
PHYSICAL REVIEW B VOLUME 25, NUMBER 2 15 JANUARY 1982

Structures of oxygen-covered Ni(110) surfaces
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The structures of oxygen-covered Ni(110) surfaces have been studied at 300 K by the
in situ combination of low-energy electron diffraction (LEED), high-resolution electron-
energy-loss spectroscopy, Auger electron spectroscopy, and work-function-change mea-
surement. The electron-energy-loss peaks due to the excitation of the nickel-oxygen
stretching vibration have been observed at 480, 380, and 4~~ cm '. The 480-cm ' peak
is associated with the oxygen atoms in the short-bridge sites of the unreconstructed
Ni(110) surface, the 380-cm peak with the oxygen atoms which lie in the bridge sites of
the Ni[001] rows of the reconstructed surface, and the ~44-cm ' peak with the nickel ox-
ide patches. It is proposed, when the LEED (2)& 1) pattern is seen, that two structures,
i.e., the unreconstructed and reconstructed {2&(1)-Ostructures, are formed. The struc-
tures of the "initial"-(3g 1)-O, (3)(1)-O, {9)&4)and disordered-nickel-oxide surfaces are
discussed. Experimental results and discussion on the "Ni(110) (2X 1)-O" surfaces pro-
duced by high-temperature heating are included.

I. INTRODUCTION

Information on the surface structure, i.e., the
geometrical location of atoms on a solid surface, is
of great importance in the understanding of sur-
face properties and processes. The structures of
clean and oxygen-covered Ni(110) surfaces at 300
K have been studied in some detail using low-
energy-electron diffraction (LEED) by a number of
investigators. ' For the Ni(110) clean surface, the
LEED (1X1)pattern is observed, indicating the
existence of a laterally unreconstructed surface. By
the exposure of the clean surface to oxygen, a
series of LEED patterns is seen, in order of ap-
pearance "initial" (3X1), (2X1), (3X1), (9X4),
and disordered nickel oxide. The initial-(3X1)
pattern has been reported as strong and reproduci-
ble, ' ' as seen only with difficulty, or as not ob-
served at all. ' For the (2X1)-0 structure, the
reconstruction model and the simple-addition
model have been proposed, respectively, by Germer
et al. ' ' and Demuth et a/. ' According to the
reconstruction model, the Ni(1 10) substrate is
reconstructed such that every other Ni[001] row is
absent and that the oxygen atoms occupy the posi-
tions of the absent nickel atoms. Verheij et al. ' '"
have recently proposed, from the study using low-

energy ion scattering (at 523 K), that the oxygen
atoms lie in or close to the Ni[001] rows of the
reconstructed nickel substrate. According to the
simple-addition model deduced from the LEED

dynamical calculation, the oxygen atoms are locat-
ed in the short-bridge sites of the unreconstructed
Ni(1 10) substrate. For the initial-(3X1)-0 and
(3X1)-0 structures, Germer et al. ' ' have pro-
posed the reconstruction models. For the (9X4)
structure, May and Germer have proposed a two-
dimensional pseudo-oxide model.

Experimentally, the "Ni(110) (2X1)-0"surface,
as defined by the observation of the (2X1) pattern
using LEED, can be produced by (1) room-temper-
ature adsorption of oxygen on the Ni(1 10) clean
surface, ' ' ' ' (2) room-temperature adsorption
of oxygen, followed by high-tempreature heat-

ing, ' ' and (3) exposure of the Ni(110) clean sur-
face to a large amount of oxygen, followed by
high-temperature heating. ' ' ' The question ar-
ises as to how these surfaces differ. This problem
has been studied using LEED, ' ' ' Rutherford
backscattering, ' etc.

In the present investigation, the structures of
oxygen-covered Ni(1 10) surfaces produced at 300
K and the Ni(110) (2X1)-0 surfaces produced by
high-temperature heating have been studied using
LEED, high-resolution dectron-energy-loss spec-
troscopy (HRELS), Auger electron spectroscopy
(AES), and work-function-change measurement
(bP). HRELS is a relatively new technique which
yields direct information on the geometry and
chemical state of adsorbates. ' HRELS and LEED
give complementary information on the surface
structure: HRELS yields information on the local
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structure, whereas LEED yields information on the
long-range periodic structure of the surface. New
models on the structures of oxygen-covered Ni(110)
surfaces are proposed.

II. EXPERIMENTAL

The experiments were performed using an ul-
trahigh vacuum system with the base pressure of
—1& 10 ' Torr, by the in situ combined tech-
niques of LEED, HRELS, AES, b,P, and mass
spectroscopy. The high-resolution electron spec-
trometer which has been constructed by the au-
thors for the present study consists of a monochro-
mator and an energy analyzer, both of 127'
cylindrical deflector type. For the HRELS meas-
urements, the primary electron energy E& of 1.9 eV
and the incidence angle a of 60' with respect to the
surface normal were used. The elastic peak in the
specular reflection beam had the maximum intensi-
ty of —10 counts/s (for a clean surface) and the
full width at half maximum (FWHM) of -65
cm '. The energy-loss region which has been
measured extends from 0 up to 2500 cm '. The
work-function change was determined using the
retarding-field diode technique. The experimental
error in the determination was —+0.02 eV. The
Ni(110) sample (Metals Research Corp. ) used was
of 99.999% purity and of 6 mm diam X2 mm
thickness. The clean Ni(110) surface, having the

p (1 X 1) LEED pattern, was carefully prepared by
the standard technique (Ar+-ion bombardment—
annealing —oxidation —flashing cycles). No impur-
ities were observed on the clean surface thus
prepared within the detection limit of AES (using
the LEED optics). The Auger peak-height ratio,
H(noise)/H(Ni L2 3 VV), was less than 0.01, and the
residual carbon, if any, was estimated to be less
than 0.02 monolayer. Sample temperature was
measured with a chromel-alumel thermocouple at-
tached to the sample edge. Error in the measure-
ment was estimated to be less than —+10 K.
Molecular oxygen was admitted into the vacuum
chamber at 5 X 10 —5)& 10 Torr through a
variable-leak valve. The oxygen pressure was mon-
itored using the nude-type Bayard-Alpert ion gauge
and calibrated by the gauge-sensitivity factor of
oxygen (0.8 relative to nitrogen). "The oxgyen ex-
posure was estimated by Jp dt (p is the oxygen
pressure, r is the time). Details of the experimental
apparatus and techniques have been described in
our previous paper. '

III. RESULTS

The LEED, HRELS, AES, and b,P results are
given below. The experimental results by the four
techniques can be correlated with each other using
a common parameter, the oxygen exposure. The
four measurements were made in situ, but not
simultaneously; however, the correlation of the ex-
perimental results was confirmed by many experi-
ments. The reproducibility of the data has been
confirmed. The oxygen exposures given in the data
are understood to be the typical values measured.

A. LEED

As the Ni(110) clean surface was exposed to oxy-
gen at 300 K, the following progression of LEED
patterns was observed: (2X I), (3X I), (9X4), and
the disordered nickel oxide. It is noted that the
observed (9X4) pattern has been comparatively
poor. The LEED streaks in the [110]Az were ob-
served prior to the (2X 1) pattern, and between the
(2X1) and (3X1) patterns. The initial-(3X1) pat-
tern was seen only with difficulty. The oxygen ex-
posures required for the well-developed (2X 1),
(3X 1), and (9X4) patterns were -0.8 —1.2,
3.4 —4, and 12—15 langmuirs (L), respectively
(1L=10 Torr s); for the LEED streaks
-0.2 —0.4 L and -2.5 —3.3 L; for the initial-
(3X 1) -0.3 L. For the oxygen exposure of more
than —30 L, the diffuse Ni(110) substrate spots
with a bright background attributed to the forma-
tion of the disordered-nickel-oxide structure were
observed. The experimental results are summar-
ized in Fig. 3 (Sec. III C). Our LEED results in-
cluding the oxygen exposures required for the ob-
servation of the various LEED patterns are in rea-
sonable agreement with those which have been re-
ported by other investigators. ' The LEED
streaks have been studied in detail by Germer
et al. 4

B. HRELS

In Fig. 1 are shown the HRELS spectra, in the
specular mode, at 300 K of oxygen-covered Ni(110)
surfaces. The loss-peak intensities are normalized
by their respective elastic peak intensities, and the
results are presented such that all spectra are relat-
ed to the same elastic peak. For the small oxygen
exposure of less than -0.15 L, a single loss peak
at 480 cm ' with the F%HM of -80 cm ' was
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FIG. 1. EleElectron-energy-loss spectra in the, in e specular
ion mo e, at 300 K, of oxygen-covered Ni(110)

surfaces. The amounamounts of oxygen exposure and the ob-

served LEED patterns are included.

observed. The loss value was reproducible to
within +12 cm '. Wit" 'it.". increasing oxygen expo-
sure up to 0.4 L, the intensity of the 480 cm
peak was increased and addit' ll,i iona y, a new peak

the ox en
was observed at the loss energy of 380o cm . As

e oxygen exposure was increased to -0.8 —1.2 L
[corresponding to the (2X 1) pattern], two loss
peaks at 380 anand 480 cm ' were observed with
relativel lar e iny g intensity. The intensity of the 480-
cm ' peak was decreased substantially for 2-L ox-

ygen exposure, and the 480-cm ' eak
'

h d
or —. L. The 380-cm ' peak was shifted

monotonically towards higher energy for the oxy-

gen exposure from 0.4 to 3.3 L 384 cm for 2-L
oxygen exposure, and 400 cm ' for 3.3 L. For . . Fur-

the 380-cm
ore, in t is exposure region th e intensity of

tiall ox
e -cm pea seemed to have increas d

' '-se ini-

y (oxygen exposure from 0.4 to -2.7 L), and
then decreased (from -2.7 to 3.3 L). The 444-
cm ' peak seemed to have emerged for 2.7-L oxy-

gen exposure, and its existence was 1 1as c ear y observed
or . . For the oxygen exposure of 3.6 L [cor-

responding to the (3X 1) pattern] the 380-
eak virtp virtually disappeared and only the 444-cm

peak with the FTHM of —105 cm ' w

e . The 444-cm peak seemed to have
broadened sli htl f'g y or further oxygen exposures.
The FTHM of the 444-cm ' k f
gen exposure (corresponding to the disordered-
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FIG. 2. &&ectron-energy-loss spectra of ox
covered Ni(110 surfe i & surfaces. (a) Dotted curve, Ni(110) sur-

ra o oxygen-

face exposed to 0.96-L oxygen at 300 K' 1'
; so id curve,

i(110 surfac
min. otted curveafter heating at 540 K for 1 m' (b) D

rface exposed to 0.4-L oxygen at 300 K; solid
curve, after heating at 630 K f 1or min. (c) Dotted
curve, Ni(110) surface exposed t 30-Lse o - oxygen at 300 K;
solid curve, after heating at 770 K for 1 min

nickel-oxide pattern) was —115 cm
e -cm peak, in the oxygen exposure region

between 3.6 and 30 L no dd't' 1

served.
, no a itional peaks were ob-

In Fig. 2 are shown the eA'ects of thermal treat-
ment on the HRELS spectra of oxygen-cove d

i( 0) surfaces. The dotted curve of Fig. 2(a)
re

shows the HRELS spectrum of the Ni(110) surface

exposed at 300 K to 0.96-L oxyg . Thoxygen. is spectrum

g. , an t e energy-has already been shown in Fi . 1 d h

oss peaks are at 380 and 480 cm '. For this sur-

ace, the LEED (2X 1) pattern has been observed

2
as described in Sec. IIIA. The sol'd f F' .

(a) shows the HRELS spectrum of the surface
produced by heating the Ni(110) surface, preex-

posed to 0.96-L oxygen, at 540 K f 1or min. Only

t e 80-cm peak has been observed (the 480-
cm ' peak has disappeared), accompanied b th

sha rpening of the LEED spots in the (2X 1) pat-
tern. The dotted curve of Fig. 2(b) shows the
HRELS spectrum of the Ni(110) surface ex osed

o . - oxygen. The energy-loss peaks
are at 380 and 480 cm '. The initial-(3X 1) pat-
tern has been observed (onl 'th d'ffy wi s acuity) for
this surface as described in Sec. III A. The solid

the surface
curve of Fig. 2(b) shows the HRELSe spectrum of

e surface produced by heating the Ni(110) sur-

ace, preexposed to 0.4-L oxygen, at 630 K for 1

min. The intensity of' the 380- ' k-cm pea as in-

creased and the 480-cm ' peak diminished; the
well-developed initial-(3 X 1) pattern has been ob-

served.
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cape depth of Auger electrons, etc.) and that the
Ni(110) surface exposed to 100-L oxygen
corresponds to 2 ML. The oxygen coverages
corresponding to the (2X 1), (3X 1), and (9X4)
patterns are -0.3, 0.4, and 1 ML, respectively
(Fig. 3). In spite of the rough estimation, these
values are in reasonable agreement with those of
other investigators' ' ' mentioned above. It is
noted, however, that the problem concerning the
oxygen coverages has not yet been settled. Germer
et al. ' have considered that the above patterns

1 2 10
respectively represent —,, —,, and —, ML from the

oxygen exposure required to produce each pattern.
Also shown in Fig. 3 is the work-function

change hP as a function of oxygen exposure. The
work-function change increased monotonically, in
the initial stage of adsorption, up to -0.6 L
(bg,„-0.46 eV), then decreased between -0.6
and 1.6 L [corresponding to the (2X1) pattern],
and again increased between —1.6 and 4.5 L. The
work-function change decreased greatly between
-4.5- and 30-L oxygen exposure, and slowly
beyond -30 L. The work-function change corre-
sponding to the (9X4) pattern was -0.35 eV.
The work-function change for 100-L oxygen expo-
sure (corresponding to the disordered-nickel-oxide
structure) was —0.4 eV. These results are in
reasonable agreement with those of other investiga-
tors. ' Demuth and Rhodin have observed the
(2X 1) LEED pattern at (not after, as in our case)
the initial maximum in their b,P versus exposure
curve; however, this difference does not invalidate
the discussion later (Sec. IV B). The work function
for nickel oxide can be estimated to be 4.6 eV, us-

ing the work function change for 100-L oxygen ex-
posure and the work function for Ni(110) (5.04
eV), ' in fair agreement with that for nickel oxide
produced by the oxidation of an Ni film (4.4 eV). 2

IV. DISCUSSION

A. The Ni(110) disordered-0 structure

In the oxygen exposure region below -0.2 L
(0 &0.1), only the Ni(110)-substrate LEED spots
are observed, with their intensities slightly reduced
from those of the clean surface. Using HRELS, a
single vibrational loss peak at 480 cm ' is ob-
served (Fig. 1). Besides, the monotonic increase in
the work-function change bP and in the Auger
peak-height ratio H(OELz 3L2 3)/H(NiL2 3 VV) is

observed (Fig. 3).
The LEED results indicate that oxygen is ad-

sorbed in the disordered structure. By comparison
with the stretching vibrational energy of gaseous
oxygen (02. 1555, 02+. 1858, and 02 . 1145
cm '), the observed energy-loss peak is attributed
to the stretching vibrational excitation of the oxy-
gen atoms adsorbed on the Ni(110) surface. The
HRELS, AES, and b,P results indicate that the ox-

ygen atoms are adsorbed in a single state. The b,P
measurement may indicate that the adsorbed oxy-
gen atoms are negatively charged. The Ni(110)
substrate is, by the oxygen adsorption, considered
to be unreconstructed from the LEED and b,P re-

sults, in agreement with the results from low-

energy ion scattering. ' ""
For HRELS in the specular mode, the incident

electrons interact mainly with the long-range di-

pole field induced by the vibrating "surface mol-
ecules" and only vibrational modes with the
dipole-moment component perpendicular to the
surface are predominantly observed. ' The ob-
served vibrational mode belongs to the totally sym-
metric representation of the point group of surface
molecules ("surface-normal dipole selection rule" ).
The number of the observed vibrational modes as
well as the vibrational energy contain information
on the structure of surface molecules.

As described above, we have observed a single
HRELS peak at 480 cm '. The number of the ob-

served vibrational mode indicates that the oxygen
atoms are located in the high-symmetry sites.
Candidates for the adsorbed site are, therefore, the
on-top site, the short-bridge site (midway between

0
two Ni atoms in contact of spacing d=2.49 A), the
long-bridge site (another type of two-atom bridging
site where the interatomic spacing is v 2d), and
the twofold hollow site (site in the middle of the
rectangular mesh). There is no vibrational study
on oxycomplexes of nickel which has been report-
ed. Thus, it is somewhat difficult to extract the
structural information from the vibrational energy.
The oxygen atoms are believed not to be located in
the on-top sites. For an oxygen atom in the on-top
site, the chemical bond would be shared essentially
with one nearest-neighbor nickel atom. According
to the crude valence-force-field model, the corre-
sponding stretching vibrational energy is expected
to be close to that for the gaseous NiO (615
cm '), which is substantially higher than the ob-

served vibrational energy (480 cm '). The stretch-

ing vibrational energy fuu~ expected for an oxygen
atom in the bridge site is, if one assumes the sum
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mNi 2V
fico& -615 —,+ cos

o 2 mo+mN

mp

of the bond forces to be nearly the same for dif-
ferent sites, given by

1/2

disordered-0 surface. Chemisorption in this oxy-
gen exposure region is associated with strong bind-

ing of the adsorbate to the substrate but negligible
substrate disruption.

where y is the Ni —0—Ni bond angle, mp and

mN; the respective masses of 0 and Ni. The ef-
fective radius of an oxygen atom [absorbed on the
Ni(100) surface] has been estimated to be 0.74 A.
Thus, for an oxygen atom in the short-bridge site
of the Ni(110) surface, y= 78' and fico& 47——0 cm
for oxygen in the long-bridge site, y=125' and
%co~ ——323 cm '. Therefore, the 480-cm ' peak
can be attributed to the oxygen atoms in the
short-bridge sites. The assumption of the sum of
the bond forces being nearly the same for diAerent
sites is, to some degree, equivalent to the statement
that the desorption energies of oxygen for diA'erent

sites (which, unfortunately, are not known for the
nickel surface) are nearly the same. This assump-
tion has been found to be valid for oxygen-covered
W(100) surfaces. The short-bridge site has been
favored from the consideration of the orbital hybrid
directions for the bonding of an oxygen atom on
the Ni(100) surface. Considering the small effec-
tive radius of an oxygen atom, the oxygen atoms
are believed not to occupy the hollow sites by the
argument similar to that for the on-top sites.

From the above discussion, it is proposed that,
in the oxygen exposure region below -0.2 L, the
oxygen molecules are dissociatively adsorbed on
the Ni(110) surface, at random, in a single state
and that the adsorbed oxygen atoms are located in
the short-bridge sites of the unreconstructed
Ni(110) substrate (simple-addition model). In Fig.
4(a) is shown the proposed structural model of the

[ppI] Az

(+) (b) (c)
FIG. 4. Structural models of (a) the Ni(110)

disordered-0 structure, (b) the Ni(110) unreconstructed
(2)& 1)-O structure, and (c) the Ni(110) reconstructed
(2X1)-0 structure; filled, open, dotted, and hatched cir-
cles represent oxygen, Ni first layer, Ni second layer,
and Ni third layer, respectively.

B. Surface structure when the LEED (2)&1)
pattern is observed

In the oxygen exposure region of —1 L (8-0.3),
the (2X 1) LEED pattern is observed, accompanied
by the work-function decrease (Fig. 3). Using
HRELS, the 380-cm ' peak is observed, in addi-
tion to the 480-cm ' peak. The intensity of the
480-cm ' peak is at the maximum (Fig. 1).

The 480-cm ' peak is attributed to the oxygen
atoms in the unreconstructed (2X 1)-O structure.
The local structure of this structure is similar to
that of the disordered-0 structure described in Sec.
IV A. Demuth et al. ' have proposed that the ox-
ygen atoms in the (2X 1)-O structure are located in
the short-bridge sites of the unreconstructed
Ni(110) surface from the LEED dynamical calcula-
tion. The additional peak at 380 cm ' is attribut-
ed to the excitation of the stretching vibration as-
sociated with the adsorbed oxygen atoms in a state
different from those in the unreconstructed (2X 1)-
0 structure: The main reason for the difference in
the stretching vibrational energies for the two
kinds of adsorbed states is considered to be the
site-dependent chemical-bond effect (in addition,
the self-image effect, etc., may be needed to ac-
count for the difference). In fact, heating of the
Ni(110) surface, preexposed to —1-L oxygen, at
540 K for 1 min has resulted in the disappearance
of the 480-cm ' peak, with the 380-cm ' peak
still surviving [Fig. 2(a), Sec. IV D]. The existence
of the two adsorbed states of oxygen, when the
(2X 1) LEED pattern is observed, has clearly been
demonstrated for the first time in this work.

The 380-cm ' peak is also associated with the
(2X1)-0 structure, because its growth coincides
with the appearance of the LEED (2 X 1) pattern.
An additional evidence for this statement is that
the sharpening of the LEED spots in the (2X 1)
pattern by the heat treatment mentioned above has
been observed (Sec. III B). The (2X 1)-O structure
associated with the 380-cm ' peak is hereafter
called the "reconstructed (2X 1)-O structure, " from
the discussion on the work-function change below.
The oxygen atoms in this structure are considered
to be disruptively bonded to the substrate lattice
accompanied with distortion of the lattice.
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As the oxygen exposure is increased from 0.96 to
2 L, the intensity of the 380-cm ' peak is slightly
increased (Fig. 1), whereas the intensity of the
LEED spots in the (2X 1) pattern is decreased
(Fig. 3). This would appear contradictory to the
assignment that the 380-cm ' peak is related to
the (2X l)-O structure. However, it should be
remembered that the LEED pattern reflects the
long-range periodic structure of the surface,
whereas HRELS is sensitive to the local structure.
By increasing the oxygen exposure from 0.96 to 2
L, the oxygen atoms would be adsorbed at sites re-
lated to the 380-cm ' peak, but by which the
long-range periodic structure is destroyed.

From the HRELS peak intensities and AES
results for 0.15- and 0.96-L oxygen exposures, the
oxygen coverage, for 0.96-L oxygen exposure, in
the unreconstructed (2X 1)-O structure is estimated
to be of comparable amount with that in the recon-
structed (2 X 1)-0 structure (the effective charge
associated with the 480-cm ' peak is assumed to
be independent of oxygen coverage).

The decrease of the work-function change b,P in
the oxygen exposure region from -0.6 to 1.6 L is
interpreted to indicate that the Ni(110) substrate is
reconstructed. Similar decrease in hP observed for
an Ni(100) surface has also been attributed to the
reconstruction process. ' Combining the bP and
HRELS results (Fig. 1), it can be stated, with the
increase of the oxygen exposure from 0.96 to 1.6 L,
that the number of the reconstructed (2 X 1) units
is increased and that the number of the unrecon-
structed (2X1) units decreased. It is noted that
the minimum in b,P near 1.6-L oxygen exposure is
due to the combined effect of the decrease in the
dipole moment per adsorbed oxygen and the in-

crease in the oxygen coverage; the dipole moment

per oxygen, estimated from b P[H(OEL2 3LQ 3)l
H(NiLz 3 VV)], is monotonically decreased from the
oxygen exposure of -0.6 to 5 L, in agreement
with the result of Benndorf et al. '

The reconstruction of the Ni(110) substrate
would occur such that every other Ni[001] row is
absent. ' Thus, from the comparison of the ob-
served vibrational energy (380 cm ') with the
crude valence-force-field model calculation (323
cm ') described above, the oxygen atoms in the
reconstructed (2 X 1)-O structure are considered to
be located inbetween the Ni atoms in the remain-'

ing [001] rows. It is noted that the local geometry
of this structure is similar to that of the long-
bridge site on the unreconstructed surface. Verheij
et al. ' '" have proposed a similar model, from the

study using low-energy Ar+ and Ne+ ion scatter-

ing, in which the oxygen atoms lie in or close to
the [001) rows of the reconstructed Ni(110) surface.
Concerning the location of the oxygen atoms,
Germer and MacRae' have proposed that they oc-

cupy the sites of the absent nickel atoms of the
reconstructed Ni(110) surface [which are similar to
the twofold hollow sites of the unreconstructed
Ni(110) surface]. This model is considered not to
be adequate from the valence-force-field model
described above.

As discussed above, we have attributed the 480-
and 380-cm ' peaks to the unreconstructed and
reconstructed (2 X 1)-O structures, respectively.
Other possible explanations are (1) the 480-cm
peak is associated with the disordered-6 structure
and (2) the oxygen atoms associated with both
peaks are adsorbed at the short-bridge sites of the
unreconstructed Ni(110) surface, the energy shift

being due to a change in binding energy and bond
length. The former would be dismissed consider-

ing the LEED dynamical study of Demuth
et al. , ' and the latter by the work-function de-

crease discussed above and by the observation of
the 380-cm ' peak attributed to the reconstructed
(2X 1)-O structure for the Ni(110) (2X l)-O sur-

faces produced by high-temperature heating (Sec.
IV D).

From the above discussion it is proposed that, in
the oxygen exposure region of —1 L, the oxygen
molecules are dissociatively adsorbed in two struc-
tures, i.e., in the unreconstructed and reconstructed
(2X1)-0 structures. The oxygen atoms in the un-
reconstructed (2X 1)-O structure are considered to
be located in the short-bridge sites of the unrecon-
structed Ni(110) surface [Fig. 4(b)] and the oxygen
atoms in the reconstructed (2X 1)-O structure in
the bridge sites along the Ni[001] rows of the
reconstructed Ni(110) surface [Fig. 4(c)].

Some of the limitations in the analyses of the
present and previous sections are summarized.
The HRELS results in the specular mode are inter-
preted in terms of the dipole scattering mechanism.
The contribution of the short-range scattering
mechanisms, although expected to be very small, '

has to be examined. Simple valence-force-field
model has been employed for the structural deter-
mination, and this treatment requires a theoretical
verification. Andersson has observed the HRELS
peaks at 428 and 319 cm ' attributed, respectively,
to the vibration of oxygen atoms in the fourfold
hollow sites for the Ni(100) p (2X2)-0 and Ni(100)
c (2X 2)-O structures; Ibach and Bruchmann33 have
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observed the HRELS peak at 580 cm ' attributed
to oxygen atoms in the threefold hollow sites for
the Ni(111) p(2X2)-0 and Ni(111) (W3Xv 3)+30'
-0 structures. It is difficult, however, to correlate
the stretching vibrational energies observed for
Ni(110), Ni(100), and Ni(111) surfaces with ad-
sorbed sites by a simple valence-force-field model;
e.g., the nickel-oxygen stretching vibrational energy
for the threefold hollow site is very close to that
for the gaseous NiO and is considerably larger than
those for the fourfold hollow and twofold bridge
sites. It is emphasized that the stretching vibra-
tional energy depends on the force constant, which
is dependent on the curvature of the adsorption po-
tential well.

C. The disordered-nickel-oxide structure,
the Ni(110) (9X4) structure, etc.

Beyond -30-L oxygen exposure (g-1.6—2)
the diffuse substrate LEED spots with a bright
background are observed. Using HRELS, a single
energy-loss peak at 444 cm ' with the F%HM of
-115 cm ' is observed. The observed work-
function change bP is —(0.3-0.4) eV. The
LEED results indicate that the sample surface is
disordered. The b,P results (discussed in Sec. III C)
together with the LEED results indicate that the
disordered-nickel-oxide structure is formed on
the Nj(110) surface. This identification is in
agreement with those of other investiga-
tors i,2, 5,7, & & —r3, &8—20 Using RHEED, the size of a
nickel-oxide crystallite has been estimated to be
less than 10 k' The nickel-oxide layer is, as dis-
cussed in Sec. III C, of about one full oxide layer
unit-cell thickness. The HRELS peak at 444 cm
is attributed to the vibration of the sublattices of
the nickel-oxide crystallite against each other
(which produces an oscillating dipole moment by
the long-range Coulomb field in nickel oxide). The
nickel (or oxygen) ion sublattices in different crys-
tallites can vibrate in phase, and can be detected by
HRELS in the specular mode. The large FTHM
(-115 cm ') of the 44~-cm ' peak is attributed
mainly to the inhomogeneity in crystallite shape
and size. Other possible mechanisms are the cou-
pling of substrate phonon modes to the vibration
associated with nickel oxide, the decaying im-

age, the resonance broadening, etc. The in-
frared absorption experiments of ionic microcry-
stals sized (NiO, MgO, etc.) sized —100—1000 A
have been performed by a number of investiga-
tors. On the other hand, the lattice dynamical

calculations of ionic microcrystals sized —10—20
0
A have been performed by several investigators.
Both experiments and calculations indicate that the
infrared absorption related to the surface vibration-
al modes of ionic microcrystals mainly occurs in
the energy region between the energy fuuL of the
long-wavelength bulk longitudinal-optical phonon
and the energy %cod of the long-wavelength bulk
transverse-optical phonon. Although the effects of
the nickel substrate, etc., have to be considered, it
is interesting to note that the 444-cm ' peak in the
present work is located between ficol (577 cm ')
and iricoT (387 cm ') of NiO.

In the oxygen exposure region of —13 L (8-1),
the (9X4) LEED pattern is observed. The
HRELS results are similar to those of the dis-
ordered-nickel-oxide structure (Fig. 1). The work-
function change b,P is -0.35 eV (Fig. 3). The
HRELS and bP results are considered to indicate
that the nickel-oxide patches (crystallites) are
formed on the nickel surface. For the (9X4) struc-
ture, May and Germer have proposed a two-
dimensional pseudo-oxide model in which an oxide
monolayer very like a (100) plane of NiO except
smaller by about 5%%uo is formed. The present ex-
perimental results are compatible with this model.
The poor resolution of the LEED spots in the
(9X4) pattern and the similarity of the HRELS
spectra corresponding to the (9X4) and dis-
ordered-nickel-oxide structure are interpreted to in-
dicate that the pseudo-oxide layer is composed of
the nickel-oxide patches of limited extent.

In the oxygen exposure region between 3.4 and 4
L (8-0.4), the (3X 1) LEED pattern is observed.
As in the case of the (2X 1) pattern, the fractional
order spots in the (3 X 1) pattern have an intensity
comparable to that of the spots from the nickel
substrates. The HRELS spectra (Fig. 1) in this ox-

ygen exposure region is very similar to those of the
(9X4) and disordered-nickel-oxide structures. The
work-function change per adsorbed oxygen is, as
discussed in Sec. IV B, monotonically decreased
from the oxygen exposure of -0.6 to 5 L. The
LEED and b,P results are interpreted to indicate
that, as in the case of the reconstructed (2X 1)-O
structure, the substrate is reconstructed. The
HRELS results indicate that the nickel oxide
patches are formed when the (3X 1) LEED pattern
is observed, in agreement with the proposal by
Smeenk et al. ' from the study using Rutherford
backscattering. Germer and MacRae' have pro-
posed a model for the (3 X 1)-O structure in which
the Ni[001] rows are formed on top of the Ni(110)
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surface separated by three times the original spac-
ing along the [110]direction and in which the oxy-
gen atoms occupy the positions of the absent nickel
atoms. This model seems not to be compatible
with the HRELS results, considering the simple
valence-force-field model discussed in Sec. IV A.

It is difficult to understand why the spectral
shape, especially the intensities, of the 444-cm
peaks for the (3X 1)-O, (9X4), and disordered-
nickel-oxide structures are nearly the same, al-
though the corresponding oxygen coverages are
respectively -0.4, 1, and 2. This is attributed to a
combination of several effects: (1) The intensity of
the 444-cm ' peak may give only a rough measure
of the amount of nickel oxide due to the angular
broadening of the electron beam reflected from the
disordered-nickel-oxide patches (whose amount is
the largest for the disordered-nickel-oxide struc-
ture)'; (2) HRELS in the specular mode is sensi-
tive to the long-range dipole field produced outside
the crystal, ' etc. The FWHM of the 444-cm
peak for the (3X1)-0 structure is —105 cm ', and
for the disordered-nickel-oxide —115 cm '. The
fact that the FWHM of the 444-cm ' peaks are
nearly the same for the (3 X 1)-O, (9X4), and
disordered-nickel-oxide structures would be inter-
preted to indicate that the inhomogeneity in the
shape and size of the nickel-oxide patches are of
similar extent in these three structures.

In the oxygen exposure region of -0.4 L
(8-0.2), the initial-(3 X 1) pattern is observed (but
with difficulty). Heating of the Ni(110) surface,
preexposed to -0.4-L oxygen, at 630 K for 1 min
has resulted in the decay of the HRELS peak at
480 cm ' and in the enhancement of the 380-cm
peak [Fig. 2(b)]. This change has been accom-
panied by the well-developed initial-(3X 1) pattern
(Sec. III8). Therefore, as in the case of the
(2X 1)-O structure, the initial-(3 X 1)-O structure
can be related to the HRELS peaks at 480 and 380
cm '; the 480-cm ' peak is associated with the
unreconstructed initial-(3)& 1)-O structure and the
380-cm ' peak the reconstructed initial-(3)& 1)-O
structure. The local structure of the unreconstruct-
ed initial-(3 X 1)-O structure is considered to be
similar to that of the disordered-0 structure. The
reconstructed initial-(3)& 1)-O structure would be
similar to the reconstructed (2 X 1)-O structure, ex-
cept that the Ni[001] rows on top of the nickel sur-
face are separated by three times the original spac-
ing along the [110]direction. '

In the oxygen exposure region from -2.5 to 3.3
L (8-0.4), the LEED streaks are observed. The

HRELS results indicate that the 444-cm ' peak
emerges accompanied by the decay of the 380-
cm ' peak. In agreement with Germer et al. ,
these results can be understood in terms of the
structural composites of gradually increasing oxy-
gen content which are made up of the (2X 1)
(mostly reconstructed) and (3X 1) units; the struc-
tural composites, at a particular coverage, have re-
peating atomic sequences of different lengths but of
similar oxygen concentration. In the same way,
the LEED streaks observed in the oxygen exposure
region between -0.2 and 0.4 L (8-0.2) could be
explained in terms of the structural composites
composed of the substrate (1X 1), initial-(3 X 1), or
(2X1) units. Germer et al. have observed, at 300
K, the well-developed initial-(3X 1) pattern and the
LEED streaks; the LEED streaks have been ob-
served before and after the initial-(3X 1) pattern is
seen. The streaks before the initial-(3)& 1) pattern
have been attributed to the structural composites
composed of the substrate (1X1) and initial-(3 X 1)
units and the streaks after the initial-(3)& 1) pattern
to the structural composites composed of the
initial-(3&(1) and (2X1) units.

Of special interest is the shift of the HRELS
peak at 380 cm ' (for 0.4-L oxygen exposure) by
20 to 400 cm ' for 3.3 L. This clearly points to
the occurrence of a collective behavior of the ad-
sorbed oxygen atoms. The energy shift is caused
by a combination of several effects: the dipole-
dipole interaction, the through-substrate vibra-
tional coupling, ' the local electric-field modifica-
tion brought about by other adsorbates, etc.

D. Ni(110) (2X1)-0 surfaces produced
by high-temperature heating

For the Ni(110) (2X 1)-O surface produced by
room-temperature adsorption of oxygen on the
Ni(110) surface, two HRELS peaks at 480 and 380
cm ' are observed. This has been interpreted to
indicate that the oxygen atoms are adsorbed in two
structures (Sec. IV B). The 480-cm ' peak is asso-
ciated with the unreconstructed (2 X 1)-0 structure;
the 380-cm ' peak the reconstructed (2X1)-0
structure.

For the Ni(110) (2 X 1)-O surface produced by
heating the Ni(110) surface, preexposed to 0.96-L
oxygen at 540 K for 1 min, only the HRELS peak
at 380 cm ' is observed; the 480-cm ' peak is
nonexistent (Sec. III B). This is interpreted to indi-
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cate that only the Ni(110) reconstructed (2X 1)-O
structure is present. ' '" In addition, most of the
oxygen in the Ni(110) unreconstructed (2X 1)-O
structure must have dissolved just below the nickel
surface [some may have participated in the forma-
tion of the Ni(110) reconstructed (2X 1)-O struc-
ture]. Sharpening of the LEED spots in the
(2X 1) pattern (Sec. III 8) is considered to be
caused by thermal ordering of the reconstructed
(2X1) units.

For the Ni(110) (2X 1)-O surface produced by
heating the Ni(110) surface, preexposed to 30-L ox-

ygen at 770 K for 1 min, three HRELS peaks are
observed at 400, 544, and 1089 cm ' (Sec. III 8).
The characteristic energy loss at 544 cm ' (+12
cm ') is between the energy fico& of the long-
wavelength bulk longitudinal-optical phonon of
NiO (577 cm ') and the energy fico, of the
Fuchs-Kliewer optical surface phonon of a semi-
infinite NiO crystal; the latter being calculated to
be 534 cm '

by the relation fico, = [(co+1)/
(e +1)]' ficoT, where eo is the static dielectric
constant (11.75), e„ the high-frequency dielectric
constant (5.7), and fico& the energy of the long-

wavelength bulk transverse-optical phonon (387
cm ') of NiO. Therefore, referring to the calcu-
lation on the optical phonon of an ionic crystal
slab placed between two media of different dielec-
tric constants, the 544- and 1089-cm ' peaks are
attributed, respectively, to the single and double ex-
citations of the optical surface phonon in the upper
branch for nickel oxide formed on the nickel sur-

face. Precisely, the calculations ' predict that,
for the present experimental condition (the wave
number k

~ ~

of the phonon detectable by the
analyzer &10 A ' and thickness. d of the
nickel-oxide layer -4 A," i.e., k~~d «2), the
measured characteristic energy loss should be al-

most equal to the energy %col rather than to fico„
which is contrary to the above results. The reason
is attributed to the structural effect of the nickel-
oxide layer (discussed below) which causes the de-
viation of the dielectric constants of the layer from
the bulk values. It is noted that, for NiO(100)
grown on the Ni(100) surface at 670 —870 K under
the oxygen pressure of -3X10 6 Torr (the thick-
ness of the nickel-oxide layer is not reported, and
is estimated to be -30—100 A), ' ' multiple-loss
spectra with spacing 544 cm ' (+121 crn ') attri-
buted to the excitation of the optical surface pho-
non have been observed. The existence of the
nickel-oxide layer for the present surface has clear-
ly been shown by HRELS which is sensitive to the

local structure of the surface: the existence cannot
be expected simply by observing the well-developed
LEED (2X 1) pattern. That the nickel oxide is in
the form of patches and does not cover the surface
in a uniform layer is evidenced by the lack of the
diffraction spots associated with nickel oxide (Sec.
III 8). The size of the nickel-oxide patches,
formed by heating an Ni(110) crystal at 770 K in a
relatively high oxygen pressure (e.g., 1X10 Torr)
has been estimated to be about 25 A from the
geometrical size of the observed diffraction spots
of nickel oxide. ' The HRELS peak at 400 cm
[Fig. 2(c)] can be correlated with the observation of
the LEED (2X 1) pattern. The origin of the 400-
cm ' peak is thought to be the same as that of the
380-cm ' peak discussed above, i.e., the existence
of the Ni(110) reconstructed (2X 1)-O struc-
ture' '"; the 20-cm ' shift for the present surface
is attributed to the collective behavior (Sec. IV C)
induced by the existence of nickel-oxide patches.
The Ni(110) reconstructed (2X 1)-O structure and
nickel-oxide patches are considered to coexist in
the superficial region of the crystal, because in the
specular mode HRELS, primary electrons interact
predominantly with the long-range dipole field pro-
duced outside the crystal. ' The well-developed
LEED (2X 1) pattern is caused by the well-

developed Ni(110) reconstructed (2X1)-0 structure
on the surface. Finally, it is noted that the ex-
istence of the oxygen atoms which have dissolved
below the nickel surface is expected: Smeenk
et al. ' have found, using Rutherford backscatter-
ing, for the surface produced by heating the
Ni(110) surface, preexposed to 70-L oxygen at 775
K (very similar to the present surface), that the
thickness of the oxygen-dissolved layer is of the or-

0
der of 35 A and that the oxygen atoms displace
nickel atoms from their lattice positions.

V. CONCI. USION

The structures of oxygen-covered Ni(110) sur-
faces have been studied at 300 K using the in situ
combination of the LEED, HRELS, AES, and b,P
techniques. The proposed structural models are
summarized below.

(I) Oxygen exposure below -0.2 L (8&0.1).
The disordered-0 structure is formed; the adsorbed
oxygen atoms are located in the short-bridge sites
of the unreconstructed Ni(110) surface [Fig. 4(a)].

(2) Oxygen exposure between -0.2 and 0.4 L
(8-0.2). The adsorbed structures formed are of
the disordered-0 structure, the initial-(3)& 1)-O
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structure, and the structural composites composed
of the substrate (1X1),initial-(3X1), or (2X1)
units. The initial-(3)& 1)-O structure is divided
into the unreconstructed and reconstructed initial-
(3X 1)-O structures. The local structure of the un-
reconstructed initial-(3X 1)-O structure is similar
to that of the disordered-0 structure. The recon-
structed initial-(3 X 1)-O structure is similar to the
reconstructed (2X 1)-O structure described below,
except that the Ni[001] rows on top of the nickel
surface are separated by three times the original
spacing along the [110]direction.

(3) Oxygen exposure between -0.8 and 1.2 L
(8-0.3). Both the unreconstructed and recon-
structed (2X 1)-O structures are existent. The lo-
cal structure of the unreconstructed (2X 1)-O
structure is similar to that of the disordered-0
structure [Fig. 4(b)]. The oxygen atoms in the
reconstructed (2 X 1)-O structure are located in the
bridge sites along the Ni[001] rows of the recon-
structed Ni(110) surface [Fig. 4(c)].

(4) Oxygen exposure between -2.5 and 3.3 L
(0-0.4). The structural composites composed of
the reconstructed (2 X 1) and (3 X 1) units are
present. A small amount of oxygen atoms is in the
unreconstructed (2 X 1)-O structure.

(5) Oxygen exposure between -3.4 and 4 L
(0-0.4). The (3 X 1)-O structure composed of the
nickel-oxide patches is formed.

(6) Oxygen exposure of —13 L (0-1). The
two-dimensional pseudo-oxide composed of the
nickel-oxide patches is formed.

(7) Oxygen exposure beyond -30 L (0-1.6—2).
The disordered-nickel-oxide structure composed of
the nickel-oxide crystallites is formed.

The Ni(110) (2X 1)-O surfaces produced by
high-temperature heating have been studied. For

the surface produced by room-temperature adsorp-
tion of oxygen, followed by high-temperature heat-
ing, the oxygen atoms exist in the Ni(110) recon-
structed (2X 1)-O structure with some oxygen dis-
solved just below the nickel surface. For the surface
produced by exposure of the Ni(110) surface to a
large amount of oxygen, followed by high-temper-
ature heating, the oxygen atoms exist in the
Ni(110) reconstructed (2X 1)-O structure and in
nickel-oxide patches with some oxygen dissolved in
the selvage region of the nickel substrate.

The present paper has illustrated an application
of the in situ multitechnique apparatus (LEED,
HRELS, AES, and b,P) to the qualitative under-
standing of complicated surface structures. The
correlation of the LEED and HRELS results has
been shown to be of great importance for the eluci-
dation of the surface structures. The HRELS mea-
surements have been performed in the specular
mode. A further study in the off-specular mode
using an advanced electron spectrometer with high
electron-beam intensity is expected to give an addi-
tional insight into the surface structures. Theoreti-
cal studies on surface vibration and experimental
studies by the use of angle-resolved photoemission
(ultraviolet as well as x ray), extended x-ray ab-
sorption fine structure (EXAFS), etc., of oxygen-
covered Ni(110) surfaces are greatly anticipated.
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