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Surface energies and relaxations are calculated within the tight-binding formalism and includ- 
ing also repulsive interatomic interactions. At fcc and bcc metal surfaces we obtain damped 
oscillatory multilayer relaxations. Furthermore, we present results for the reconstruction at clean 
(110) and (100) surfaces of Ir, Pt and Au. CO-suppressed and H-induced reconstruction observed 
at some transition metal surfaces is quantitatively explained by coverage-dependent correction 
terms to surface energies. 

1. Introduction 

The equilibrium geometry at transition metal surfaces is presently studied 
intensively [1]. Similar relaxations and reconstruction patterns have been 
observed on surfaces of different metals by means of low-energy electron 
difraction [2-13] (LEED), He- and X-ray diffraction [14-16], ion scattering 
spectroscopy [17], scanning tunneling microscopy [18,19] and transmission 
electron microscopy [20]. Despite successful calculations of the relaxations on 
simple metal surfaces [21] and of the reconstruction on few transition metal 
surfaces [22], one still lacks a general understanding of the main physical 
factors determining the surface geometry. Only recently, theoretical calcula- 
tions attempted to account for the universal behaviour of surface and interface 
energies [23,24]. Thus, it is the main objective of this paper to show that the 
similar relaxation and reconstruction behaviour observed at many transition 
metal surfaces can be described within a simple general framework. 

The paper is organized as follows. In section 2 we present a simple criterion 
for the reconstruction at clean and adsorbate-covered surfaces and a tight-bin- 
ding-type electronic theory for surface energies and atomic relaxations. In 
section 3 we use this theory to calculate the surface relaxations and the most 
favourable reconstruction patterns for several clean transition metal surfaces. 
Furthermore, we investigate the CO-suppressed Pt(100)-(hex) reconstruction 
and the H-induced Ni and Pd(ll0)-(1 × 2) reconstruction. In section 4 we 
present a discussion and a generalization of our results. 

0039-6028/85/$03.30 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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2. TheoD, 

Surface reconstruction is a result of the minimization of the surface free 
energy, which at T = 0 K reduces to the surface tension y given by 

Y = ~ , E  [ ~ ' . , , , (bu lk ) -  & , , . ( i ) ] .  (1) 

Here. N s ( N , .  ) is the number  of  surface atoms (total number  of atoms) in the 
crystal and E.o,(i)  denotes the atomic binding energy of  an atom at site i. The 
heat of reconstruction at a clean surface Ay~ is given by the difference of the 
surface tensions y~ and y~, of the reconstructed and unreconstructed surface, 
respectively, as 

0 a~,~ = v;~ - v, • (2) 

In the presence of adsorbates the heat of reconstruction is given by 

JYR = AY~ - a~  "d', ( 3 ) 

where 

ky"a" = 8( E,,j~. R - E,,,l,.~, 1. (41 

tlere. /'.,d~ is the adsorption bond energy and 8 the coverage. The changes 
(E,~ .  R - E,,a~.t ) can be obtained from the experiment or an accurate calcula- 
tion. Using eq. (4), we obtain a general criterion for reconstruction at T = 0 K. 

A'VR = a G  -- a~, ° ' ' '  < 0.  (5 )  

This criterion can be used to calculate the adsorbate- induced or -suppressed 
reconstruction, as shown schematically in fig. 1. 

In order to calculate the surface tension y ° from eq. (1) we decompose the 
atomic binding energy E~oh(i) into an attractive band structure and a repulsive 
B o r n - M a y e r  part [24,25]. The model assumption of a single-band solid, local 
charge neutrality and the same band shape (except for a re-scaled bandwidth)  
at each site allows us to relate the band structure energy at each site to the bulk 
value without assuming a model (rectangular, Gaussian) density of states [25]. 
Then [24,25], 

" 

E~.oh(i) = E~°h(bulk) ' e x p [ - 2 q ( , ' , , / r . -  1)]) 
( 1  - q/p)(  Z~,u,~, )1/2 

( Z,,,,k )w2 p 

Here. the summations  extend over the nearest neighbours of i. r,, (r,,) denote 
the respective (bulk equilibrium) distances and Z.~ak is the bulk coordinat ion 
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Fig. 1. Illustration of adsorbate-induced and -suppressed reconstruction trends. 
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number, q and p describe the distance dependence of the hopping integrals 
and Born-Mayer  interactions, respectively, and are related to bulk elastic 
properties. Clearly, eq. (6) will correctly describe reconstruction trends only in 
cases where mainly the close-packing of the topmost layer, rather than details 
in the electronic structure, is the driving force for reconstruction. 

Surface relaxations can be obtained from minimizing the surface energy 

O ay /ar,, = 0 (7) 

with respect to atomic positions. 
From eq. (6) it is obvious that in our formulation surface relaxations depend 

purely on p and q. On the other hand, surface tensions y0 and heats of 
reconstruction scale (for constant p and q) with E~,,h(bulk ) and hence results 
obtained for one metal can easily be generalized to other systems. 

3. Applications and numerical results 

3.1. Relaxations at fcc  and bcc surfaces 

First, we apply our general simple theory to study multilayer relaxations at 
fcc and bcc surfaces. So far, the oscillatory relaxations generally observed at 
metal surfaces [2-7] have been calculated in free- and nearly-free-electron 
metals. While the predicted trends agreed with experiment, the absolute values 
showed a strong dependence on the electron density profile assumed [21]. 

We show that a surface contraction and oscillatory multilayer relaxations 
follow also from our energy expression, eq. (6). As can be inferred from fig. 2, 
for unrelaxed nearest-neighbour distances the repulsive part E R of E~o h is 
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Fig. 2. Schematic decomposition of the atomic binding energy E~,,h into attractive and repulsive 
parts Eb~ and E R, respectively, for unrelaxed nearest-neighbour distances. The consequences for 
oscillatory multilayer relaxations are discus~d in section 3.1. 

proportional to the coordination number Z, while the attractive part Eb, is 
proportional to Z ~/2. In the bulk attraction and repulsion are in equilibrium 
for unrelaxed distances. At the surface with a lower coordination number 
Zsurfac e < Zbulk the attractive part of E~.oh outweighs the repulsion and induces 
a surface contraction. This contraction, however, simulates a higher coordina- 
tion number Z > Zhulk in the second layer with full bulk coordination, In this 
region the repulsion outweighs the attraction and causes an expansion of the 
next interlayer distance. In this way a damped oscillatory relaxation is induced 
in the following layers. 

We calculated relaxations at vertical interlayer distances Ad,j and horizon- 
tal displacements Ay, at Pt ( l l0)  and W(211) surfaces. For Pt we used [26] 
Ec,,h(bulk) = 5.86 eV, r 0 = 2.77 ~,, and for the bulk modulus B = 2.88 × 1012 
d y n / c m  2. This yields [24,26] p = 11.1 and q =  3.7. For W we assumed [24] 
p = 9.8, q = 3.3 and r 0 = 2.74 ,~,. Since in our model relaxations depend only 
on p and q and since these values are very similar in many transition metals 
[24], we do not expect strong material dependence on multilayer relaxations. 
The results of our calculation are presented in table 1 together with a 
compilation of experimental data for different materials. The damped oscilla- 
tory multilayer relaxations on fcc(l l0)  surfaces and their expected universal 
behaviour, predicted on the basis of a model which uses only bulk metal 
properties as input, agree very well with observed relaxations. 

At bcc(211) surfaces, which show some similarity with fcc(110) surfaces [7], 
damped oscillatory relaxations are predicted and observed [7] both perpendicu- 
lar and parallel to the surface. As expected, the topmost interlayer spacing d12 
contracts [7]. In contrast to the experiment, the horizontal shifts Ay, of the 
individual layers (along the rows) differ in direction from those obseved [7] on 
the Fe(211) and predicted [21] for the Na(211) surfaces. We find a horizontal 
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Table 1 
Calculated and experimental relaxations of the vertical interlayer distances Ad,j and horizontal 
displacements Ay, of the individual atomic layers i at fcc (110) and bcc (211) surfaces 

System Ad]2 Ad23 Ad34 Ad45 Ay I Ay 2 Ay 3 Ay 4 Ref. 
(%) (%) (%) (%) (A) (h) (A) (A) 

Pt(l l0)  -9 .5  +1.7 - 0 . 6  +0.3 
(theory) 

Ni(i 10) - 8 . 4 + 0 . 8  +3.1+1.0  - 
Cu(l l0)  -8 .55:0.6 +2.3:1:0.8 -0.95:0.9 - 0 . 8 + 0 . 9  
Ag(110) -7.85:2.5 +4.35:2.5 - 
AI(II0) -8.5% +5.5 +2.2 +1.6 

- 8 . 6 %  + 5 . 0  - 1 . 6  

W(211) - 8 . 3  -1 .5  +0.6 +0.12 -0.01 
(theory) 

Fe(211) -10.5  +5 - 1  -0 .24  +0.04 

-0 .00  -0 .00  

Present 
work 
I21 
[3] 
[4] 
[51 
[61 

Present 
work 
[71 

(a) 
unreconstructed surface missing row model 
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Fig. 3. (a) Side view of the unreconstructed and (1 × 2) reconstructed fcc(110) surfaces. The dashed 
line surrounds the surface area considered for the surface tension 70 given in table 2. (b) Top view 
of the domain wall formation mechanism for the missing row reconstruction proposed in ref. [18]. 
Dashed line surrounds the sites considered in the domain wall energy A7° w. 
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Table 2 

Calculated surface energies -r ° of relaxed P R 1 1 0 ) .  P t ( l O 0 )  a n d  P t ( I l l )  surfaces for different 
reconstruction models 

System y ' )  ( e V )  A'),~ ( e V )  

Pt(l I0)-(I x 1) 
unreconstructed 1.144 ;') 

P t (  1 1 0 ) 4 1  x 2 )  

missing r o w  1 . 7 7  ' "  

B o n z e l -  F e r r e r  2 . 5 3  ' "  

Pt(100)-(1 x 1) 
unreconstructed 0 . 6 9  )')'~ ) 

P t ( 1 0 0 ) q  1 x 5 )  

" "  b r i d g e "  0 . 6 3  • 

" "  t o p "  0 . 6 4  ~ ' 

P t (  1 0 0 ) - ( h e x  ) 0 . 6 0  ' )  

Pt(11 I)-(I x l )  
unreconstructed 0 . 4 3  

- 0 . 0 4  ") 

0 . 7 6  '') 

• 0 . 0 6  ' ' 

0 . 0 5  • ) 

- (LOg ' ) 

" The surface sites considered for y" are shown in f ig .  3 a .  

)') Additional adatoms at the (100) surface account for the atom number conservation during the 
reconstruction. 

) Average value per topmost-layer atom. irrespective of the surface W ig n er  Seitz cell. 

shift of the topmost layer toward higher symmetry with respect to the third-layer 
atoms located directly below and towards lower symmetry with respect to 
second-layer atoms located aside. 

3.2. (1 X2) reconstruction at clean lr, Pt and Au(l lO) surfaces 

The (l × 2) reconstruction at the (110) surfaces of  late 5d metals has been 
extensively investigated both experimentally [16-18,20,27] and theoretically 
[28]. Among the different models proposed for the (1 x 2) reconstruction, the 
missing row and partly the Bonzel-Ferrer model seem to be most in agreement 
with experiment [16-18,20,27]. An illustration of these models as well as of the 
unreconstructed surface is given in fig. 3a. ]'he controversy about the long 
diffusion distances necessary to create a missing row surface [27] have been 
resolved by suggesting a domain formation mechanism [18], shown schemati- 
cally in fig. 3b. 

We calculated surface tensions and heats of reconstruction for the Pt(110)- 
(1 x 1) and (1 x 2) surfaces. Our results are presented in table 2. With respect 
to our former recursion technique calculation [28] the number of surface layers 
has been doubled and the number of inequivalent sites considered increased to 
12. Oscillatory multilayer relaxations, similar to those shown in table 1. are 
obtained also on the reconstructed surfaces [29]. According to our results, the 
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missing row reconstruction is energetically slightly favoured at T = 0 K, while 
the Bonzel-Ferrer structure can be discarded on energetic grounds. 

As shown in fig. 3b, the transition from the unreconstructed surface to a 
"missing row" structure is accompanied by the formation of energetically 
unfavourable domain walls. The domain wall formation energy Ayl°)w, defined 
by the change of y0 in the dashed area shown in fig. 3b, amounts to 
Ay° w = 0.32 eV for Pt. We conclude that the energy gain upon forming 
missing row domains of 10 and more atoms in the [110] direction already 
outweighs the energy cost of domain walls. Domain sizes of 10 and more atoms 
also seem to be consistent with experimental observation [18]. 

3.3. (hex) reconstruction at clean Ir, Pt and Au(lO0) surfaces 

Despite detailed experimental investigations [8-10,14,19] of the surface 
structure at the (100) surfaces of Ir, Pt and Au, so far no theory exists to 
explain the observed complex reconstruction behaviour. The superstructures 
observed reach from Ir and Pt(100)-(1 x 5) with relatively simple unit cells 
[9,101 to the complex c(26 x 68) reconstruction at the Au(100) surface [8]. The 
common feature of these structures is a local (1 x 5) superstructure caused by 
hexagonal close packing and a uniaxial 4% contraction within the topmost 
layer [8,14,19]. Structure models are presented in fig. 4a. More complex "hex"  
structures are obtained by assuming isotropic contractions and slight rotations 
of the topmost layer by ~ < 1 °. It should be noted that the close-packed 
reconstructed surface contains -~ 20% more atoms than the unreconstructed 
surface, which must also be considered in energy calculations. 

Here, we present a calculation of the surface tension and relaxations at 
Pt(100) surfaces. Results are presented in table 2 and figs. 4 and 5. Very similar 
p and q values in Ir and Au allow a generalization of the Pt results to these 
metals, since y0 scales with Ecoh(bulk). The (hex) reconstruction occurs if the 
decrease in surface tension upon close packing the topmost layer (compare the 
surface tensions of unreconstructed Pt(100) and P t ( l l l )  surfaces in table 2) 
outweighs the misregistry energy with the underlying layers. 

In our calculation we first assumed the close-packed rows of the top 
hexagonal close-packed layer to be commensurate with the substrate in the 
[011] direction (fig. 4a), which allowed for a " t op"  or a "br idge"  registry [8,19]. 
The relaxed surface tension was then calculated for different contractions of 
the top layer in the [01]] direction. The results shown in fig. 5a indicate a 4% 
contraction in the [01]] direction to be most favourable, which defines a 
(1 × 5) superstructure. As can be inferred from table 2, the surface energies of 
the " t op"  and "br idge"  registries are energetically nearly degenerate. The 
obtained slight preference of the "bridge" structure would require the support 
of a more sophisticated calculation. The calculated relaxations of the individ- 
ual atoms, plotted in fig. 4b, show a "double maximum-double  minimum" 
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Fig. 4. (a) Structural models for the fcc(lO0)-tl x 5) reconstruction in the "bridge" and "+top" 
registry, as proposed in refs. [8,19]. The cross-hatched atoms belong to the hexagonal close-packed 
top layer. (b) Calculated vertical relaxations of individual atoms (in units of the lattice constant a)  
at fcc(100)-(l × 5) surfaces in the " top"  and "bridge" registry. 

structure in the "bridge" registry and a "single maximum-single minimum" 
structure in the "top" registry, in agreement with the experiment [19]. 

Keeping the contraction in the [011] direction constant, the surface tension 
could further be decreased by allowing for a contraction in the [011] direction, 
yielding a 4% contraction as most favourable (fig. 5b). This (hex) reconstructed 
surface shows a coexistence of the "top" and "bridge" registries defined in the 
(1 × 5) structure [191. Unlike for the contraction in the [011] direction, a small 

{a) 

levi I 
0 6 8 " ~  

0 %  2"/ .  4 %  6"1. cont rQctnon 
a l o n g  [01T]  

(b} 
o I 

IR 
[eVl 
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0 6 2  

0 6 0  , r , " 
0 %  2 %  4"/ .  6"1. c o n t r a c t  ,on  

c.?x 

along [011} 

Fig. 5. The surface tension y" at fcc(100) surfaces for different contractions (a) in the [0ll} 
direction and (b) in the [011] direction. 
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activation barrier has to be surmounted in the latter case in order to reach the 
(hex) structure with a 4% uniform contraction within the topmost layer. Note, 
such activation barriers are expected to exist between different hexagonal 
reconstruction phases. As can be seen from table 2, the heat of reconstruction 
(with respect to an unreconstructed surface with isolated adatoms) is Ay ° = 
- 0 . 0 9  eV per surface atom in the (hex) phase and nearly -0 .06  eV in the 
(1 x 5) phase. 

3.4. CO chemisorption-suppressed Pt(lOO)-(hex) reconstruction 

The property of some adsorbates to suppress reconstruction has been widely 
used also to prepare metastable unreconstructed surfaces [10,27]. It has been 
found experimentally that already very small coverages 0 >__ 0.05 of CO sup- 
press the (hex) reconstruction at Pt(100) surfaces [11]. This behaviour can be 
calculated by using eq. (4) and our reconstruction criterion, eq. (5). This is 
illustrated in fig. lb. For metal adatoms, A't~'~ can be determined by calculat- 
ing heats of adsorption from eq. (6) or its simple extension in the case that the 
adsorbate and substrate atom types are different [26]. Depending on the 
changes in adsorption geometry (coordination numbers, bond lengths) Ay ~a~ 
can be positive or negative. For nonmetallic adsorbates such as CO, NO, etc., 
where also charge transfers occur which cannot be reliably accounted for by a 
simple calculation, we estimate AT~d~ from experiment. 

For the Pt(100) surface we use AyR° = --0.09 eV. The adsorption energies 
have been given as [11] E~d~.R(CO/Pt(IO0))= 1.19 eV and E~d~.t~(CO/Pt(100)) 
> 1.63 eV on the reconstructed and unreconstructed surface, respectively [30]. 
Using A~ ads ~> 0 X 0.44 eV in eq. (5), we find a critical coverage 0~t,t < 0.2 for 
the local suppression of reconstruction. This agrees very well with the observed 
value [11] O,r . = 0.05, which is an average coverage and neglects island forma- 
tion. 

3.5. H chemisorption-induced Ni and Pd(l  lO)-(1 × 2) reconstruction 

On hydrogen-covered (110) surfaces of Ni and Pd a large number of 
superstructures has been observed, which for coverages larger than 0,.r,(H)= 1 
involved a (1 × 2) reconstruction of the substrate [12,15]. The paired rows 
model (see fig. 3a) has been suggested for this reconstruction [12], since it 
provides new adsorption sites for hydrogen atoms at 0 > 1. The proposed 
domain structure [12] accounts for streaks in the LEED pattern observed on 
Ni( l l0) .  Row pairing at the (110) surface also enables hydrogen to occupy 
subsurface sites on the Pd( l l0)  surface at high coverages [15]. The effect of 
hydrogen to induce surface reconstruction is demonstrated in fig. la. 

In our calculation for the hydrogen-induced reconstruction on Ni( l l0)  we 
use for Ni E~,,h(bulk) = 4.46 eV and use for simplicity the same p and q values 
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as in Pt [24]. We obtain the surface tensions y~t ~, = 1.40 eV for the unrecon- 
structed surface and y~ = 2.05 eV for the paired rows reconstructed surface 
(corresponding to surface areas shown in fig. 3a, and assuming d equal to the 
bulk nearest-neighbour distance). At clean Ni(110) surfaces the positivc value 
A-/I~ = 0.65 eV discards the paired rows reconstruction. In a second calculation 
wc varied d in the range 0.6a ~< d~< 1.0a (a being the lattice constant) and 
showed that A-¢~ remains positive for all these pairing distances. Using for the 
hydrogen adsorption bond energy on the unreconstructed Ni(110) surface the 
observed value [31] E:,d~,t,(H/Ni(ll0))= 2.70 eV (corresponding to the heat of 
adsorption of 0.93 eV), 0~, = 1 and the heat of reconstruction (per single 
surface atom of the unreconstructed surface) A¥~ = 0.33 eV, we conclude from 
eq. (5) that the average hydrogen adsorption bond energy must incrcase to 
E,,O~,R(H/Ni(ll0))>~ 3.03 eV in order to induce reconstruction. Theoretically, 
we also expect an increased adsorption energy for hydrogen in subsurface sites 
of the reconstructed surface as a result of larger coordination. Note, the 
adsorption energies used in eq. (5) also include adsorbate-induccd changes in 
the electronic structure and bonding of the substrate, which are likely to occur 
in the presence of hydrogen. 

4. Discussion 

We have shown that general trends observed for multilayer relaxations and 
reconstruction behaviour at transition metal surfaces can be quantitatively 
understood by using a fairly simple electronic model. Contractions of the 
topmost interlayer distance, and in some cases (at Pt, lr and Au(100)-(hcx) 
surfaces) in-plane contractions of the topmost layer, can be understood to arisc 
due to the unsaturated coordination at surfaces. 

Our results indicate that at fcc surfaces packing effects seem to bc the 
driving force for reconstruction. While at bcc(100) surfaces the (~/2 × ~/2 )R45 ° 
superstructure of W is believed to be stabilized [22] by a half-filled surface 
state near E v (no reconstruction is observed for the neighbouring Ta, where 
this state is empty [321), this seems not to be the case at fcc surfaces. The very 
similar reconstruction behaviour at lr, Pt and Au surfaces suggests that on late 
fcc metals details in the surface electronic structure are of minor importance 
for their reconstruction. This was already indicated by our earlier calculation 
of the Pt(ll0)-(l × 2) reconstruction [28] yielding no surface states near E I in 
Pt such as observed for W. 

We conclude that mainly the close packing of the topmost layer (as 
observed at lr, Pt and Au(100)-(hex) surfaces) is the driving force for rccon- 
struction (see fig. 6). The decrease in the tension of the topmost layer, which is 
proportional to E~,,,(bulk), is counteracted by a misregistry energy which 
depends on the shear modulus G. While both these effects have been consid- 
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h,gh surface tens,on 

reconstructed 

large m,sreglslry 
smal l  surface tens Jan 

Fig. 6. Illustration of the decrease in surface free energy driving reconstruction. This is often 
achieved by close packing the topmost layer at the cost of misregistry with underl.~ing layers. 

ered in eqs. (1) and (6), it should be noted that G (and hence y")  have been 
underestimated [24] in eq. (6), which assumed all hopping integrals as iso- 
tropic. Generally, large values of G/E~,,,h(bulk) should suppress reconstruction, 
while small values facilitate reconstruction [34]. From the inspection of these 
data presented in table 3 it seems obvious, that clean 3d and 4d fcc metals do 
not spontaneously reconstruct in the same way as 5d metals do. Reconstruc- 
tion on these surfaces can, however, be induced by even very small traces of 
adsorbates such as alkalis [13]. An improved discussion of the valency depen- 
dence of reconstruction and of the different behaviour of the 3d, 4d and 5d 
transition metals would require considering the angular dependence of the 
hopping integrals in eq. (6). 

Concerning the surface multilayer relaxations, we calculate the equilibrium 
atomic positions by determining the global minimum of the surface tension in 
a multidimensional parameter space from eq. (7). In order to reach the global 
and not a local energy minimum, we adopted the following, physically plausi- 
ble procedure. Starting from the unrelaxed surface, we first relaxed each layer, 
beginning with the topmost layer, and kept all other layers fixed during this 
relaxation. This calculation cycle through all layers has been repeated several 
times, until convergence was reached. In our opinion, this procedure correctly 
simulates relaxation processes at surfaces, where after cleavage at first only 
top-layer atoms relax due to their changed coordination. 

Table 3 
Ratio G/E, ,h(bulk  ) for fcc transition metals (in 102s m 3 ); G ~ C4a is used for the shear modulus 
[33] in the [100] direction on the (100) plane; T = 0 K 

Co Ni Cu 
T difficult 

11.5 18.5 14.7 

Rh Pd Ag reconstruction 
? 11.4 10.8 

Ir Pt Au 
easy 

24.1 8.2 7.4 
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In summar, , ,  we calcula ted mul t i layer  relaxations,  surface energies and heats 
of reconstruct ion at clean and adsorba te -covered  surfaces in such a way that 
general  physical  facts de te rmin ing  the surface geometry  became apparen t .  The 
predic ted  osci l la tory  re laxat ions  at fcc and bcc surfaces showed only a .,,mall 
mater ia l  dependence  and good quant i ta t ive  agreement  with exper iment .  Also 
the reconst ruct ion trends predic ted  for clean fcc(110) and (100) surfaces agreed 
well with surface s tructures  observed at Ir, Pt and Au surfaces. I)eviat ion~ 
from this behaviour  in the 3d and 4d metals  have been accounted  for bx 
consider ing the rat io of the shear modulus  and the bulk cohesive energy. A 
general  cr i ter ion for adsorba te - suppressed  and - induced reconstruct ion has 
been presented which descr ibes  proper ly  the geometry  of  ( ' ( ) -covered  Pt(100) 
and | |°covered Ni(110) surfaces. 

Note added in pr~ff 

We are grateful  to Dr. W. Mori tz  for poin t ing  out that the mechanism for 
the f cc ( l l 0 ) - ( l  × 1)~=" (1 × 2) reconst ruct ion descr ibed  in section 3.2 accounts  
for s t ructural  changes observed on Au( l  10) surfaces [35]. A different  "'cross- 
channe l "  diffusion mechanism with site exchange has been p roposed  [36] and 
later observed [37] for the same reconst ruct ion o,1 PI(I10) surfaces. Thi.,, 
mechanism,  which has been s tudied intensively [38], assumes domain  walls 
ahmg the [110] direct ion.  In cont ras t  to the domain  s t ructure  discussed in 
section 3.2. no low coord ina ted  "edge"  a toms  exist and the domain  wall energ.,, 
is negligible in this case. Hence the local value of the heat of reconst ruct ion (of. 
table  2) AyI ~ . . . .  0.04 eV applies  to the surface as a whole. At higher temper-  
atures,  domain  walls shown in fig. 3b become signif icant  also in this system for 
the descr ip t ion  of o r d e r - d i s o r d e r  t ransi t ions.  
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