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Growth of NiO on Ag(001): Atomic Environment, Strain, and Interface Relaxations
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This paper reports a structural study of 3 and 10 monolayer (ML) thick NiO films grown on Ag(001).
Polarization-dependent X-ray absorption spectroscopy at the Ni K edge allowed us to obtain an accurate
description of the local atomic environment of the Ni atoms up to the seventh coordination shell, including
the determination of the in-plane and out-of-plane strains for the NiO films (determined with an accuracy
better than 1%, resulting from the determination of-ii bond distances with a statistical error lower than
0.01 A). Multishell multiple scattering calculations have been used to fit the data. Within the experimental
errors, the 3 ML film has both in and out-of-plane-ND distances compatible with those expected in the
case of perfect pseudomorphism on Ag(001). A rough film morphology, possibly including also the presence
of NiO islands, is also suggested by the optimized coordination numbers. Conversely the 10 ML film is
partially relaxed without significant deviation from ideal bidimensional film. The present EXAFS study allows
us to rule out any significant atomic interdiffusion process between the substrate and the NiO film. Comparison
with previous literature data allows us to make the hypothesis of a two step growth mechanism for NiO films
on Ag(001). The NiG-Ag(001) interface distance determined in this EXAFS stuiliyeface= 2.36 + 0.05

A) is in remarkable agreement with theoretical calculatiahgeface = 2.38 A).

1. Introduction efficient chemisorption processes performed on single crystals,
thin films, and powdered systerfis’
Few monolayer (ML) thick NiO and MgO films on Ag(001) Of particular relevance in the understanding of several
exhibit a surprising chemical reactivity with a high degree of fundamental phenomena has been the study of the interaction
chemical specificity and the sticking coefficient for,®l of H,O with NiO and parent MgO oxide surface%:1? Reissner

chemisorption, which is close to unityThis has been suggested et a. reported that the 4@ uptake on thin NiO films grown on
to be due to the presence of hybridized states with strong O 2pAg(001) increases with increasing surface defectﬂ-ﬁtho
character, which are pushed close to and above the Fermi levelundergoes heterolytic dissociation, through a nucleophilic attack
due to the mixing with the substrate Ag 5sp states, in an energypy the basic @ anions; hence, the MgO surface becomes
region within the bulk oxide band gap. The confirmation of immediately covered by a full layer of hydroxyl groups, as
this scenario would imply that, because of hybridization effects, demonstrated by some IR investigatidAsn this regard also,
oxide—-metal interfaces have unprecedented chemical properties.the contributions of Echterhoff et #.and Kriinger et aks
However, the high hydroxylation rate observed for MgO and together with some theoretical contributtér?! should be noted.
NiO films on Ag(100) might also be caused by the intrinsic Among them, Scamehorn et'@lreport two stable configurations
crystal structure of the oxide thin film. In fact, it is by now for H,O molecules physisorbed on MgO(001)>CHeither forms
generally recognized that the chemical activity of oxide surfaces a bifurcate hydrogen bond with the?Oions of the surface or
is strongly determined by the coordination number and the an oxygen down configuration on top of the Rigcation. Xu
oxygen—cation bond length, so that, for example, low coordi- and Goodma#t reported a combined TPD, IRAS, and LEED
nated step edges and corners are preferential sites for verystudy on DO adsorbed on thin MgO(001) films grown on a
Mo(001) substrate. As far as experiments on MgO(001) single
*To whom correspondence should be addressed. E-mail: Crystals are concerned, elastic helium scattering and LEED
carlo.lamberti@unito.it. Phone+390116707841. Fax:+390116707858. investigations were carried out by Ferry et?&#* and a
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combined LEED and IR study (with polarized IR source) was dicular to the electric vector of the impinging radiation, it is
reported by Heidberg et &.The hydroxyl groups formed on  possible to preferentially probe out-of-plane or in-plane atomic
low coordinated sites of MgO(001) after dissociative adsorption correlations. For example, the technique has been recently used
of water have been characterized with high-resolution EELS to directionally probe distortions of the local structure induced
by Xu et al?® and by Coustet and Jupille in a combined high- by heteroepitaxial growth in cubic semiconductor alf§yand
resolution EELS and XPS study.2° Of particular relevance  in hexagonal nitride4® The sensitivity to small strain-induced

for the present work is the thickness-dependent investigation variations in bond lengths has been demonstrated for InGaAs
of the strain in MgO films (+20 ML) pseudomorphically ~ on InP#748The ability of EXAFS to detect atomic interdiffusion
grown on Ag(0013° The final picture emerging from all these  processes at interfaces is illustrated by work on Ge dots 6h Si.
studies is that, on both NiO and MgO surfaces, regular five In the field of oxides, EXAFS has been used to probe the local
coordinated sites are not able to dissocia®tand that the structure in magnetron-sputtered NiO filthand to determine
process occurs on four and three coordinated sites only. Thethe adsorption site of Ag on Mgé3.

reactivity of NiO films on Ag(001) toward potassium has been
studied using ultraviolet photoelectron spectroscopy (UPS),
X-ray photoelectron spectroscopy (XPS), and low energy

electron dllffra?ctlon (.LI.EED?} o 2.1. Sample Preparation.The samples used for the present

From this picture, itis clear that any modification of the bond  stydy are two ex situ grown NiO films on Ag(001) single
length and of the coordination number due to lattice deforma- crystals 3 and 10 ML thick. The films were protected by a
substrate can significantly influence the chemical properties of N0 film surface. Given the small lattice parameter mismatch
the oxide thin film. For this reason, the choice of a substrate petween NiO and MgO (0.8%), the possible modifications of
with a lattice parameter very similar to that of the film and with the structure induced by the Capping |ayer are expected to be
the same crystallographic structure is of fundamental importance. negligible. It is so assumed that the local structure of ex situ,
The lattice parameter of Ag is sufficiently close to that of NiO  MgO-capped, NiO/Ag(001) films is virtually equivalent to that
and MgO, yielding misfits of 2.2% and 3%, respectively; of in situ NiO/Ag(001) films. The Ag(001) substrate was cleaned
furthermore, the speed of Ag oxidation is lower than that of Ni py repeated cycles of sputtering (0.6 ke\jyAlem?) and
or Mg and this prevents the substrate oxidation and consequenignnealing (700 K) in UHV. The evaporation rates were
structural changes. measured by means of a quartz crystal microbalance. Both NiO

Ultrathin NiO films grown on Ag(001) present also interesting films and MgO capping layers were grown using Knudsen cells
magnetic propertié€&33different from the bullé* Their structure and a directional ©flux on the sample resulting in a background
has been studied with different techniques, such as Augeroxygen pressure of ¥ 1078 Torr in the growth chamber. The
electron diffractior?® photoelectron diffractioR primary beam rate of oxide formation was approximately 1 ML/min, as
diffraction modulated electron emission (PDMEE)EED 3739 evaluated by the deposition rates and the relative Ni (Mg)
electron energy los¥, and direct®*° and invers# electron density in metallic Ni (Mg) and in NiO (MgO). The Ag substrate
photoemission spectroscopies. The films are found to be was kept at 460 K during film growth. In the following, we
pseudomorphic to Ag up to a thickness-eb ML. For higher shall express the film thickness in monolayers (ML), where 1
coverages, the strain is suggested to be released by theML corresponds to a number of atomsfegual to the surface
introduction of misfit dislocation3 XPS has been used by density of atoms in bulk NiO (1.15 3®Ni and O atoms/ci).
Luches et aP® and by Reissner et &0!'the latter group having A sintered bulk NiO sample was measured as a reference.
also reported an ultraviolet photoelectron spectroscopy study.Nickel hydroxide powder, sintered at 90C, was used as a
The film morphology has been investigated by means of precursor of NiO. The resulting NiO is highly sintered and is
STM,*42which suggested a rather complex interface with NiO characterized by many cubic or prismatic microcrystals preva-
island formation and the presence of vacancy islands in the Aglently exposing (100) and (111) planes and with dimension in
substrate after NiO deposition. the range of 5082000 A5

In this work, we have used extended X-ray absorption fine  2.2. Data Collection. The EXAFS measurements were
structure (EXAFS) to determine the local atomic environment performed at the GILDA beamline, at the European Synchrotron
of Ni within thin oxide films pseudomorphically grown on  Radiation Facility (Grenoble, France). The photon energy in
Ag(001) substrate. The good quality of the EXAFS data allows the Ni K edge range was obtained by means of a double crystal
us to perform the data analysis by including up to the 7th monochromator used in dynamical focusing métieThe
coordination shell around Ni. This result represents a strong EXAFS spectra of the films were recorded in the fluores-
improvement with respect to a preliminary analysis performed cence mode using a 13 elements hyper-pure Ge detector,
up to the third coordination shell onfy.In this work, we have whereas the sintered NiO sample was measured in the transmis-
determined the variation of interatomic distances induced by sion mode.
strain and the epilayersubstrate atomic correlations with Being the synchrotron radiation linearly polarized in the plane
remarkably low statistical errors. EXAFS is a powerful tool for of the electron orbit, the substrate Ag(001) single crystal can
local structural determination, which has been used to study be oriented in the electric fieldg} of the photon beam in order
surface and interface structuteThe use of third generation  to modulate the anglé between the growth axis arilideally
synchrotron radiation sources, coupled to state of the artin the 0-90° range. To discuss the expected polarization
beamlines and experimental setups allows us to obtain data ofdependence of the spectra, we will use the approximation in
high quality even on few ML-thin epilayers. The polarization which each two-body atomic correlation contributes to the total
dependence of the EXAFS cross section allows structural signal with a weight equal to cé®) where o is the angle
determination with directional sensitivity; in fact, by exploiting between the interatomic vectoand the electric vectdt. This
the linear polarization of the synchrotron beam and by orienting approximation is valid within the plane wave and small atom
the sample with the surface normal either parallel or perpen- limits and, in fact, has not been adopted in the data analysis;

2. Experimental Section
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the integration, irk space, of the amplitude function of each
path @). The value of theA integral of the first-shell single
scattering contribution is arbitrarily set to 100 and all remaining
A values scale in a proportional way. All paths havingAn
value higher than 10 or lower than 5 have been included or
ignored in a straightforward manner. For all paths having 5

A < 10, a manual choice has been done depending ok the
and R regions where they give their main contribution. It is
worth noticing that, in the particular case of oxygen and nickel
atoms, which are separated in the periodic table by 20 elements,
the maxima of the respective scattering amplitudes are shifted
in k space by~4 A1, so that the oxygen and nickel atoms

Figure 1. Representation of the portion of the NiO cluster adopted contribute mainly in the 46 A1 and 5-15 A1 ranges,
for the FEFF calculation lying in the positive region of they, andz respectively.

axes. Small spheres represent the Ni, whereas the big ones refer to O. . .
Number 0 identifies the absorbing Ni atom, whereas the progressive | e data processing was performed through five subsequent

1—7 numbers refer to the 1s¥th coordination shell around Ni(0). Al Steps. (i) They(k) function has been extracted from the raw
atoms belonging to the same shell are degenerate in the cubic symmetryabsorption data using AutoBRprogram. (i) A structural model

of the bulk case and so do the scattering paths. The letters following of the reference compound (NiO bulk) was constructed using
the numbers are used to distinguish atoms of the same shell once thghe ATOMS progran®® (iii) Theoretical phase shifts and
degeneration is removed by tetragonal distortion. amplitudes, for the paths satisfying tﬁs‘eth < Rt relation-
ship, were generated by means of FEFF 8.10 Tanethe basis

of the NiO rock-salt structure; the polarization was explicitly
taken into account (vide infra) when generating the theoretical
signal. (iv) For the reference sample (sintered NiO), the
experimental EXAFS signal was fitted with the theoretical one,
using the FEFFIT 2.55 prografAThis allowed us to determine
the most significant multiple scattering paths and thef&ctor
(superposition integral of the passive electrons wave functions)
and to verify the ability of the adopted phases and amplitudes
to reproduce the structure known by diffraction data. (v) On
%he basis of the results obtained for the reference sample, data
fitting of the EXAFS signal was performed for the films also.

The modely(k) used to compare to data is evaluated as a
sum over all selected paths and depends on the scattering
neous determination of both in-plane and out-of-plane distances@MPplitudes and phase-shifts and on thg st.andard EXAFS
also a geometry witl# = 45° has been used. parameters (coordination number, change in dlstapcg, Debye

2.3. EXAFS Data Analysis.Nickel oxide, which has the W_al_ler Factors) of each path and on a unique Sh.'ft In energy
rock-salt structure with the Ni ions forming a face-centered- ©M9'n, common to all paths. The EXAFS contribution of each

cubic (rocksalt, see Figure 1) lattice, is an example of compound selec_ted scattering path IS adjusted by optimizing _the above-
where multiple scattering is expected to be strong because ofmentioned parameters until the best fit to the data is found.
the presence of forward-scattering paths consisting of collinear Coming to the analysis of the reference sample (sintered NiO),
arrangements of neighboring atoms (also called focusing ef- @ Reut-ott = 6 A was adopted. Within this value, 14 different
fects)5354 The importance of the MS contributions in the scattering paths (see the Appendix) were considered to simulate
EXAFS data of rock-salt oxides has clearly been evidenced in the theoretical EXAFS signal, each one weighted by the
previous papers reporting EXAFS studies on both Riend corresponding degeneration factor (6 for the 1st shell SS, 12
MgO5¢ polycrystalline powders and on NiO films on polymide for the 2nd shell SS, and so on), automatically computed by
film substrate®® For this reason, data analysis was carried out the FEFF code. As described above, the standard EXAFS
using the FEFF 8.10 coffewhere the effect of multiple ~ parameters are a singlg?$actor and a single energE) shift
scattering can be included by calculating all single and multiple (common to all paths), the Deby&Valler factors §i), the
scattering paths, starting and ending on the absorbing atomcoordination numbersN(), and the change in distancesR;
within a total path length shorter than a cutoff threshold With respectto an initiaR guess). This results in a huge number
(2Reut—off). For single scattering paths, the total path length is Of parameters for 14 different paths. To minimize the number
simply twice the distance between the absorbing and the Of optimized fitting parameters we have fixed the coordination
scattering atoms, i.e., twice the distance ofithecoordination numbers to the values expected for a rocksalt structure and all
shell (hereafterR). To allow a direct comparison between 14 path length variationAR have been expressed as a function
scattering path lengths and atomic distances, FEFF 8.10 order®f a single parametef, representing the isotropic volume
the different paths as a function Bfan defined as the half of ~ expansion (contraction j§ < 1) coefficient. It is so assumed
the total path length. In such a way, for all single scattering that the NiO cluster undergoes an isotropic expansion; i.e., the
paths,Ryam will coincide with the corresponding. distances along all three axes expand or contract by the same
Because the number of patNsai{Reut—of) rapidly diverges constant of proportionality. In such a way, for all paths the
With Royt-off, [Npat(3 A) = 2, Npar(4 A) = 5, Npar{5 A) = 21, optimized path length can be expressed as the pradlﬁﬂgth,
Npatt(6 A) = 75 for bulk NiO], a discrimination method must  being Rgam the initial guess given by XRD. In such approach,
be applied to limit the number of paths included in the the total number of optimized parameters is reduced to 13: (i)
simulations. The adopted method is based on the evaluation ofone %2 (ii) one AE; (iii) one 8; and (iv) 100; factors. Note

however, it does provide the major polarization dependence and
is thus useful for the sake of a qualitative discussion. As a
consequence, a modulationdimplies a modulation in cégw),

i.e., in the relative weight between in-plane and out-of-plane
distances of the pseudomorphic film. In the ideal case® sf

0 and 90, only one contribution is present. For practical reasons
thed = 90° and O limit cases cannot be reached. For the films,
we used two different scattering geometriesfat 75° and

15°, to be selectively sensitive to in-plane and out-of-plane
structures respectively, hereafter labeled as normal and grazin
incidence. In such cases, the mixing with the undesired
contribution is, within the plane wave approximation, equal to
co(15°), i.e., less than 7%, which can be considered as
negligible in the EXAFS data analysis. To allow the simulta-
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thato; factors have been independently optimized for the seven
SS paths, whereas for the MS paths, we have fitted independ-
ently only those related to the two collinear paths contributing
in the 4th shell region. A single Deby&Valler factor was
considered for the four MS paths contributing in the 7th shell
region.

Coming to the films analysis, the polarization of the
synchrotron beam (i.e., the direction of the electric fiElaf
the incident beam) was explicitly taken into account. Assuming
the z axis as the film growth axis an@ as the angle between
z and E, hereafter, we will use the following correspondence
between polarization direction and incidence geometry: polar-
ization along [100]< normal beam incidencef(= 75°),
polarization along [001% grazing beam incidencé (= 15°),
polarization along [101}= 45° incidence ¢ = 45°). The
introduction of the polarization removes the degeneration of
several scattering paths. As a consequence, the number of paths
within Rey—of = 6 A increases from 75 to, in the case of [100]
polarization as an example, 167. In the Appendix, the case of
polarization along the [100] direction is reported in detail as an
example. The paths considered to simulate the theoretical
EXAFS signal of the films were almost the same used for the PR T S S S S
reference sample. However, in this case, we must distinguish
between the in-plane and out-of-plane contributions because of
th_e different interatomic (_jistances in the tWO. dir_ections (see Figure 2. Vertically shifted for clarity, from top to bottom thk?-
Figure 1 and the Appendix for the [100] polarization case).  \yeighted, phase uncorrected, FT of i{&) of experimental (points)

Regarding the fitting parameters, a separate discussion hasuperimposed with the best fit up to the 7th coordination shell (solid
to be done for the signal amplitude and the interatomic distances.line); 1st shell SS; 2nd shell SS; 3rd shell SS; 4th shell SS; Ni(0)
The EXAFS signal amplitude depends essentially on e S O(12)-Ni(4a)—-Ni(0) MS path; Ni(0)-O(1a)-Ni(4a)-O(1a)-Ni(0)
the Debye-Waller factors, and the coordination numbers, for MS path; 5th shell SS; Ni(6)O(1a)-O(5a)-Ni(0); 6th shell SS; 7th

. . - . . . shell SS; Ni(0}-Ni(2a)—Ni(—2a)—Ni(0) MS path; Ni(0)}-Ni(2a)—
which the following ch0|ce_s were donfe. @ Bel_ng?chIuswely Ni(7a)-Ni(0) MS path: Ni(0)-Ni(2a)—Ni(0)—Ni(—2a)-Ni(0) MS
a function of the absorbing atom, it was fixed at the value path; Ni(0)-Ni(2a)—Ni(7a)—Ni(2a)—Ni(0) MS path. See Figure 1 for
obtained for the reference sample. (i) The Deby¥aller the path definition. White and gray-dashed parts differentiateRthe
factors of all of the selected scattering paths were fitted starting region where the experimental data have been fitted to those excluded
from the values obtained for the reference sample; for the MS from the fitting procedure.
paths, we have adopted the same strategy as for the reference | . .
sample. (jii) Only the coordination numbers of the 1st and 2nd Weight to emphasize the high wavenumber part of the spectrum.
shells were fitted, because of the necessity of minimizing the !N the bottom part of Figure 2, the single contributions of all of
fitting parameters; the remaining coordination numbers were the SS and MS paths taken into account during the fit are also
fixed at the values expected for a rocksalt structure in the caseShown, vertically shifted for clarity. The experimental curve is
of the 10 ML film and were multiplied by a scaling factar charaptenzed by f'Ve, domlnaqt peaks. By comparing the
constant for all of the shells in the case of the 3 ML film ©xperimental curve with the single path contributions, the
measured at normal incidence. following considerations can be drawn (quoted distances are

Coming to the distances, the fits of the films data were phase uncorrected). The peak around 1.7 A is due to the first

performed on the hypothesis of an ideal tetragonal distortion: Shell Ni—O atomic correlation, whereas the peak-&.6 Ais
that is, all of the in-plane and out-of-plane distances are mainly due to the second shell-NNi one. The higher distances

contracted/extended in the same proportion. On these bases, Wgeaks around 3'_8’ 4.7,and 55 A “?S“'t from the superimposition
have expressed all of the changes in interatomic distances withof several contributes but are basically centered where the 4th,

respect to the bulk case in terms of variations of the in-plane 6th, and 7th coordination shells (Ni scatterers in all three cases)
(AR)) and out-of-plane4R-) Ni—O bond distance (half of the ~ ©CCUT- The peaks relative to the 3rd and 5th coordination shells
lattice parameter, see the Appendix for the [100] polarization &€ not resolved_ dut_a to the low backscatterlr_wg amplltl_Jde_of O
case). With the NiO lattice parameter being less than the Ag compared to Ni (vide supra): corresponding contributions

; : ; in the minimum of the experimental FT between the
one, we expect a compression of the in-plane distantBs< appear in
0) and an extension of the out-of-plane onAR( > 0). 2nd and 3rd and between 3rd and 4th peaks. The obtgined

(1.0024+ 0.002) value results in a NiO first shell distance of

R = 2.092+ 0.004 A, to be compared with a value of 2.088

obtained from XRD. This datum, together with the obtained
3.1. EXAFS Data Analysis of the NiO Bulk Reference Reactor (0.037), confirms the validity of the choice of the

Material. Figure 2 (top) shows the magnitude of the phase scattering paths previously discussed and the accuracy of the

uncorrected Fourier transform (FT) of tki (k) of the reference corresponding phases and amplitudes functions computed by

sample, both for experimental data (points) and for the best fit FEFF8.10 code. On the basis of these results, we have extended

10 (A%

Mag(FT) (A

R (A)

3. Results

(solid line). The fit was performed iR space in the 1:06.0 A
range (evidenced by the white region in the figure), to take into
account all the contributions until the 7th coordination shell.
The FT was calculated in the range 28 AL, with a k3

the fitting model to the films.

3.2. EXAFS Data Analysis of the NiO/Ag(001) FilmsThe
raw EXAFS data are reported in Figure 3a. The six spectra
collected in the fluorescence mode are of remarkable quality
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k x(k) (A"
Mag(FT) (A%

8 1.0 15 2.0
k (A7) R (A)
Figure 3. Parta: Ravky(k) data of, from top to bottom: NiO sintered,
10 ML (6 = 75°); 10 ML (0 = 45°); 10 ML (6 = 15°); 3 ML (0 =
75°); 3 ML (6 = 45°); 3 ML (6 = 15°). Part b: First shell contributions
as reported by the modulus of tkeweighted, phase uncorrected, FTs
of the data shown in part a of 10 ML (= 75°) and sintered NiO
(dotted and full lines, respectively). The amplitude of the FT of the
film has been multiplied by an arbitrary factor to result in a first shell
signal of the same magnitude as the reference sample.

10 (A™)

1O ML ate=75°

10 ML at 6 = 15°

Mag(FT) (A™)

IMLate=75°

Figure 4. Comparison between experimental (points) and best fit (solid
line) for the modulus of théd-weighted, phase uncorrected, FTs of
the experimentay(k) of 10 ML (6 = 75°), 10 ML (@ = 15°), and 3

ML (6 = 75°), vertically shifted for clarity. Only signals from the
tetragonally distorted NiO film contribute to the fit. See Tables 1 and
2 for the quantitative results extracted from these fits. White and gray-
dashed parts as in Figure 2.
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0.5 (A%

Without Ni-Ag contribution

* Experimental
Best fit

- - - - Ni-Ag contribution
Ni-Mg contribution

Mag(FT) (A™)

With Ni-Ag contribution

R(A)

Figure 5. Comparison between experimental (points) and best fit (solid
line) for the modulus of théé-weighted, phase uncorrected, FTs of
the experimentaf(k) of 3 ML (6 = 15°). The upper curves refer to a

fit including the signals from the tetragonally distorted NiO film only
(i.e., with the same approach used in the fits reported in Figure 4).
Bottom curves refer to the fit performed by including the 2nd shell
Ni—Mg signal from MgO cap (dotted line) and the 2nd shelHXig
signal from the Ag substrate (dashed line). White and gray-dashed parts
as in Figure 2.

of-plane SS paths. It is so the best candidate to observe, on a
qualitative ground, the presence of tetragonal strain. In the case
of the film measured at normal incidence, a shift toward lower
R is evident for the first shell contribution, reflecting a
contraction of the in-plane NiO bond lengthR), as expected
from pseudomorphism on a substrate with smaller lattice
parameter (Figure 3b). Conversely, Reegion where the first
shell peak of the sample measured at grazing incidence appears
is almost similar to that of the reference sample. We are so
unable to estimate, on a qualitative ground (i.e., from a simple
inspection of FT's), if the expected increase of the out-of-plane
Ni—O bond length R) occurs or not. To quantify th&,
contraction and to establish or confute tRe elongation, a
careful EXAFS data analysis must be carried out (see section
2.3).

The modulus of thé&3-weighted, FTs of the experimentgk)
for the 10 ML film, at normal and grazing incidence, and for
the 3 ML film at normal incidence is shown in Figure 4 (points),
superimposed to the best fit (solid line, vide infra for the
optimization strategies). The fits were performedrispace in

by considering that they have been collected on 3 and 10 ML the 1.0-5.8 A range for the 10 ML film (for both geometries)

thick films, corresponding to-3.45 x 10 and~1.15 x 106
Ni atoms cn12. In all fluorescence spectra, the oscillations and
the main beats of thigy(k) of the sintered NiO (measured in
transmission mode, top spectrum) are visible up to 10 dhnd
in some cases up to 12A Such closeness with the fine
structure of the model spectrum indicates that the local
environment of Ni atoms in the films reflects the structure of
NiO within several coordination shells (vide infra Figures 4 and
5 for the corresponding FTs).

The first coordination shell around Ni is the only one
unaffected by MS contributions showing only in-plane and out-

and in the 1.6-5.1 A range for the 3 ML film (fit ranges are
emphasized by the white region in the figure), to take into
account all the contributions until the 7th and the 6th coordina-
tion shell, respectively. The FTs were calculated in the ranges
2.0-11.0 and 1.510.0 A1 for the 10 and 3 ML films,
respectively, with &2 weight. A qualitative comparison of the
films FTs (Figure 4) with that of the reference sample (Figure
2, top) confirms that no major changes occur in the local
environment of Ni in the epilayers; the only apparent change is
a variation of the relative intensities of the different peaks, being
that related to the second shell signal the most relevant one.
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TABLE 1: In-Plane (R)) and Out-of-Plane (Rg) Ni—O First
Shell Bond Lengths and Corresponding Strains; =

(Ri — Ro)/Ry and e = (Ry — Ry)/Ry for the 3 and 10 ML
Thick NiO/Ag(001) Films as Obtained from the EXAFS Data
Analysis at Different Polarization Geometrie$

sample 6 Ri (A) €1 (%) Ry (A) e (%)
XRD 2.088 0 aRy ase
sintered 2.092-0.004 +0.2+0.2 asR, ase
10ML 75 2.052+0.006 —1.74+0.3

10ML 15 2.101+ 0.006 +0.64+0.3
10ML 45 2.062+0.015 —1.24+0.7 2.091+0.024 +0+1

3 ML 75 2.0464+0.009 —2.0+0.4

3 ML 15 2.124+0.02 +1.4+0.9
3 ML 45 2.044+0.009 —2.1+0.4 2.133+0.018 +2.1+0.9

a Experiments performed in normal (grazing) incidence are sensitive
to the parallel (perpendicular) values only, whereas measures collecte
with & = 45° give information on both (although with higher
incertitude). For comparison also, the unstrained ®ivalues obtained
from XRD (R, = 2.088 A) and from the EXAFS data analysis on the

Groppo et al.

Nz was optimized exactly to the expected single-crystal value).
Conversely, a strong improvement has been obtained for the 3
ML (6 = 75°) and 3 ML (¢ = 45°), for whichx was optimized

to 0.7 + 0.1. Notwithstanding the use of variabiy and N,
parameters, the optimization of the 3 M& € 15°) signal still
results incompatible with the experimental data.

It is finally worth noticing that the present EXAFS study
allows to rule out any significant atomic interdiffusion process
between the substrate and the NiO film, a kind of defectivity
easily detected by EXAFS.

3.3. EXAFS Data Analysis of the 3 ML Thick NiO/Ag(001)
Films with Beam Polarization in the [001] Direction. A
different strategy must be used for the 3 ML film measured at

Qrazing incidence. Notwithstanding the good quality of the

experimental spectrum (bottom spectrum in Figure 3a), we were
not able to perform a fit using the NiO contributions only (see
Figure 5, upper curves). In fact, in grazing incidence geometry,

sintered NiO have been reported. See Figures 2, 4, and 5 for a view onwe are sensitive to the out-of-plane distances so that we cannot

the quality of the fits. The perfect pseudomorphism prediRits=
1/2aAg(001) i.e., 2.045 A.

TABLE 2: Optimized First and Second Shell Coordination
Numbers for the 3 and 10 ML Thick NiO/Ag(001) Films
Measured at Normal and Grazing Geometried

N;[100] N;[001] N2[100] N2[001]
bulk theory 2 2 8 8
10 ML theory 2 1.8 8 7.2
10 ML 2 20+ 06 8 71
3ML theory 2 1.33 8 5.3
3 ML 28+12 1.0+02 6.1+16 3.2+09

@ Nonoptimized parameters can be evidenced by the absence of th
relative error bars. For comparison, the “theory” lines report the values
expected in the case of a perfect NiO tridimensional single crystal (bulk
theory) and in the case of perfect bidimensional 10 and 3 ML thick
NiO films. See Figures 4 and 5 for a view on the quality of the fits.

The data collected on the 10 ML film (&= 75°, 15°, and
45°, the latter not shown for brevity) have been satisfactorily
optimized usingR; andR5 as the unique structural parameters

of the fit, being the coordination numbers fixed to those expected

from a perfect NiO single crystal. This approach did not result
in a satisfactory fit for the data collected on the 3 ML film for
any polarization, reflecting the deviation from a perfect NiO
single crystal, even if tetragonally distorted. Fbr= 15° and
45°, this deviation is expected to be due to the limited thickness
of the film. The inability to fit the 3 ML ¢ = 75°) data with
fixed coordination numbers means that the film cannot be

ignore the contributions of the Ag substrate and of the MgO
capping layer. Note that for the 10 ML thick sample such
contributions have a much lower weightf instead oft/g) and
can be ignored.

According to the experimental results of Giovanardi ef@l.,
to the theoretical calculation of Duffy et.2dand of Casassa et
al 33 for the NiO/Ag(001) system and in analogy with the MgO/
Ag(001) casé? we assumed that the oxygen atoms accom-
modate themselves on the substrate silver atoms. In the
hypothesis of an ideal planar interface without interdiffusion,
Ag atoms give rise to a 2nd shell contribution. This contribution

®has to be weighted for Hg factor, because it represents half of

the 2nd shell neighbors (the inferior ones) seer/bpf the Ni
atoms (those of the 1st ML). The SS-NAg contribution to
the EXAFS signal was simulated with a path generated by
FEFF8.10 in the case of bulk NiO after substitution of the Ni
2nd shell atoms with Ag atoms. In such a way, the path is
characterized by an initial NiAg distance value equal to that
of the Ni—Ni distance in bulk NiO which must be necessarily
optimized during the fit.

Regarding the MgO capping layer, its influence could be in
principle negligible, because of the small lattice mismatch
between NiO and MgO (about 0.8%); nevertheless, we expect
a deformation in the EXAFS signal because of the smaller
scattering amplitude of Mg with respect to Ni. For this reason,
we have simulated also the Mg contribution (again 2nd shell

considered as a perfect bidimensional film and that the problem cOntribution) using the 2nd shell path generated by FEFF8.10
of surface roughness and of island formation must be considered!n the case of MgO with Ni as absorbing atom.

The direct observation of islands on the NiO layer surface has

been indeed evidenced in the STM study of Sebastian“t al.

These two new contributions imply the following additional
parameters to be optimizedRyi-ag; Oni-Ag; Omg—Ag, b€ING the

All data have so been subjected to new optimization cycles coordination numbers fixed to those expectedgyf second
where the coordination numbers of the 1st and 2nd shell were shell neighbors and being thi-wg distance optimized together

fitted (hereafteN; andNy). To minimize the number of fitting

with the second sheRyi—ni. To limit the total number of fitting

parameters, the coordination numbers of remaining shells andparameters, the following restrictions have been done on the
of MS paths were fixed at the values expected for a rocksalt basis of what learnt from the previous optimizations: (i) The

structure multiplied by the scaling factarconstant for all of

shift in energy origin AE) was fixed to the value obtained from

the shells. The results of these new optimization cycles are the fit of the 3 ML (¢ = 75°) and (ii) the variation of the in-
summarized for all cases in Tables 1 and 2 for bond distancesplane lattice parametekR, was fixed to the value expected in

and coordination numbers, respectively. In the 10 MI=(75°)
and 10 ML @ = 45°) cases the introduction ®i; andN, and
x as fitting parameters does not improve the fit; for this reason,

Tables 1 and 2 report the values obtained from the previous

optimization cycles; andN; fixed, x = 1). For 10 ML @ =
15°), a slightly improved fit was obtained resulting in a little
decrement o, andx values, which are however compatible
with the single-crystal values within the error bars (note that

the case of a perfect pseudomorphisRn= />aag(001)= 2.045
A), a value compatible with that optimized in the 3 M@ &
75°) case, see Table 1.

In Figure 5 (lower curves), a comparison between experi-
mental (points) and best fit (including substrate and cap
contributions, solid line) for the modulus, FT of the experimental
k3 (K) of the 3 ML film measured at grazing incidence is shown.
The FT was calculated in the 30 A1 range. The fit was



Growth of NiO on Ag (001) J. Phys. Chem. B, Vol. 107, No. 19, 200803

performed inR space in the 1.83.5 A range (evidenced by
the white region of the Figure) to take into account all of the T " T " T
contributions until the 3rd coordination shell. In the picture also,

the 2nd shell Ni-Mg signal from MgO cap (dotted line) and 215
the 2nd shell Ni-Ag signal from the Ag substrate (dashed line)

are specifically shown. The presence of the-Ng contri-

bution, occurring in a region where that of the NiO is absent,

is mandatory to obtain a good fit (see upper curves in Fig-

ure 5). Also the introduction of the NiMg contribution 210
improves the fit, in the 23 A region. We can so, a posteriori,

understand the failure of the fits previously attempted. The g
structural parameters extracted from this fit are summarized in m—i
Tables 1 and 2, and the optimized-M\g distance is of 3.13
+0.04 A 2.05} o NiO Buk (XRD) .
; i ® NiO Buk
4 DISCUSSIO”_ . . . *  NiO pseudomorphic to Ag(001)
4.1. Coordination Numbers. As previously discussed, a A NiO10ML
qualitative inspection of the experimental FTs reveals that the A NiO 10 ML 45°
films spectra are very similar to that of NiO bulk (Figure 3a) m NiO 3ML
and that the major change is a reduction in the amplitude of 2,00} 0 NO 3MLA45 . . .
second shell signal with respect to the first shell one. This 2.00 205 210
reflects a decrease of the 2nd shell neighbors with respect to R (A)
the 1st shell ones, which is quantified in the data summarized i

in Table 2. Itis clear that for the 10 ML fil andN values i 6 outof-plane Ni-O bond distance vs. in-plane one of thin
measured in both polarizations are compatible with a model of Nio fiims: full square 3 ML ¢ = 15° and 75), open square 3 ML{
a perfectly bidimensionally flat film without roughness effects. = 45°), full triangle 10 ML (@ = 15° and 753), open triangle 10 ML
Conversely, for the 3 ML film, onlyN;[100] fits the theoretical (0 = 45°) and full circle sintered NiO determined in this EXAFS study.
value within the experimental errors, beihg[100], N;[001], Straight line represents the theoretiBalvs R, relationship predicted
and N;[001] lower than the expected values. Comparing by theglas_:tlc theory, adopting the Poisson ratio of the NiO byl (
experimental and theoretical values, it is clear that the 10 ML Ot'818)' Big o'l[ott;]ep_rdeselnts tfhetunstragned Nlt? b“”(f(’if%D)’ ?d Sgi
film can be considered, within the EXAFS sensitivity, as star represents the ideal perfect pseudomorphism of NiO on Ag(001).
structurally perfect. Instead, in the case of the 3 ML film, a to those expected for a perfect pseudomorphism, whereas the
great discrepancy with the expected values can be noted. Thisl0 ML film appears partially relaxed along the growth direction.
experimental evidence is in agreement with the hypothesis of This suggests that the critical thickness for strain release lies
an increasing roughness in surface morphology with decreasingbetween 3 and 10 ML. The in-plane contraction of the 10 ML
film thickness, because of island formation at the first stages film is in disagreement with the results of other works which,
of the growth?142 on the basis of electron scattering experiments, find a critical
4.2. Interatomic Distances.Figure 6 summarizes the out- thickness for strain release of 5 ME:38This difference can be
of-plane Ni~O distance as a function of the in-plane one, understood on the basis of the different sampling depth of the
according with the values reported in Table 1. The open circle different techniques. In the case of EXAFS spectra detected in
represents the unstrained bulk NiR& Ry = Ry = 2.088 A) fluorescence mode, the information comes from the whole
as determined by XRD, whereas the full circle represents the thickness of the sample under study and allows to affirm that
EXAFS value obtained from sintered NiO. The straight line is the most part of the atoms in the 10 ML film are still in an
obtained following the elastic theory approximation, according in-plane contracted local environment. Electron scattering

to the equatiolRy = —yR + (1 + y)Ro, where the ratioy is techniques, instead, sample only the outermost film layers, which
defined ay’ = 2C,2/C1; andCy; andCy; are the elastic stiffness  can be in a more relaxed environment. With Bhealues being
constants of bulk NiO; values @11 = 344.6 GPa an€;, = obtained from EXAFS an average of the situation seen by Ni

141 GP& give y = 0.818. The star represents the values atoms in all layers, the combination of the present EXAFS
expected for an ideal NiO layer in perfect pseudo- results and the electron diffraction 0f2% suggests a model
morphism on Ag(001):R; = Y,aag(001) = 2.045 A andR; = where strain relaxation starts around@ML and affects only
2.125 A. The 10 ML (full triangle) and 3 ML (full square) the subsequent layers, being the first%still under perfect
positions have been represented using Rhend R values pseudomorphism.
obtained from analysis of the normal and grazing incidence data, (iii) Marcus®® has suggested that the Poisson ratio for thin
respectively. TheR, and Ry values obtained using the data films is different from the bulk one. An attempt to perform a
collected atd = 45° are represented with open triangle and linear fit on the experimental data reported in Figure 6 seems
square for the 10 ML and the 3 ML film, respectively. On the to support this thesis for the NiO system; however, the too
basis of this picture three main considerations can be drawn.limited number of experimental points and the relative large
(i) The values obtained fitting the data collected at incidence error bars prevent any definitive conclusion. Moreover, par-
angle of 48 are perfectly consistent, within the experimental ticularly for the 3 ML case, it must also be considered that the
error, with those obtained from the combined analysis of the morphology of the system is possibly not two-dimensional but
data collected at normal and grazing incidence, confirming the rather in the form of islands: in this case, the relation between
goodness of the model. in-plane and out-of-plane strain is not expected to be simply
(i) Both 10 and 3 ML films seem to be compressed in the via the bulk Poisson ratio.
growth plane, to fit the smaller Ag(001) substrate lattice  4.3. NiO—Ag(001) Interfacial Distance.It has been recently
constant. The 3 ML film presents andR values very similar proposed that ultrathin oxide films and oxidmetal interfaces
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may actually have unprecedented intrinsic chemigdlysical 5. Conclusions
properties, because of image potential screening of charge o )
fluctuations and interfacial hybridizational effedt®:57 The Polarization dependent EXAFS measurements and their

presence of a metal substrate, where electrons can move free|y[nultiple scattering multishell analy_sis,_up to the 7t_h cc_)ordination
implies a consistent reduction in the energy cost to transfer oneShell, have allowed us a quantitative determination of the
electron from the valence band (with mainly O2p character) to Structure of ultrathin NiO films on Ag(001). We found that the
the conduction band (mainly centered on the cation), becauselocal structure is the rock.-s.alt one and that f[he intermixing with
of the formation of image charges on the metal at the metal/ the Ag substrate is negligible at the atomic scale. The 3 ML
oxide interface, resulting in a net reduction of the band gap. In film has bothR, andR; values compatible with those expected
the case of ultrathin layers (1 ML), even the insulating-metal in the case of perfect pseudomorphism on Ag(001), within the
transition has been inferred. Altieri et®7 have demonstrated ~ €xperimental errors (0.009 and 0.02 A respectively). Conversely,
from X-ray photoemission spectroscopy and Auger electron the 10 ML film is partially relaxed: in this case NO bond
spectroscopy experiments that the on-site Coulomb interactiondistances have been determined with an accuracy of 0.006 A
(defined as the energy necessary to transfer an electron from gor both polarizations. For the 3 ML film, a rough morphology,
cation to another) and the charge-transfer energy (defined asPossibly including also the presence of NiO islands, is also
the energy cost to transfer an electron from the anion to the Suggested by the optimized coordination numbers. From a merge
cation) in thin MgO films becomes significantly smaller than of all of the literature data qnd of the present EXAFS results, a
in the bulk. The influence of the metal substrate on these WO Steps growth mechanism for NiO films on an Ag(001)
physical quantities, strictly related to the band-gap width, can Substrate can be hypothesized. The first step is characterized
still be felt as far as 10 ML away from the interface. The Dby the nucleation of NiO crystallites perfectly matched with
demonstrated ab|||ty to Contro| the f||m th|ckness represents the SubStrate, Star“ng from IS|andSZ th|S phase IS Characte”zed
therefore a new technological opportunity for band-gap engi- Py & great surface roughness so thatNha00], N:[001], and
neering. For a given oxide/metal system, the structural parameteN2[001] values are lower than the expected ones. In the second
that establishes thi; vs the film thickness relationship is the ~ Step, occurring around-4 ML, the elastic energy stored during
oxide/metal interface distancehferacd. It is so evident that this the distortion increases until it is partially released through the
parameter must be Carefu"y determined in order to design aCreatiOn of dislocations. At the same time, the NiO islands grow
film with desired electronic characteristic. In principle, once and begin to connect together until the film grows in a
Ointertace s been measured, tHg, vs the film thickness ~ completely relaxed manner showing, within the experimental
relationship is fixed, and so the latter can be ad hoc selected to€!tors, coordination numbers in agreement with the hypothesis
yield the desired,. of a perfect bidimensional film. The EXAFS data collected in
Regarding the Ag substrate contribution, the fit performed 9razing geometry on the 3 ML sample detected a significant
on the 3 ML film measured at grazing incidence (see bottom Nl_Ag contribution which has allowed us to determine the
of Figure 5) gives a NiAg distance of 3.13 0.04 A. Inaccord ~ NIO—Ag(001) interface distancedinertace= 2.37+ 0.06 A, a
with the hypothesis of an interface in which the O atoms are Vvalue in remarkable agreement with both theoretfo@nertace
located on top of Ag atoms and assuming a perfect pseudo-= 2.38 A) and independent PDMEE experiméhi(8lintertace =
morphic growth (i.e., a N+O distance at the interface equalto  2-3+ 0.1 A).
Hoaag(o1) @ value in agreement with the measuRad= 2.044
+ 0.009 A, see Table 1), we have calculated the interfacial ~Acknowledgment. This work has been funded by INFM
distance between the Ag surface and the NiO layeti@sace under PRA-ISADORA and Commissione Luce di Sincrotrone.
= 2.37+ 0.05 A. This value is expanded if compared to both We are indebted to the staff of GILDA BM8 beamline for the
NiO and Ag half lattice parameters (2.088 and 2.045 A, important support during EXAFS measurements. We thank D.
respectively) and is perfectly in agreement with that obtained Scarano and S. Bertarione for the preparation of the NiO sintered
with periodic ab initio calculation of Casassa etHperformed sample. We are indebted to E. Giamello, A.M. Ferrari, S.
with CRYSTAL98 code on one monolayer of NiO on Ag Casassa, C. Pisani, S. D’Addato, and S. Valeri for fruitful
(dinterface = 2.38 A) and with that measured by Giovanardi et discussion. C. Pisani is also acknowledged for a critical reading
al %8 with PDMEE techniquedinterface= 2.3 & 0.1 A). of the manuscript.

TABLE 3: Type, Degeneration, and Length Variation, Due to Tetragonal Distortion of SS Paths Involved in the EXAFS Data
Analysis of the Films in the Case of [100] Polarizatioh

paths degeneration path length variation
Ni(0)—O(1a)-Ni(0) 2 AR = AR,
Ni(0)—Ni(2a)—Ni(0) 4 ARsin = V2AR,
Ni(0)—Ni(2b)—Ni(0) 4 ARsou= /2R + 2R (AR, + AR) + AR + AR, — v/2R;
Ni(0)~O(3)-Ni(0) 8 ARs= /3R + 2R,(2AR, + AR) + 2AR + ARE — V3R,
Ni(0)—Ni(4a)—Ni(0) 2 AR, = 2AR,
Ni(0)—O(5a)-Ni(0) and Ni(0)-O(5b)-Ni(0) 4-4 ARsn = y/5R + 10RAR, + AR, — VBR,
Ni(0)~O(5¢)-Ni(0) 4 ARsou= /SR + 2R (4AR, + AR) + 4AR; + AR — v/5R;
Ni(0)—~O(5e)-Ni(0) 4 ARsou= 4/5R + 2R (AR, + 4AR.) + AR + 4ARE — v/5R;
Ni(0)—Ni(6a)—Ni(0) 8 ARs = /6R + 2R,(5AR, + AR ) + 5AR + ARE — VR,
Ni(0)—Ni(6c)—Ni(0) 16 ARs = /6R + 4R,(AR, + 2AR ) + 2ARE + 4AR, — v/6R,
Ni(0)—Ni(7a)—Ni(0) 4 ARzin= 2+/2AR,
Ni(0)—Ni(7b)—Ni(0) 4

ARyou= 2\/2Rf + 2R,(AR, + AR)) + AR + ARE — 2+/2R
2 The atomic labels are referred to Figure 1.
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TABLE 4: As Table 3 for the MS Paths Involved in the EXAFS Data Analysis of the Films in the Case of Polarization [100]

paths degeneration path length variation
Ni(0)—O(1a)-O(—1a)-Ni(0) and 2 AR = 2AR,
Ni(0)—O(1a)-Ni(0)—O(—1a)—Ni(0)
Ni(0)—O(1a)-Ni(4a)—Ni(0) and 4-2 AR=2AR
Ni(0)—0O(1a)-Ni(4a)—O(1a)-Ni(0)
Ni(0)—Ni(2a)—Ni(—2a)—Ni(0) and 4-2 AR = 2/2AR,
_ Ni(O)—_Ni(2a)—_Ni(O)—N[(—Za)—Ni(O)

Ni(0)—Ni(2b)—Ni(0)—Ni(—2b)—Ni(0)

AR=2/2AR,

AR=2,/2R + 2R,(AR, + AR ) + AR + ARE — 2V/2R,

AR=1/2[(1+ v2+ v/5)AR]
AR=1/2[AR, + /2R + 2R(AR, + AR)) + AR + ARE +

JSRf + 2R (4AR, + AR)) + 4ARE + ARE — (v2 + VB)Ry]

Ni(0)—Ni(2a)—Ni(7a)—Ni(0) and 8—4
Ni(0)—Ni(2a)—Ni(7a)—Ni(2a)—Ni(0)
Ni(0)—Ni(2b)—Ni(7b)—Ni(0) and 8—4
Ni(0)—Ni(2b)—Ni(7b)—Ni(2b)—Ni(0)
Ni(0)—O(La)-O(5a)-Ni(0)
Ni(0)—O(La)y-O(5¢)-Ni(0) 8
Ni(0)—O(1a)-Ni(2a)—Ni(0) 8
Ni(0)—O(La)-Ni(2b)—Ni(0) 8

Appendix

In section 2.3, we have discussed the number of scatteringl 948
paths considered to simulate the theoretical EXAFS signal. Here,

all of these paths are described in detail, for the [100]
polarization, referring to Figure 1. Note that a negative shell
number (e.g., Ni-2a)) refers to the atom obtained from that
reported in Figure 1 with positive shell number (e.g., Ni(2a))

AR=1/2(2+ /2)AR,
AR= 1/2[AR, + AR; + /2R + 2R,(AR, + AR) + AR + AR — v/2R]]
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