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We have tested the use of atomic oxygen to prepare 3d oxide-metal interfaces for which standard reactive
deposition techniques based on molecular oxygen fail in providing well-defined chemical composition and
controlled atomic structure and morphology. Using monolayer NiO�001� on Ag�001� as a model system, we
find that NiO�001�/Ag�001� films grown by atomic oxygen have a two-dimensional highly stoichiometric
�1�1� structure and a uniform monoatomic thickness, while those grown by conventional O2 have a nonsto-
ichiometric �2�1� structure or a three-dimensional morphology. Atomic oxygen may provide a practical way
to prepare 3d oxide-metal interfaces with highly controlled stoichiometry, structure, and morphology.
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A central issue of modern materials physics and nano-
science is the control at atomic scale of chemical and struc-
tural interface abruptness in complex heterostructures
through atomic-layer control of the growth processes.1 Hav-
ing ultimate control over the thickness and structure of one
to three monolayer �ML� oxide film on a metal substrate may
allow tuning electronic structure and properties of heteroge-
neous catalysts.2,3 More generally, nanometric oxide films on
metals may have unprecedented properties determined by the
ultrathin thickness as well as the presence of the oxide-metal
interface.2–5

The use of molecular oxygen �O2� during ultrahigh-
vacuum �UHV� deposition of a metal element, the so-called
reactive deposition, is the standard way to grow stoichio-
metric and epitaxial alkaline-earth and 3d metal oxide films
with thickness larger than a few monolayers on various me-
tallic substrates.4–9 This method is also useful to prepare a
chemically and structurally well-defined single atomic layer
of strongly ionic wide band gap oxide such as MgO�001� on
Ag�001�.4,8 Nevertheless, standard O2-based reactive deposi-
tion fails in the case of more covalent 3d oxide-metal
interfaces, as shown by pioneering works10–14 of Sebastian
et al.,10,11 Hagendorf et al.,12,14 Shantyr et al.,13 and
Wollschläger et al.15 on ML NiO and CoO on Ag�001� and
on Pt�111� recently confirmed by Caffio et al.,16,17 Giova-
nardi et al.,18 and, for monolayer NiO on Pd�001�, by Agnoli
et al.19,20 Monolayer NiO exhibit nonstoichiometric two-
domain �2�1� structure and c�4�2� defective structure on
Ag�001� �Refs. 10 and 15–18� and on Pd�001�,19,20 respec-
tively, while even more complicated different phases coexist
for monolayer amount of Ni-O deposited on Pt�111�.14 Simi-
larly, monolayer amounts of CoO deposited on Ag�001� yield
the simultaneous formation of monoatomic CoO�001� and
CoO�111�, and biatomic CoO�111� islands with complex
growth morphology.11–13

Attempts to circumvent this complex growth behavior
adopting different combinations of substrate temperature, O2
partial pressure, and deposition rate, as well as postannealing
treatment either in O2 atmosphere or in UHV, turned out to
be inefficient since the properties of NiO and CoO mono-
layer deposited by O2 on Ag�001�, on Pd�001�, and on
Pt�111� drastically depend on the growth parameters,10–20

with strong changes in the chemical nature, atomic structure,
and overall morphology, even for minor variations in O2

pressure and deposition/annealing temperature. For suffi-
ciently high growth and/or annealing temperature, a well-
oxidized NiO and CoO single phase can be obtained on
Ag�001�, which however aggregates in multilayer islands
with a minimum thickness of two atomic planes.10–14,16,17

The chemical composition of NiO monolayer on Ag�001�
was partly improved by drastically increasing the O2 growth
pressure up to Ni /O2 ratio of about 1/1000, but the interface
morphology in this case remained unknown.18

In another work, Chambers and Droubay21 grew chro-
mium and iron oxide ultrathin films on Pt�111� by oxygen
plasma assisted deposition and showed that epitaxial
�-Cr2O3 and �-Fe2O3 films can be grown on Pt�111� as a
chemically and structurally well-defined single �1�1� phase
only for thickness larger than 5 ML, while under the same
oxidizing conditions well-oxidized and nonreconstructed ep-
itaxial �-Cr2O3 and �-Fe2O3 films can be grown on insulat-
ing oxide substrates also at smaller thickness down to
1 ML.22 Similarly, well-stoichiometric and atomically nonre-
constructed �1�1� epitaxial single monolayer NiO and CoO
films can be grown on oxide substrates23,24 but not on metal
substrates.10–20

Despite the intense research in the field, the important
question of why structurally and chemically well-defined 3d
oxide monolayer films can be easily grown on insulating
substrates but not so on metallic substrate to date has not yet
been addressed in the literature. This is exactly the issue that
we address in this work. Here we suggest that the peculiar
growth properties of 3d oxide-metal interfaces may be a re-
sult of the competition between two main opposite processes
involving 3d adatoms on a metal surface exposed to an oxi-
dizing gas, namely, an oxidation process due the gas mol-
ecules and a reduction process due to electron transfer and/or
hybridization from the underneath metal surface. Our basic
idea is that under extreme oxidizing conditions it could be
possible to make the oxidation much more efficient than the
reduction process, with the consequent formation of a well-
defined ionic crystal phase which is stabilized by Madelung
potentials and image potential interactions at the oxide-metal
interface,5 thus preventing the formation of a reconstructed
and off-stoichiometric oxide layer.

To test this idea we have used a beam of pure atomic
oxygen to grow 1 ML NiO�001�/Ag�001� film that we have
analyzed in situ by x-ray photoelectron spectroscopy �XPS�,
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low energy electron diffraction �LEED�, and scanning tun-
neling microscopy �STM�. Atomic oxygen is one of the most
aggressive available oxidizing agents. Moreover, monolayer
NiO�001� on Ag�001� is well suited to check our model
since, among the 3d transition metals, nickel is the species
with the highest reluctance toward oxidation when supported
on an electron donor reservoir such as a metal substrate, as
shown by the ratio R=EA /EI between the electron affinity
and the 3d ionization potential that, within our model, pro-
vides a quantitative measure of the difficulty to oxidize 3d
atoms on metal surfaces �for Sc, Ti, V, Cr, Fe, Co, Ni, and Cu
R values are 0.2, 0.1, 0.7, 0.4, 0.2, 0.6, 2.3, and 0.5, respec-
tively�. We find that monolayer NiO�001�/Ag�001� films
grown by atomic oxygen have a two-dimensional highly
stoichiometric �1�1� structure and a uniform monoatomic
thickness, in contrast with those grown by conventional O2.

The experiments were performed in a UHV �Pbase�5
�10−11 Torr� setup hosting an epitaxial oxide film growth
chamber connected to Omicron variable temperature �VT�
STM, multichannel XPS/Auger, and LEED analysis
facilities.25 NiO�001� films were epitaxially grown at a rate
of about 0.2 ML/min on a well-ordered Ag�001� single crys-
tal kept at 470 K by evaporating high-purity Ni from a Knud-
sen effusion cell and simultaneously dosing atomic oxygen
obtained by flowing O2 through a Oxford TC-50 thermal
cracker operated at a cracking efficiency �50%, with a total
oxygen background pressure of 3�10−7 Torr. We have veri-
fied that at this O2 pressure molecular oxygen is not able to
oxidize the Ni deposited on silver so that the formation of the
NiO oxide film on Ag�001� under our experimental condi-
tions is entirely due to atomic oxygen. Quartz microbalance
and high-resolution transmission electron microscopy �HR-
TEM� experiments on 10 ML NiO�001�/Ag�001� showed
that the grown films have a nice layered structure with sharp
NiO/Ag interfaces and provided a direct calibration of the
total absolute amount of deposited NiO which was then com-
pared with the NiO fractional coverage measured by STM in
the range of 0.2–1.0 ML. In separate experiments we have
directly dosed Ag�001� with atomic oxygen in the absence of
Ni adatoms and verified through STM, XPS, and LEED that,
under the chosen growth conditions, the silver surface re-
mains chemically, structurally, and morphologically inert to-
ward atomic oxygen over a time scale at least three times
larger than the 1 ML NiO�001�/Ag�001� deposition time. For
each given NiO �sub�monolayer coverage, several samples
were prepared and analyzed at 300 K following alternated
STM, XPS/Auger, and LEED analytical sequences. STM im-
ages were recorded in constant current mode using chemi-
cally etched W and Pt-Ir tips at different positive bias volt-
ages. Integral XPS spectral intensities were analyzed after
standard x-ray satellite filtering and Shirley background sub-
traction.

Figures 1�a� and 1�b� displays Al K� excited O 1s and
Ni 2p XPS spectra of 0.3, 0.6, and 1 ML NiO�001�/Ag�001�
films, together with Ni 2p of bulk Ni metal and cleaved NiO
single crystal measured under the same conditions. The O 1s
spectra have a single peak at 529.0 eV �Fig. 1�a�� with no
signs of high binding energy satellites characteristic of hy-
droxyl groups and nonstoichiometric oxides.25 The Ni 2p of
the monolayer films closely resemble the published spectra

of well-oxidized Ni2+ ions on Ag�001�,18 with a large chemi-
cal shift of 1 eV to high binding energy compared to Ni
metal �Fig. 1�b��. In particular, the Ni 2p threshold to satel-
lite splitting, which is a well-known fingerprint of the pho-
toemitting atom chemical state and the related multiplet
structure,26 in the monolayer spectra �7.9 eV� is similar to
that of cleaved NiO �7.2 eV� rather than to that of Ni metal
�5.9 eV�. Moreover, apart from a modest spectral broadening
with increasing coverage, no Ni 2p line shape changes are
observed going from 0.3 to 1 ML �Fig. 1�b��. In contrast, a
sudden line shape change occurs above 1 ML so that the
Ni 2p of the 3 ML film is very similar to that of cleaved NiO
�Fig. 2�a��; consistent with the fact that the electronic struc-
ture of 1 ML NiO�001�/Ag�001� is well distinguishable from
that of 3 ML and thicker NiO�001�/Ag�001� films.27

As shown in Fig. 1�c�, the integrated intensity of both
O 1s and Ni 2p spectra increases at a constant rate with NiO
deposition, thus indicating that the ratio between nickel and
oxygen atoms remains constant during the film growth. In
order to check whether this Ni/O ratio corresponds to that of
stoichiometric NiO, we have measured the intensity ratio
�INi 2p / IO KLL� of Ni 2p and O KL23L23 spectra recorded
within the same spectroscopic experiment from films and
cleaved NiO �Fig. 2�a��. For 0.3, 0.6, 1, and 3 ML NiO�001�/
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FIG. 1. �Color online� �a� O 1s and �b� Ni 2p XPS of 0.3, 0.6,
and 1 ML NiO�001�/Ag�001� films, bulk Ni metal, and cleaved
NiO; �c� O 1s and Ni 2p intensities at increasing NiO coverage.
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FIG. 2. �Color online� �a� Ni 2p XPS and O KLL Auger spectra
of 1 and 3 ML NiO�001�/Ag�001�, and cleaved NiO; �b� LEED
pattern of 1 ML NiO�001�/Ag�001� at Ep=94 eV; �c� intensity pro-
file across the �1,1� and �−1,1� spots in �b� showing the absence of
fractional order spots.
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Ag�001�, we find INi 2p / IO KLL values which differ from that
obtained on stoichiometric cleaved NiO single crystal by less
than 7%. To check the correctness of this method for deter-
mining the stoichiometric composition of our NiO films, we
have verified that the value of INi 2p / IO KLL measured on a
cleaved NiO and on NiO�001�/Ag�001� films does not de-
pend on the XPS take-off angle, implying that Ni 2p and
O KL23L23 electrons have comparable escape depth, as in-
deed expected since they have similar kinetic energies. A
further confirmation of the good stoichiometric composition
and well-ordered atomic structure of our monolayer films is
provided by the LEED pattern of 1 ML NiO�001�/Ag�001�
measured at Ep=94 eV and displayed in Fig. 2�b�. The pat-
tern has a square �1�1� symmetry with no signs �Fig. 2�c��
of the �2�1� superstructure due to nonoxidized metallic
nickel reported for O2 reactive deposition of Ni on
Ag�001�.10,15–18 LEED patterns similar to that in Fig. 2�b�
were systematically observed for 0.3, 0.6, and 0.85 ML
NiO�001�/Ag�001� films.

Figure 3�a� displays a typical topographic image of the
clean Ag�001� substrate showing three wide and flat mono-
atomic silver terraces with regular edges 0.20�0.01 nm
high. The deposition of 0.3 ML NiO strongly modifies the
surface morphology as shown in Fig. 3�b� reporting an STM
image recorded at 0.5 V bias. Extended squarelike structures
�SD� 5�15 to 15�30 nm2 wide and narrow elongated �ED�
structures 5–30 nm long and 0.6–1.2 nm wide are visible on
flat silver terraces after film deposition. Both types of struc-
tures appear as depressions with rather sharp edges oriented
parallel to the �110� crystal directions �Fig. 3�b��. Moreover,
the silver step edges look strongly reoriented along �110�
directions, and the morphology of the terrace regions extend-
ing up to 15–20 nm from the silver kinks and running along
the entire step edges appears substantially modified upon
NiO film deposition �BD in Fig. 3�b��. The measured topo-
graphic depth of both the SD and the BD depressions is
0.28�0.05 nm, while that of the narrow ED is
0.15�0.05 nm. The different depth value found for the ED
might be related to limited resolution tip effects showing up
more effectively while imaging narrow structures. In any
case, these measured topographic depths are strongly differ-
ent from the characteristic interplanar spacing in both silver
and nickel oxide. This finding is similar to earlier STM re-
ports by Sebastian et al.10,11 who showed that submonolayer
deposition of NiO on Ag�001� appears in topographic images
at low bias as depressions, with depth strongly different from
Ag and bulk NiO lattice spacing. Moreover, apart from a
general image worsening due to high voltage instability in-
trinsic to STM experiments on oxide covered metal surfaces,

the SD, ED, and BD depressions did not show any voltage-
dependent contrast �Figs. 3�b� and 3�c��. This is yet another
typical behavior reported for monoatomic NiO islands on
Ag�100�, which has been used to distinguish between mono-
atomic and multilayered oxide islands on metals surfaces
since the latter exhibits STM topographic height that
strongly changes with bias in the range of 0.5 and 2 V.10–13,28

Finally, we would like to remark that the measured topo-
graphic depth of the ED, SD, and BD features indicates that
these depressions observed in Figs. 3�b� and 3�c� cannot be
due to empty Ag surface vacancies since in our STM experi-
ments monoatomic Ag steps correctly have a topographic
height of 0.20 nm so that Ag surface vacancies on flat silver
terraces would indeed appear as 0.20-nm-deep depressions.

Based on the above arguments, we assign SD, ED, and
BD structures to monoatomic NiO islands on Ag�001�. Sup-
port to this interpretation is also provided by recent theoret-
ical work by Ferrari et al.29,30 showing that monoatomic ox-
ide islands on flat silver terraces have a tendency to grow
embedded within the metal surface, with edges oriented
along the �110� directions. This prediction matches the ex-
perimental STM observation by Sebastian et al.10,11 on sub-
monolayer NiO on Ag�001� and is consistent with the �110�
edge orientation of ED and SD structures observed in Fig.
3�b�. In order to verify whether the ED, SD, and BD struc-
tures in Fig. 3�b� are indeed due to deposited NiO islands
with monoatomic height, we have measured their statistical
recurrence averaged over different surface positions for sev-
eral freshly prepared samples. We found a fractional cover-
age corresponding to 0.24�0.04 ML, which closely
matches the independently known value of 0.3 ML in total
absolute amount of deposited NiO calibrated by HRTEM and
quartz microbalance. This is exactly what is expected for
NiO islands growing on Ag�001� with a uniform mono-
atomic thickness. An additional support to this conclusion is
provided by the absence of voltage-dependent STM surface
topography changes showing the absence of bi- and multi-
layered NiO/Ag islands �Figs. 3�b� and 3�c��.10,11

In Fig. 4�a� we display a topographic image of 0.85 ML
NiO�001�/Ag�001� recorded at 0.5 V. The image shows a
wide central terrace �A� containing a squared island �B�
about 20�20 nm2, plus three narrower terraces �C, D, and
E�. The edges of the squared B island are parallel to the
�110� crystal directions, while the step edges of the elongated
terraces look more irregular. The difference in topographic
height between A-B, A-C, C-D, and D-E terraces is 0.21 nm,
i.e., equal to the Ag�001� interplanar spacing. This indicates
that A, B, C, D, and E are monoatomic silver terraces uni-
formly covered by NiO deposit.10,11 Voltage-dependent topo-

FIG. 3. �Color online� STM topographic im-
age of �a� clean Ag�001� recorded at 0.5 V, and
0.3 ML NiO�001�/Ag�001� at �b� 0.5 and �c� 2 V.
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graphic images revealed that for 0.85 ML NiO�001�/Ag�001�
deposition the fraction of double layer NiO islands is limited
to below some percent of a monolayer. Apart from this, we
did not detect any substantial voltage-dependent topography
changes, thus supporting the conclusion that the deposited
0.85 ML NiO/Ag�001� film has a highly uniform mono-
atomic thickness.10,11

To further confirm the atomic thickness of the deposited
NiO layer, we have analyzed in more detail the surface mor-
phology displayed in Fig. 4�a�. At closer inspection, two dif-
ferent types of structures are visible on the surface of terraces
A, B, C, D, and E, namely, narrow structures of about
1�10 nm2 and polygonal structures of about 10�10 nm2,
both with a topographic height of approximately 0.15 nm
and edges well aligned parallel to the �110� directions. These
features in Fig. 4�a� recall the ED and SD structures ob-
served in Figs. 3�b� and 3�c� but with a substantial differ-
ence: while the features in Fig. 3�b� systematically appear as

depressions, those in Fig. 4�a� always appear as protrusions.
This suggests that while the ED and SD features in Fig. 3�b�
are due to deposited NiO, as discussed above, those in Fig.
4�a� are instead due to silver regions not covered by NiO.
This assignment is consistent with earlier STM work by Se-
bastian et al.10 reporting that submonolayer NiO�001�/
Ag�001� islands appear in STM images always surrounded
by protruding Ag ridges. We have thus measured the statis-
tical recurrence of the narrow elongated and the polygonal
structures in Fig. 4�a�, finding a fractional coverage corre-
sponding to 0.14�0.05 ML, which closely matches the ex-
pected fraction of uncovered silver surface for a deposition
of 0.85 ML NiO film grown on Ag as a single monoatomic
layer. Once again, this is indeed what is expected for NiO
islands growing on Ag�001� with a highly uniform mono-
atomic thickness.

In summary, we have been able to show that atomic oxy-
gen allows control at the atomic scale of chemical and struc-
tural interface abruptness and provides ultimate control over
the thickness and morphology of NiO�001�/Ag�001� oxide-
metal interfaces, not achievable by conventional O2 reactive
deposition. Based on our growth model and on the observa-
tion that within the 3d series Ni atoms exhibit the highest
reluctance toward oxidation when placed on a metal surface,
we expect that similar results can be obtained for other 3d
oxide-metal interfaces. Our results point to a practical way
toward preparing 3d oxide-metal interfaces with highly con-
trolled stoichiometry, structure, and morphology, thus enlarg-
ing the materials basis to grow systems with potentially un-
precedented chemical-physical properties determined by
their subnanometer thickness.
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