stabi-
lizing mechanism for the �0001�ZnO surface.23 The intrinsic
electrostatic field E has to be annihilated by means of an
extrinsic electrostatic field −E induced by a surface charge,
dq= �q /4, where q�=2e� is the typical ionic charge of Zn
and O. The surface charge can be generated by �i� real sur-
face charging, �ii� surface impurities, or �iii� virtual surface
charging due to vacancies �partial coverage� of the topmost
ions. According to studies for �0001�ZnO surfaces,11,25–27 it
was reported that the surface charge can be generated by the
vacancies of the topmost ions. Jedrecy et al. quantified sto-

ichiometry of a �0001�ZnO surface through the crystal trun-
cation rod �CTR� measurements using x-ray diffraction. The
CTR measurements revealed that the topmost atomic species
is Zn and the Zn toplayer of the surface has the partial cov-
erage of 75%.25 Dulub et al. observed a �0001�ZnO surface
by scanning-tunneling microscope �STM�. The STM images
show many triangular hollows and islands on the �0001�ZnO
surface which has several specific sizes and a step height
of c /2. All islands locally have stoichiometric ratio of
75:100=Zn:O.26 Although Jedrecy et al. and Dulub et al.
treated to the ZnO surface via different ways, the results
concerning stoichiometry of the surfaces were identical.
STM images taken by Parker et al. also showed many trian-
gular hollows and islands with a step height of c /2 on the
�0001̄�ZnO surface as well as on the �0001�ZnO surface.27

The both surfaces seem to be stabilized by virtual charging
due to vacancies of ions in the top layer.

There are several reports for the growth behavior of metal
on such �0001�ZnO surfaces.28–32 The stabilizing mechanism
seems to be changed depending on the local atomic structure
at the M/ZnO interface. Jedrecy et al. reported the growth
behavior of silver thin film on the two polar faces of ZnO by
surface x-ray diffraction �SXRD� technique.28,29 On both sur-
faces, the Ag forms nanoclusters with �111� top facets in

hexagon-on-hexagon epitaxy with �101̄�Ag� �100�ZnO. Despite
the high-lattice mismatch �11%�, the Ag islands adopt their
bulk parameter even in an initial stage of growth. It was
concluded that the epitaxial-orientation relationship is fa-
vored by a quasiperfect coincidence of nine Ag cells on eight
ZnO cell. Concerning the growth mode, flat-top Ag clusters
were formed on both Zn- and O-terminated ZnO polar sur-
faces, which allow modeling of the system in the high cov-
erage by a continuous Ag film with holes instead of isolated
clusters. Ag spreads more significantly on the O-terminated
face than on the Zn termination. Lin and Bristowe found
O-terminated interface is stronger.33 In addition, the large
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period �9�8� Ag/ZnO coincidence superstructure with mis-
match of 0.1% is energetically preferred. The local atomic
geometry strongly influenced the work of separation with
on-top site being preferred for the Ag-O bonding and the
hcp-hollow site being preferred for the Ag-Zn bonding.

In the case of Cu/ZnO system, Jedrecy et al. revealed that
copper aggregates into flat islands, with two orientation re-

lationships, at 180° from each other: �111�Cu� �0001̄�ZnO

with �101̄�Ag� �100�ZnO by SXRD data.30 The islands are not
strained on the substrate in spite of large lattice mismatch,
even at very early growth stage. In addition, the ordered
fraction of atoms in the top O plane is reduced by one quar-
ter. It was considered that the Cu adatoms involved in Cu-O
interaction could be responsible for the surface derelaxation
through a charge transfer. Meyer and Marx found that partial
Cu coverage forms strong adhesion of Cu atoms using a
density-functional-theory calculation.34 The binding energy
sensitively depends on how charge neutrality of the polar
surface is achieved.

Although the stabilization of ZnO with metal might be
related to charge neutrality of ZnO and dependent on the
kind of deposited metal, its mechanism remains unclear. This
study has been devoted to the direct observation of polar
Pd/ZnO interfaces because Pd is a nonreactive metal and the
behaviors might be different from that of Ag and Cu. ZnO
precipitates grown by internal oxidation of the Pd-Zn alloy

possess extremely wide Pd/�0001�ZnO and Pd / �0001̄�ZnO
interfaces compared to the other interfaces which are not
parallel to the basal planes of ZnO.9 This indicates that the
existence of Pd influences the formation of a stable polar
facet of the ZnO. The following scientific questions will be
addressed for the Pd/ZnO interface: �i� orientation relation-
ships between Pd and ZnO crystals, �ii� interfacial local
atomic structure, �iii� terminating atomic species of ZnO, �iv�
spatial occupancy of terminating atomic species at the inter-
face, �v� nature of the interfacial bonding, �vi� structural dif-
ferences for the different polar planes, �vii� growth behav-
iors, and �viii� mechanisms to form the Pd/ZnO polar

interfaces. Pd/�0001�ZnO and Pd / �0001̄�ZnO interfaces were
analyzed and compared on atomic scale by using a
high-voltage high-resolution transmission electron micro-
scope.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single-crystalline substrates of ZnO were purchased from
University Wafer Co. �MA, USA�. All ZnO substrates were
annealed in 1 atm pure oxygen environment for 3 h at
950 °C. Subsequently, the substrates were annealed in ultra-
high vacuum �UHV� environment at �1�10−7 Pa at
600 °C for 1 h to remove surface impurities. Pd films with
thickness of 30 nm were separately grown by molecular-

beam epitaxy �MBE� on both �0001�ZnO or �0001̄�ZnO sur-
faces at 600 °C in UHV environment of �1�10−7 Pa.
First, in order to examine the influence of the polarity �ter-
mination�, growth behaviors of Pd on �0001�ZnO and

�0001̄�ZnO surfaces were observed by using atomic-force
microscopy �AFM�. Afterwards, for cross-sectional transmis-

sion electron microscopic �TEM� observation of the Pd/ZnO
interface, TEM specimens were prepared by conventional
thinning procedure35 through grinding and ion milling with
3.8 keV.

The technical problems relating to HRTEM observation is
image analysis for ZnO with extremely small lattice spacing
of 0.114 nm �Fig. 1�a��. Therefore, HRTEM micrographs of
the Pd/ZnO interfaces were taken near the Scherzer defocus
condition �df :−50 nm� using an ultrahigh voltage micro-
scope JEOL JEM-ARM1250 �1.25 MeV�.36 Under this im-
aging condition, maximal point-to-point resolution of 0.12
nm can be attained. In order to extract three-dimensional
atomic structure from the HRTEM images, the interfaces
were observed along different zone axes tilted by 90° with
respect to each other.

Second problem is the difficulty to interpret the image
contrast near the interface where the periodicities of crystals
are broken, A HRTEM images the projected specimen struc-
ture as a complicated interference pattern because the image
is generated by a strong nonlinear process. Therefore, quan-
titative interpretation necessitates a comparison of experi-
mental images with simulated images. The simulation can be
carried out based on the multislice method.37 Iterative
digital-image-matching �IDIM� program package allows for
the quantitative determination of not only the most likely
imaging parameter but also the atomistic coordinates and
spatial occupancies of atomic columns.38 This is done by a
numerical optimization routine. The experimental image is
automatically compared with simulated images obtained by
various parameters. The cross-correlation factor �XCF� can
be used to quantify the agreement between the two images.
When a normalized intensity at pixel �j ,k� is defined as Ejk,
Sjk in the experimental �E� �Fig. 1�b�� and simulated �S� �Fig.
1�c�� images, respectively, the XCF is given by the following
Eq. �1�. The residual error corresponding to disagreement
�Fig. 1�d�� needs to be minimized.

XCF�E,S� =
	�Ejk − Ē� · �Sjk − S̄�


�	Ejk − Ē�2
· �	Sjk − S̄�2

,

with 	 = 	
j,k=1

nx.ny

. �1�

This iteration of the set of parameters is repeated until the
best agreement �maximum XCF� is reached. Typical values
are larger than 90%. This represents the best achievable
agreement between experimental and simulated conditions.
Then, the most likely specimen structure can be known.

The interfacial local electronic nature was complemented
by semiquantitative first-principles DVX� �Ref. 39� cluster
calculation. Due to limitations in computer performance,
cluster calculation is an appropriate method to simulate the
electronic states of the system having incomplete three-
dimensional periodicity in atomic arrangements such the Pd/
ZnO interface without reasonably good matching. The clus-
ter for the calculation was reduced to a representative
structure with an executable size. Mulliken population analy-
sis was performed to evaluate ionic charges, bond overlap
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populations, and net covalent charges in order to estimate
interfacial bonding.

III. RESULTS AND DISCUSSION

A. Growth behavior of Pd on {0001}ZnO surfaces

The AFM images in Fig. 2 show that the Pd grain size of

300–1500 nm on the �0001̄�ZnO surface is larger than that
of 100–400 nm on the �0001�ZnO surface and that the film

thickness of 50–70 nm on the �0001̄�ZnO surface is not
much different from that of 40–80 nm on the �0001�ZnO
surface �nominal thickness of 30 nm estimated by the quartz
thickness monitor of MBE�. The channels between the Pd
islands on both ZnO surfaces suggest an island-growth mode
�nonwetting system� as expected due to the low reactivity of

Pd. In the case of the �0001̄�ZnO surface, larger islands are
formed and liquid-like coalescence is observed earlier since
the growth rate and time are the same for both surfaces. This
suggests that Pd atoms form a strong interfacial bonding on

the �0001̄�ZnO surface. Furthermore, the cross-sectional

bright field TEM image of the Pd/�0001�ZnO interface in
Fig. 3 shows that flat-top islands with thickness of 50–60 nm
and the channels were formed. In Ag/�0001�ZnO system,
flat-top islands with holes were found on both Zn�0001� and

O�0001̄� surfaces and a significant metallic spreading was
observed on the O surface,29 indicating the same behavior as
in this work.

B. Lattice mismatch of Pd/{0001}ZnO interfaces

1. Orientation relationship

The diffraction pattern in Fig. 3�a� indicates the following
well-defined epitaxial orientation relationships between Pd
islands and the ZnO crystal for both Pd/�0001�ZnO interface

and Pd / �0001̄�ZnO interface

�111�Pd � �0001�ZnO and �1̄10�Pd � �100�ZnO.

Although the lattice mismatch is high �18%�, there are site
lattice coincidence that allow the Pd/ZnO epitaxy: seven unit
cells of Pd match with six unit cells of ZnO at 1.2%. This
gives rise to a super coincidence every 1.6 nm. It was re-
ported in the Ag/ZnO system with large lattice mismatch of
12% that nine unit cells of Ag match with eight unit cells of
ZnO in a way similar to the super coincidence every 2.6
nm.28,29

FIG. 1. �a� Projected structures of bulk Pd and ZnO crystals

along �1̄10�Pd� �100�ZnO zone axes, �b� one example of experimental
HRTEM image of the Pd/�0001�ZnO interface, �c� simulated image
optimized only for imaging parameters, and �d� difference image
between the experimental and simulated images. In the difference
image, the residual white contrast suggests mismatch between the
experimental and simulated images.

FIG. 2. AFM images of Pd islands grown on the �a� �0001�ZnO

surface and �b� �0001̄�ZnO surface. The large image size is
5�5 �m and the inset image size is 1�1 �m.

FIG. 3. �a� Selected-area-diffraction pattern and �b� conven-
tional bright field image of the Pd/�0001�ZnO interface.

FIG. 4. Experimental HRTEM image of the Pd/�0001�ZnO in-
terface. Coherent interface areas of the interfacial layer of ZnO
show clearly resolved columns within the dotted white frame. The
interface also possesses Incoherent interface areas which show dif-
fusely imaged columns within the solid white frame. These inco-
herent interface areas are present periodically next to coherent in-
terface areas.

HIGH-RESOLUTION TEM INVESTIGATION OF… PHYSICAL REVIEW B 80, 134110 �2009�

134110-3



2. Super coincidence

Figure 4 shows a micrograph of the Pd/�0001�ZnO inter-

face taken along the �1̄10�Pd� �100�ZnO zone axes. Zn and Pd
are imaged as having black contrast and O has gray contrast
according to the simulation as shown in Fig. 1�c�. The
minimum-projected distance between Zn and O is 0.114 nm,
close to the resolution. Therefore, the contrasts of Zn and O
atoms are overlapped and look like one atomic column de-
noted by an A in Fig. 4 rather separated columns. Figure 4
shows that the image contrast of the atomic columns of the
heavy Pd �denoted by B� is different from that of the A for
the Zn-O atomic pair. The image clearly shows the difference
in the diameter of the atomic columns between the Pd and
ZnO regions, indicating that the Pd/ZnO interface is atomi-
cally abrupt and both crystals are directly bonded.

All Pd atoms on the interfacial layer denoted by the B in
Fig. 4 are located at the lattice points of the perfect crystal of
Pd. The ZnO region near the interface possesses “coherent
interface areas” with clearly resolved ZnO columns denoted
by A �within the dotted white frame�. ZnO of this area has
almost the same contrast and intensity as that in the bulk
ZnO region denoted by C. However, the ZnO also has “in-
coherent interface areas” with diffusely imaged columns de-
noted by D �within the solid white frame only at the interfa-
cial layer in Fig. 4�. These incoherent interface areas exist
alternatively next to the coherent interface areas. It can be
seen that the total length of both the incoherent interface area
��0.5 nm� and the coherent interface area ��1.1 nm� is
�1.6 nm along the interface. This length matches the peri-
odicity of the super coincidence of 1.6 nm.

Figure 5 shows a HRTEM image taken along the

�1̄10�Pd� �100� zone axes of the Pd / �0001̄�ZnO interface. The
interface between Pd and ZnO is atomically flat. The main
difference from the Pd/�0001�ZnO interface is that all the
atoms next to the interface in the ZnO are located at the
positions of the perfect crystal of ZnO denoted by A while
the interfacial Pd layer shares both the coherent interface
area with clearly resolved Pd column denoted by B and the
incoherent interface area with diffusely imaged Pd contrast
denoted by C. The total length of the incoherent interface

area ��0.5 nm� and the coherent interface area ��1.1 nm�
is about 1.6 nm along the interface. This length is same as
that in the Pd/�0001�ZnO interface.

The repetition of the incoherent interface area and the
coherent interface area observed in both interfaces can be
explained by two-dimensional super coincidence between Pd
and ZnO. Figure 6�a� shows a schematic of the terminating
atoms of both Pd and ZnO, in the �0001�ZnO projection, as-
suming the same spacings in both bulk crystals. The spatial
repetition of the Moiré pattern should be noted. The region
enclosed by the circle “a” in Fig. 6�a� shows a better coinci-
dence between the interfacial atoms of Pd and ZnO. Such
regions exist periodically.

If the mismatched region is minimized, the atoms in the
region with poor coincidence at the interface need to be
moved. Then, misfit dislocations must be formed. A hexago-
nal dislocation network can be drawn by connecting the
worst coincident positions, as shown in Fig. 6�a�. The hex-
agonal network corresponds to the construction of a near-
coincidence-site lattice.40 Since shifts in the atoms are ex-
pected along the normal to the dislocation network denoted
by “b” in Fig. 6�a�, the relaxing directions “c” of the atoms
in region A should include only the parallel component to the

incoming e-beam direction along the �1̄10�Pd� �100�ZnO zone
axes. Since a HRTEM image yields a projected structure, for
instance, the image of the terminating atoms at the

Pd / �0001̄�ZnO interface can be expected as shown in Fig.
6�b�. The gray and black dots mean terminating Pd and O

FIG. 5. Experimental image of the Pd / �0001̄�ZnO interface. The
terminating Pd layer also has an incoherent interface area with dif-
fusely imaged columns within the solid white frame.

FIG. 6. �a� Schematic of interfacial atoms. In this dichromatic
pattern, the black dots are ZnO and the gray dots Pd. A misfit
dislocation can be expected on the hexagonal network and relax-
ation motion has to be perpendicular to the network. The region
wherein the relaxation motion is parallel to the incoming beam
direction is denoted by A and the region wherein the motion in-
cludes a component normal to the incoming beam is denoted by B.
�b� The projected structure of the terminating atoms at the interface.
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atoms, respectively. The relaxation of atoms denoted by c in
region A does not disturb the image of atomic columns on
the screen as shown in Fig. 6�b�, suggesting the formation of
clearly resolved columns. On the other hand, the moving
direction “d” in region B �Fig. 6�a�� possesses a component
along the normal to the e-beam direction, indicating that the
relaxation might form the diffusely imaged columns on the
screen.

If this model for the generation of misfit dislocations is
correct, the repeat unit of both regions A ��1.1 nm� and B
��0.5 nm� should be �1.6 nm on the screen. Indeed, this
agrees with the experimental value of 1.6 nm. Therefore, we
can conclude that this relaxation model of the hexagonal
network is valid. In spite of the large lattice mismatch of
18%, localization of the misfit was detected at both inter-
faces. This suggests that the degree of geometrical mismatch
does not necessarily influence the existence of a misfit dis-
location. We have to consider not the geometry but the bond-
ing nature across the interface.

3. Relaxed crystal

Moreover, the relaxation behavior depends on the polarity

of the oxide. In the Pd / �0001̄�ZnO interface, the Pd crystal is
relaxed to fit the lattice of ZnO. This is the typical behavior
because oxide is more rigid. It was reported that the bulk

lattice parameter is preserved in the Cu / �0001̄�ZnO case and
Ag/�0001�ZnO case.28–30 In the case of the Pd/�0001�ZnO
interface, however, the relaxation does not occur in Pd but
rather in ZnO. Lattice relaxation of an oxide such as ZnO is
rather unusual compared to the relaxation of Pd. In fact, re-

laxation in the bulk region of ZnO could not be seen even in
the Pd/�0001�ZnO interface. It was observed only in the first
Zn layer at the Pd/�0001�ZnO interface. The chemical envi-
ronment around an atom at an interface is different from that
of an atom in the bulk. At the interface, this different envi-
ronment may affect the ionic and covalent bonding nature of
the bonds between the terminating Zn and the neighboring O
atoms. Then, the relaxation of only the first layer in an oxide
such as ZnO can be explained at the Pd/�0001�ZnO interface.

The interfaces were investigated also for another zone

axes, parallel to the �112̄�Pd� �210�ZnO zone axes and perpen-
dicular to the first zone axes. Figure 7�a� shows a HRTEM

image of the region close to the Pd / �0001̄�ZnO interface.
The interface could be recognized from the different lattice
spacings between Pd and ZnO. An atomically flat interface
with no strain field in the ZnO bulk region can be seen. The
Pd region near the interface has white dots aligned with ir-
regular interval denoted by A in Fig. 7�a�. Furthermore, lat-
tice distortion analysis was carried out for the HRTEM im-
age in Fig. 7�a� using the LADIA �LAtice DIstortion Analysis�
program package.41 We can visualize the detailed strain field
by measuring displacement from bulk lattice points on a HR-
TEM image. Figures 7�b� and 7�c� show contour map of the
strain detected from the image of the ZnO and Pd region near

the Pd / �0001̄�ZnO interface, respectively. Compressive
stress is indicated by low �black� intensity and tensile stress
by high �white� intensity. Periodic strain fields in the bulk Pd
region can be seen. Compressive stress periodically exists on
the incoherent interface area. In the periodic arrangement
parallel to the interface, a periodicity of 1.0 nm corresponds
to the periodicity of super coincidence. The Pd layer relaxes
within the first to about the sixth Pd layer. For the ZnO
region, clear periodical strain cannot be seen. This result sup-
ports the idea that the Pd crystal relaxes at the

Pd / �0001̄�ZnO interface. Such a periodical strain field could
not be seen in the Pd region near the Pd/�0001�ZnO inter-
face.

C. Local atomic structure of Pd/{0001}ZnO interfaces

By simple inspection of the HRTEM images in Figs. 4
and 5 alone, it is difficult to determine the exact local atomic
structures. We determined the local atomic structure by em-
ploying a quantitative image-analysis technique.

The appearance of an incoherent interface area suggests
that atoms are relaxed along the direction that is not parallel
to the incoming beam direction. It may be difficult to carry
out an appropriate image simulation for the incoherent inter-
face area because it requires a huge supercell. Therefore, the
local atomic structure, together with the coherent interface
area �dotted white frame in Figs. 4 and 5�, was analyzed.

In the near coherent interface, three possible adsorption
sites on ZnO surface might be energetically preferred by Pd
adatoms. Figure 8�a� shows atomic structure of ZnO surface
and possible adsorption sites occupied by Pd adatoms; on-
top site, fcc hollow site, and hcp hollow site. The local

atomic structure projected along the �1̄10�Pd� �100�ZnO zone
axes depends on the adsorption site occupied by Pd as shown

FIG. 7. �a� HRTEM image of the region close to the

Pd / �0001̄�ZnO interface taken along the �112�Pd� �11̄00�ZnO zone
axes. ��b� and �c�� Contour map of strain field detected from the

image of the ZnO and Pd region near the Pd / �0001̄�ZnO interface
by LADIA program package, respectively. Low �black� intensity in-
dicates compressive stress while high �white� intensity indicates
tensile stress.
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in Fig. 8�b�. We define the translation vector T as between
the interfacial atom of ZnO and the nearest-neighboring in-
terfacial Pd atom to evaluate the most likely adsorption site.
By measuring the translation vector and comparing the x
component of the translation vector T with the lattice spacing
d224̄ of Pd �see Fig. 8�, we can determine the local atomic
structure.

First, a starting super cell, including the coherent interface
area, was constituted by using an extension of the bulk lattice

points denoted by the A in Fig. 9�a�. The imaging parameters
also should be optimized in bulk region of Pd and ZnO. We
then can start to calculate the most possible local atomic
structure �Fig. 8� via allowing only the relaxations of the
atoms near the interface by the IDIM program package.38

1. Pd/(0001)ZnO interface

As a result, the Zn-terminated model yielded the best
XCF value of 92.65%. In the local atomic structure after
optimization �see Fig. 9�a��, the positions of the interfacial
Pd atoms are the same as the lattice sites of the bulk region,
indicating that the Pd atomic columns adjacent to the inter-
face are not relaxed. However, the positions of the interfacial
Zn atoms and the O atoms next to the Zn atoms are largely
different from the lattice sites in the bulk ZnO. Table I indi-
cates the x and y components of the translation vector
Ti �i=1–3� as between the interfacial Zni atom and the
nearest-neighboring interfacial Pdi atom before and after the
optimization. Before the optimization, the translation vectors

Tx
 were distributed within 35–121 pm due to the large lat-
tice mismatch of 18%. After the optimization, the average
translation vectors 
Tx
 were converged at 96 ��25� pm
which are closer to d224̄ �79 pm� than 2d224̄ �158 pm� where
the distance d224̄ denotes the lattice spacing of Pd �see Fig.
8�. This suggests that the interfacial Zn atoms fit in the Pd
lattice sites �fcc hollow sites of the Pd crystal�. This geom-
etry can be understood by considering the general stacking
geometry between fcc or hcp metals and also agree with the
most stable atomic geometry in the Pd/�0001�ZnO interface
calculated by Zaoui42 and it is also similar to the results for
Ag/�0001�ZnO calculated by Lin and Bristowe.33

Table I also shows that the average interfacial distances

Ty
 after the optimization is slightly increased to 245
��25� pm from the starting distance of 229 pm. The inter-
facial distance is slightly wider than the spacing d111 �225
pm� of Pd.

2. Pd/(0001̄)ZnO interface

Figure 9�b� shows the most likely atomic structure on the
image. In addition, the best XCF value �90.26%� can be ob-
tained with the oxygen-terminated model. The O-Zn bonds
of the interfacial O atoms are strongly bent and the interfa-
cial Pd atoms are also shifted along the interface. The spac-
ings between the interfacial O atoms are the same as that in
bulk ZnO while the spacings between the interfacial Pd at-
oms are expanded in order to fit the lattice of ZnO. This

TABLE I. Translation vectors from the interfacial Zn atoms to
the interfacial Pd atoms.

Translation vector �Tx ,Ty� �pm� �Tx ,Ty� �pm�

Optimization Before After

Zn1-Pd1 �121,229��25 �116,241��25

Zn2-Pd2 �78,229��25 �101,243��25

Zn3-Pd3 �35,229��25 �71,252��25

FIG. 8. �a� Energetically possible atomic geometries. Gray
spheres are terminating atoms on ZnO surface. Solid squares, black
spheres, and triangle mean possible adsorption sites occupied by Pd
adatoms on the ZnO surface; the “on-top” sites, “fcc-hollow” sites,
and “hcp-hollow” sites. �b� The possible projected structure when
Pd adatoms are located at each site. We define the translation vector
T as between the interfacial atom of ZnO and the nearest-
neighboring interfacial Pd atom.

FIG. 9. The translation vectors T between each terminating atom
of ZnO and the interfacial Pd atom are defined. The lattice points of
bulk crystal are denoted by A. The best-fitting atomic structures in
the image after optimization of the structure �a� near the

Pd�0001�ZnO interface and �b� near the Pd / �0001̄�ZnO interface.
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geometry can terminate the dangling bond of O atom along
the c axis by the interfacial Pd atoms.

Table II shows the translation vectors Ti �i=1–4� between
the interfacial Oi atoms and the nearest-neighboring interfa-
cial Pdi atoms. Before the optimization, the translation vec-
tors 
Tx
 were distributed within 1–85 pm. After the optimi-
zation, the translation vectors 
Tx
 converged at 11
��14� pm, which are closer to 0 pm than other possible
lattice spacing of d224̄ �79 pm� of Pd. This suggests that the
Pd atoms are relaxed to fit on top of the lattice sites of ZnO.

Table II also shows that the average interfacial distance
between two crystals after the optimization slightly increased
to 214 ��14� pm from the starting values of 198 pm. The
interfacial distance after the optimization is narrower than
the spacing d111 �225 pm� of Pd. This means that the ionic
radius of the terminating O atom is less than that of the
terminating Zn atom because the interfacial bonding distance
�245 pm� between the Pd-Zn layers was larger than that
between Pd-O layers. Inherently, in bulk ZnO, the ionic
radius of O is much greater than that of Zn. This suggests
an unusual ionic-charges transfer across the interface.
Pd/�0001�ZnO interface. Lin et al. showed the influence on
the translational state between the coherent interface without
mismatch and the incoherent interface with small lattice mis-
match by using theoretical calculation for the Ag/ZnO
interface.33 In the coherent interface, the translational state
strongly influences the work of separation. In the incoherent
interface, however, the translational state becomes less im-
portant and forms strongest bonding.

3. Atomic occupancies at the interface

The XCF value increased with adjusting partial occu-
pancy of the atomic column of Zn along the zone axis at the
Pd/�0001�ZnO interface. The best XCF of 92.65% was ob-
tained for partial occupancy �Zn: 95% and Pd: 5%� at the
terminating atomic column. Therefore, it can be concluded
that the Pd/�0001�ZnO interface is terminated by Zn with the
atomic occupancy of 95% �also including Pd with the atomic
occupancy of 5% at the same atomic columns as Zn�. It

seems due to artifact. In the Pd / �0001̄�ZnO interface, the
best XCF value �90.26%� can be obtained with full occu-
pancy of the terminating oxygen along the zone axis �O:
100% and Pd: 0%�.

The Pd deposition resulted in segregation of Zn atoms to
the Pd/�0001�ZnO interface until �95% coverage was
reached. The coverage of the interfacial O layer in the

Pd / �0001̄�ZnO interface is 100%. We determined occupan-
cies of almost 100% by analyzing only the coherent interface
area, except for the incoherent interface area at both inter-
faces. Unfortunately, in the incoherent interface areas, quan-
titative analysis was technically not possible. Nevertheless,
the real spatial occupancy of the first layer of ZnO at the
interface can be determined to be �100% for all regions.

Preliminary experiments11 on x-ray scattering and other
studies25–27 for the ZnO surface revealed that surface cover-
age of the topmost Zn atom was �75%. Partial coverage
provides a virtual surface charge to stabilize the ZnO crystal.
If it can be assumed that an increase in the occupancy of the
terminating Zn layer to 100% from the initial 75% is attrib-
uted to local segregation of Zn atoms to the coincident re-
gions A �Fig. 6�a��, the poor coincident regions B around the
coherent regions might have an occupancy below 75%, then
the total real occupancy might still be 75% in all regions.
However, this assumption is wrong. This is because
�0001�ZnO and �111�Pd planes have three equivalent zone
axes along the plane as shown in Fig. 6�a�. Even if the inter-
face was observed along the other equivalent zone axes, the
same occupancy of 100% should be observed in the coherent
interface area �region A� in Fig. 6�a��. The coherent interface
area �region A�� observed along the other zone axis includes
a part of the region B �resulting in the incoherent interface
area� observed along the initial zone axis, as shown in Fig.
6�a�. In spite of including region B in the observation along
the initial zone axis, the occupancy should be 100%. This
means that the interfacial Zn layer in all regions �even in
region B� should have a real occupancy of 100%. Care must
be taken that region B should not have a nominal occupancy
of 100% due to the deviation from the atomic columns along
the incoming beam direction. However, it should have a real
occupancy of 100%. Although only the coherent interface
area could be observed, fortunately, this was sufficient for
determination of the real atomic occupancy. Therefore, the
first Zn layer of ZnO at the Pd/�0001�ZnO interface pos-
sesses a real spatial occupancy of 100%. The same is true for

the Pd / �0001̄�ZnO interface as well.
After Pd deposition, the spatial occupancy �coverage� of

the interfacial Zn layer increased to nearly �100% shown in
this work. This means that in the case of the Pd/ZnO inter-
face, there exists no virtual charge on the terminating �0001�
planes of ZnO, indicating that it is unable to annihilate the
intrinsic electric field of ZnO. This suggests that a real
charge transfer must exist across the interfaces for stabiliza-
tion of ZnO.

D. First-principles cluster calculation

The charge distribution and bonding nature at both
Pd/ZnO interfaces were investigated by semiquantitative
first-principles DVX� cluster calculations.39 The calculations
revealed the following.

The Pd-Zn bonding at the Pd/�0001�ZnO interface
consists of a mixture of ionic
�Pd+0.05e−+0.29e ,Zn−0.86e−−0.94e��bulk Zn:+1.1e� and covalent
bonding �+0.14e–+0.17e� �bulk: ZnO:+0.24e� depending on
possible local atomic geometries �on top, fcc hollow, and hcp

TABLE II. Translation vectors to the interfacial O atoms from
the interfacial Pd atoms.

Translation vector �Tx ,Ty� �pm� �Tx ,Ty� �pm�

Optimization Before After

O1-Pd1 �45,198��14 �12,204��14

O2-Pd2 �1,198��14 �25,223��14

O3-Pd3 �42,198��14 �3,220��14

O4-Pd4 �85,198��14 �3,207��14
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hollow� between Pd and Zn. There was no strong difference
in the local electronic states between all possible atomic ge-
ometries. This insensitivity to the atomic geometry can be
attributed to the metal-like character of the interfacial bond-
ing. Surprisingly, the interfacial Pd atoms are positively
charged while the interfacial Zn atoms are negatively
charged. On the other hand, the Pd-O bonding at the

Pd / �0001̄�ZnO interface consists of ionic bonding
�Pd−0.08e−−0.56e ,O+1.59e−+1.63e� �bulk O:−1.1e� without a cova-
lent character �+0.00e–+0.06e� �bulk ZnO:+0.24e�. The in-

terfacial bonding of the Pd / �0001̄�ZnO interface was sensi-
tive to the location of Pd on ZnO. The location at which the
Pd sits on top of O provides very strong ionic bonding
�Pd−0.56e ,O+1.61e�, which is quite different from that at other
locations. This sharp sensitivity to the local atomic geometry
can be attributed to an asymmetric orbital around the O ion
of ZnO. The dangling bond of O at the interface can be
terminated by the arrangement of the interfacial Pd. The in-
terfacial Pd is negatively charged while the interfacial O
positively charged.

The differences between the Pd/�0001�ZnO interface and

the Pd / �0001̄�ZnO interface are the interfacial bonding type,
charge of the interfacial atom, and the most stable local

atomic geometry as shown in Fig. 10. Lin and Bristowe re-
vealed Ag-Zn bond and Ag-O bond in Ag/�0001�ZnO
interface.33 The bonding types and stable geometries are
similar to those determined in this work. It is quite unusual
for ZnO that O is positively charged while Zn is negatively
charged. This can be explained by considering the stabilizing
mechanism of �0001�ZnO surfaces. The Pd/ZnO interfaces
do not possess the virtual charges caused by vacancies on the
�0001�ZnO topmost layer or any impurities to stabilize ZnO,
indicating that it is unable to annihilate an intrinsic electric
field E.23 This suggests that real charge transfer must occur
across the interfaces to maintain the total charge balance of
ZnO. The real charging seems to annihilate the intrinsic elec-
tric field. Then, the ZnO crystal with atomically flat �0001�
facets can stabilize by the real charging, even with Pd and
without partial missing of the terminating layer of ZnO.

IV. CONCLUSIONS

Bonding between Pd and ZnO generally appears to be
weak because Pd is a nonreactive metal, shows island growth
mode, and it is hard to oxidize Pd. Such weak interfacial
bonding does not affect the total energy of a Pd/ZnO system.
On the other hand, ZnO with �0001� facets is very unstable
and surface energy can diverge to infinity due to residual
dipole moments. ZnO allows to decreasing largely the total
energy of the system by compensating for the charge bal-
ance. Depending on the polarity, the terminating atomic spe-
cies and the interfacial charges are adjusted in such a manner
that the total energy of the Pd/ZnO system �especially, the
surface energy of ZnO� is minimized. This global mechanism
seems to be related to “the image charge theory”19 wherein
an image charge in a metal allows for the annihilation of an
intrinsic electric field �in the metal� generated by the oxide.
This also results in the establishment of an interfacial local
structure that preserves high geometrical coherency �partially
coherent interface� and chemically interactive geometry as a
function of interfacial termination in this Pd/ZnO system.
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