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Stress and structure at the NiO/Ag(001) interface
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We present a combined stress and structural analysis of the growth of epitaxial NiO monolayers on Ag(001).
Our experimental results indicate an unexpectedly complex interface formation, where a fraction of the first
NiO monolayer (ML) is embedded into the Ag surface. This interface formation induces a tensile surface stress
change. Subsequent deposition leads to a layer-by-layer growth of NiO up to 5 ML. Here, the average film stress
is compressive −5.8 GPa, and it corresponds quantitatively to the misfit-induced stress. Our density functional
calculations complement the experimental results by identifying the proper O-Ag bonding geometry in the ML
regime from two indistinguishable options as provided by the analysis of surface x-ray diffraction data.
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I. INTRODUCTION

The fundamental property of nanoscale materials is that
a large fraction of atoms resides in low-coordinated sites.
Surfaces and interfaces represent one specific and widely
investigated type of nanostructure in which atoms experi-
ence a sudden change in coordination and/or in chemical
environment, both leading to significant modification of
the chemical and physical properties. Well-known examples
are the formation of surface reconstructions1 and modified
magnetic properties.2 The structure of the interface is also
decisive for film growth. The interaction of the deposited film
material with the surface may lead to structural relaxations and
peculiar bonding situations, which differ from those within the
film and from that of the pristine surface. Thus, studies of the
structural and physical properties at interfaces are relevant
to advancing the understanding of interface formation on the
atomic scale.

In the present study, we have chosen a seemingly simple
system, NiO on Ag(001), which is characterized by a small
lattice misfit η of η = (aAg − aNiO)/aNiO = −0.022 (aAg =
4.086 Å, aNiO = 4.177 Å).3 All previous studies point to a
considerable complexity of the interface formation. This is
expected to have considerable impact on structure and stress
at the interface, and this aspect is elucidated here.

Numerous studies have been carried out in the past to
investigate growth and structure of NiO on Ag(001),4–14 but
the atomic structure at the interface has not been quanti-
tatively determined yet. Similarly, a number of quantitative
low-energy ion scattering (LEIS), x-ray photoelectron spec-
troscopy (XPS), and x-ray absorption spectroscopy (XAS)
studies6–10 have dealt with the analysis of the geometric
structure of NiO films on Ag(001), but concentrated on the
thickness range well above 1 monolayer (ML), leaving the
first stages of interface formation unexplored.

The NiO growth morphology has been investigated by scan-
ning tunneling microscopy (STM), which indicated a complex
morphology, where it has been suggested that embedding
of NiO into the Ag(001) surface needs to be considered in
the submonolayer coverage regime.4,5,11,12 These studies and
low-energy electron diffraction (LEED) experiments reported
a (2×1) LEED pattern for room temperature deposition up

to about 1.5 monolayer ( 1 ML: 1.20×1015 Ni and O atoms
per cm2) coverage. At higher coverage a transformation to a
(1 × 1) pattern was found.9,10 Mild annealing at 470–570 K
induces a (2 × 1)=⇒ (1×1) structural transformation in the
low coverage regime.

In this study we complete the understanding of the interface
formation between NiO and Ag(001) by presenting the results
of a combined experimental and theoretical study. Our struc-
tural investigation of the interface by surface x-ray diffraction
is complemented by interface stress measurements and by
theoretical studies in the framework of density functional
theory of the bonding details.

We have carried out combined stress, medium-energy
electron diffraction (MEED), and surface x-ray diffraction
(SXRD) measurements. SXRD is very well suited to the
study of complex interfaces which often involve fractional
layer occupancies, since the data can be analyzed using single
scattering theory. Our experimental studies are complemented
by first-principles calculations based on density functional
theory. Our results indicate a partial embedding of the first
ML NiO into the Ag surface,4,5,12 which is accompanied by
an initial tensile surface stress change. Ongoing deposition
above 2 ML leads to layer-by-layer growth of NiO, which
is characterized by a misfit-induced compressive film stress
of order −5.8 GPa. The main characteristic of the NiO-Ag
interface formation is the fractional embedding of the first
NiO layer into the Ag surface, which goes in parallel with the
formation of a rather short bond length of about 1.9 Å between
the O atoms located on top of the Ag-substrate atoms

II. EXPERIMENTAL DETAILS

The Ag(001) substrate was cleaned under ultra high vacuum
(UHV) conditions by Ar-ion bombardment (1.5 keV, Isample =
2 μA) and subsequent annealing at 650 K until no traces
of impurities were detected by Auger electron spectroscopy,
and a sharp 1 × 1 diffraction pattern was observed by LEED.
Stress measurements were performed by the crystal curvature
technique, where the stress-induced change of curvature of the
0.1 mm thin Ag(001) crystal (length: 13 mm, width: 2.5 mm)
was measured by an optical two beam deflection setup.15
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III. RESULTS AND DISCUSSIONS

A. Stress and structure of NiO monolayers

Figure 1 shows simultaneously taken MEED intensity and
stress measurements during Ni deposition on Ag(001) in an
O2 atmosphere. At time zero, oxygen has been introduced
into the chamber, which is accompanied by a tensile stress
change of +0.7 N/m. With a delay of 250 s the Ni evaporator
has been opened. With the onset of Ni deposition in O2

a sharp decrease of the MEED intensity is observed, as
identified in regime I, where a further tensile stress change of
+0.6 N/m is observed. Ongoing Ni deposition in regime
II leads to pronounced periodic oscillations of the MEED
intensity with a period of 75 s, and a compressive stress
change to −6 N/m is measured. At 640 s, the MEED intensity
oscillations decrease in amplitude, and the slope of the stress
curve levels off in regime III. After 1750 s the deposition of
Ni is ended, and the oxygen partial pressure is turned off.

We extract three different growth regimes from the com-
bined stress and MEED experiments. Our results of regime I
are at variance with the formation of an epitaxially strained
NiO film on top of Ag(001). If this were the case we
would expect a MEED oscillation already for the first layer.
Also the stress change should reflect the compressive misfit
between NiO and Ag of η = −0.022, which would induce a
compressive stress change of −1.21 N/m per ML.16

The absence of MEED oscillations and the positive stress
change in regime I are ascribed to the formation of a peculiar
NiO-Ag interface, which deviates from a simple layer-by-
layer growth of NiO on Ag(001). As pointed out in the
following SXRD and theory discussion, our results provide
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FIG. 1. (Color) Measured stress change (left scale) and MEED
intensity (right scale) during Ni deposition on Ag(001) in an oxygen
partial pressure of 2.0 × 10−7 mbar at 300 K. Pronounced MEED
oscillations starting from 2 ML are ascribed to layer-by-layer growth
of NiO. The compressive stress change from 2–5 ML NiO is due
to epitaxial misfit between NiO and Ag. Three growth regimes are
identified from the distinctly different stress and MEED observations.
I (0–2 ML NiO equivalent): interface formation; II (2–5 ML NiO):
pseudomorphic growth; and III (5–20 ML NiO): nonpseudomorphic
growth. This assignment is corroborated by the SXRD data presented
in Figs. 2 and 3, as explained in the text.

complementary support for the conjectures of earlier STM
studies4,5,12 on the embedding of NiO patches and the corre-
sponding expelling of Ag atoms. Thus, misfit arguments fail to
describe the stress change in regime I. Here, adsorbate-induced
surface stress changes are more decisive than misfit stress.15,17

Note that the exposure of the clean Ag surface to oxygen
induces a tensile surface stress change (time 0–250 s in Fig.
1). Thus, we may tentatively ascribe the tensile stress change
during the deposition of the first two ML NiO to the O-Ag
interaction, which is expected from our structural analysis and
calculations, as outlined below.

Stress and MEED results of regime II are attributed to
layer-by-layer growth of strained NiO as reported previously.14

The almost constant slope of the stress curve leads to a
compressive stress change of −6 N/m at the end of regime II.
This corresponds quantitatively to the calculated misfit stress
for 5 ML NiO of −6.1 N/m. The leveling off of the stress
curve and the decay of the MEED intensity oscillations in
regime III are ascribed to a rougher film morphology and a
reduced average film strain. We conclude that pseudomorphic
growth ends at 5 ML NiO.

The stress measurements are complemented by SXRD
measurements. They were carried out in an ultra-high-vacuum
(UHV) diffractometer operated in the z-axis mode18 using a
rotating anode x-ray source (Cu-Kα radiation, λ = 1.54 Å)
and a focusing multilayer monochromator.

Samples were prepared in situ by deposition of Ni by
evaporation from a Ni rod heated by electron bombardment
(thermal deposition, TD) at a rate of 0.23 ML per minute in
an O2 partial pressure of 2 × 10−7 mbar at 300 K followed
by mild annealing up to 500 K to improve the long-range
order as deduced by SXRD. The amount of NiO deposited
was estimated by Auger electron spectroscopy (AES) and
compared with SXRD showing good agreement. Integrated
x-ray intensities (Iobs) were collected by rotating the sample
about the surface normal under grazing incidence of the
incoming beam. Structure factor amplitudes, | Fobs |∝ √

Iobs,
were derived by correcting the integrated intensities for
instrumental factors.18

Each data set consists of 150–200 reflections along five
crystal truncation rods (CTRs), reducing to about 120 in-
dependent reflections along four CTRs after averaging over
symmetry equivalent reflections. Symbols in Fig. 2 represent
on a log scale the experimental structure factor amplitudes,
| F |, along the (10�), (11�), (20�), and (21�) CTR for
samples where approximately 0.7, 1.9, and 3.1 ML NiO were
deposited.

The CTRs arise due to the termination of the crystal,19

therefore the coordinate � of the normal momentum transfer
qz = � × c� becomes a continuous parameter [c� = 1.53
Å−1 is the reciprocal lattice unit (r.l.u.) of Ag along
qz]. Error bars represent the standard deviations (1σ ) de-
rived from the counting statistics and the reproducibil-
ity of symmetry equivalent reflections, and they indicate
σ ≈ 5–7%.

The total scattered structure factor Ftot is given by the
interference between the structure factor of the semi-infinite
Ag substrate Fsub and the contribution of the adsorbate
atoms: |Ftot|=|Fsub+FAd exp[iφ]|, where the phase factor
φ = 2π [hx + ky + �z] takes into account the registry of the
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FIG. 2. Measured (symbols) and calculated (lines) structure
factor amplitudes |F| on a log scale along the (10�), (11�), (20�),
and (21�) CTRs for samples with 0.7, 1.9, and 3.1 ML NiO.

adlayer. At the antiphase condition given by h + k + � =
2n + 1 (n = integer), the total scattered intensity of the bulk
substrate crystal is equivalent to that of 1/4 of a Ag(001) ML:
I (hk�) ∝| Fsub |2= f 2

Ag/4. It is the suppression of the substrate
scattering contribution at positions in reciprocal space off
the bulk Bragg-positions which makes the analysis “surface
sensitive”.

Inspection of Fig. 2 shows that with increasing coverage
the overall shape of the CTRs changes from the U-shape
profile characteristic of clean surfaces to an increasingly
oscillating one with side maxima and minima depending on
the number of layers. The quantitative analysis was carried
out by least-squares refinement of the calculated | F |’s to
the experimental ones using a program package based on the
Prometheus software.20

Due to the high symmetry of the structure (plane group
p4mm) modeling of the NiO structure requires one to consider
only two independent atomic positions at (0,0,z) for Ni and
(1/2, 1/2, z) for O, changing vice versa layer by layer.
Therefore at most only two z parameters and one Debye
parameter (B) representing disorder (static and dynamic) are
necessary to characterize each layer. Within heterogeneous
layers, different layer compositions are simulated by varying
the site occupancy of NiO (
NiO) and Ag (
Ag). Since in the
thickest film a maximum of five layers is sufficient to achieve
fit convergence, at most 12–14 parameters including an overall
scale factor are required to model the interface structure.

Solid lines represent the best fit to the data, whose
quality is quantified by the unweighted residuum Ru and the
goodness of fit (GOF) parameter.21 We find values in the range
between 7.8% and 12.3% for Ru and 1.24 and 1.88 for GOF,
respectively. Visual inspection directly shows the high quality
of the fits, where the calculated |F|’s follow the experimental
ones in all details.
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FIG. 3. (Color) Structure models for increasing NiO film thick-
ness. Dark (small, red) and bright (mid-sized, green) spheres represent
O and Ni atoms, respectively, Ag atoms are shown as large grey
circles. Layer stoichiometry and interlayer spacings in Å are given.

Schematic structure models are shown in Fig. 3 for samples
where 0.7, 1.9, and 3.05 ML of NiO were deposited. Green
(mid-sized bright) and red (small, dark) spheres represent
the Ni and O atoms, respectively, the largest grey spheres
correspond to Ag atoms. For each layer, the fractional coverage
in percent of a ML is indicated on the left, all distances are
given in Å (standard deviation ≈0.07–0.15 Å). We estimate
a ±1% uncertainty for the concentration determination, by
keeping the Ni:O stoichiometry constant at 1:1.

The results of the structure analysis can be summarized as
follows:

(i) The SXRD data clearly show that the NiO film coher-
ently grows on the Ag(001) surface within the coverage regime
investigated. We find a fraction of approximately 20–35% of
a ML of NiO embedded into the first Ag layer. Oxygen atoms
adsorb on top of the topmost Ag atoms, while Ni atoms reside
in hollow sites. Embedding starts at the beginning of the growth
and further deposition does not lead to a significant change of
the concentration of embedded NiO [Figs. 3(c) and 3(d)]. The
structure models shown in Figs. 3(a) and 3(b) represent two
possible solutions, which cannot be distinguished by SXRD.
In Fig. 3(a) the two NiO layers (occupancy 30% and 40%,
respectively) are shown as a double layer, where the second
layer directly grows above the first (embedded) one. In the
second model [Fig. 3(b)] the top layer grows directly on the
(upper) Ag(001) surface. The second model is generated by
the first one by shifting the top layer by some unit cells
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along the [110] direction. This has no effect on the x-ray
intensities since by collecting integer order rods (h,k) lateral
atomic shifts of a multiple of a unit cell (�x,�y = 1) change
φ by a multiple of 2π : �φ = n × 2π [h�x + k�y], with n
integer. Our calculations indicate that the second model is
more appropriate.

The structure models shown in Figs. 3(c) and 3(d) are in
favorable agreement with previous STM studies12 for compa-
rable thickness regimes (coverage �1.5 ML) and preparation
procedures.

Earlier STM studies4,5 speculated that upon annealing,
double-layer NiO patches form in the submonolayer coverage
regime. The double-layer patches were proposed to grow on
top of an embedded NiO island. This model was based on a
comparison of the change of the areal density of NiO patches
upon annealing. This conjecture of the earlier STM work seems
to rule out our structural model presented in Fig. 3(b), but it
agrees with the model of Fig. 3(a). However, recent STM
studies by Rota et al.13 examined the initial stage of growth
of NiO on Ag(001), using atomic oxygen during deposition.
The authors found that at the maximum coverage investigated
(0.85 ML) NiO grows with a highly uniform monoatomic
thickness.13 Their findings are in perfect agreement with our
structural model of Fig. 3(b).

In view of these STM results we are led to speculate that
at the beginning of the NiO growth there might be a subtle
dependence of the amount of NiO double layers formed on the
detailed preparation procedure (e.g., temperature and duration
of annealing, oxygen partial pressure, presence of atomic
oxygen). The reliable identification of the atomic origin of
voltage-dependent contrast is an inherent challenge of STM,4

and this might explain why not all features, which are related
to embedded single NiO layers, have been clearly identified
by STM.

(ii) We find a distinct dependence of the vertical O-Ag
distance dO-Ag on the film thickness. In the case where only
one NiO layer is located on the Ag(001) surface, dO-Ag lies
in the 1.80–1.90 Å range [0.7 ML sample, Figs. 3(a) and
3(b)]. By contrast, if a second NiO layer is grown, dO-Ag

significantly increases by 0.3–0.4 Å finally reaching values
as large as 2.3–2.5 Å for the 2 and 3 ML thick film [Figs.
3(c) and 3(d)]. As will be demonstrated on the basis of ab
initio calculations, the evolution of dO-Ag can be attributed
to the changing interface bond strength as a result of the
back-bonding between the surface NiO layer and the layers
of the growing film. Thus, the calculations identify that in
the low coverage structure model shown in Figs. 3(a) and
3(b), the small value of dO-Ag = 1.91 Å is not compatible with
the presence of a second NiO layer on top of the first one.
Rather, at this low coverage the calculations suggest that there
exist two single layers on the metal surface (the lower one
embedded; upper one on the surface, not embedded). Values
dO-Ag determined for the 2 and 3 ML film (average: 2.403 Å)
are in excellent agreement with values published previously
for films of comparable thickness based on EXAFS (d = 2.37±
0.05 Å)6,7 and LEED (d = 2.43 ± 0.05 Å).9 Notably, for
the related system CoO/Ag(001), a more recent quantitative
LEED analysis of a 4 ML thick film derived very similar
results.22 There, an Ag-O interface bond length of 2.40 Å
was found in perfect agreement with this study. In addition,

the topmost interlayer spacing was reported to be expanded
by at least +5.6% as compared to the bulk spacing (2.25 vs
2.13 Å, respectively), while the spacings between the deeper
layer are almost bulklike. The comparison with the thickest
film of our structural investigation, which is composed of four
(incompletely covered) NiO layers [see Fig. 3(d)], indicates
close similarities. We also find that the top NiO-interlayer
spacing is larger than the deeper ones (average values: 2.18
vs 1.97 Å). However, the direct comparison between NiO and
CoO needs to be treated with caution, because (a) CoO is
reported not to be embedded into the Ag(001) surface, and (b)
the LEED analysis does not take the complicated real structure
into account. It is characterized by incomplete defective layers,
which might also be a reason for the mediocre fit quality
reported in Ref. 22.

(iii) Some rumpling within the NiO layers might be present,
but it is within the experimental accuracy (≈0.10 Å). The
rumpling gives rise to different Ni-O interlayer distances (Ni-O
and O-Ni) as shown in Fig. 3 on the left and right. As far as
comparable with previous studies [2 ML sample in Fig. 3(c)]
we find agreement in that oxygen atoms are located slightly
(≈0.05 Å) below the Ni atoms.9 Some disagreement exists
with regard to the Ni-O spacing for which we derive 1.83(7) Å
vs 2.05(5) Å in Ref. 9. This comparison needs to be treated
with caution, since samples in Ref. 9 have not been annealed,
and subtle structural differences might result.

(iv) The average interlayer spacing of NiO shows a slight
increase with increasing coverage (1.92 vs 2.04 Å for the 2
and 3 ML samples, respectively).

B. Density functional theory insights

To gain more insight into the experimental results, first-
principles calculations based on density functional theory by
means of the Vienna ab initio simulation package23,24 have
been performed. The NiO/Ag(001) system was approximated
by finite slabs consisting of seven Ag layers for the substrate.
A symmetric coverage by NiO is assumed. The slabs are
separated by 14.50 Å vacuum. The ground-state magnetic AF
II structure for NiO is assumed. Structural relaxations are taken
into account and are considered to be converged if the forces
on the atoms are less than 0.001 eV/Å.

Due to the strong correlations of the 3d electrons the general
gradient approximation together with correlation corrections
(GGA + U ) is applied.25 An on-site Coulomb energy U =
7.3 eV and an exchange parameter J = 1.0 eV lead to a good
representation of the bulk electronic properties and are used in
all calculations. A cutoff energy for the plane-wave expansion
of 400 eV and a Monkhorst-Pack 6 × 6 × 1 k-point mesh
guarantee the convergence of all slab calculations.

The NiO bulk lattice constant was calculated as aNiO =
4.19 Å. This overestimates the experimental value of 4.177 Å
slightly by 0.3%. To correlate the theoretical work with
the experimental setup, the theoretical lattice constant of
4.07 Å obtained for Ag has been used for the in-plane
lattice constants of NiO and this value is kept fixed for both
Ag and NiO during the relaxation in the z direction. The
parameters correspond to a compressive misfit between NiO
and Ag, η = (aAg − aNiO)/aNiO = −0.0286, which is close to
the experimental value of −0.022.
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FIG. 4. (Color) Theoretical simulations of double NiO layer
Ag(001) surface: (a) one NiO layer is embedded into the Ag(001)
surface, another one is on top of the embedded NiO layer; (b) one
NiO layer is embedded into the Ag(001) surface, another one is on
the Ag(001) surface.

The calculations were carried out for the structural models
derived from the SXRD experiment (see Fig. 3). As an
example, we show in Fig. 4 the structural model for the lowest
coverage film. The previously discussed two kinds of models
are considered, namely, one with a NiO double layer (a), and
one with two single layers, in which the first is embedded as
in (a), while the second is located on the top Ag(001) terrace
instead (b).

The most important result is that the interfacial O-Ag
distance depends on whether there is a second (or more)
NiO layer on top of the interfacial one. Theoretically derived
distances for the two structure models are shown in Fig. 4.
For dO-Ag spacing we find for the double-layer model dO-Ag =
2.34 Å [see Fig. 4(a)], while for the two single-layer model
[Fig. 4(b)] dO-Ag = 2.18 and 2.22 Å is determined. The
reduction of the O-Ag distances is due to missing back bonds
to additional NiO layers in the single-layer model. Direct
comparison with the experimental data shows that the low
experimental value of dO-Ag ≈ 1.9 Å is not compatible with
the presence of a NiO double layer, but rather with a two
single-layer model, as has been discussed above, and is shown
in Fig. 4(b).

Experimental values for dO-Ag are about 0.2–0.3 Å larger
than the theoretical ones. This difference can be explained by
two reasons:

(i) In a monolayer thin NiO film the correlation effects are
not the same as in thicker films, but in our simulations the

correlation parameter U was fixed to the bulk value. Some
hint for this comes from the comparison between theory and
experiment regarding the interlayer spacings between NiO
layers in the case of thicker films, which agree to within 0.05 Å,
well within the experimental uncertainty. They are also in very
good agreement with other experiments and calculations for
the same film thicknesses.7,8,26

(ii) In the experiment the NiO ML are partially occupied,
which is not taken into account in our theoretical consideration.
We may thus speculate that the onset of strong correlation
effects requires a minimum of two NiO layers.

IV. CONCLUSIONS

Our combined experimental and theoretical investigation
of the interface formation of NiO on Ag(001) reveals a
complex growth mechanism. The NiO-Ag interface can be
modeled by patches of NiO, embedded in the Ag surface,
and by islands of NiO grown on top of the Ag surface.
Approximately 30% of a ML is embedded in the surface,
and the corresponding fraction of Ag atoms is expelled. A
structural characteristic of this interface is a rather short
Ni-O bond length of order 1.9 Å for the embedded NiO
patch as compared to typical Ag-O distances in the range
of 2.05 Å. The Ag-O distance increases with NiO deposition
on top of the embedded NiO patch to 2.4 Å. We ascribe this
bond length variation to the effect of back-bonding, which is
absent at low coverage due to the lack of bonding partners.
The unusually short Ag-O bond length relaxes in thicker
films, where the structure is well described by an epitaxially
strained NiO film. Stress measurements support this analysis.
The interface formation is characterized by a tensile surface
stress change, which can qualitatively be ascribed to the
interaction between Ag and O. The epitaxial misfit determines
the measured stress change only in thicker films beyond
2 ML. Thus, stress measurements identify different growth
regimes from characteristic changes of the stress-coverage
dependence. They provide quantitative values for interface
and film stress, which may serve as benchmarks for future
calculations.
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