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may also result from an adsorbate-induced compression within the first layer.

PHILOSOPHICAL
TRANSACTIONS
OF

1. INTRODUCTION

Since the original work of Farnsworth et al. (1958), reconstruction has been observed with many
surfaces (Somorjai 1981). Some materials, like Si, Ge, GaAs, W, Mo, Pt, bear reconstructed
surfaces even when clean, while other surfaces reconstruct with the adsorption of adatoms. In
considering theoretical models for the reconstruction mechanism it is useful to distinguish
between the class of reconstructions where the surface atoms are only moderately shifted from
their bulk positions and the class of reconstructions where a major rearrangement of surface
and subsurface atoms is involved. Historically, both types of models have frequently been
advocated for the same surface. For the first class of models with only small displacements of
atoms from their bulk positions the concept of a soft-phonon-driven reconstruction has been
proposed (Cunningham & Trollinger 1978; Fasolino et al. 1980). The soft-phonon concept is
able to establish a connection between a reconstruction pattern, as observed experimentally,
and the inter-atomic forces. This obviously provides a useful step towards a more complete
understanding of the origin of the reconstruction and lays the ground work for a more thorough
analysis of the problem, which must involve consideration of the electronic structure of the
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® : The nature of the recently discovered reconstruction of the Ni(100) surface under the

g influence of a ¢(2 x 2) carbon overlayer is investigated. A lattice dynamical analysis

= O of the phonon dispersion of Ni(100) surfaces covered with ¢(2x 2) overlayers of

E @, sulphur and oxygen suggests that the second derivative of the pair potential between
W

the first- and second-layer nickel atoms is very sensitive to the adsorbed species. It
is shown that the observed reconstruction pattern with the carbon overlayer follows
naturally from the assumption that the second derivative becomes zero or negative
for the unreconstructed atom positions. The effect could be an indication of internal
strains caused by the adsorbate. Total energy calculations using the Hohenberg—
Kohn—Sham density functional scheme on an Alg-cluster indeed provide an indication
for such strains. A detailed analysis shows further that the observed reconstruction

In this paper we discuss the results of a systematic experimental study of the phonon
dispersion of Ni(100) surfaces covered with ¢(2 x 2) overlayers of sulphur, oxygen and carbon,
together with a lattice dynamical analysis of the data. The analysis shows that with the sulphur
overlayer nothing noteworthy happens to the coupling between the nickel atoms in the first and
the second layer and a fit to the dispersion data can be obtained by assuming this force constant

. ®
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164 H. IBACH, J. EE MULLER AND T. S. RAHMAN

to be at its clean-surface value. On the other hand, for the oxygen overlayer there is a relaxation
of the interlayer distance and also a softening of the interlayer force constant. If one assumes
that this trend continues such that the same force constant becomes zero or negative with the
carbon overlayer, the surface should reconstruct. The lattice dynamical analysis of the resulting
reconstruction pattern allows us to choose between the two proposed models for the experi-
mentally observed reconstruction of the Ni(100) surface.

We next study the principle of an adsorbate-induced reconstruction in a total energy
calculation that uses the Hohenberg-Kohn—Sham density functional scheme. For simplicity we
have employed an Aly-cluster of appropriate symmetry to simulate the (100) surface and one
layer underneath. It is shown that the apparent softening of the force constant could be
understood by a repulsion between the adsorbate and second-layer substrate atoms, which
would cause an internal strain. This strain enlarges the distance between the first- and
second-layer substrate atoms and thus reduces the second derivative of the pair potential
between these substrate atoms to become eventually negative. The quantitative result on the
Alg-cluster, however, suggests an alternative picture, namely that carbon introduces a
compression within the first layer. It is shown that this compression can also cause the observed
reconstruction pattern.

2. PHONON DISPERSION CURVES OF CLEAN AND ¢(2 X 2) coveERED f.c.c.(100)
SURFACES

In this section we discuss a few principal aspects of the phonon dispersion relations on the
(100) surface of f.c.c. materials with a primitive unit cell as in the bulk. We first investigate
the clean surface. As a matter of simplicity we consider the [110] direction, which, in the group
theoretical notation of the symmetry points in the surface Brillouin-zone, is also known as the
I'X-direction (figure 1). For the discussion of the characteristic surface phonons of this surface

(6)
[100] - i
PR
V4 \\
4 ] -
[110] K + AKX
\\\ r e
N2

Ficure 1. (a) (100) Surface covered with a ¢(2x 2) overlayer. The broken lines show the unit cell for the
adsorbate-covered surface. (b) Surface Brillouin-zone for the clean and adsorbate-covered surface (full and
broken line, respectively).

it is useful to consider first the bulk phonon states projected on Q,, the wavevector along the
I’X-direction. These states lie within the shaded area as plotted in figure 2. Since the sagittal
plane spanned by the I'X-direction and the surface normal is a mirror plane, all bulk and
surface states separate into odd and even states with respect to the sagittal plane. The broken
and full lines in figure 2 represent the dispersion branches of odd and even surface phonons,
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FIGURE 2. Schematic representation of the surface-phonon dispersion branches of a clean (100) surface. Broken and
full lines indicate odd and even modes, respectively. For the sake of clarity surface resonances that may exist
within the bulk band are not shown.

respectively. The S,-mode (even) overlaps with the bulk states without loosing its character
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as a well defined surface state because the overlapping bulk states are of odd symmetry (shear
transverse waves along the [110] direction). On the other hand, the mode labelled S, loses
its localized character when the branch enters the area of bulk states. The displacement patterns
of the three surface eigenmodes at X (S,, S, and S;) are plotted in figure 3. We see that S,
is polarized strictly perpendicularly in the first layer and parallel in the second, while S, is
polarized parallel in the first and perpendicularly in the second. A particularly interesting type
of mode at X is S,. Clearly, just the inspection of the symmetry of the problem allows one
tostate that for asystem where the coupling of the atomsis mediated entirely by nearest-neighbour
interactions, thesecond-layer atoms and allatoms underneath do not participatein the S, -motion
at X. Therefore the S;-mode at X depends only on the interatomic force constant between the
p first and second layer, and it is, in fact, straightforward to write down the frequency of that

d
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2 b0 000 ©oe
55 @Od)O@ O2e? VTP
e PO 006 000
=
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EE Ficure 3. Surface phonons S, S, and S, at X. Small circles are the atoms in the second layer.
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particular mode in terms of the force constant. Assuming that the distance between the first
and second layer remains as in the bulk the frequency is

0=k, (1)

with k,, = @7,/ M, ¢7, the second derivative of the pair potential for the coupling between the
first and second layer atoms, and M, the mass of the substrate atoms. We note that a mode
localized in the second layer (S,; Allen et al. (1971)) also exists if ¢, is smaller than the force
constant between bulk atoms.

Additional surface-phonon dispersion branches arise when the surface is covered with an
overlayer of adatoms. Overlayers p(2 x 2) and ¢(2 X 2) can be prepared with oxygen, sulphur,
tellurium and selenium (Somorjai 1981). With a ¢(2 x 2) overlayer the surface unit cell becomes
twice as large in area and contains one adsorbate and two substrate atoms (figure 1). The plane
spanned by the surface normal and the I'X-direction still remains a mirror plane, but only
when drawn through the adsorbate atoms. The additional adsorbate atom gives rise to three
additional surface-phonon branches, two of even and one of odd symmetry. In figure 4 we
present typical dispersion curves for the ¢(2x2) overlayer on the Ni(100) surface. At
the T and the X point one odd and one even branch merge and form the degenerate parallel
mode of the adsorbate. The degeneracy arises from the four-fold symmetry of the adsorption
site (E-type vibration). The other surface-phonon branch along the I'X-direction is perpen-
dicularly polarized at both T and X. Along the I'X-direction the two even branches can mix,
and a crossover of polarization character between the branches is possible as one moves from
I’ to X. In figure 4 we have drawn the two even branches well separated in frequency. In that
case the polarization of the two branches will essentially remain perpendicular and parallel
throughout the zone, respectively. We have also drawn the adsorbate-induced branches to lie
above the bulk band of the substrate. This, of course, depends on the force constants and
adsorbate masses involved.
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Ficure 4. Schematic representation of surface phonons of ¢(2 x 2) on (100) surface. Broken z2nd full lines are
odd and even modes, respectively. See text for further discussion.
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Let us examine the characteristics of the two clean-surface acoustic modes, namely the S,
and S, surface phonons in the presence of the ¢(2 x 2) overlayer. As seen in figure 4, the S;-mode
continues to exist along the 'X-direction as on the clean surface with its maximum amplitude
in the top substrate layer. Its frequency at the X point is determined largely by the strength
of the coupling between the substrate atoms in the first and second layer and to a lesser extent
by the lateral coupling between the adsorbate atoms. The clean-surface S;-mode, which is odd
with respect to reflection about the sagittal plane, however, behaves differently. This mode
couples to the displacement of the adsorbate atoms that are also of odd symmetry and the
coupling is such that the displacement patterns of the first-layer substrate atoms is now a linear
combination of the S;-mode at two mutually perpendicular X points. Both these linear
combinations give rise to optical modes with one of them having the frequency 1/£,, at the
X point. The shear horizontal acoustic mode, which for the clean surface penetrates from the
top layer all the way into the bulk, no longer exists on the top substrate layer in the presence
of a ¢(2 x 2) overlayer. The substrate second layer still supports such a mode. We indicate these
modes in figure 4.

With this comment we conclude the general description of the surface-phonon spectrum of
(100) surfaces and turn to the experimental results and their lattice dynamical analysis.

3. D1sPERSION CURVES OF Ni(100) COVERED WITH ¢(2 X 2) OVERLAYERS OF
SULPHUR AND OXYGEN

Surface-phonon dispersion curves of clean Ni(100) surfaces and Ni(100) covered with ¢(2 x 2)
overlayers of sulphur and oxygen (Rahman et al. 1984; Lehwald et al. 1985) have been studied
by using inelastic scattering of low-energy electrons. The scattering plane was aligned with the
[110] direction and the surface normal in the experiments. Owing to selection rules applicable
to electron spectroscopy only the even modes are observable in this geometry (for a general
discussion see Ibach & Mills (1982)). Both parallel and perpendicular even modes can be
probed, usually at different electron energies. Experimental data were analysed with a lattice
dynamical model to calculate the dispersion of the adsorbate-substrate surface modes and
resonances. Tokeep the calculations free from too many unknown parameters, nearest-neighbour
interactions between the atoms and central forces are considered. Next-neighbour and
angle-bending interactions for the adsorbate atoms have been included whenever it seemed
necessary to do so. Calculations were made with the aid of Fourier-transformed Green functions
constructed from the atomic displacements (Rahman et al. 1984; Ibach & Mills 1982). The
equations of motion for these Green functions give rise to a hierarchy of equations connecting
the displacements of the atoms in one layer to those in the layer above and below. The equations
for the adsorbate layer together with the equations for the first, second and third nickel layer,
supplemented by those associated with layers deep in the bulk can be written analytically and
solved by using standard methods.

Experimental results (Rahman ez al. 1984; Lehwald ef al. 1985) and theoretical dispersion
curves are shown in figure 5a, b for the sulphur and oxygen overlayer, respectively. Parameters
used for the vertical distance of the adsorbate R, were taken from independent structure
analyses. The force constant for the adsorbate—substrate coupling ¢y, was matched to reproduce
the frequency of the vertical motion of the adsorbate at I'. For the oxygen overlayer it was
found necessary to introduce also a lateral oxygen—oxygen coupling constant ¢g,. We further
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allowed the force constant between first- and second-layer nickel atoms ¢7, to be different from
the bulk. This was found necessary even for the description of the clean surface where an
appropriate match to experimental data (Lehwald et al. 1983) required this force constant to
be 1.2-1.3 times the value in the bulk. As seen from figure 5, this simple force-constant model

| oxygen sulphur

500 —H15 500

400 400

|E <
S 300 300 o)
o =
[ ~
2 by
5 g
=} =
g o
3 &
2 200 200

100 100

R, /A 0.9 1.45
Bor/ (N cm™) 0.95 0.996
kyo/k 0.3 1.2
Lo/ Koo 0.1 0

Ficure 5. Surface-phonon dispersion branches for Ni(100) covered with a ¢(2 x 2) overlayer of oxygen and sulphur,
respectively. Only the even modes are scen experimentally. The parallel and perpendicularly polarized branch
for the adsorbate modes are indicated by triangles and squares, respectively. Experimental data points for
surface resonances are indicated by circles, the S,-mode by crosses. Experimental data are from Lehwald et
al. (1984) and Rahman et al. (1984). Dispersion branches are calculated from the parameters given in the table
below the figure. Odd modes are shown by broken lines, resonances by chained lines.

gives an acceptable fit to the data. The two sets of dispersion curves in figure 54, b differ,
however, with respect to two features. While for the oxygen overlayer the upper and lower
dispersion branches are parallel and perpendicularly polarized, respectively, the polarization
is reversed for sulphur. This is essentially due to the different distance of the overlayer atoms
from the surface. Another important difference is that on the sulphur-covered surface the
experimental data for the S;-mode can be matched by retaining the force constant for the
coupling between first- and second-layer nickel atoms, ¢7,, at the clean-surface value, whereas
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for the oxygen-covered surface ¢7, had to be reduced substantially and assumes 0.3 of the bulk
value. In figure 5 we have also plotted the dispersion relation for the S,-related mode (chained
line), discussed earlier, whose frcquency falls even below that of the S,-mode and acquires the
remarkably low value of ca. 60 cm™ at X for the oxygen-covered surface.

The reduction in the force constant between the first- and second-layer nickel atoms indicates
a substantial effect of the adsorbate atom on the nickel bonding. Measurements of the spacing
between the first and second layer by using high-energy ion scattering (Frenken e al. 1983)
have further shown that the softening of the S, and S, surface phonons is accompanied by an
increase in the bond distance. While on the clean surface the interlayer spacing is reduced by
—39%, compared to the bulk, the spacing is enlarged by 59, for the surface covered with a
¢(2 x 2) oxygen overlayer.

The question of what happens when the force constant ¢y, is reduced further and approaches
zero arises. To pursue that question we first consider the lattice dynamical equations for the
Green functions for the modes at X on ¢(2 x 2) covered surfaces. We will see that the assumption
of ¢7, ~ 0 makes the S;-related mode soft, giving rise to a particular reconstruction. The
predicted reconstruction is actually observed with Ni(100) surfaces covered with a ¢(2 x 2)
overlayer of carbon.

4. SOFT SURFACE-PHONON RECONSTRUGTION

Following earlier papers, we use the Green function

o QN,ch)q“,l’ K')*
Uaﬂ(lzaka lz)K b Q1|>w) = " wg_wg(Qll ) (2)

where ¢{¥(Qy, ,, ) is the ath Cartesian component of the displacement of the «th atom in the
unit cell in the layer l, and wy(Q,) is the frequency of the eigenmode s with the wavevector

Q,. The equation of motion for this Green function for the even and odd modes have been
given in Rahman e¢f al. (1984) and Rahman (1986), respectively.

Let us begin here by writing the equation of motion for the modes with odd symmetry, with
reSpect to the sagittal plane, with Q, lying along the I'X-direction. This will enable us to see
clearly what types of substrate modes couple into the adsorbate motion. The particular function
of the oxygen motion that we are interested in is defined as

Up (01;) = U,,(01; 01; Q,,0)— U, (01; 01; Q,, w), (3)
which obeys the following hierarchy of equations:
[@? — 2kg — 2049(1 —cos 2aQ,)] Uy (01;)
+ 2ky; cosaQ, Uy (1,21;) —2iky, 7 sinaQ, UT (1;) = 1; (4)
(w*— o, — 2k50— 2Ky, cos®aQ,—ky,) U (1,215)
+ 2ky, cosaQ, Uy (01;) —ay cosaQ, Ur (1;) + 2k, cos®*aQ, Uy (1,12;)
+ky, cosaQ, Uy (22;) =0; (5)
(W — oty —2kyy 13 — 2ky,) UT (1;) + 2ik,, sina@, Uy (01;)
+iky, sinaQ, Uy (21;) +ay cosaQ, Uy (1,21;) —iky, sinaQ, U, (22;) = 0; (6)
(w?— 2k, cos®aQ,—k,,) U (1,12;) + 2k, cos®aQ, Uy (1,21;) +k,, cosaQ, Uy (21;) = 0; (7)
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(w2 —ky,—3k) Uy (215) + 4y cosaQ, Uy (1,12;) —iky, sinaQ, UL (15)

+kcosaQ, Uy (3,12;) +ik sinaQ, UT (3;) +2kUy (22;) = 0;  (8)
(w2 —ky,—3k) U, (22;) + ;5 cos aQ, U (1, 215) +ik,, sinaQ, U (15)

+k cosaQ, Uy (3,21;) +ik sinaQ, Uy (3;) +2kUj (21;) = 0;  (9)

and so on for equations involving the motion of the third and higher layer atoms. In the above
equations we have used the definitions

U[(lz/c/c’;) =U,,(l,k;01; Qlw)—Uyy(lzK’; 01; Q| w), (10)
Ui(l,;) =U,(,2;01; Qlw)—Uzz(lz 1;01; Q4I w), (11)
Uil ;) = Upp(l k5015 Q) — Uy, (I, x; 01; Q) w). (12)

Note that we have used /, = 0 for the adsorbate layer and /, = 1 for the first substrate layer
and so on. The force constants that enter have the form

koo = Boa/ Ma(1470), Koy = B0/ My (1473),
ko = G/ (M MOE(L41D), by = $10/ My, kg = $1a/ M,
k=¢" /Mg, ly= ¢oo/ My,

where @7 is the second derivative of the pair potential between atoms in layer /, and £, 7,
is equal to R /a with a = a,/4/2, such that R, is the vertical height at which the adsorbate
atoms sit above the substrate plane and g, is the nearest-neighbour distance, and M, and M
are the masses of the adsorbate and substrate atoms, respectively. The force constants a,, a,
and ay refer to angle-bending interactions between adsorbate atoms and their nearest
neighbours, as discussed in Rahman et al. (1984).

It is worth pointing out that the displacement pattern ensuing from the Green function
combination Uj (1,12;) and Uj (1,21;) are indeed related to the S,-mode for the clean-metal
surface. In fact they are, respectively, the symmetric and antisymmetric linear combinations
of the S,-mode at the two mutually orthogonal X points.

It follows directly from (4)—(9) that at the X point, where @, = 1/2a, the modes Uy (1,12;)
and Uy (1,21;) are decoupled from the others and have the simple form

U7 (1,125) = 1/ (02— 2ky,) (13)
and Ur(1,21;5) = 1/ (0 —2kpy—kyy—aty). (14)

The mode Uj(1,12;) thus becomes soft at X when k;, approaches zero, while the mode
Uj (1,21;), although decoupled from the other modes, maintains a finite frequency. In figure
6¢,d, we show the displacement patterns arising from modes Uj (1,12;) and Uj (1, 21;) at the
X point. If we now compare the two proposed reconstruction patterns for the Ni(100)
surface-layer atoms in the presence of a ¢(2 x 2) overlayer of carbon, as shown in figure 64, b,
with these displacement patterns, in light of the discussion above regarding the softening of
the mode, we see that the pattern in figure 6a is preferred.

The reconstruction as shown in figure 6 a is also favoured by a dynamical analysis of the l.e.e.d.
intensities. We have thus established a connection between the carbon-induced reconstruction
of the surface and the softening of a particular force constant.
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FIGURE 6. Proposed reconstruction pattern for the Ni(100) surface covered with a ¢(2 x 2) overlayer of carbon ((a)
and (b)). The pattern displayed in (a) is preferred by a dynamical analysis of the l.e.e.d. intensities (Onuferko
1979). (¢), (d) Displacement pattern of the Uy (1, 12;) and the U~(1,21;) modes, respectively. The Ur(1,125)
mode becomes soft as £,, approaches zero.

While the result has been derived in a nearest-neighbour central-force model it can easily
be seen that the result applies also to a more general force field with angle-bending forces on
the adsorbate atom and central-forces between the adsorbate atoms or between the adsorbate
atoms and the second-layer substrate atoms. This is because the adsorbate does not participate
in the U} (1, 21;) motion. '

Let us now consider the modes at the X point that are even under reflection with respect
to the sagittal plane, to see if any mode there becomes soft as £, tends to zero. For our purpose
here it is sufficient to put £;, = 0 in the equation for these modes, as given in Rahman ef al.
(1984). Here we have two sets of simple equations, one with the vertical motion of the
adsorbates coupling to the parallel motion of the top layer substrate atoms, and the other
with just the opposite. The equations that determine the parallel motion of the substrate

atoms are
(@2 —ay — 2kgo —4kyy) U (1,215) +i(4koyy 7+ 20) U, p(015) = 1, (15)
(0 —4dkoo i —a) U,yp(015) —i(2ky, 7, +a,) Uf(1,21;) = 0. (16)
In a similar way to the modes with odd symmetry, we have used the definitions
Uf(1,21;5) = U,,(12;01; Q w) + Uy, (11; 01; Q,v), (17)
U,5(015) = U,,(01;01; Q)+ U,,(01;01; Q, w). (18)

Clearly the frequency of Ujf(1,21;), whose displacement pattern is that of the symmetric
combination of that of the Sq surface phonon, remains at a finite frequency when £,, = 0.
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The equation for the perpendicular motion of the substrate atoms, at the X point, are also
very simple. Thus

(0% —2kgo %) UM(15) + 2ikyy 7, UF(01;) = 1, (19)

—2ikq, 7, UM(1;) + (0® — 41y —2k,,) U (015) = 0, (20)

where Ut(1;) = U,,(11;01; Q,w) + U, (12; 01; Q, w), (21)
U[(01;) = U,,(01; 01; Q)+ U,,(01; 01; Q w). (22)

Equations (19) and (20) are easily solved to give

22k —4l
UL(1;) = Y " 0 Fo . 23
(1) (@ —2k5077) (0% — 2kgo —4lyg) — 4k3, 7% (23)

Thedisplacement pattern associated with the U¥(1;) modeisidentical to that of the clean-surface
S,-mode shown in figure 3. It is clear that provided /,, # 0, the S,-mode has a finite frequency,
even when £, = 0. The argument may be made that for a number of adsorbates, [, or the
adsorbate—adsorbate interaction is negligible, consequently when £,, becomes zero or negative
the S, surface phonon will also freeze and cause a lateral reconstruction of the surface. This
may indeed happen, but what is of interest here is the horizontal reconstruction that has been
observed with a carbon overlayer on Ni(100).

We have seen from the above that the freezing of a particular surface phonon was compatible
with one of the proposed reconstruction patterns, which leads to the conclusion that the
reconstruction was driven by the softening of a surface phonon. For the sake of completeness
we need to show that no other mode with displacement patterns parallel to the surface
undergoes such a softening when £;, = 0. Such a possibility can exist only at M, the other
high-symmetry point, where the parallel motion of the adsorbate atoms couples to the parallel
motion of the substrate atoms. Once again when £,, = 0 it is easy to see (following Rahman
etal. 1984) that the equations at the M point for the pertinent modes form two sets, each relating
to a particular type of motion of the adsorbate. Thus

(? —2kg9— 2kyy) Uy (1, 215) — 2k, U (015) — 2k, Uy (1,125) = 1, (24)
(w02 —2kyy) Uf(01;) — 2k, Uy (1,215) = 0, (25)
(w®—2k,,) Uy (1,125) —2k,, Uy (1,215) = 0, (26)

and an equivalent set of coupled equations for the other parallel modes is represented by

(02— 2kpo— 2ky,) Uf (1, 215) — 2ky, U (015) —2k,, UF(1,125) = 1, (27)
(02— 2kyg) Uy (01;) — 2kg, U (1,21;) = 0, (28)
(02 —2ky,) Ut(1,12;) — 2k, UH(1,21;) = 0. (29)

Neither set of equations yields a mode with zero frequency. We are, therefore, justified in stating
that when £, = 0 the only mode that goes soft is U} (1,12).

To summarize, we have shown that the assumption of k,, becoming vanishingly small leads
to a particular reconstruction and that this reconstruction is the one observed with a ¢(2 X 2)

overlayer of carbon on Ni(100). We have further seen that the assumption of £,, becoming
vanishingly small is not unreasonable since £,, becomes already small with an overlayer of
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oxygen. If one considers the sequence S, O, and C, the carbon atom has the highest binding
energy with nickel. The carbon atom also sits closest to the surface with a vertical distance of
ca. 0.1 AT (Onuferko et al. 1979). While the connection between £,, < 0 and the reconstruction
is established, it is not clear yet what makes £,, to become zero or negative. One possibility
would be that the increased bonding between the adsorbate and the substrate reduces the
backbonding of the first substrate layer to the required extent. We will see, however, that the
total energy calculation to be described in the following provides another lucid and more
reasonable interpretation.

5. TOTAL ENERGY CALCULATIONS

In this section we consider the problem of adsorbate-induced reconstructions from a localized
point of view. We study the chemisorption of a single carbon and oxygen atom on a (100) metal
surface and simulate the local environment of the adatom by using the atomic cluster shown
in figure 7. The surface is represented by two layers of metal atoms separated by a distance
d, which are allowed to relax independently (variables a, and a,) and to rotate with respect
to one another (angle a). The numerical results presented below will be specific for an
aluminium surface; the qualitative conclusions, however, will be of general validity and should
be also applicable to the Ni surface discussed above. For the energy calculation we use the
Hohenberg-Kohn-Sham (H.K.S.) scheme with a localized muffin-tin orbital basis (Miller et
al. 1983). In the present study we included s, p and d functions in all sites.

O carbon
Q 4 @ mectal
1
Ry
. y_ 3
? a A
2
L 2 @
5 7

6

Ficure 7. The geometry of the Alg cluster with an adsorbed carbon atom.

Figures 8 and 9 show the variation of the binding energy E,, and cluster dipole as a function
of the distance R, between the adatom and the surface for oxygen and carbon, respectively.
In these curves the distances between the metal atoms have been kept fixed and equal to the
aluminium bulk values. For oxygen, it may be worth noticing that the cluster dipole indicates
a charge transfer fo the surface. This shows that a decrease in the work function does not imply
that the O atom lies under the top layer, as often assumed (den Boer ¢f al. 1980; Erskine &
Strong 1982). We also point out the flatness of the binding energy curve, which means a large

t 1A =10"*m =0.1 nm.
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Ficure 8. Variation of the binding energy E,, and total dipole moment of the cluster as a function of the distance
R, of the oxygen atom from the surface. Metal atom distances are kept fixed at the value for bulk aluminium.

Ficure 9. Variation of the binding energy E, and the dipole moment for an adsorbed carbon atom.

zero-point motion of the O atom and a possible break down of the harmonic theory. The H.K.S.
binding energy Ey, = 10.1 eV is larger than the Hartree-Fock energy (ca. 5 ¢V) (see Batra &
Kleinman 1984), as is usually the case, with the experimental value lying somewhere between
both values. For carbon, no total energy calculations have been reported, to the best of our
knowledge. We find a binding energy of 10.5 eV.

The large binding energies mean that the Al-O and Al-C interactions are stronger than the
Al-Al interaction, so that the reconstruction of the surface is expected to play an important
role in the chemisorption process. If we let the cluster relax we find the equilibrium geometry
for the Al, and Al,~C clusters displayed in table 1. The Al, contracts uniformly about 109,
in its linear dimensions: because of the finite size of the cluster the electron charge is not
completely confined between the atoms, resulting in a reduced kinetic-energy repulsion. Upon
adsorption of a C atom the separation between the metal layers increases by ca. 3% and the
distances in the top layer expand by about 10 %,. The latter expansion results from the attraction
of the C atom to the second metal layer, which gives rise to a repulsive interaction with the
atoms of the top layer. The increased separation between the metal layers shows a reduced
Al-Al interaction. Distortions with finite rotation angle a have been found to be energetically
unfavourable for the relaxed cluster.

TaBLE 1. EQuILIBRIUM GEOMETRY FOR Al, AND Aly~C CLUSTERS

a/rp ay/Ry dfrg R /rg a/deg
unrelaxed Aly—G 5.40 5.40 3.82 0.0 0.0
relaxed Al, 5.00 5.00 3.44 — 0.0
relaxed Aly-C 5.00 5.40 3.54 0.2 0.0

4 (arbitrary units)
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The observed surface reconstruction for carbon on Ni(100) corresponds to a finite rotation
a between the metal layers of our Al cluster. In the following we shall address the question:
under which circumstances is such a rotational construction energetically favourable? To that
end it is convenient to think of the net force on a specific atom as a superposition of pair
interactions with all the remaining atoms of the system. In this approximation we shall be able
to interpret the reconstruction as a result of strains in the interaction between specific pairs
of atoms. We consider two types of rotational reconstruction.

(a) Rotational reconstruction for an extended surface

We mentioned above that chemisorption of carbon on a finite aluminium cluster gives rise
to a repulsion of the metal atoms of the top layer. We expect this result to be valid as well
for low coverage (under 259,) on an extended surface. For a (2 X 2) structure, for instance,
this repulsion should lead to a surface reconstruction of the form shown in figure 10a. For

(a) (6) (0)

O— 0 o —0

[ ] [ ] ® [ ]

{\
O- o e O [
[ ]

O- O O —0

[ ] [ ] [ ]
o0—0 & S

Ficure 10. Possible surface reconstruction patterns for (2 x 2) overlayer which can result from an adsorbate-induced
compression within the first layer. For a p(2 x 2) overlayer the comparison would lead to a sideways shift (a)
of the substrate atoms. The compressional forces on the surface substrate atoms are balanced when the surface
is covered with a ¢(2 x 2) overlayer (). If, however, the compression becomes too large the unreconstructed
surface could become unstable and a rotational pattern forms (¢)

coverage larger than 25 9, such a reconstruction is no longer possible and symmetry may force
the structure illustrated in figure 105. This structure necessarily implies internal stresses on the
surface. The Al-Al interaction tends to preserve the four-fold symmetry, while the repulsion
between the C and Al atoms tends to favour a surface distortion of the form shown in figure
10¢. Depending on the relative strength of these two competing effects we should find different
behaviours. If the interaction between the adatom and the metal atoms dominates a surface
reconstruction should occur. This could be the example of carbon on Ni(100). If the metal-metal
interaction dominates we expect a softening of the 8, phonon mode, as observed for oxygen
on Ni(100).
(b) Rotational reconstruction in the finite cluster

Figure 11 shows the variation of the energy as a function of the rotation angle a, for various
positions of the C atom. The separation a between the metal layers has been allowed to relax,
but all the other parameters have been kept constant. With increasing distance of the C atom
under the top layer the rotation softens gradually, until for R 1 =~ —0.8rz (where ry is the Bohr
radius of a distortion with a = 10° becomes energetically favourable. The origin of the
distortion is schematically illustrated in the inset of figure 11. The C atom induces an increased
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Freure 11. Variation of the binding energy as a function of rotation angle c. If the carbon atom is pushed inside
the cluster (which requires energy) The unrotated cluster becomes unstable with respect to rotation. The inset
provides an explanation for this effect in terms of the pair potential between the Al atom of the first and second
layer (see text).

separation between the metal layers, so that the interaction between them becomes attractive
(point B in the pair potential). Under a rotation a an atom of the top layer, say atom number 3,
gains some energy by moving closer to atom number 7 and loses some by moving away from
atom number 6. If the separation between the layers is large enough that B lies at or beyond
the inflexion point of the pair-interaction curve, i.e. £(3-7)+ E(3-6) < 0, and the distortion
becomes energetically favourable.

For the carbon on Ni(100) there is no experimental evidence that the C atom lies under the
top layer. This, however, is not a necessary condition for a rotational reconstruction of this type.
For instance, the bare Al, cluster shows the same effect when the separation between the layers
is increased beyond the inflexion point of the pair interaction between the two layers, as
suggested by the vibrational analysis of §4.

6. CONCLUSION

Our analysis of the reconstruction mechanism invoked in the carbon-covered Ni(100) surface
has provided us with two models. In §4 we have seen that assuming that the second derivative
for the pair potential between first- and second-layer atoms becomes negative for the
unreconstructed carbon-covered nickel surface causes the rotational distortion observed
experimentally. The total energy calculations have pointed out the physical origin of the effect,
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namely that internal strains with an attractive interaction between the adsorbate atom and
the first-layer metal atoms and a repulsive interaction between the adsorbate atom and the
second-layer metal may strain the metal-metal bonds between first- and second-layer metal
atoms beyond the point of inflexion for the pair potential between these atoms. Our total energy
calculations on the Aly-cluster, however, suggest that the internal strain are just opposite in
sign, namely repulsive between the adsorbate atoms and the first-layer metal atom and
attractive with metal atom underneath. In this case one would expect ¢}, to increase rather
than decrease. Nevertheless we have shown qualitatively that the compression in the first layer
may likewise cause the rotational instability. We note, however, that our cluster calculations
have been made only with aluminium so far. Quantitative aspects may, therefore, not apply
to nickel. Up to this point the lattice dynamical analysis has been made only with pair potentials
that are at equilibrium individually. A study of the lattice dynamics of the nickel-adsorbate
system including second-neighbour interactions, where the first derivatives are non-zero is
required for a further analysis of the problem. The model could be tested with the experimental
dispersion curves for the various adsorbates and may help to distinguish between the two
alternative models.
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Discussion

M. W. RoBerTs (Department of Chemustry, University College, Cardiff, U.K.). 1 was particularly
interested in Professor Ibach’s remark that in the Ni(100)-O system ‘NiO’ structures were
observed more obviously if oxygen interaction was effected at low temperature and the adlayer
warmed to 295 K. These are also the conditions for enhancing the Ni?t and Ni®* states revealed
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in the Ni(2p) difference spectra. Are these the conditions where the influence of phonon
interactions would be most significant?

H. IsacH. We have indeed found consistently that exposure of the Ni(100) surface to moderate
doses of oxygen (ca. 10 L) at low temperatures (ca. 150 K) leads to the formation of NiO clusters
when the crystal was subsequently annealed, while exposure at room temperature would not
cause the same effect (provided the crystal had not too many defects). We attribute this effect
to a softening of the nickel bonding between first- and second-layer nickel atoms when oxygen
atoms occupy nearest-neighbour fourfold sites. Occupation of nearest-neighbour sites at room
temperature is prevented because there oxygen diffuses sufficiently rapidly and locally forms
immediately 2 X 2 or ¢(2 X 2) islands where every other site is empty. For the ¢(2 x 2) overlayer
we see a drastic weakening of the nickel bonds from phonon dispersion curves, but not to the
extent that the lattice becomes unstable.
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