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Tllc bIIldlIlg dIstallcc of c(2X2) 0.0II ¹(001)was studied 111 dcta11 by low-cllcl'gy clcG-

tron diffraction. Vfe calculated intensity-voltage curves at normal, and off-normal in-
0 0

cidences for 0-Ni interlayer spacings 1.3 A down to 0.0 A, using the combined-space

method. Comparisons with experimental data show that there is no improved agreement

for any of the spacings over the original value of dq ——0.9 A. However, the values of
0

dj ——0.9 and dq &O.l A show roughly the same fit. A normalized 8 factor also gives dou-

ble minima of approximately the same depth at these two spacings.

I. INTRODUCTION

The binding distances of chalcogens (Te, Se, S,
and 0) adsorbed 011 Nl(001) Rrc probably thc Bloat
studied structural parameters in recent surface
crystallography. It was known from early low-

energy electron diffraction (LEED) experiments'
that two ordered structures can be obtained: a
p(2X2) pattern which appears at coverage 8 g0.25
and a c(2X2}pattern at 8&0.5. The first structur-
al determination of chalcogens on Ni(001} was
done by LEED: It was determined that on
Ni(001), the p(2X2) and c(2X2) chalcogens all

b111d Rt flic llollow sltc. ' T11c LEED studies Rlso

determined the perpendicular spanng dz between

the chalcogen layer and the top Ni layer. For
p(2X2) and c(2X2) overlayers of Te, Se, and S, the
LEED-determined dI spacings are well corroborat-
ed by subsequent determinations using other spec-
tmscopic techniques and by results of ab initio cal-

culations.
The binding distance of 0 on Ni(001) is, howev-

er, less certain. While the value of dI for the

p(2X2} coverage, determined by LEED to be 0.9 A
above Ni(001), remains unchallenged, the value of
dI for the cg X2) coverage varied among analyses.

From the very beginning, early LEED studies pro-
duced conflicting results. Andersson et al. and

Demuth ct al. reported dI values of 1.5 and 0.9
A, respectively. Duke et cl. concluded that the

oxygen atoms replaced half of the Ni atoms at the

surface, thus forming a Ni-0 square lattice with a
c(2X2} periodicity, which sits on the Ni(001) sub-

strate. Later analysis by LEED using more exten-

sive data supported the 0.9-A distance of Demuth

et als

Recently, rapid I.BED intensity measurexnents

by Hanke ct al. ' and ion scattering spectroscopy
(ISS) by Bmngersma and ThIu:ten" showed that
dI ——0.9 A. Results of photoelectron diffraction
(PD) by Rosenblatt et al. ' are consistent with a
dI ——0.9 A, although no analysis was done for
dI (0.5 A. Brundle and Hopster' saw no differ-
ence in character in t4e x-ray photoemission spec-
troscopy (XPS) data of p(2X2) and c(2X2}cover-
ages; therefore, they concluded that the ordered
structures are at dI =0.9 A for both coverages.
These authors, on the other hand, did see a large
change in the XPS character between either c(2X2)
or p(2X 2) overlayer and a NiO double-layer nu-

cleation.
Other studies have yielded quite different con-

clusions. Azimuthal photoelectmn diffraction
(APD} by Petersson et al. ' found that at low cov-

erage, dI ——0.9 A, but at suf6ciently high cover-

ages, the oxygen moved down to be nearly coplanar
with the nickel: dI -0.0 A. High-resolution
electron-energy-loss spectroscopy (EELS) data by
Andersson' ' and by Lehwald and Ibach' show
that the oxygen-derived vibration frequencies are
qualitatively different between p(2X2) and e(2X2)
coverages. The data by Andersson' ' and by
Dalmi-Imelik et al. 's also show that the oxygen-
derived vibration-loss frequencies for the simple
overlayers [i.e., p(2X2) and c(2X2)] are very dif-
ferent (much lower} than those from nickel-oxide
fiims or intermediate-oxide states on the nickel sur-
face. A recent lattice-dynamical calculation by
Rahman et al. '9 using the potential-energy curve
produced in Upton and Goddard'SIO calculation fi-
tte the p(2X2) EELS data with dI =0.88 A and
the c(2X2) data with d=0.27 A.
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In view of these conflicting results and the fact
that the previous LEED calculations were not done
for d ~0.6 A, we carried out a new LEED analysis
for c(2)&2) 0-Ni(001) with di ——1.3 A and varied
the spacing down to 0.0 A. Our aim is to deter-
mine whether or not the LEED intensity-voltage
(IV) data can definitively rule out the small-di re-
sult. The reason previous I.RED calculations
stopped at di ——0.6 A was that the Bloch waves be-
tween atomic layers were expanded in terms of g
plane waves. The number g increases rapidly as
d, F d 06A th di io ofth
lng matIMCS becomes very large.

This difficulty is avoided by the use of the
combined-space method, ' which accurately han-
dles layers with any separation distance. In this
work, we compare the calculations of IV curves at
normal and off-normal incidences using 10 va ues
f d d compare our calculated results with theo j an c

22data of Demuth and Rhodin. In Sec. II, we
present details of the calculation and its inputs.
Section III presents the comparison between theory
and experiment of IV curves and results of an
averaged R factor. Our conclusions are given in
Sec. IV.
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FIG. 1. The normalized R factor vs dq spacing be-
tween 0 layer and nickel {001)snrface.
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where Vi is measured in units of eV, E is the ener-

gy in electron volts above vacuum, and Vo is the
inner potential. Although we initially used
Vo ——11.2 eV,2 our R-factor analysis preferred a
value of Vo ——13.2 eV. All the figures shown in
Sec. III are with Vo ——13.2 eV. The 2-eV shift
slightly improved our normalized R factor but has
little effect on the conclusions of the d spacing.

II. METHOD OP COMPUTATION
AND INPUT PARAMATERS

III. COMPARISON OF IV CURVES
SET%BEN THEORY AND EXPERIMENT

AND RESULTS
OF THE AVERAGED R FACTOR

To calculate LEED intensity energy (IV) spectra
for general adsorbate-substrate di spacings, we
used the combined-space method of Tong and Van
Hove. ' In this method, the oxygen overlayer and
the topmost nickel layer are treated as a composite
layer in which the layer scattering matrices are
solved in I. (angular momentum) space. These ma-
trices are then transformed to the E- (linear
momentum} space representation. Multiple scatter-
ings between the composite layer and the other
(nickel) layers are solved in X space. Since the
method does not use E-space expansions within the
composite layer, it avoids the use of too many
beams when dq gets small between atomic layers o
the composite.

For inputs to the LEED computer program, the
nickel phase shifts are calculated from the sel-

0

consistent band-structure potential of W~o,
and oxygen phase shifts are obtained from a self-
consistent Xa scattered-wave calculation of a NiqO
cluster. The imaginary part of the optical poten-
tial is given by

Calculations of IV curves in the energy range
20—240 eV are made. Ten dj spacings, ranging
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FIG. 2. Comparison between theory and experiment:
(10) beam at normal incidhnce.
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FIG. 3. Comparison between theory and experiment:

(11)beam at normal incidence.

0
from di =0.0 to 1.3 A are chosen. Comparisons
are made with the experimental data of Demuth
and Rhodin at normal incidence for the (10), (11),
and ( i —,) beams and at 8=4', 8', 14', and 20' for
the (00) beam. To facilitate comparison with the
experimental data, we use six R factors defined
earlier by Van Hove et al.,2s Zanazzi and Jona, 26

and Pendry, and construct a normalized R factor.
First, we put weights on the individual R factors,
defined as follows:

Ri ——Ai~&, /&&„, ,

R, =~, f (I, cI, )'dE, —

R3 ——A3 I,' —cI,' E,
R4 ——A4 I,"—cI," E,

~I; .I;
~

[I, .I—;l-Rs=as, ', ' dE,
lI,' /+max/I,

'
l

f (F,—F, ) dE

f (F, +F, )dE

(2)

(3)

(4)

where &Ee is the energy range with slopes of oppo-
sitewigns, hE«, is the total energy range, I, is the
experimental intensity data, I,' and I,"refer to the
first and second derivatives of I, with respect to
energy; I„I,', and I,"are the corresponding quanti-
ties for the calculated intensities. Also,

I,dE

I,dE
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FIG. 4. Comparison between theory and experiment:

(——) beam at normal incidence.
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FIG. 5. Comparison between theory and experiment:

(00) beam at 8=4; P along [100] direction.

The freights A~, . . . , A6 are chosen such that
the average value of each R factor over the
geometries considered in this work is 1.0. This en-

sures that the infiuence of each R factor is roughly
the same, and in taking the overa11 average, no one
R factor dominates the others. We then define our
normalized R factor as the mean of R i, . . . , R6,
each having been weighted by the coefficients

A/p ~ ~ ~ pA6 ~

Ni(001) -c(2x 2)0

d =0.9A (00)Beam 8=4'

0]
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p between theo' snd cxpeAmcnt:FIG. 6. Com afison
(00) beam at 8=8', P along f 100] direction.

The normalized R factor, based on the seven IV
curves [the 10), (11), ( —,—,) beams at normal in-

cidence and the (00) beam at 8=4' 8' l4'

], p o ted as a function of dt, shows two rough-

y equal mimma, at d& &0.1 A and d =0.9 A (F' .
1). A pronounced peak occurs between

1g.

them std =&-5.5 A. The R-factor value chan b
more th an 78% betwtz:n either minima and this

C SQgCS

t e two minima, the R factor at d =0.9eak. Of th
is % lower. Thus, the agreement between

A. The
theory and experiment at "best" ft d = .s 1 18 st gj =0.9

he agreement deteriorates at d =5—6 A
then im proves again as dj ncars zero.

I I I
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t~een theo+ snd experiment:FIG. 8. Com srison be
00) beam at 8=20', P along [100] direction.

Thc ovcrRll RgrccmcQt bct%ccIl th cop/ Rll cxpcr-
iment ts acccptablc, but not t t di

Zanazzi-Jones (ZJ) 8 factor, 26 which is 0.27 at
t ——0.9 A and 0.29 at d J

——0.0 A. We normally
classify a good fit if RzJ ~0.2. The agreement,

e

at z
——0.9 A and RzJ ——0.16 at 0.0 A if we count

only the comparison at normal incidence.

perimental data, are shown for the two best d s ac-
igs. —. Of the seven IV curves only

the ( —— beam
'

~OQQ

, —,, beam is an overlayer (oxygen) spot. The
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others are all substrate spots. An IV curve from a
substrate spot is not very sensitive to the oxygen-
nickel spacing because many of the peaks in the
curve are derived from scatterings between nickel

layers, which are independent of the 0-Ni spacing.
We show in Fig. 9 another overlayer spot: the

3 1

(—,—,) beam. This beatn does not appear until

E)80 eV, however, it does contain a few peaks.
Its intensity at 82 eV is about 40% of the experi-

1 1

mental peak in the ( —,—, ) btmn at 70 eV. This
beam is very different between di ——0.0 A and

dt ——0.9 A. It seems that further analysis by
1 1 3 1

LEED should concentrate on the ( —,—, ) and (—,—,)

beams. The problem, of course, is that these two
beams have little intensity at F. & 60 eV at room
temperature. Perhaps low-temperature IV curves
should be taken.

IV. CONCLUSIONS

ly, they could be used to better differentiate be-
tween the two dt spacings. We suggest that low-

temperature IV curves be taken.
On the other hand, the evidence from EELS is

rather striking. It indicates that there is an oxygen
c(2X2) phase which is qualitatiuely different from
the p(2 X2) or nickel-oxide phases. The question

is, at what oxygen coverage does the EELS loss
peak at 430 cm ' shift down to 310 cm '? Does
this "down shift" coincide exactly with the disap-
pearance of the p(2X2) LEED spots& Rosenblatt
et al. ' stated that their photoelectron diffraction
data were taken at an oxygen coverage where the
last evidence of p(2X2) spots disappeared and the
c(2X2) pattern became sharp. Does this occur at
the same oxygen coverage where EELS observed
the down-shifted loss peak of 310 cm '? Experi-
mental clarification of these points will help to
better define the c(2X2) phase or phases of oxygen
on Ni(001).

Our analysis indicates that when comparing cal-
culated LEED IV curves with the data of Demuth
and Rhodin, the dt ——0.9 A is slightly favored.
However, by extending the comparison of dt to in-

clude dt ——0.0 A, we found that the LEED analysis

cannot rule out the structure that has oxygen
atoms close (di-0.0 A) to the Ni(001) surface.
Based on the calculated IV curves for the oxygen-

1 1 3 1
derived beams [(i.e., ( —,—, ) and (—,—,)], it is clear

that if these beams can be measured experimental-
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