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SIMULATION OF ADSORBATE-INDUCED SURFACE 
RECONSTRUCTION 

P.A.D.M.A. DALE and D.W BULLETT 

School of Physics, University of Bath, Claverton Down, Bath BA2 7AY, England 

(Received January 1989. accepted February 1989) 

Adsorbed atomic monolayers of atoms such as carbon and nitrogen can cause substantial reconstructions 
of a nickel {OOI} surface. In this simulation we combine an atomic-orbital-based calculation of electronic 
structure with an empirical pair-wise repulsive potential to model the covalent part of the total energy. For 
0.5 monolayer coverage by the adsorbate, the surface metal layer relaxes into a p(2 x 2) structure, with 
transverse displacements of about 0.4A. At the same time these displaced surface nickel atoms ride up 
above second layer nickels, with a vertical displcement of about 0.4A. The covalent contribution to the 
relaxation energy comes out at about 2.0eV per carbon atom and 1.4eV per nitrogen atom, of which the 
reconstruction contributes about 0.3 eV. 

KEY WORDS: Surface reconstruction, atomic overlayer, nickel, atomic orbital 

INTRODUCTION 

Adsorption of an atomic overlayer on a transition-metal surface can cause substantial 
rearrangements of the local atomic geometry. The properties of carbon monolayers 
have been particularly well studied because of the key role which adsorbed carbon 
atoms appear to play as the active intermediate in the Fischer-Tropsch synthesis of 
hydrocarbons from mixtures of carbon monoxide and hydrogen [ 1-41. In this process, 
the surface carbide species results from the dissociative adsorption of CO on active 
catalysts such as iron, cobalt, ruthenium or nickel. 

The present contribution concentrates on the reconstruction induced in the Ni(001) 
surface by adsorption of carbon (or nitrogen) overlayers. At a coverage of 0.5 
monolayers, one might have expected to find a c(2 x 2) surface mesh, with adsorbate 
atoms occupying half of the four-fold hollow sites in the surface. In fact the true mesh 
observed is p(2 x 2), and beam absences in LEED reveal glide lines characteristic of 
the p4g space group 151. It appears that the four surface nickel atoms around each 
adsorbed atom are each displaced in different directions in order to accommodate the 
adsorbate. One possible surface geometry is depicted in Figure 1, where the four-fold 
hollow adsorption sites are enlarged by rotation and translation of the surrounding 
metal atoms around each adsorbed atom. At 0.5 monolayer coverage, these rotations 
must of necessity be in opposite senses at neighbouring sites, thus automatically 
removing the centering condition from the c(2 x 2) lattice of carbon atoms and 
forcing the surface into a p(2 x 2 )  arrangement. In addition to LEED studies, this 
C and N induced reconstruction has been investigated using surface phonon [ 6 , 7 ]  and 
photoemission probes [8-101. 

The object of the present simulation was to see to what extent a simple electronic 
structure calculation could reproduce the driving force for the reconstruction. It is 
assumed that the energy can be written in the form 
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surface nickel layer nickel carbon or nitrogen 

Figure 1 Symmetry for CiNi(001) surface. Arrows indicate direction of surface displacement. Note the 
rotations for a central site are in the opposite sense compared to the four comers thereby removing the 
centering of the c(2 x 2) mesh. 

where the total energy, E,,,, is made up of a covalent term Ebs, calculated from the 
one-electron eigenvalues of the system, and Urep, an empirical short-range repulsive 
term. The covalent band-structure term was itself taken to be the difference of two 
terms, 

E b s  = c El - &el 
'lxl 'w 

where the first term is the sum of occupied one-electron energy eigenvalues E , ,  n is the 
occupation of the stated valence orbital and P, would be its corresponding energy in 
the isolated atom. 

We modelled the system by a thin (3 atomic layer) slab of nickel with 0.5 monolayer 
coverage of adsorbed atoms in an infinite two-dimensional periodic lattice. The 
valence electron structure was calculated in the two-centre ~ ~ ~ r # ~ ~ ~ a ~ i o n ,  using 
numerical s, p and d functions on Ni, and s and p functions on the adsorbate atom, 
calculated within a local-density approximation to exchange-correlation. Within this 
approximation, matrix elements of the tight-binding Hamiltonian between orbitals on 
different sites are allowed to depend only on the separation (and direction) between 
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the sites, and are independent of the presence of any surrounding atoms [ 10- 1 I]. The 
covalent contribution to the total electronic energy was estimated by sampling the 
energies of occupied crystal wave-functions at a representative set of k-points in the 
irreducible Brillouin zone, and subtracting the diagonal energies for the equivalent 
isolated atoms with the same orbital occupations. Self-consistency was included only 
to the extent that the d-orbital energies of the nickel atoms were adjusted to be 
consistent with their calculated energies in isolated atoms of the same d-occupation. 

The short-range repulsive contribution to the energy Urep was included as a purely 
empirical pairwise term, in either of the forms 

u,, = C Caexp( - CIJ,) or u,, = 2 ~ , r ; ”  

where the sums are over all near-neighbour atom pairs a at distances ra .  In the case 
of Ni-Ni interactions the former form of repulsive potential was used, with the 
exponential and pre-exponential coefficients chosen to fit the equilibrium bond length 
and bulk modulus of pure nickel; for the nickel-carbon and nickel-nitrogen repulsions 
we used the power-law type of potential with A z 1.5 x lo6 ev in order to fit 
reasonable equilibrium interatomic distances in both nickel carbide and nickel nitride. 

As with the tight-binding matrix elements, portability of the repulsive term for 
atom-pair types from bulk to surface is assumed. The nickel potential coefficients were 
first used on a clean nickel surface to see if E,,, would predict an observable surface 
relaxation. The results for calculations on a three-layer slab predicted a contraction 
of about 2% (0.03A) in the separation of the outer two layers; LEED analysis [12] 
in fact suggest that there may be a very slight expansion by 0.02 f 0.02 A at the (001 1 
surface of Ni, in contrast to the small contractions of 0.025 f 0.025 and 
0.06 f 0.02A at the (111) and (110) surfaces respectively. 

ru ’u 

RESULTS 

The system used in the main simulations was a three-layer slab of Ni with adatoms 
placed in half of the four-fold hollow sites on one face of the slab, in an initially 
c(2 x 2) arrangement above second layer nickels. The two-dimensional unit cell thus 
contained 12 Ni atoms and 2 C or N atoms, i.e. 116 basis functions in the k-dependent 
secular determinant. Results from other thin slab calculations [13] would suggest the 
three-layer slab used here is adequate for this type of calculation. E,,, was obtained 
for the system as it underwent a series of reconstructions and relaxations in the search 
for the minimum energy geometry. The variable parameters were: 

(i) the surface Ni perpendicular displacement zNi 
(ii) the transverse displacement of surface nickel atoms xNi (along the [OOl] and [OlO] 
crystallographic directions of fcc Ni) 
(iii) the adatom z displacement, zc or zN,  
the positions of second and third layer nickel atoms being held fixed. 

The results are presented in Figures 2 and 3 as contour plots of the energy at the 
optimum value of zNi as a function of the two other parameters xN, and zc or zN.  The 
contour plots therefore indicate the most favourable position for the adatom in terms 
of El,,. Tables 1 and 2 show the bond-lengths at these equilibrium positions. 

For both adsorbates the simulation does indeed predict substantial adsorbate- 
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Figure 2 
displacement and carbon 2 height 

A contour plot of minimum energies for nickel z heights as a function of nickel transverse 

induced reconstructive displacements of the surface layer nickel atoms. In each case 
the adatoms seem to be able to “dig in” to the surface by forcing surface metal atoms 
aside. The calculated transverse displacement of surface Ni’s is about 0.4 A for carbon 
adsorption and 0.35 for nitrogen adsorption. In the process, the surface nickels are 
forced to ride up over the second layer nickel atoms resulting in vertical displace- 
ments zN, of also about 0.4 and 0.35 A respectively. In both cases the adsorbate atoms 
end up further in  to the metal than the plane of the displaced surface layer of nickel; 
at equilibrium the adatoms lie about 0.04w outside the original Ni layer position. 
Although the relaxed and reconstructed geometries for the two adsorbate systems are 
very similar, the driving force for the reconstruction appears to be stronger for carbon 
than for the case of nitrogen adsorption. The binding energy per chemisorbed atom 
was calculated to be about 6.7 eV for C and 2.heV for N, and h e  calculated energy 
gain associated with the relaxation is quite different in the two cases: 2.0 eV per carbon 
atom but only 1.4 eV for each nitrogen atom. Clearly, these estimates must he treated 
with considerable caution as they do not include any long-range coulomb contri- 
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Figure 3 A contour plot of minimum energies for nickel z heights as a function of nickel transverse 
displacement and nitrogen z height. 

Table 1 Ni - Ni, Ni - C interatomic distances for unreconstructed relaxed (001) surface and for full 
reconstruction. 

Atom Pair Nearest Neighbour distancets) A1A.U. 
Unrecon. Recon. 

1 - 1  4 x 2.49/4.70 2.3914.52 
4 x 2.6114.94 
2 x 3.7016.98 

1 - 2  4 x 1.88/3.55 4 x 1.8813.54 
1 - 3  4 x 2.4414.61 2.4614.65 

2 x 2.8315.35 
3.1615.98 

2 - 3  2.3414.42 1.8313.46 
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Table 2 Ni - Ni, Ni - N interatomic distances for unreconstructed relaxed (001) surface and for Full 
reconstruction 

Arttnt Purr Newer t Nt-ighbour distancris) JlflA .U 
Unrec on Recon. 

1 - 1  4 x 249470 2.5314.79 
4 x 2 581488 
2 x 3.6616.91 

1 - 3  4 x 2441461 2.4614.65 
I x 2.79/5.18 

1 = 2  4 x I 8 4 3  47 

3 0915.83 
2-3 2 34 4 42 I 8513.49 

bution to the binding energy, but it is encouraging to find that this type of simple 
simulation of covalent bonding does provide a reasonable account of the forces 
responsible for adsorbate-induced surface reconstruction. 

References 
[ I ]  DW Goodman, R B  Kelley, TE Madey and JT Yates Jr, “Kinetics of the Hydrogenation of CO over 

B Single Crystal Nickel Catalya * *  J Cutul63,226(1980) 
[a] P W  Goodman, “Model Catalytic Studies over Metal Single Crystals.”Acc Chem RES, 17,194(1984) 
[3] RW Joyner, “The role of surface science studies in elucidating the mechanism of the Fischer-Tropsch 

hydrocarbon synthesis ‘‘ Vucuum, 3%,309( 1988) 
[4] R W  Joyner, G R  Darling and JB Pendry, “Stability of bulk and surface carbide layers and their 

relation to the Fischer-Tropsch hydrocarbon synthesis.”Surf Sci, 205,s 13(1988) 
[5 ]  JH Qnuferko, DP Woodruff and BW Holland, ”LEED structure analysis of the Ni(001} (2 x 2)C 

(p4g) structure; a case of adsorbate-induced substrate distortion.” Surf Scr, 87,357(1979) 
[6] TS Rakrnan and H Ibach, “Adsorbate-induced soft-phonon reconstruction of the Ni( 100) surface.” 

Phys Rev Lett, 54,1933(1985) 
[7] W Daum, S Lehwald and H Ibach, “Surface phonon dispersion and adsorbate induced reconstruc- 

tion of Ni(100) ” Surf Sci. 178,528(1986) 
[8] CF McConville, DP Woodruff, Sb Kevan. M Wernert and JW Davenport, “Elect 

the (2 x 2)C p4g carbide phase on Ni(OO1) ‘‘ Phjs  Rev, 834,2199(1986) 
[9] KC Prince, M Suman, Th Lindner and AM Bradshaw, “The symmetry-based constraints in 

angle-resolved photoemission from structures belonging to non-symmorphic space groups: 
p(2 x 2)-6/Ni(l!M) *’ SO/ Sr Comm. 59,71(1986) 

[lo] DW Bullett and WG Dawson, “Electronic structure of carbidic and graphitic carbon adlayers on 
transition metals ” Vacuum, 38,385 (1988) 

[ I  I] DW Bullett in Sohd State Physics Advances m Research and Apphcarrons, H Ehrenreich, F Seitz and 
D Turnbull eds., Academic Press, New York 1980, 35, 129 

[I21 JE Demuth, PM Marcus and DW Jepsen. “Analysis of low-ener~y-elestron-diffrastion intensity 
spectra for (QBI). ( 1  10) and ( I  I I )  nickel ’* Phys Rev. 811,1460 (1945) 

[13] PC Stephenson and DW Bullett. “Electronic states and atomic positrons at the {OOI}. { I  lo} and 
{ 11 1 )  faces of W and Mo ‘’ Surf Sci. 139.1 (1984) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1


