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Oxygen-induced near-surface structural rearrangements on Ni{001) studied
by shadow-cone-enhanced secondary-ion mass spectrometry
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The surface structure of Ni(001I and the adsorption systems p(2X2) 0/NiI001) and c(2X2)
0/Ni(001 j have been studied by shadow-cone-enhanced secondary-ion mass spectrometry. The secon-

dary Ni -ion intensity has been measured as a function of the incidence angle of the primary Ar -ion

beam. The enhanced intensity features in the spectra are compared with results from a two-body-
interaction calculation which uses the Moliere approximation to the Thomas-Fermi potential. For the
clean Ni I 001 ) surface the analysis indicates that the spacing between the first and second layer decreases

0
from the bulk value of 1.76 to 1.68+0.06 A. Moreover, the spacing between the second layers and the
third layer remains nearly bulklike at 1.74+0. 16 A. For the oxygenated surfaces the 0-Ni bond length
is determined to be 1.96+0.05 A, which corresponds to a height for the oxygen of 0.85 A above the Ni
substrate. The presence of oxygen is found to cause buckling in the second Ni layer in accord with pre-
vious low-energy-electron-diffraction observations. The magnitude of the buckling is found to be
0.26+0. 12 A and 0.20+0. 10 A for the p(2X2) and c(2X2) surfaces, respectively. These results suggest
that the 0-Ni bonding is highly localized and only modestly dependent upon coverage.

I. INTRODUCTION

Oxygen adsorption on NiI001) is a model for studying
the oxidation of a metal surface. Numerous techniques
such as low-energy electron diffraction (LEED), ' sur-
face extended x-ray-absorption fine structure (EXAFS}, '

He scattering, ' "high-resolution electron-loss spectros-
copy (HRELS), ' ' and Rutherford backscattering
(RBS}(Refs. 16 and 17}have been brought to bear on this
system. From these studies, it is generally accepted that
oxygen adsorbs in the fourfold hollow site for both the
p(2 X 2) (0.25 monolayer oxygen coverage) and the
c(2X2} (up to 0.5 monolayer coverage} structures. Most
of these studies also show that the oxygen atom is ad-
sorbed about 0.9 A above the Ni surface for both cover-
ages. The exact nature in which the substrate surface re-
laxes and reconstructs due to the presence of an oxygen
overlayer is still controversial. Investigations carried out
by RBS (Refs. 16 and 17) have indicated that the outer-
most Ni layer is relaxed inward before oxygen adsorption
(relative to the bulk interlayer spacing), and is expanded
after oxygen adsorption, but many other studies men-
tioned above have assumed a bulklike structure in their
analysis. Furthermore, results from a recent LEED in-
vestigation' ' suggest that the p(2X2) and c(2X2) sur-
faces form a buckled layer below the surface.

Here we report an investigation of the structure of the
clean NiI 001 }, p(2 X 2) 0/Ni j001 I, and c(2 X 2)
0/Ni I 001 ) surfaces with shadow-cone-enhanced
secondary-ion mass spectrometry (SIMS). With this
method, the collision of a keV projectile with a surface
atom creates a shadow cone, which focuses the incident
flux to specific coordinates. This flux is sharply peaked at
the shadow-cone edge and exhibits a width of less than
0.02 A. When the tail of this shadow cone strikes a sur-
face or near-surface atom, the atomic motion near the

surface should dramatically increase, resulting in an
enhancement of the ejection yield. In contrast, if the
shadow-cone edge falls between atoms, the surface
motion and resulting yield are low. In effect, we can
"aim" the incident beam to specific high-action points on
the target. With knowledge of the shadow-cone shape, it
is then feasible to determine specific geometries using
simple triangulation. For certain geometries, it is possi-
ble to obtain information from the first several layers of
the crystal. This technique has been applied to the char-
acterization of metal, ' semiconductor, and
adatom/metal surfaces. The collision and ejection
mechanisms, which yield the structural information, have
been verified by a three-dimensional molecular-dynamics
simulation. With this result as a basis, a computational-
ly less-intensive approach has also been developed in
which the shadow-cone shape is calculated from a two-
body collision model employing a Thomas-Fermi poten-
tial. This approach to surface-structure elucidation
offers the advantage that the bond lengths can be directly
derived from the data. They do not depend upon a fitting
procedure which selects a bond length from a set of trial
structures that yield the least overall error.

Our results show that the Ni lattice undergoes sys-
tematic rearrangements in response to the new electronic
environment associated with chemisorbed oxygen atoms.
For instance, the first interlayer spacing of the clean sur-
face is determined to be 1.68+0.06 A, which is contract-
ed from the bulk spacing of 1.76 A. The second inter-
layer spacing, however, remains almost bulklike. Oxygen
adsorption on the surface induces rearrangements, which
are found to be coverage dependent. The oxygen atom
adsorbs in a fourfold hollow site and for both the p(2 X 2)
and c(2X2) structures is found to bind 0.85+0. 11 A
above the top Ni plane. In both structures, the second-
layer Ni atom, which is located directly beneath an oxy-
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gen atom is pushed lower than other atoms in the same
plane. Therefore, the second layer is buckled where the
amplitude is 0.26+0. 12 A for the p(2X2) layer and
0.20+0. 12 A for the c(2X2) layer. These results general-
ly support earlier LEED studies' ' and suggest that the
oxygen bonding is localized for both coverages. The
shadow-cone measurements also allow other structural
rearrangements, which occur during oxygen chemisorp-
tion, to be closely monitored. Due to the buckling, the
values for the interlayer spacing may be referred to a
weighted average of the second-layer atom positions.
Referenced in this way, the first interlayer spacing ex-
pands upon oxygen adsorption to 1.72+0.06 A for the
p(2X2) structure and to 1.88+0.06 A for the c(2X2).
The second interlayer spacing is found to contract slight-
ly in tandem with this expansion, the value changing
from 1.7020. 16 A for the p(2X2) to 1.61+0.16 A for
the c (2 X 2) structure.

II. EXPERIMENTAL ASPECTS

The experimental apparatus employed in this study has
been described elsewhere. Only a few specific as-
pects will be detailed here. The configuration of the set-
up is shown schematically in Fig. 1. The polar angle of
incidence 8; is defined with respect to the surface normal.
The angle P is defined as the angle between the incident
ion beam and the detector and the angle 8d defines the
angle between the detector and the surface normal. In
this study, the Ni sample is aligned such that either the
(100) or (110) direction is parallel to the plane defined

by the detector and incident ion beam. The desorbed
secondary-ion intensity is then measured as a function of
mass and 8; of the projectile, while P is fixed at 16'. Note
that either the forward edge or the backward edge of the
shadow cone may intersect surface or near-surface atoms.
These edges are designated in Fig. 1. The mass analyzer
is currently only capable of measuring positive ion sig-
nals. An energy prefilter is used to select those ions with
kinetic energies equal to 13+0.2 eV.

The Ni[001I crystal is a 1.3-cm-diam disk oriented to

within +0.5' and commercially polished. The sample
preparation includes in situ cycles of annealing at 1050 K
and 3-keV Ar bombardment (1 pA with a 1.5-cm-diam

spot). The presence of surface contaminates was moni-

tored by SIMS and LEED. In the experiment, the in-

cident 3-keV Ar+-ion beam was typically operated at a
current of 10—20 nA with a 2-mm-diam spot size. The
sample was stepped in the vertical axis over a 10-mm

range for every measurement in order to reduce the
amount of ion-beam-induced surface damage. For the
oxygen overlayer experiments, the oxygen (99.99%}was

introduced into the chamber from a gas inlet system by a
variable leak valve. The sample was positioned directly
in front of the leaking port and the sample temperature
was maintained at 300 K during dosing. Ordered p(2 X 2}
and c(2X2) overlayers were prepared by dosing with an
uncalibrated oxygen dose sufficient to obtain the ap-
propriate LEED pattern. The p(2X2) structures were
annealed for 5 min at 450 K and the c(2X2) structures
were annealed for 15 min at 450 K. The shadow-cone ex-
periments were then performed at 300 K.

III. RESULTS AND DISCUSSION

A. The clean Ni f 001 I surface

A schematic of the top view of the Ni[001) surface is
shown in Fig. 2. The side views along the (100) and
(110) azimuths are shown in Fig. 3. The atoms that are
most likely to be involved in shadow-cone interactions
are designated by their positions in columns and rows.
These labels are shown in Fig. 3. In our nomenclature, a
collision of the primary ion with atom (1,1) followed by
the intersection of the forward edge of the shadow cone
with atom (1,3) would be designated F(1,1)(1,3). An inter-
section involving the backward edge of the shadow cone
would be labeled B(1,1)(1,3). Similar notation is used to
describe mechanisms involving shadow cones produced
by oxygen atoms. For these cases, the adsorbate layer is
designated by (Ox), and a typical interaction would be

Surface
Nom&al

Q I'irst layer Ni stum

Secund lsyer Ni stum

1
L+

/' X /'

FIG. 1. Definition of the angles used in shadow-cone-
enhanced SIMS experiments. A schematic of the shadow cone
is illustrated with the forward and back edge designated as
shown. FICr. 2. A schematic of the Ni [001 I model surface.
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8(Ox)(2,4). The radius of a shadow cone created by 3-
keV Ar -Ni interactions is less than 1.70 A at a distance
of 10 A along the shadow cone. For the ( 100) azimuth,
the interplanar spacing is about 1.76 A, so the analysis
can be specific to interactions of in-plane atoms. For the
(110) azimuth, the interplanar spacing is about 1.25 A
so it is necessary to consider scattering from atoms that
are out of plane.

The desorbed secondary Ni -ion intensities as a func-
tion of the ion-beam incidence angle measured in the
(100) and the (110) azimuths are shown in Figs. 4 and
5. In the spectra, 8; =0' refers to bombardment normal
to the surface, and 8; =90' refers to bombardment paral-
lel to the surface. Generally, spectra for each azimuth
are characterized by a broad intensity enhancement at
high polar angles and a sharp peak at L9, =22.6'. For the
incidence angle distribution along the (100) azimuth,
there is a valley at 8; =45', while for the (110) azimuth,
the valley appears in the spectrum at 0; =35'. These two
angles are in excellent agreement with the (101) and
( 112) crystallographic indexes, respectively. At these

incident angles, the shadow cone created by the interac-
tion of a surface atom with the incident ion beam chan-
nels the projectiles deep into the solid. The channeling of
the ion beam reduces the interactions of incident ions
with surface atoms, which decreases the desorption of
secondary ions.

In order to relate the intensity enhancements in the
spectra to the surface structure, it is necessary to deter-
mine the shadow-cone shape of the incidence-
ion/surface-atom interactions. The 3-keV Ar+/Ni in-
teraction is described by a two-body collision model,
which uses the Moliere approximation to a Thomas-
Fermi potential. This potential function requires
knowledge of the Firsov screening factor for a given pair
of colliding atoms with atomic number Z

&
for the projec-

tile and Zz for the target. This factor f may either be
determined using an empirical relation of the form

f(Z), Z2)=0. 54+0.045[(Z, )' +(Z2)' ]

or by direct experimental measurement using a system

(100)Azimuth
(1,3)

B(ox)(2,2) (100& Azimuth

(»2) (2.4) (2,6) B(ox)(2,4)
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FIG. 3. Cross sections of the Ni[001 j surface indicating the
atomic plane geometry parallel to (a) the (100) crystal direc-
tion aud (b) the (110) crystal direction. The atoms are desig-

nated by their positions in rows and columns. The dotted cir-
cles represent atoms that are out of plane. Note that the degen-

eracy between mechanism (1,1)(2,4) and (1,3)(2,6) is removed by
the presence of an adsorbed oxygen atom.

FIG. 4. The relative intensity of 13-eV Ni+ ions desorbed
from clean Ni [001j, p(2 X 2) 0/Ni [001j, and c(2 X 2)
0/Ni [001 j plotted as a function of the iou-beam incident angle.
The ion beam is parallel to the (100) crystal direction. The ar-

rows indicate the position of angles calculated from results of a
two-body collision model for the optimized, relaxed model de-

scribed in the text. The capital letters F and B designate the
forward and back edges of the shadow cone, respectively. The
coordinates of the atom creating the shadow cone are followed

by the coordinates of the atom on which the ion beam is being
focused. The error bars are shown in Fig. 6. See text for more
details.
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F(OL)(2,4) (110)Azimuth

TABLE I. Calculated and measured shadow-cone intersec-
tion mechanisms for clean Ni [001j

F(ox)(2,6)

B(OK)(2,4)
Azimuth Mechanism

Calculated
Bulk'

Calculated,
Measured Relaxed'

~ l+&I

CO

C
Q
C

Q
~ f&&l

V

B(l,l )(3,1)~—---

B(ox)(2,2)

F(ox)(2,4)
F(OK)(2,6)

B(OK)(2,4)

p

B(1,1)(3,1)

B(OE)(2,2)
p(2x2)

B(l,l )(3,3)

& ioo&

(110)

F(1,1)(2,2)
B(1,1)(3,1)
F(1,1)(2,4)
F(1,1)(1,3)
B(1,1)(2,2)
F(1,1)(3,3)
B(1,1)(3,1)

F(1,1)(3,5)
B(1,1)(4,4)
B(1,1)(3,3)
B(1,1)(2,4)
F(1,1)(1,3)

16.3
22. 1

56.1

67.9
73.7
16.5
22.1

40.5
43.3
54.2
56.2
61.3

22.6
56.8
68.1

22.6

17.2
22.6
56.8
68.1

75.5
16.9
22.6
41.1
43.8
55.2
57.2
61.3

F(1,1)(1,3)

B(1,1)(3,1 )

F(1,1 )(3,3) B(1,1)(2,4) clean

with known bond lengths. From Eq. (1), using Zi =18
for Ar and Z2 =28 for Ni, f(Zi, Z2)=0. 97.

The experimental calibration of f(Z&, Z2) can be eval-
uated using the F(1,1)(1,3) interaction along the (100)
azimuth. This feature results from an ejection mecha-
nisrn whereby the incident ions are deflected by a first-
layer atom and collide with the nearest atom of the same
layer along the incident direction. For this distance,
LEED and RBS measurements indicate that there is
no significant lateral displacement in the surface atomic
layer of Ni[001}. Using the known bulk spacing of 3.52
A, we then calculate a Firsov screening factor of
1.00+0.01, a value in good agreement with that calculat-
ed from Eq. (1).

After the shadow-cone shape is determined, the
surface-structure analysis is performed in two steps. In
the first step, the incidence angles at which a shadow
cone interacts with neighboring atoms are calculated for
a given surface-structure model. In the second step, the
calculated results are compared with the enhanced inten-
sity features in the experimental angular distributions.
The surface-structure model is then adjusted to improve
the fit between the calculated and experimental data.

The calculated angles associated with possible interac-
tion mechanisms involving the first few layers are shown
in Table I. From these values, it is possible to assign
many of the features observable in the experimental

0 10 20 30 40 50 60 70 80 90

e. (degrees)

FIG. 5. The relative intensity of 13-eV Ni+ ions desorbed
from clean Ni [001j, p(2 X 2) 0/Ni [001j, and c(2X2)
0/Ni [001 j plotted as a function of the ion-beam incident angle.
The ion beam is parallel to the (110) crystal direction. The er-
ror bars are the same as in Fig. 6. See caption to Fig. 4 for more
details.

'Calculated values of 8; in degrees associated with shadow-

cone-enhanced intensity features assuming bulk bond distances.
Measured values of 8; in degrees associated with intensity max-

ima. No value indicates that the expected feature is not sharp
enough to characterize accurately.
'Corresponding values of 8; in degree reported for the relaxed
structure which best fits the measured data.

curves reported in Figs. 4 and 5. These correlations are
also noted in Table I. Finally, the bond distances in the
surface layers can be adjusted so that the best global fit
can be obtained between the calculated and measured
features. The angles of the shadow-cone mechanisms as-
sociated with the relaxed surface are shown in Table I
and in Figs. 4 and 5.

Several of the features are particularly well defined.
The B(1,1)(3,1) enhanced intensity feature, which
occurs at an incidence angle of 22.6', is pronounced for
both azimuths. The mechanism causing the enhanced in-
tensity involves incident ions that are deflected by the
first-layer atom in position (1,1) and focused onto the
coordinates (3,1) in the third layer directly below. When
the focused flux impinges on this atom, the momentum
transfer is maximized and the number of desorbed ions is
observed to increase. The spacing between the first and
third atomic layers is determined from this feature to be
3.42+0. 10 A, a value slightly smaller than the bulk spac-
ing of 3.52 A. In the ( 100) azimuth, the enhanced inten-
sity feature F(1,1)(2,4) at 8; =56.8' can be used to deter-
mine the first interlayer spacing. The spacing, calculated
to be 1.68+0.06 A, indicates an inward relaxation from
the bulk distance of 1.76 A. From B(1,1)(3,1) and
F(1,1)(2,4), the interlayer spacing between the second
and third layer is found to be 1.74+0. 16 A, statistically
equivalent to the bulk value. The top-layer relaxation
structure discussed above for clean Ni[001j is consistent
with earlier RBS (Refs. 16 and 17) studies. In those ex-
periments, the first interlayer spacing was determined to
be contracted by 0.06+0.01 A, which corresponds to a
spacing of 1.70 A.

There are several other features that are not easily ob-
served, most notably F(1,1)(2,2) and B(1,1)(2,2). Similar
mechanisms in the (110) azimuth include F(1,1)(3,3),
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F(1,1)(1,3), 8(1,1)(3,3), and B(1,1)(2.4). These interac-
tions are short ranged occurring in the top two layers and
are expected to create a significant intensity enhance-
ment. Since they are not pronounced other factors such
as peak overlap must be present, which affect the appear-
ance of intensity enhancements. For example, the
F(1,1)(3,3) mechanism in the (110) azimuth overlaps
with the feature 8(1,1)(3,1) and appears as a slight shoul-
der on the overall peak. A second example includes the
8(1,1)(3,3) and 8(1,1)(2,4) mechanisms, which are so
close that they appear as one feature. Current work is fo-
cused on obtaining a clearer understanding of these pro-
cesses so that it might be possible to construct methods
which may resolve some of these complexities. Since
these features are either overlapping with other bands or
are not very strong, we have chosen not to attempt to uti-
lize these mechanisms in structure determinations. For
these reasons we have not included these features in
Table I.

At this stage, it is useful to discuss the relative accura-
cy and precision of these measurements. There are at
least four aspects to this issue. First, there are possible
systematic errors associated with distortions of the sha-
dow cone due to the presence of neighboring atoms. The
effect of these distortions has been discussed previously. '

It is important to avoid geometrical configurations where
these distortions can be a problem. Ideally, it is better to
have more than one set of mechanisms, which can be
used as an internal check of the assignments, although
this is not always possible. It is also desirable to verify
that distortions are not a problem by changing the in-

cident energy or incident-ion mass. The second issue in-

volves the fact that the theory is assumed to apply for
emitted neutral species and the experimental apparatus
detects secondary ions formed in the collision process.
For values of 8d between +45', this difference is very

small since image charge effects and reneutralization have

been shown to have a negligible influence on mea-

sured peak angles. ' A third issue is the experimental
reproducibility of peak position assignments. The Ni+
secondary-ion distributions shown in Figs. 4 and 5 are the
sum of several individual spectra that were obtained over
a time period of a few months. In each of the individual

spectra, the features used in this analysis are reproducible
within +0.5'& which translates into an uncertainty of less
than +0.06 A in most cases. Finally, there is the issue of
overlapping peaks. As noted above, there are several
features that are observable between 0, =56 and 77'.
From examination of Fig. 3, it is clear that there is more
than one possible mechanism that can contribute to in-

tensity in this angle range. Some of the more obvious
ones are summarized in Table I. Deconvolution of these
features is always a risky venture, and we have not at-
tempted to systematically resolve all of the peaks. Peak
assignments, therefore, have an added uncertainty associ-
ated with these overlaps. The reported error limits in-

clude our best estimates of the influence of all of the
above factors.

B. p(2X2) O/Nif001) surface

The desorbed secondary Ni -ion intensities as a func-
tion of the incidence angle for the ( 100) and ( 110) az-

c(2x2)

uO

C

~ H
V

~ W

p(2X2)

lean

48
I

50 52
I

54 56

8,. (degrees)

I

58 60

FIG. 6. Expanded region of the data in Fig. 4 between
0;=SO' and Sg' for clean Nit001), p(2X2) 0/Ni[001), and

c(2X2) 0/Ni[001 I. Included in the lower right-hand corner
are the associated error bars for all of the data presented.

imuths of the p(2X2) 0/Nij0011 surface are shown in

Figs. 4 and 5, respectively. The main peak in both spec-
tra arises from the B(1,1)(3,1) mechanism at 8,. =22.6,
and is very similar to that found on the clean surface.
The spacing between the first and third Ni layers is deter-

mined to be 3.42+0. 10 A from this feature, in excellent

agreement with what was found on the clean surface.
Along the ( 100 ) azimuth (Fig. 4), there are two

enhanced intensity features, F(1,3)(2,6) and F(1,1)(2,4), at

incident angles of 0;=54.8' and L9, =57.2', respectively.
An expansion of this angular range is shown in Fig. 6 for
comparison purposes. Both of these features arise from
the shadow cone of the first-layer Ni atom interacting
with a second-layer Ni atom. One of these features was

observed in the clean surface spectrum and is assigned to
an F(1„1)(2,4) mechanism. The other feature emerges

during oxygen chemisorption. This indicates that, under

the assumption that there are no lateral displacements in

the surface atoms, there are two values for the spacing
between the first and second atomic layer. The first sub-

strate layer atoms are not buckled since only one feature
is observed from the B(1,1)(3,1) mechanism. In this case,
there is one atom which is located below an oxygen atom
at a spacing of 1.91+0.06 A and there are three atoms at
a spacing of 1.65+0.06 A. The buckling amplitude, is,
therefore, 0.26+0. 12 A. A value of 1.72+0.06 A is cal-
culated for the distance between the first Ni layer and the
weighted average of the two spacings between the first-

and second-layer atoms. Considering the value of
3.42+0. 10 A for the spacing between the first and the
third layers, the distance between the weighted average
position of the second-layer atoms and the third layer is

1.70+0. 16 A. These distances are designated as d, ~ and

dq3 in Fig. 7.
Since all the features due to the ion-beam/oxygen in-

teractions are overlapped with intensity features from the
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0 atom C} Ni atom C. c(2X2) 0/NIIOOI j

dg
HI-

FIG. 7. Cross section of the 0/Nij001} system to illustrate
the buckling effect and to define the distances reported in Table
II. The distance d» is determined from the weighted average of
the two first-to-second-layer spacings. The distance d23 is deter-
mined from d».

substrate, it is dificult to speculate about the quantitative
nature of the oxygen overlayer structure from this spec-
trum alone. The feature F(Ox)(2,6) appearing at
8, =49.8' in the (110) azimuth (Fig. 5) may be used to
determine the height of the oxygen overlayer above the
Ni surface. This feature results from the shadow-cone
edge of the oxygen atom impinging on the Ni atom in the
second substrate layer. In order to calculate the 0-Ni
distance, the shape of the Ar+/0 shadow cone was com-
puted using a Firsov screening factor of 0.86. Based on
this shadow-cone shape, the distance between the oxygen
atom and the Ni atom directly below is 2.76+0.05 A.
Combined with the value of 1.91+0.06 A, determined as
the distance between the top Ni layer and the second-
layer atom directly below an oxygen atom, the height of
the oxygen overlayer above the Ni substrate is deter-
mined to be 0.85+0. 11 A, equivalent to a first-layer-Ni-
to-oxygen bond length of 1.96 A. The shadow-cone in-
teractions of the oxygen overlayer with the Ni substrate,
including the interactions in the (100) azimuth, have
been calculated and are illustrated in Figs. 4 and 5.

The distributions of the secondary Ni+-ion intensity
for the (100) and (110) azimuths of the c(2X2)
0/NiI001) surface are plotted in Figs. 4 and 5, respec-
tively. Both spectra exhibit the dominant feature
8(1,1)(1,3) at 0; =22.2, as observed in the spectra of the
clean and p(2 X 2) surfaces. From this feature, a value of
3.49+0.06 A is calculated for the distance between the
first and third Ni layers. This may represent a slight ex-
pansion compared to the clean and p(2X2) surfaces
where we reported a value of 3.42+0. 10 A. The magni-
tude of the uncertainty, however, makes this conclusion
quite tentative. The distance between an overlayer oxy-
gen atom and a second-layer Ni atom directly below is
determined from the same feature as the one utilized in
the p(2X2) analysis, specifically, F(Ox}(2,6} in the (110)
azimuth at 8;=48.9'. The distance of 2.83+0.06 A is
larger than the value obtained for the p(2X2) structure.
The difference is attributed to the inward displacement of
second-layer atoms of the c(2 X 2) surface, which has also
been reported in RBS (Refs. 16 and 17) and LEED (Refs.
18, 19, and 34) studies. The shoulder feature F(1,1)(2,4)
at 8; =55.9' in the (100) azimuth yields an almost bulk-
like spacing of 1.78+0.06 A as the distance from the first
Ni layer to the Ni atom located directly below a site that
does not contain an oxygen atom.

The feature R1,3)(2,6) observed in the p(2X2) experi-
ment is no longer resolved in this spectrum and we are
unable to directly determine the amplitude of the
second-layer buckling from this mechanism. However,
the distance from the oxygen atom to the second-layer Ni
atom is 2.83 A as determined by F(Ox)(2,6). If we assume
that the distance between the oxygen atom and the sur-
face Ni plane is 0.85 A, the same as that found for the
p ( 2 X2) structure, then the distance between the surface
Ni plane and the corresponding second-layer Ni atom is
1.98+0.15 A. This value yields a buckling amplitude
hd, 2 of 0.20+0. 12 A for the c (2 X 2 structure. More-
over, dt2=1. 88%0.06 A and d23=1.61+0.16 A. The
final results of our analysis are summarized in Table II,
with the distance definitions given in Fig. 7.

We have assumed that the Ni-0 bond length is the
same for the c(2X2}and the p(2X2) surfaces. Although
this assumption is commonly accepted, results from a re-

Technique T (K)

TABLE II. Shadow-cone-enhanced SIMS analysis of Ni(001], p(2X2) 0/NiI001], and c(2X2)
0/Ni(001 j with comparison to previous studies.

d~ (A)' d» (A) dq3 (A) Ref.

Clean 1.70+0.01
1.68+0.06 1.74+0.16

RBS
SIMS

370
300

17
present work

p(2 X2) 0.86+0.10
0.80+0.05
0.85+0.11

1.80+0.02
1.80+0.02 1.75+0.02
1 ~ 72+0.06 1.70+0.16

RBS
0.10+0.07 LEED
0.26+0.12 SIMS

370
120
300

17
19

present work

c(2 X 2) 0.86+0.10 1.85+0.03
0.77+0.04 1.87+0.02
0.85+0.11 1.88+0.06 1.61+0.16

'See Fig. 7 for definition of distances.

RBS
0.035+0.02 LEED
0.20+0.10 SIMS

370
120
300

17
18

present work
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cent x-ray photoelectron spectroscopy (XPS) study' sug-
gest that the oxygen atom is only 0.3 A above the surface
plane, a value also consistent with a theoretical predic-
tion. If we use this value to calculate the buckling mag-
nitude as noted above, we obtain a value of 0.75 A for
hd, 2. This very large value is outside the range of physi-
cally reasonable values for this system.

Our results reveal that there is a contraction of the
second substrate interlayer spacing of 0.06 and 0.15 A for
p(2 X 2) and c(2 X 2), respectively. Considering the
strong relaxation and reconstruction of the substrate sur-
face, it is possible that even deeper layers could experi-
ence atomic displacement. Unfortunately, measurement
of this effect is beyond the capabilities of this technique.

For the c(2 X 2) structure, the second substrate layer
buckling amplitude is determined as 0.2 A, a value which
is slightly smaller than the value determined for the
p(2X2) buckling (0.26 A). A local chemical effect argu-
ment has been introduced to explain the buckling of the
substrate after oxygen adsorption. ' The Ni atoms
beneath oxygen overlayer atoms are relaxed inward in or-
der to reduce the energy of the oxygen adsorbed in the
fourfold hollow site. The Ni atoms, which are not
beneath oxygen atoms, do not experience the same mag-
nitude of change in the local environment so the atoms
are buckled. For the c(2X2) surface, the buckling of the
Ni atoms decreases slightly because the added 0.25 mono-
layer of oxygen reduces the local nature of the chemical
effect. The oxygen-induced expansion of the top sub-
strate spacing has been explained as the result of substan-
tial softening of surface force constants, which results in
a shift of the surface phonon frequencies.

IV. CONCLUSION AND PROSPECTS

Buckling of second-layer atoms associated with chem-
isorption has now been observed in many different sys-
tems. So far, results from these observations have not al-
lowed a general theory of this phenomenon to be
developed. For example, for (2 X 2) S/Cu {001 I the
second-layer Cu atom is relaxed toward the surface by
0.13 A by a S atom bound in the fourfold hollow site
directly above it. For the very similar c(2 X 2)

S/Ni{001I system, one study reports the second-layer Ni
atom is also relaxed toward the surface but only by 0.03
A, although another finds that this distance is expanded

by 0.01 A. ' For c(2X2) Cl/Cu{001j, c(2X2)
S/Ni {011), and p(2 X 2) ethylidyne/Pt {111I, the
second-layer metal atoms are a11 relaxed away from the
surface plane by 0.04, 0.1, and 0.08 A, respectively.
Interestingly, for the ( 2 X 2) ethylidyne/Rh {111 ) system,
this layer spacing changes in the opposite direction, with
the spacing contracting by 0.1 A. Obviously, more
effort is required before a coherent picture of this effect
emerges.

In this study we demonstrate that shadow-cone-
enhanced SIMS is applicable to the investigation of ad-
sorbate binding as well as substrate structure. The sha-
dowing effect makes this technique very surface specific,
providing information about the top layer that is well
resolved from the bulk. Moreover, the nature of the
secondary-ion desorption enables this technique to reveal
structural information in the second or even deeper layer
of the substrate. These types of direct approaches offer
complementary approaches to diffraction techniques
where structures are selected from a set of candidate
structures by comparison between calculation and experi-
ment after transformation from reciprocal-lattice space.

We believe that in the future shadow-cone-enhanced
SIMS can make a significant contribution towards exam-
ining systems of the type reported here, particularly be-
cause of its experimental simplicity. Further improve-
ment of the precision of the technique should be possible
by incorporating substrate cooling during data acquisi-
tion. Many commonly studied elements have bulk rms
thermal vibration amplitudes between 0.05 and 1.0 A,
and this value may be even higher for surface atoms.
Preliminary investigations show that this factor is largely
responsible for the wide peak width (approximately 5

width at half maximum) of an enhanced intensity feature
at a substrate temperature of 300 K and that the width
could be substantially reduced by cooling to 100 K.
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