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Elastic helium-atom—surface scattering is currently being used to obtain important structural in-

formation from adsorbate-covered surfaces.

Since our earlier work on helium diffraction from

p(2X2) and ¢(2X2) phases of oxygen on Ni(001) there have been three new developments. These
are (i) the suggestion by Rieder of a prolate charge distribution on oxygen, (ii) the pseudobridge site
proposal of Demuth et al., and (iii) the self-consistent calculation of the helium-surface interaction
potential due to Lang and Ngrskov. In this paper we present results for a wide range of calculation-
al parameters for the ¢(2X2) phase of oxygen on Ni(001) and comment on the above developments.
Specifically, based on the results in (iii), we are able to explore the implications of the use of the
Esbjerg-Ngrskov-Lang relation with and without helium averaged surface-charge density. We con-
clude that the prolate charge distribution produces a shape function in better agreement with experi-
ment. Changes in corrugation coefficients introduced by shifting to the pseudobridge site from the

centered site are noted to be small.

I. INTRODUCTION

The chemisorption of oxygen on Ni(001) is among the
most thoroughly investigated' =2 adsorption systems. It
appears from a number of recent publications'>~2® that
the controversy about the vertical position of chemisorbed
oxygen on Ni(001) is nearly resolved in favor of a single
height of about 0.9 A for both the p(2X2) and c(2X2)
phases. Most of the experimental investigations have pro-
jected a single vertical height of oxygen above the nickel
surface for the two phases. The cause of reduction®!! in
the frequency of the oxygen symmetric stretch as one goes
from p(2X2) to ¢(2X2) is still not fully established. A
possible explanation'?!? that oxygen atoms in the ¢ (2X2)
case are drawn closer to the nickel surface is not con-
sistent with low-energy electron diffraction,>?* extended
x-ray-absorption fine structure,15 surface extended
energy-loss fine structure,'® and helium diffraction.?’ Our
previous work?! as well as this contribution clearly favors
the height, zy=0.9 A as opposed to 0.26 A for both

p(2Xx2) and c(2X2) phases. But the issues we particu-
larly wish to address in this publication are threefold. We
briefly describe those below and then discuss them in de-
tail subsequently.

The first issue we address has to do with the helium
scattering®*~2° in general. In the energy range of interest
the repulsive part of the helium-surface interaction poten-
tial is proportional to the surface-charge density.’®?"%
The value of the proportionality constant (@) is not fully
settled. In particular, Lang and Norskov? have shown
that the value of o changes almost by a factor of 2 de-
pending upon whether or not one performs electrostatic
potential averaging of the surface-charge density. In this
connection we shall provide explicit analytical expressions
for the electrostatic potential averaged charge density and
change in the value of a if unaveraged charge density is
replaced by an averaged one. Despite this uncertainty in
the value of @, a number of adsorption systems have been
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successfully investigated®*—3? using the diffraction tech-

nique in combination with a nearly first-principles calcu-
lation.

The second development which forms the bulk of this
paper has to do with the shape of the corrugation function
for the p(2X2) and c¢(2X2) phases of oxygen on Ni(001).
Rieder?® has presented helium diffraction data and has
found that for both the phases the oxygen adatoms form
individual _(Gaussian) corrugation hills of height
0.55+0.05 A and full width at half maximum (FWHM)
2.05+0.05 A. From this and more thorough analysis he
has concluded that the geometnc position of the oxygen
adatoms in both phases is zp~0.9 A above the plane of
the nickel atoms. Charge-density calculations?”?! using
an O~ wave function gave a value for the corrugation
height in reasonable agreement with the experimental data
but too large a value (~2.6 A) for the FWHM. Rieder®
has noted that if one used neutral oxygen charge density
the FWHM is more in line with the experimental data but
then the height is also considerably reduced. These obser-
vations led Rieder”® to propose a prolate charge distribu-
tion around each adsorbed oxygen atom. We have carried
out a large number of calculations assuming spherical and
prolate charge distribution on oxygen atom using neutral,
ionic, and mixed basis sets. Our conclusion is that
whereas the prolate distribution does in fact lead to dif-
ferent classical turning points, the height and FWHM of
corrugations is barely affected. However, we do find an
improvement in the shape function. We shall provide our
quantitative findings in Sec. III.

Finally, the third issue we address has to do with the
more recently proposed®® pseudo-bridge-bonding site for
¢(2X2)O-Ni(001). According to Demuth et al.?* new
LEED analysis indicates that oxygen in a c¢(2X2) over-
layer resides at zy=0.80%0.025 A but is displaced
by 0.3+0.1 A along the [110] direction. We calculate the
corrugation coefficients for the displaced structure. It is
difficult for us to assess if these new corrugation coeffi-
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cients would have measurable effects on the helium dif-
fracted intensities. However, Rieder’s?® model calcula-
tions have indicated that they would be able to detect la-
teral displacements as small as 0.15 A.

II. HELIUM-SURFACE INTERACTION POTENTIAL

The effective-medium theory has given a linear?527%°
relationship between the helium-surface repulsive poten-
tial and the surface-electron density. This potential has
the form

V() =ap(F) . (1)

These calculations are based on the energy of embedding
He in a uniform electron gas. The value of the uniform
electron density is taken to be equal to the surface electron
density p(T) at the He atom position T. Lang and
Nogrskov?® have also provided another justification for Eq.
(1) based on self-consistent helium-jellium model calcula-
tions. A slightly refined form of the relation (1) is ob-
tained? by treating the deviations of the electron density
from homogeneity in the first-order perturbation theory.
The result is

where p is the charge density averaged over the electro-
static potential, ¢,,

[ p(F¢a( | T =T dT"
[ ¢a(THdT
and in atomic Rydberg units

o(F)—28(F")
da()=2 [ f—("%f_—,;—r—d?u )
r—r

’

(3)

p(T)=

Here z(=2) is the helium atomic number, ag=a—a,,
ag=— [, ¢a(DVT, 5)

and the integration is over the atomic region only. We
note that the negative sign in Eq. (5) was inadvertantly
missed in Ref. 29. There have been several values of a
proposed in the literature?~%"? (ranging from 275 to 750
eV bohr?).

Let us now calculate a.¢ and p for an assumed spheri-
cal charge distribution for the helium atom given?® by

p,,(?)=27ﬁ3e-23l?| (B=1.68 bohr™!) . (6)
From Egs. (4)—(6) we readily obtain

¢a(?)=~—'%’—<1+ﬁ|?|>e—2ﬁi?! ™
and

a,,=%[1—<1+3Rm)2e‘23"°“‘]. ®)

The value of a, does depend® on the choice of R, of the
atomic region. However, it is a rather weak dependence
for any reasonable value of R, (>2 bohr). For
Ry = 0,0, =8.90 Rybohr’=121.1 eV bohr’. Therefore,
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if @~300 eV bohr?, then a¢4~180 eV bohr?, a reduction of
nearly 40%.

For an exponentially decaying surface-charge density of
the form

p(F)=de % 9

the electrostatic potential averaged charge density
(Reyt— o) is

2
p(?,,>=_% [ p(®1ba( | F—F, | T . (10)

Using Eq. (9) it becomes

p(T.) 2 .
p(—}):—-f; [ e ™, (7d7" .
P(Ts

Substituting Eq. (7) and carrying out integrations in
spherical coordinates assuming 3> k we get

32(282_k2)
(BZ_kZ)Z

For B=1.68 bohr~! and k=0.5 bohr™!, p(T,)/p(T,)
~1.15. Thus for typical metals the averaging only
changes the charge density by about 15%. For such cases
the major effect is the change in the value of a. Since AE
is usually ignored in corrugation calculations, one gets
substantially different results depending on whether one
uses ap or a.gp. The reason, however, is not that p and p
are all that different from each other but the multiplying
factors a and a. differ from each other by nearly 40%.
If a is treated as a semiempirical parameter, the results
are quite similar whether or not any averaging is per-
formed. For most of our work we shall make use of Eq.
(1). However, Egs. (8) and (11) permit one to readily cal-
culate how much difference the averaging should make.

p(T,)
2

B(F,)= (11)

III. HELIUM DIFFRACTION ANALYSIS
FROM O-Ni(001)

The atomic arrangement of the (001) surface of Ni
covered with oxygen in the c(2X2) configuration is
shown in Fig. 1. The location of oxygen atoms along the
[110] direction is identical for the p(2X2) and ¢(2X2)
phases, the separation being V2a, where a=3.52 A is the
lattice constant of bulk nickel. However, along the x
([100]) direction the oxygen atoms are spaced a apart in
the ¢(2X2) and 2a apart in the p(2X2) structure. For
calculating surface-charge density which enters Eq. (1) we
used superposition of atomic charge densities (to be dis-
cussed more fully below) arising from the two-
dimensional periodic system. Three layers of nickel were
included along the [001] direction. For oxygen we as-
sumed an

O~ (1s%2s2pf2p,2p¥, q +1t +u =5)

charge distribution. The choice of O~ is guided by clus-
ter model calculations>*%1¢17 which have indicated
~1—1.3 excess negative charge on the oxygen atom.
Since our calculation is not self-consistent, we have ex-
plored the effect of various basis functions to set limits on
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¢(2x2)0-Ni(001)

FIG. 1. Oxygen in the ¢(2X2) structure on Ni(001). The
solid circles are oxygen atoms in the four fold hollow sites.
Large open circles are Ni atoms in the top layer, dashed circles
are Ni atoms in the layer (a/2) below. The third layer lies
below the top Ni layer displaced by a along the [001] direction.
The surface unit cell is (a X a) in area.

our calculated results. These include the neutral [ N] qua-
druple basis functions® for the outer shells corresponding
to the 3P state and the ionic [I] basis set consisting of
three exponential functions for 2s, and five functions for
2p corresponding’ to the 2P state. In addition we also
used a mixed basis set (where different magnetic quantum
numbers used N or I) to generate prolate charge distribu-
tion on oxygen. We shall use the notation X9 N] ([I]) to
denote orbital occupancy g of the O(2p, ) orbital described

by neutral (ionic) basis functions. Similar definitions ap-
ply to Y(2p,) and Z(2p,) orbitals of oxygen. The top
layer of nickel (Ni*%% and the two remaining neutral
r;lckgl3 layers were described by quadruple zeta functions
D).

A summary of the calculated corrugation results for the
c(2X2) phase of oxygen on Ni(001) along the [110] direc-
tion is given in Table I. The results for the p(22) phase
are quite similar. It is clear that for zy=0,9 A the corru-
gation height o varies from 0.37—0.64 A and FWHM
(W) has the range 2.36—2.65 A At 29=0.26 A, &o drops
to less than 0.23 A (see the last two lines in Table I) caus-
ing us to clearly rule out the shorter vertical height for the
c(2X2) phase because the experiment does indicate
£0~0.55+0.05 A. For a fixed value of a, averaging the
charge density with the electrostatic potential of He pro-
duced only minor effects (see second row in Table I).

We note that the value of W is larger than the experi-
mental value (~2 A).2° It is interesting that the usage of
neutral basis sets does reduce W as well as £, This has
been found by Rieder® earlier and he therefore proposed a
prolate charge distribution on oxygen. Our results for the
prolate  distribution, say given by table entry
XUS[IY'3[1]Z?[I] at zo=0.90 A, indicate a slight posi-
tive change from the corresponding spherical case. How-
ever, the shape function is improved as discussed below.

According to Rieder,”® putting a Gaussian with the
same height and width [as found for the p(2X2) case] in
the middle of the p(2X2) cell to model the c(2X2)
yields a good description of the experimental spectra.
However, he gets?®® a somewhat better fit by using a
Fourier representation of the corrugation:

D(x,y)=%D1,0 cos —27Tx ~+cos —ZZy +D jcos A}x cos 2a—1ry
2 4
+%D20 cos i7T—x +cos 4—1ry +D, |cos %rx cos %Tﬂy +cos —:x cos —:y (12)
, 2 a ,

TABLE 1. Corrugation height §, (A) and full width at half maximum W (A) along the [110] direction of the ¢(2X2)O-Ni(001)
phase for E;=80 MeV and a=375 eV a3. The results are shown as a function of assuming different charge density (prolate and
spherical) described by neutral or ionic oxygen basis functions. The notation X9[I,N] specifies that the O(2p,) orbital had an occu-
pancy of g electrons and was described by neutral [ N] or ionic [I] basis functions. A similar explanation holds for Y and Z. Also
given are the classical turning points Z 4 and Z), for the on top and the midpoint along the [110] direction.

Description zo (A) Z, (A) Zy (A) & (A) W (A)
X Nynz-eu 0.90 3.48 3.02 0.46 2.64
Average with He potential 0.90 3.58 3.13 0.45 2.64
XLIN]Y I [N]Z [N 0.90 3.11 2.74 0.37 2.37
X“S9[N]Y[N1Z9[T1] 0.90 3.47 2.86 0.61 2.62
XYYz 0.90 3.53 3.03 0.50 2.65
XS[N]Y'[N]Z*[N] 0.90 3.14 2.74 0.40 2.36
XY[NIYY[N]IZYI] 0.90 3.52 2.88 0.64 2.65
X 1Y I1Z ) 0.26 3.03 2.83 0.20 2.64

XS NY[zynn 0.26 3.06 2.83 0.23 2.60
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TABLE II. Corrugation coefficients (in A) of the ¢(2X2)O-Ni(001) phase for the spherical O~
charge density using the ionic basis set corresponding to the configuration X"S[I]Y"¥[I]Z'[]] at
20=0.9 A. Results are given for several values of the normal energy E; and a. No averaging with the
helium potential was performed. The experimental values are due to Rieder (Ref. 20).

E;
(meV) DlO D]] D20 D21
a=175 40 0.238 0.011 —0.018 —0.002
60 0.274 0.012 —0.023 —0.003
80 0.304 0.014 —0.028 —0.004
a=275 40 0.204 0.009 —0.018 —0.002
60 0.235 0.011 —0.017 —0.002
80 0.259 0.012 —0.021 —0.003
a=375 40 0.184 0.008 —0.012 —0.001
60 0.209 0.009 —0.015 —0.002
80 0.233 0.011 —0.017 —0.002
Expt. 0.32+0.02 0.06+0.01 0.02+0.01 —0.02+0.01

The values of the corrugation coefficients are given in
Table II in the row labeled “Expt.” The other entries give
our calculated values for an assumed spherical charge dis-
tribution (ionic basis) at z,=0.9 A. Table III gives corre-
sponding results for a prolate charge distribution. We
make the important observation that everything else being
equal, prolate charge distribution does in fact produce the
shape function in better accord with the experimental data
(see Fig. 2). Tables IV and V give results for zo=0.26 A
for spherical and prolate charge distributions, respective-
ly. The displacement with the experimental values is suf-
ficiently gross to rule out this vertical height.

We also calculated the corrugation coefficients using
neutral basis functions. Once again the prolate charge
distribution was closer to the experimental values but re-
sults were inferior than the corresponding values obtained
using ionic basis functions. Finally the corrugation coef-
ficients were generated using mixed basis sets to describe
spherical, X'Y[N]Y'$[N]1Z![I], and prolate,
XS[N]Y“3[N]1ZI], charge distribution on oxygen

atoms. The O(2p,) and O(2p,) orbitals were constructed
with neutral basis functions and O(2p,) was described by
the ionic set. We noted that the D, corrugation coeffi-
cient was in better agreement with the expenmental value.
The maximum corrugation height for these sets is ~0.6 A
and is within the acceptable experimental range. Howev-
er, the FWHM did not improve at all. Thus we conclude
that the ionic basis functions and prolate charge distribu-
tion give a somewhat better description of the experimen-
tal observations than any other combination of basis sets.
It also suggests that while performing non-self-consistent
calculations the physical realism can be improved some-
what by choosing appropriate basis sets to reflect ionicity.
The issue of FWHM is still unresolved; the calculated
value being always larger than the experimental value.
Since we have tried various combinations of basis sets
without success the issue is not likely to be resolved by go-
ing to self-consistency within the local density formalism.
It might require a configuration-interaction type of calcu-
lation which properly takes into account the self-

TABLE III. Corrugation coefficients (in A) of the ¢(2X2)0O-Ni(001) phase for the prolate O~
charge density using the ionic basis set corresponding to the configuration X"*°[I]Y"¥[I]Z2®[]] at
20=0.9 A. Results are given for several values of the normal energy E; and . No averaging with the
helium potential was performed. The experimental values are due to Rieder (Ref. 20).

Ez
(meV) Dm D]] Dzo D21
a=175 40 0.263 0.013 —0.022 —0.003
60 0.301 0.015 —0.027 —0.004
80 0.333 0.017 —0.032 —0.005
a=275 40 0.227 0.011 —0.016 —0.002
60 0.259 0.013 —0.021 —0.003
80 0.285 0.014 —0.025 —0.004
a=375 40 0.205 0.010 —0.014 —0.002
60 0.234 0.012 —0.018 —0.002
80 0.257 0.013 —0.021 —0.003
Expt. 0.32+0.02 0.06+0.01 0.02+0.01 —0.02+0.01
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TABLE 1IV. Corrugation coefficients (in A) of the ¢(2%2)O-Ni(001) phase for the spherical O~
charge density using the ionic basis set corresponding to the configuration X LY [ 11Z 7] 1] at
20=0.26 A. Results are given for several values of the normal energy Ez and a. No averaging with
the helium potential was performed. The experimental values are due to Rieder (Ref. 20).

E;
(meV) D]o D“ D20 D21
a=175 40 0.102 —0.009 —0.001 0.001
60 0.121 —0.009 —0.001 0.002
80 0.137 —0.011 —0.001 0.002
a=275 40 0.084 —0.008 —0.001 0.000
60 0.100 —0.008 —0.001 0.001
80 0.113 —0.009 —0.001 0.001
a=375 40 0.075 —0.006 —0.001 0.002
60 0.088 —0.006 —0.001 0.001
80 0.099 —0.008 —0.001 0.002
Expt. 0.324+0.02 0.06+0.01 0.02+0.01 —0.02+0.01

interaction correction.

In Fig. 2 we have shown some typical results for the
corrugation function along the [100] direction. Since the
results are symmetrical about the oxygen atom, we have
only shown the range x=0 to a /2. Prolate charge distri-
bution constructed from X![I1Y'’[I)Z 2[I 1 gives a
somewhat better fit of the experimental data in the least-
squares sense. The shorter distance z;=0.26 Ais clearly
ruled out.

We also investigated the pseudo bridge site proposed by
Demuth et al.? This was obtained by shifting oxygens
along the [110] direction by 0.3 A but we kept z,=0.9 A.
Keeping the origin at one of the oxygen atoms, the
Fourier representation (12) needs an additional term,
— 3D o[sin(2mx /a)+sin(2my /a)]  with D (~0.002.
This appears to be a minor change to us and therefore we
want to conclude that the pseudo bridge structure cannot
be ruled out by our theoretical analysis. Rieder,”° from a
more thorough analysis, has suggested that the shift along
the [110] direction by an amount as small as 0.15
A should be detectable.

TABLE V. Corrugation coefficients (in A) of the ¢(2x2)0-Ni(001) phase for the prolate O~

Before closing this section we would like to comment
on some of the approximations made in our calculations.
The major one involves the usage of superposition of
atomic charge densities to generate the surface-charge
density. A more accurate surface charge would obviously
be obtained by performing a high-precision self-consistent
field (SCF) calculatlon Such calculations are extremely
demanding’ especially since the charge densities are re-
quired near the classical turning points of thermal helium
particles. These classical turning points typically occur
5—7 a.u. above the atomic nuclear positions of the top-
most surface layer of atoms. In general, an SCF calcula-
tion would give lower corrugation values than those ob-
tained using the atomic superposition. However, we have
made another approximation which at least partly offsets
this effect. We have only considered the repulsive part of
the potential whereas the helium particles sample corruga-
tion in the total potential. The total helium potential is
more strongly corrugated®!*? than the repulsive potential.
The difference is proportional® to the slope of the attrac-
tive potential in the region of classical turning points of

charge

density using the ionic basis set corresponding to the configuration X *[I]Y"¥[I]Z>%[I] at 2=0.26
A. Results are given for several values of the normal energy E; and a. No averaging with the helium
potential was performed. The experimental values are due to Rieder (Ref. 20).

E,
(meV) D]Q D]] Dzo Dz]
a=175 40 0.118 —0.004 —0.002 0.001
60 0.138 —0.005 —0.003 0.001
80 0.156 —0.006 —0.003 0.002
a=275 40 0.099 —0.004 —0.001 0.001
60 0.116 —0.004 —0.002 0.001
80 0.130 —0.005 —0.002 0.001
a=375 40 0.088 —0.002 —0.002 0.001
60 0.102 —0.004 —0.002 0.000
80 0.115 —0.004 —0.003 0.001
Expt. 0.32+0.02 0.06+0.01 0.02+0.01 —0.02+0.01
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¢(2x2)0-Ni(001)
E,=60meV
a=175 eV (au)3
—=-— 2,=0.90A Spherical p
z,=0.90A Prolate p

0.6 90—

—— ——— 2,=0.26A Spherical p
—e— Experiment

05 |- ~

$(A)

‘0.0 05 1.0 15 2.0
x[100] (A)

FIG. 2. Corrugation for the c(2X2) phase of oxygen on
Ni(001) along the [100] direction. The results are symmetrical
about the origin taken at one of the oxygen atoms.

the He in the total potential. Thus the two approxima-
tions (the lack of self-consistency and repulsive as opposed
to total He potential corrugation) tend to compensate each
other but the extent of cancellation is uncertain. Thus one
expects to get reasonable values of corrugations using
atomic superposition. Furthermore, by choosing different
basis sets we have demonstrated that one can unambigu-
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ously rule out the shorter distance for oxygen chemisorp-
tion. No combination of basis sets gives the corrugation
height for the shorter distance which can be considered in
agreement with the experimental data. Finally, we might
mention that we have explicitly included only d type
(I=2) of nonspherical term in the prolate oxygen atomic
density. The total charge density is, however, nonspheri-
cal and contains other / components due to atomic super-
position.

In conclusion, we have put in perspective the effect of
helium-potential averaging of the surface-charge density
by an analytical example. Keeping a fixed at some empir-
ical value this produced a small change (< 15%) in the
averaged charge density. The calculated FWHM of the
corrugation function is found to be larger than the experi-
mental value. The calculated value can be improved by
using neutral basis functions but it leads to an unaccept-
able value of the corrugation height. The usage of neutral
basis functions to describe O~ by simply altering the orbi-
tal occupancy is not recommended. The prolate charge
distribution on oxygen with an ionic basis set improves
the corrugation shape function. The short O-Ni bond
length can be easily ruled out. From an examination of a
variety of basis functions we have reached the conclusion
that the FWHM is not likely to be improved by going to
self-consistency within the local density framework. Fi-
nally, the pseudo bridge site for the ¢ (2X2) phase may lie
within the theoretical uncertainties of our calculations.
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