
































































































































































































































































































































































































































Figure 6.20 Auger Spectra from Rh on W(110) in the presence of 
oxygen. 
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present case, oxygen clearly inhibits the development of the chain 

structures at low coverage and the second layer strained Rh(lll) 

structure. 

6.2 Rhodium on Molybdenum 

6.2.1 AES characterization of Rh film growth 

Rhodium deposition on Mo(llO) was examined following cleaning of 

the Mo(llO) crystal as described in chapter 4. The Auger spectrum 

of the cleaned crystal showed only peaks due to Mo and no peaks that 

could be associated with C or 0, figure 6.21a. Following deposition 

of Rh, the Auger spectrum, figure 6.21b, showed Rh peaks at energies 

identical to those for Rh on tungsten. Comparison between figures 

6.21a and 6.21b shows that the major MNN emission of Mo at 226 eV 

overlaps the major MNN emission of Rh at 226 eV. For the AST plots 

the major MNN emissions of Rh at 306 eV and of Mo at 188 eV, both of 

which are well separated from other emissions, were selected. 

Figure 6.22 shows the AST curves obtained at two different 

temperatures. The curves are similar to those obtained for Rh on 

tungsten. Sharp breaks at the monolayer deposition time were not 

observed for the reasons discussed in section 6.1.1. The monolayer 

deposition time, calculated from the attenuation of the Mo Auger 

electron peak-to-peak height using the procedure outlined in section 

4.3.10, chapter 4, is indicated in figure 6.22. 

As found for Rh on W(110), the Rh Auger electron peak-to-peak 

height for the annealed deposit increases and the Mo Auger peak-to-peak 

height decreases less rapidly within increasing deposition time beyond 

the monolayer coverage than for room temperature deposition. Assuming 
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Figure 6.22 Plots of Auger Amplitude versus deposition time 
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surface alloying does not occur, this is indicative of three-

dimensional growth for the annealed deposits at coverages beyond the 

first monolayer. Surface diffusion and diffusion into the crystal 

as the cause for the slow decrease of the Mo Auger peak-to-peak 

height are thought to be unimportant for the same reasons as those 

given for Rh on W(110) in section 6.1.1. 

6.2.2 LEED observations of Rh overlayer structures 

Prior to Rh deposition, the cleaned Mo crystal gave the (lxl) 

LEED pattern expected for the (110) surface, figure 6.23. The 

reciprocal and real lattice unit cells are shown schematically in 

figure 6.24. 

(a) Room temperature deposition 

Room temperature deposition of rhodium caused broadening of the 

Mo(llO) spots and a considerable increase in the background. The 

broadening of the spots indicates some ordering of the adsorbate at 

room temperature. This behaviour is in contrast to that of room 

temperature deposits on tungsten, which showed only a considerable 

increase in the background. The diffuse streaks observed at low Rh 

coverages on W(110), due to the chain structures (figure 6.10), were 

never observed on Mo(llO). Increasing the coverage beyond 1 monolayer 

resulted in the pattern of figure 6.25a, which is similar to figure 6.12 

for Rh on W(llO). The satellite spots of figure 6.25a were not always 

well-defined but the pattern improved in sharpness when the specimen 

was heated at 500 K, figure 6.25b. A sharp pattern was also obtained 

if the specimen with about 1 monolayer of Rh was first annealed at 

about 500 K and subsequent deposition was done at room temperature. 
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(a) 60 V (b) 70 V 

Figure 6.23 LEED patterns from clean Mo(llO) surface. 
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Figure 24 Reciprocal (a) and real (b) unit meshes of Mo(llO) surface. 
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(a) (b) 
Figure 6.25 (a) LEED patterns from Rh on Mo(llO) after deposition 
of >1 ml of Rh at 300 K (a) followed by annealing at 500 K (b), 
showing satellite spots associated with multiple diffraction between 
a strained Rh(lll) layer and the underlying lattice (64 V). 

$ • a 9 e 

Figure 6.26 Schematic diagrams of the reciprocal (a) and real (b) 
lattice unit meshes corresponding to the patterns of fig. 6.25. 
Solid lines: Rh unit mesh; dashed lines: Mo unit mesh; filled circles: 
"extra" multiple diffraction spots. 
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Following the interpretation applied to the tungsten case, it is 

proposed that the pattern of figure 6.25 arises from a second layer 

strained Rh(lll) structure and multiple diffraction between the 

strained Rh(lll) structure and the underlying lattice. The strained 

Rh(lll) structure has a repeat distance of Mo in the Mo<llO> direction 

and a repeat distance of 2.73 £ in the Mo<lOO> direction. The Rh 

nearest-neighbour distance in the strained structure is 2.61 X. The 

strained Rh(lll) structure on Mo(llO) is thus identical to that on 

W(110) surface within the accuracy of the measurements. The 

reciprocal and real lattice unit cells corresponding to the strained 

Rh(lll) structure on Mo(llO) are shown schematically in figure 6.26. 

Upon annealing the specimen at 700 K the multiple beam pattern 

of figure 6.25 was destroyed. If deposition'was then continued at 

room temperature the multiple beam pattern was restored. This 

behaviour is similar to that observed for the multiple-beam pattern 

of Rh on W(llO). Following the interpretation given for Rh on 

W(110), it is suggested that the second layer Rh on Mo(llO) is 

metastable and agglomerates into three-dimensional crystallites and 

the pseudomorphic first layer is exposed between the crystallites. 

When further deposition takes place at room temperature, the second 

layer strained Rh(lll) is reformed in the region between the crystallites. 

With continued deposition at room temperature the multiple 

diffraction spots gradually faded away, background intensity increased 

and a new pattern emerged at a coverage exceeding 2 monolayers, with 

diffuse streaks in the Mo<lll> directions, figure 6.27a. The streaks 

and the spots became sharper after annealing the specimen at >700 K, 

figure 6.27b. The extra spots are interpreted as due to Rh(lll) with 

the orientation relationship Rh(lll)||MO(110) and Rh<121>||Mo<llo>. 
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(a) (b) 
Figure 6.27 LEED patterns from Rh on Mo (110). (a) After deposition 
of about 2 ml of Rh at 300 K followed by (b) annealing at 700 K. (64 V). 

(a) (b) 

Figure 6.28 Reciprocal (a) and real (b) unit meshes corresponding to 
Rh(111)||Mo(110) in the Nishiyama-Wassermann orientation. Solid lines: 
Rh unit mesh; dashed lines: Mo unit mesh. This is the proposed 
structure producing the extra spots in the pattern of fig. 6.27b. 



219 

The reciprocal and real lattice unit cells corresponding to the pattern 

of figure 6.27 are shown in figure 6.28a and 6.28b, respectively. 

It should be noted that the diffuse streaks appearing for the 

room temperature deposit in figure 6.27 were not always distinguished. 

Frequently, continued deposition at room temperature resulted in a 

gradual fading away of the Mo(llO) spots with the emergence of diffuse 

Rh(lll) spots, figure 6.29a. Figures 6.29a and 6.29b show the effect 

of annealing the specimen. Annealing at 1200 K resulted in considerable 

sharpening of the Rh(lll) spots while above 1300 K partial desorption 

of the Rh occurred, resulting in the emergence of the original 

Mo(llO) spots. The orientation relationship of the Rh(lll) is the 

same as that depicted in figure 6.28. The mismatch of bulk Rh 

lattice in the Mo<110> direction is about 5% while in the Mo<l00> 

direction it is 14.5%. These values are similar to the mismatch 

values of bulk Rh(lll) on W(110) (figure 6.8). 

The rather surprising feature of these observations when compared 

to Rh on W(110) is the appearance of Rh(lll) crystallites on the 

unannealed Mo surface with the epitaxial relation Rh<121>||Mo(110). 

This orientation was never clearly seen for Rh on W(110) in low 

temperature deposits. 

(b) Effect of annealing room temperature deposits 

On annealing a room temperature deposit of about 2 monolayers 

at 1100 K, the pattern shown in figure 6.30a was obtained. The 

intense streaking between the Mo(llO) spots is similar to the streaking 

observed for Rh on W(110) at a similar coverage and annealing 

temperature (cf. figure 6.16). Figures 6.30b-e shows a sequence of 

patterns obtained by successive 60 sec. anneals at 1200 K. The streaks 
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(c) (d) 

Figure 6.29 LEED patterns from high coverage Rh on Mo(llO). 
(a) After deposition at 300 K showing diffuse spots 
due to Rh(lll). (b),(c) After successive heating 
periods at 1200 K showing sharp Rh(lll) spots and 
(d) following partial desorption of the Rh at 1300 K. 
The Mo spots have re-emerged in (d). The orientation 
of the Rh(lll) overlayer corresponds to that of 
fig. 6.28. 
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(e) 

Figure 6.30 LEED patterns from Rh on Mo(llO). (a) After deposition 
of >2 ml of Rh followed by annealing at 1100 K. (64 V). 
(b)-(e) After successive heating periods at 1200 K. 
(80 V). 
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Figure 6.31 Reciprocal unit meshes of Rh(lll) Mo(llO) 
in both the Nishiyama-Wassermann (NW) and Kurdjumov-Sachs (KS) 
alignments. Mo; Rh (NW); , Rh (KS). All three 
domains of Rh are thought to be present on the Mo(llO) 
surface producing the patterns of figure 6.30(d),(e). 
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lost intensity and extra features appeared in the vicinity of the 

Mo(llO) spots. This suggests that the streaks may be due to a high 

density of three-dimensional crystallites with anti-phase relations 

between them, as was suggested for the similar streaks observed for 

Rh on W(110) (figure 6.18). The extra features in the LEED pattern 

of figure 6.30e are considered to be due to three different domain 

arrangements on the surface. The reciprocal lattice unit cells due 

to these domains are illustrated schematically in figure 6.31a. One 

domain is double positioned on the Mo(llO) surface in the Kurdjumov-

Sachs orientation relationship, i.e., Rh(lll)||Mo(110) with 

Rh<lIo>||Mo<lTl> and Rh<IlO>||Mo<Tll>. The other domain, indicated 

by the dashed line in figure 6.31, is due to Rh(lll)||Mo(110) with 

Rh<121>||MO<110>, which is the Nishiyama-Wassermann orientation 

relationship observed for the high coverage room temperature deposits 

(figure 6.28). 

6.2.3 Effect of oxygen on the growth of Rh films 

Oxygen was adsorbed on Mo(llO) surface following the procedures 

outlined in Chapter 4. Figure 6.32a shows a (2x2) pattern due to 

chemisorbed oxygen on Mo(llO), corresponding to a coverage of 

134 

0.25 monolayers . The corresponding Auger spectrum showing the 

O(KLL) peak at 516 eV is shown in figure 6.33a. Rhodium was deposited 

on this surface at room temperature. The half-order spots due to 

oxygen disappeared at sub-monolayer Rh coverages although the Auger 

spectrum showed that the oxygen was still present on the surface. This 

indicates that the Rh destroys the oxygen array on Mo(llO), exactly as 
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(c) 

Figure 6.32 LEED patterns from Rh on Mo(llO) in the presence of 
oxygen. (a) (2x2) pattern of oxygen on Mo(llO), 
(75 V). After deposition of (a) <1 ml, (b) 2 ml of 
Rh at 300 K onto the surface producing the pattern in 
(a), (65 V). 
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Figure 6.33 Auger Spectra from Rh on Mo(llO) in presence of oxygen. 
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found on the W(110) surface. With increasing coverage the Mo(llO) 

spots became broad, figure 6.32b. Increasing the coverage beyond 

1 monolayer failed to produce the multiple beam pattern of figure 6.25. 

At a coverage exceeding 2 monolayers, diffuse streaks and a considerable 

increase in the background were observed, figure 6.32c, suggesting 

considerable disorder on the surface. The sequence of behaviour is 

similar to that observed for Rh on the oxidised W(110) surface. 

Annealing the specimen at about 1000 K resulted in a pattern similar 

to that observed for W(110) (figure 6.19e), with "extra" spots in the 

Mo<110> direction. 

6.2.4 Carbon-monoxide adsorption on Rh(lll) overlayer 

The adsorption of CO on Rh(lll) crystal surfaces has been studied 

by Grant and H a a s ^ ^ and more recently by Castner, Sexton and Somorjai^ 

It is found that CO adsorption at room temperature produces an increase 

in background intensity at first, and later a diffuse split (2x2) 
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pattern which is just discernible. The CO desorbs below 600 K 

In the present case, a thick layer of Rh (>10 monolayers) was 

deposited on the Mo(llO) surface and the crystal annealed at about 

1000 K. This produced a sharp Rh(lll) pattern of the form shown in 

figure 6.29c. CO was then leaked into the system at a pressure of 
—8 —6 

1 x 10 torr. Exposures of up to 15 Langmuirs (1 Langmuir = 1 x 10 

torr s) produced only an increase in the background intensity, 

suggesting that CO adsorption on the overlayer does occur but remains 

disordered. The presence of the CO was also observed in the Auger 

spectrum, figure 6.34a. Heating the specimen below 400 K resulted in 

CO desorption, as evidenced by the disappearance of the C and 0 peaks 
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Figure 6.34 Auger spectra from Rh(lll) on Mo(llO) after (a) exposure 
to CO at 300 K and (b) desorption of CO on heating at 
400 K. (Spectra taken at 300 K). 
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in the Auger spectrum, figure 6.34b, and the disappearance of the 

background intensity in LEED. Electron-beam-induced effects as the 

cause for the absence of any ordered structure of CO on the Rh 

overlayer can be ruled out since examination of the overlayer in 

LEED with a continuous flow of CO also failed to show any ordered 

structures of CO on the Rh(lll) overlayer. 
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Since CO on Mo(llO) does not desorb up to 1500 K , the low 

temperature desorption from the Rh overlayer suggests that the Rh(lll) 

crystals in the overlayer are separated by regions which are not free 

of Rh but probably consist of the stable pseudomorphic Rh layer. 

6.3 Summary of LEED and AES 

To summarize, LEED and AES studies have been made of rhodium 

vapour-deposited on the (110) surfaces of tungsten and molybdenum. 

Although sharp breaks were not observed in the Auger peak-to-peak 

height versus deposition time plots, the general shape of the plots 

qualitatively indicates a Stranski-Krastanov type of growth for Rh on 

both the surfaces. 

Room temperature deposition on W(llO) resulted only in an increase 

in the background LEED intensity. Well-defined patterns were obtained 

only at elevated temperatures. Heating a room temperature deposit of 

several monolayers in thickness resulted in unsharp diffraction spots 

of Rh(lll) in the Nishiyama-Wassermann orientation relationship, 

Rh<112>||w<110>. Annealing below 600 K after each deposition dose 

resulted in the appearance of diffuse streaks in the LEED pattern at 

sub-monolayer coverages. These streaks are interpreted as due to 

linear chains of Rh along the W<111> directions. With increasing coverage 
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up to a monolayer, the streaks faded in intensity and the W(110) spots 

became broadened, which is interpreted as due to the formation of 

pseudomorphic type islands of Rh. Increasing the coverage beyond one 

monolayer resulted in the appearance of well-defined satellite spots 

in the W<100> direction. This pattern is interpreted as due to multiple 

diffraction between a strained Rh(lll) structure and the underlying Rh 

monolayer and the W(110) surface. However, this second layer was found 

to be metastable, agglomerating into three-dimensional crystallites 

after annealing the specimen at 900 K. If deposition was continued 

beyond two monolayers, the multiple diffraction pattern faded and 

streaks appeared in the LEED pattern. Heating at about 1300 K resulted 

in the disappearance of these streaks and the appearance of new spots 

due to Rh(lll) in the Kurdjumov-Sachs orientation relationship, 

Rh<ll0>| |w<lll> and Rh<IlO> | |W<Tll>. The high coverage streaks is 

interpreted as due to the formation of a high density of three-

dimensional Rh(lll) epitaxed crystallites with a random distribution 

of anti-phase domain boundaries along the close-packed W<111> 

directions. 

In contrast to Rh on W(110), sub-monolayer coverages of Rh on 

Mo(llO) only produced a broadening of the Mo(llO) spots at room tempera-

ture. The streaking associated with Rh chains was never observed on 

Mo(llO). Apart from these differences, the LEED patterns of Rh on 

Mo(llO) were found to be similar to those on W(110). The LEED pattern 

changes on Mo(llO) were observed to occur at relatively lower temperatures, 

indicating the greater mobility of Rh on Mo(llO). 

Small amounts of Rh were found to destroy the low coverage ordered 
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oxygen arrays on both W(110) and Mo(llO). The oxygen prevented the 

development of the chain structures on the W(110) surface. The 

presence of oxygen also inhibited the formation of the second layer 

strained Rh(lll) structure on both the surfaces. 
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7. A TIGHT BINDING MODEL CALCULATION 

7.1 Introduction 

Field ion microscope observations described in chapter 5 show 

that rhodium adatoms on tungsten and molybdenum (110) surfaces form 

linear chain clusters which have their axis accurately aligned parallel 

to the substrate <111> directions. Bonding in these clusters is thus 

29 

directional and restricted. Other f.c.c. adsorbates have also been 

observed to form linear chain clusters on W(110). It is clear by 

now that the formation of chain clusters is restricted to the later 

transition metals and thus appears to be linked to their electronic 

configuration. As stated earlier, one aim of the present work was 

to determine the electronic contribution to the stability of adsorbate 

clusters and establish whether the formation of linear-chain clusters 

for the later transition metals could be predicted theoretically. The 

procedure adopted to achieve this was to calculate self-consistently, 

within a d-electron tight-binding approximation, the local electronic 

structure and energy of a cluster of three adatoms adsorbed on the 

W(110) surface in two different geometrical configurations: (i) a 

linear-chain cluster aligned along the W<111> direction and, (ii) a 

two-dimensional triangular cluster. Two different adsorbates were 

examined in turn: (i) tungsten which has a half-filled d-band and is 44 

known experimentally to form two-dimensional clusters, and (ii) 

rhodium which has a nearly filled d-band and, as noted above, forms 

linear-chain clusters. These two cases will be compared and the validity 

of the theoretical approach determined. 

The basis of the model is that the system being considered is 

adequately described by a d-electron tight-binding approximation, 
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ignoring the sp conduction states. This is reasonable since a large 

number of properties of transition metals is adequately described 

81 

within this approximation . For example, the cohesive energy of 

bulk transition metals is largely due to the d electrons
1

^"*, and the 

same appears to be true for the binding energies of transition metal 38 
atoms adsorbed on transition metal surfaces 

In order to determine the relative stability of the two adsorbate 

configurations, it is necessary to find the energy difference between 

them. Within Hartree-Fock theory the total energy U^ of a system is 
. 80 

given by 

where U^ is a summation of the energies of the occupied one-electron 

states (d-states in the present case) and U is the electrostatic 
es 

term including both the core-core repulsion term and the double-

counting electron-electron interaction term. In principle, the required 

energy difference between two systems, A and B, will be of the form 

AU
t
 =

 = A U

d -
 A U

e s
 ( 7

'
2 ) 

Evidence shows that the band energy term U^ largely accounts for the 

80 166 

structure dependent part of the total energy . Pettifor has found 

that it accounts correctly for the occurrence of the fee, bee and hep 

structures among the transition metals and Johannes and coworkers
1

^
7 

have used it successfully to compare the three Laves phase alloys. 

Thus, when comparing similar structures AU^ should give the correct 

sign and general variation of the difference in total energy. An 168 
expression for AU^ has been written in closed form but this was not 
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used here. Instead, the band energies and the local d-electron 

density of states of each orbital of the atoms concerned in a cluster 

were calculated. The summation of these quantities gave values for 

individual atoms. This procedure then enabled the determination of the 

contribution of individual orbitals and atoms to the difference in 

energy between the two cluster geometries. The d-electron energy of 

a single adatom at a saddle site on W(llO) was also calculated and 

compared to its value at the lattice site. The difference in energy 

between the two sites should reflect the d-electron contribution to the 

activation energy barrier to adatom diffusion and can be compared to 

the experimental values. Calculations have been performed for both 

W and Rh on W(110). 

The d-band energy U^ of an orbital a is calculated as 

E

f 
U , = J En (E) dE (7.3) da

 J

 a 
— 00 

where n^(E) is the orbital density of states and E^ is the Fermi energy. 

The local density of states and related quantities were calculated 

80 
using the recursion method . The Fortran routines for this method 
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were obtained from the Cambridge recursion library . Computer 

programmes incorporating these routines were written in a general form, 

permitting calculations for any type of transition metal adsorbate on 

a bcc (110) surface. Subsequently, these programmes were adapted to a 

package given by Beer
1 7

^, who has used the recursion method to calculate 

the local density of states of bulk alloys. All the computational work 

was done on the CDC 6600/6400 system at Imperial College. 
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7.2 Details of the Calculation 

7.2.1 The tight-binding Hamilton!an 

The Hamiltonian of the system was represented in a basis set of 

localised orbitals, in this case the five d-orbitals centred on each 

atom. Non-orthogonality overlap integrals between orbitals on different 

sites were ignored and only two-centre integrals between orbitals on 

first and second neighbours of the bcc structure were retained. These 
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are conventional approximations in tight-binding theory . The 

two-centre integrals are expressed in the form of a linear combination 

of three hopping parameters, namely dda, ddir, dd6. These parameters 

were calculated a s
1 7 2 

-60 

dd
X
 = +40 } (m^S

2

)"*
1

(S/R)
5

 for
 x
 = { ir (7.4) 

- 1 0 

where m^ is the effective mass of the d-band, S is the Wigner-Seitz 

2 
radius and R is the interaction distance. M^S is approximately related 

172 
to the d-band width W^ by 

W
d
 = 25/m

d
S

2

 (7.5) 

W^ and S for W and Rh are listed in table 7.1. The first and second 

neighbour distance, for both W and Rh were taken as 2.74 & and 3.164 8, 

respectively. These values were used in equations 7.4 and 7.5 to 

calculate the hopping parameters for W and Rh. The calculated values 

of the hopping parameters are listed in table 7.2. The tungsten adatom-

adatom and adatom-substrate hopping parameters were set to the same 

value as the substrate atoms themselves. For the rhodium case, the 
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Table 7.1 Input parameters for the tight-binding calculation. 

The d-band width W
d
 (eV), Wigner-Seitz radius, S(R), 

the number of d electrons per atom, Q^, and the 

d-level, (eV), for tungsten and rhodium. (From ref.172,175) 

W

d 
S Q° 

0 
£d 

w 10.88 1.561 5 -6.2 

Rh 7.89 1.49 8 -10.42 

Table 7.2 The tight-binding hopping parameters dda, ddu 

and dd6 for first (n) and second (nn) nearest 

neighbours for tungsten, rhodium and tungsten-

rhodium. (Units: electron volts). 

Neighbour dda ddir dd6 

W-W n -1.5675 1.045 -0.2613 

nn -0.7633 0.5088 -0.1272 

Rh-Rh n -0.9007 0.6005 -0.1501 

nn -0.4386 0.2924 -0.0731 

W-Rh n -1.1882 0.7921 -0.1980 

nn -0.5786 0.3857 -0.0964 
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adatom-substrate hopping parameters were set to the geometric mean 

of the Rh-Rh and W-W parameters. 

7.2.2 Adsorption geometry 

Figure 7.1 shows schematically the adsorbate cluster geometries 

used. (The significance of the numbers is explained below.) The 

adatoms were placed at the otherwise unoccupied lattice sites above 

the surface plane. The geometry of an adatom at a lattice site on 

the W(110) surface is such that each adatom has two first-neighbours 

in the yz plane and two second neighbours in the xz plane. The 

assumption that the adatoms occupy lattice sites on W(110) agrees with 
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Cowan and Tsong who concluded from mapping the sites visited by a 

diffusing W adatom that the adatoms were observed at lattice sites. 

In view of the lack of experimental evidence to suggest otherwise for 

Rh on W(110), it seems best to put the adatoms on lattice sites. 

To calculate the d-electron contribution to the activation energy 

barrier to adatom diffusion, the energy was also calculated for the 

adatom at a saddle site (figure 7.1), where the adatom has just two 

first neighbours. 

In all cases, relaxation of adatoms was not considered and the 

nearest-neighbour bond length was set to the bulk tungsten value 

(= 2.74 £). 

7.2.3 Evaluation of the recursion coefficients 

80 

The recursion method can calculate the local density of states 

n ^ ( E ) which can be expressed as a diagonal element of the Green funct 

n . (E) = -TT"
1

 Im G (E,H) (7.6) 
ai aa ' 
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Figure 7.1 Adsorbate geometry on the W(110) surface. (a) Linear 
cluster, (b) triangular cluster, (c) single adatom at lattice site, 
(d) saddle site. Shaded circles: adatoms; solid open circles: surface ¥ 
atoms; dashed open circles: 2nd layer W atoms. The nos. 1-22 in (a),(b) 
refer to the atoms of the "unit cell" (see text); Atoms 13, 14 and 15 
are 2nd layer atoms directly underneath the adatoms. Similar unit cells 
were defined for (c),(d) but for clarity only the adatom and first (4,5) 
and second (2,3) neighbour surface atoms are shown here. Nearest neighbour 
interatomic spacing = 2.74 X; adatoms in the clusters occupy lattice sites. 
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The cu in the present case refers to the atomic-like d-orbitals at 

site i and H is the Hamiltonian of the system. The recursion method 

enables the Green function matrix elements to be written as a continued 

fraction 

(7.7) 

E

 -
 a

2 "" 

th 

The coefficients a^ and b^ essentially represent the i neighbourhood 

environment of orbital a^. The recursion method generates an ortho-

normal basis set such that the Hamiltonian transforms to one corresponding 

to a set of orbitals on a semi-infinite line with self energies a^ and 

near neighbour interactions b^. The continued fraction continues 

indefinitely for an infinite system. In practice a finite block of 

atoms must be used to make the computation tractable. A block'of 

300 atoms was thus used to represent the tungsten substrate. The (110) 

surface plane of the block contained 50 atoms and adatoms were placed 

centrally on the plane. The continued fractions were evaluated to 

14 levels. A flow diagram of the programs used to calculate the 

continued fraction coefficients is shown in figure 7.2. 

7.2.4 Evaluation of integrals and self-consistency 

Once a set of {a^, b^} is calculated for a given orbital, the 

local density of states is obtained from them as a series of delta 

functions. The recursion library routines produce a smooth density of 
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Figure 7.2 Flow diagram of program 1: Calculation of the continued 
fraction coefficients. 
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states by processing the delta functions as an integral and then 

differentiating the resulting function. 

The calculation of the relative stability of the two adsorbate 

structures requires the evaluation of two integrals. The first 

determines the Fermi level E ^ from 

E

f 
Z = E / n .(E) dE (7.8) 1

 ai 
ai 

where Z is the total number of electrons in the system and the summation 

is over all the five d-orbitals of each atom at site i. In principle 

equation 7.8 should be evaluated for the complete system, including 

all the substrate atoms and the adatoms. However, to make the 

calculation tractable the recursion coefficients {a.,b.} and the 
l l 

corresponding local density of states were calculated for a finite 

number of atoms which included the adatoms and their near neighbours. 

Thus, for the two adsorbate clusters and the single adatom systems, a 

total of 22 atoms was considered (numbered 1-22 in figure 7.1). This 

group of atoms is referred to as the "unit cell". The computation time 

was further reduced by noting that some atoms are equivalent to others. 

The linear chain cluster has rotational symmetry about the z-axis 

through the centre adatom (numbered 2 in figure 7.1) while the triangular 

cluster has mirror symmetry in the plane perpendicular to the surface in 

the <110> direction. This reduced the computation to the five d-orbitals 

of 11 atoms for the linear cluster and 14 atoms for the triangular 

cluster. Similarly, for the single adatom at the lattice site and the 

saddle site the calculations were made for only 9 and 10 atoms 

respectively. Since the atoms are structurally (and chemically in the 

case of Rh) not equivalent, charge transfers between atoms are expected. 



242 

However, z was maintained constant so that the total number of atoms 

in the group considered collectively kept the system neutral. Once 

E^ was calculated, the second integral could be carried out to 

calculate the d-band energy from equation 7.3. 

The self-consistent change in the potential due to charge 

transfers between atoms was treated in a simple manner, assuming that 

80 

only the diagonal elements of the Hamiltonian are important . Having 

calculated E^, the total occupancy Q^ of atom i is given by 

E

f 
Q. = f N.(E) dE (7.9) 

1 J 1 

where N. is the total local density of states at site i, summed over 
1 

the five d-orbitals. The net charge AQ^ at atom i is then given by 

AQ. = Q. - Q? (7.10) 
1 1 1 

where Q? is the atomic d charge of atom i. The five d orbitals were 

then assumed degenerate and their self-energies shifted to e^, 

174 
given as 

e, - e° + UAQ. (7.11) 
a d i 

where U is an intra-atomic electrostatic interaction between orbital 

electrons and is the atomic d level of the atom. U was taken as 
d 

4 eV Values of e° and Q? for W and Rh are listed in table 7.1. 
d 

Self-consistency was achieved within this approximation by calculating 

the occupancy of each atom, shifting the self-energy according to 

equation 7.11 and recalculating the occupancy. This procedure was 

-3 
repeated until the change m the atom occupancy was <1 x 10 
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176 

A double counting energy term 1/4UAQ^, arising from the self-

consistent charge transfer has to be subtracted from the d-band 

174 . . . 
energy . The total band energy at site l is thus given as 

E f * 1 9 
v] = r E N. (E)dE - j- UAQ. (7.12) 
d ' i 4 

Using equations 7.10 and 7.11, equation 7.12 can be written as 

• i 1 2 
Uj = J (E - ej)N.(E)dE + e,Q. - y UAQT 
d

 J

 d i d i 4 l 
—00 
E

f 

= / (E - e^)N.(E)dE + (e° + UAQ.)(Q? + AQ.) - j- UAQ? (7.13) J

 d i d i l i 4 l 

The first term on the right hand side of 7.13 is the d-bond energy, U^. 

The total d-band energy for the system is given by 

i cT" „i "̂C" , o o o _
 T

 o.^ 3 „. 

2 ® d • Z
 b +

 L
 + Q

i
 + Q

i
 Q

i
 +

 5"
 U A Q

i
} 

Since AEQ^
 =

 0 and and Q? are the same for the two systems we are 

comparing, the difference in the band energy between the two systems 

is given by 

Our results show (see later) that the charge-transfers are very similar 

in the two systems, hence the second term in 7.14 is negligible 

compared to the bond energy term. The results are thus discussed in 
i 

terms of bond energies rather than band energies (see section 7.3.3). 
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START 

Figure 7.3 Flow diagram of program 2: Calculation of density 
of states and integrated quantities. 
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Figure 7.3 shows a flow diagram of the programs used to calculate 

the integrated quantities. 

7.2.5 Accuracy in the calculation 

As stated previously the continued fraction continues indefinitely 

for an infinite system. In practice a finite cluster is used and the 

continued fraction is terminated at some stage. The absolute accuracy 

of the calculation depends on the size and shape of the cluster and the 

number of fractions calculated. However, in comparing the integrated 

quantities between clusters with similar overall size and shape, it 

80 

has been shown that the errors cancel out and the difference is due 

to the different structure. In the present study, a rectangular block 

of 300 atoms was used and only the adsorbate geometry changed. The 

overall size and shape of the systems thus remained nearly the same 

in all cases. It is therefore assumed that the errors due to the 

finite cluster size cancel out when comparing two adsorbate geometries. 

7.3 Results and Discussion 

7.3.1 The pure surface 

Figure 7.4 shows the local densities of states (d.o.s.) at an 

atom in the centre of the pure (adatom-free) W(110) surface. The two 

broad peaks are characteristic of the b.c.c. structure and correspond 

81 
to bonding and anti-bonding states . The sharp peaks at the band 

80 

edges are remnants of the delta distribution of the d.o.s. . Their 

appearance in the d.o.s. curves is due to lack of convergence in the 

smoothing procedure used in the recursion calculation. Aside from these 

artefacts at the band edges, the overall features in the d.o.s. are in 
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Figure 7.4 The local density of states on the W(110) surface. 
(N(EF) is the d.o.s. at the Fermi level, E^; Q is the 
occupancy and SE is the d-band energy of the atom). 
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176 
agreement with the calculation of Desjonqueres and Cyrot Lackmann 

who used the moments method including spin-orbit coupling to obtain 

the d.o.s. at the W(110) surface. 

7.3.2 Local densities of states for tungsten adatoms 

The total d.o.s. at a single adatom at the lattice site is shown 

in figure 7.5a. The d.o.s. appears as a broadened resonance with 

little structure. The r.m.s. bandwidth. W , is much smaller for 
rms 

the adatom d.o.s. than for the surface atom. This is understood in 

terms of the reduced co-ordination of the adatom. W for a d-band 
rms 

80 
is given as 

5W
2

 = Z Z. {(dda)
2

 + 2(ddfr)
2

 + 2(dd6)
2

} (7.15) 
rms . l I 

where the summation is over near neighbours. An adatom on W(llO) has 

4 (Z^ = 2 , Z
2
 = 2) near neighbours while a surface atom has 10 

(Z^ = 6 , Z
2
 = 4) near neighbours. Thus, the narrowing of the d-band 

at the adatom is expected. The recursion method preserves the moments 

— , - 80 . ,
 t

 80 
of the d.o.s. . W is related to the second moment, U

0
j by 

rms ^ 

5W = y
0
 (7.16) 

rms 2 

where 

y
2
 = J (E - e

d
)

2

n(E)dE (7.17) 

y
2
 was calculated from 7.17 for a single adatom and underlying substrate 

atoms. The result was in agreement with values obtained using equations 

7.15 and 7.16 (see appendix DI). 
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(b) 

Figure 7.5 Density of states at a single tungsten adatom on the 
W(110) surface: (a) total d.o.s., (b) partial densities 
of states (the numbers 1-5 refer to the xy, yz, zx, 
x^-y^ and orbitals, respectively). 



249a 

Figure 7.5b shows the individual orbital d.o.s. at the adatom. 

2 2 
The numbers 1-5 in the figure refer to the xy, yz, zx, x -y and 

2 2 . 3z -r orbitals, respectively. Comparing figures 7.5a and 7.5b, it 

is seen that the width of the total d.o.s. results mainly from the 

2 2 

yz, zx and 3z -r orbitals. The discrete character of the in-plane 

2 2 . . 

xy and x -y orbitals is expected since the bonding of an isolated 

adatom is directed towards the surface. These orbitals are essentially 

non-bonding and are more nearly filled compared to the other orbitals. 

The adatom has a total net charge of 0.15 electrons transferred from 

the substrate atoms of the "unit cell". The physical reason for this 

transfer of charge can be pictured in a simple manner. The narrow 

adatom d-band is centred below the Fermi level and could thus become 

more nearly filled than the band for surface atoms. However, the 

charge-transfer causes the d-level to rise, which prevents any 

extensive increase in the adatom charge. It should be noted that the 

charges actually lie on orbitals. Since the tail of one orbital overlaps 

the tail of another, the net charge-transfers probably largely cancel 
-

1 7 5 

out 

As the adatom forms a bond with a second adatom at a neighbouring 

lattice site, the local d-band d.o.s. is expected to broaden due to 

the increased co-ordination. The net occupancy of the adatom orbitals 

consequently decreases and the d-level shifts downward. This can be 

seen by comparing figure 7.6a, which shows the orbital d.o.s. at 

adatom 1 in the trimer clusters, with figure 7.5 for the single adatom. 

In the clusters adatoms 1 and 2 are first neighbours and it is seen 

that this produces broadening and additional features in the orbital 2 2 

d.o.s., particularly for the in-plane xy and x -y orbitals. The non-

bonding character of these two orbitals for the single adatom is 

considerably reduced for adatom 1 of the cluster, bonding and anti-
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Figure 7.6 Orbital densities of states at adatom 1 of the (a) linear 
and (b) triangular cluster of tungsten. 
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Figure 7.7 Orbital densities of states at adatom 2 of the (a) linear 
and (b) triangular cluster of tungsten. 



252 

bonding peaks appear and the occupancy decreases. 

In both cluster configurations, adatom 2 forms two more first-

neighbour bonds than a single adatom. This results in the virtual 

elimination of non-bonding peaks from the d.o.s. for the in-plane 

orbitals of adatom 2, which split almost completely into bonding and 

anti-bonding regions for both linear and triangular clusters, figure 7.7. 

The consequence of interaction with two in-plane adatoms are also 

seen in figure 7.6b which shows the orbital d.o.s. for adatom 1 of 

the triangular cluster. In this cluster, adatom 1 is a second-neighbour 

to adatom 3 so that the orbitals of the two adatoms interact directly. 

2 2 

This splits the d.o.s. of the x -y orbital into bonding and anti-

bonding states and eliminates the non-bonding peak of the corresponding 

orbital in the linear-chain cluster, figure 7.6a. 

7.3.3 Orbital and bond energies for tungsten adatoms 

The modified self-energies, the d-band structure energies, U^, 

and the occupancy, Q, of individual orbitals of the non-equivalent 

adatoms and surface atoms are tabulated in appendix D2 for a tungsten 

adatom and for the linear and triangular clusters. The surface and 

adatom charges are also displayed in figures DI, As discussed in 

section 7.2.4 and for the purposes of demonstrating how adatom bonding 

is influenced by the number of neighbouring adatoms and cluster 

structure, it is more meaningful to work here in terms of bond energies 

U, given for orbital a at site i as 

L 
f (E - z])n-(E) dE J

 d a 
(7.18) 

—00 
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To demonstrate the effect of interactions between adatoms, the bond 

energies of the orbitals for adatoms in clusters were calculated 

relative to the equivalent atoms and orbitals for the single adatom 

case using 

E

f . .
 E

f . . 
TT
ic r iCx iC/„

N
 e /„ is

N
 is 

Rot 
= / (E - Ej )n (E)dE - / (E -

 e
J

S

)n
l s

(E)dE (7.19) 

where the superscripts ic and is refer to the cluster and single atom 

sites, respectively. Thus, all bond energies for adatoms were calculated 

relative to the single adatom case, while for surface atoms 4, 5 and 10 

in contact with the clusters, atom 4 in the single atom system provided 

the reference. Simiarly, atom 2 of the single atom system provided 

the reference for atom 6 in the linear cluster system and atom 11 of 

. ic . 
the triangular cluster system. The relative bond energies U obtained 

K 

this way are given in table 7.3 together with the total relative bond 

ic . 
energies U which include the double counting contribution 

K I 1 2 2 

2j- U(AQ^
c
 -

 E o r a

 P
a r t

i -
c u

l
a r

 adsorbate species, in this case 

tungsten, the relative values reflect chiefly the effect of increasing 

the adatom co-ordination. This is readily seen by comparing the 

total bond energies of adatoms 1 and 2 in both linear and triangular 

i=2 

clusters, since U
D
 for adatom 2 with two neighbouring adatoms is 

approximately double U* ^ for adatom 1 with only one near neighbour. 

The calculated relative bond energies are considered later with the 

data for rhodium. 
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7.3.4 Densities of states and bond energies for rhodium on W(110) 

Calculations were performed for Rh adatom clusters with identical 

geometry to that of W clusters, but using different input parameters 

to describe the adatoms and their coupling to each other and to the 

substrate (tables 7.1 and 7.2). The local d.o.s. and bond energies 

were calculated for the single adatom and for the linear and triangular 

clusters. 

The orbital d.o.s. for a single rhodium adatom are shown in 

figure 7.8. As found for the single W adatom, the in-plane orbitals 

are essentially non-bonding in character but for Rh are almost 

completely filled. The major contribution to the width of the total 

2 2 
local d.o.s. comes from the yz, zx and 3z -r orbitals. However, the 

total d.o.s. is narrower than for the single W adatom due to the 

weaker coupling of the Rh adatom to the substrate. This can be seen 

from the second moment of the d.o.s. at the single Rh adatom 

calculated from equations 7.15-7.17 (see appendix D.l). The ratio 

of the bandwidths was calculated to be ~0.6. The calculated rms rms 

net charge at the adatom is considerably larger compared to that at 

the W adatom, since in this case the d-band is narrower and lies 

further below the Fermi level. 

The individual orbital d.o.s. at adatom 1 of the rhodium clusters 

are shown in figure 7.9. As found for the W case, comparison with the 

single adatom d.o.s. shows that the non-bonding character of the 

xy orbital of adatom 1 has decreased and the level has broadened, 

although without a clear splitting-off of bonding and anti-bonding 2 2 
peaks. Similar features are found in the d.o.s. of the x -y orbital, 

although the orbital d.o.s. at adatom 1 of the triangular cluster 

shown in figure 7.9b shows that the direct overlap between adatoms 1 
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Figure 7.8 Density of states at a single rhodium adatom on the W(llO) 
surface: (a) total d.o.s., (b) orbital densities of states. 
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Figure 7.9 Orbital densities of states at adatom 1 of the (a) linear 
and (b) triangular cluster of rhodium. 
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Figure 7.10 Orbital densities of states at adatom 2 of the (a) linear 
and (b) triangular cluster of rhodium. 
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and 3 results in the appearance of a bonding peak in the d.o.s. of 

2 2 

the x -y orbital. 

The splitting into bonding and anti-bonding states are much 

more pronounced for the in-plane orbitals of adatom 2 of the clusters, 

figure 7.10, and these orbitals contribute significantly to the width 

of the total local d.o.s. The main changes in the d.o.s. at adatom 2 

in going from the linear to the triangular configuration are a much 

clearer splitting of the xy orbital into bonding and anti-bonding 2 2 regions and pronounced changes in the 3z -r orbital. The non-bonding 

2 2 

peak in the d.o.s. of the 3z -r orbital is reduced considerably and 

distinct bonding and anti-bonding peaks appear. 

The calculated net charges on the adatoms and adjacent surface 

atoms for a single Rh adatom, linear and triangular Rh clusters are 

shown in figures D4-6 (appendix D). The modified self energies, e^, 

the d-band structure energies, U^, and the occupancy, Q, of individual 

orbitals of the non-equivalent atoms of the three structures are listed 

in appendix D2. The calculated relative bond energies, U_, that will 

be used in the following discussion, are given in table 7.4. 

7.3.5 The relative stability of linear and triangular clusters of 

tungsten and rhodium 

The calculated total bond energies relative to the single adatom 

system for the atoms of the linear and triangular clusters of W and Rh 

are shown in figure 7.11. It is clear that the substrate atoms 

peripheral to the adatom clusters do not change significantly in energy. 

The extra stability of atom 10 beneath the triangular clusters reflects 

its interaction with two adatoms (1 and 3). These interactions are 

shown to be almost pairwise additive in appendix D3 where the energy 

of a bare surface atom is compared to its energy when it forms either 
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Table 7.3 Orbital and bond energies, U^ (eV), for atoms of the 

linear and triangular geometries of tungsten relative 

to the single adatom. 

ORBITAL 

ATOM 
1 2 3 4 5 

TOTAL 

xy yz zx 
2 2 

x -y 
o 2 2 
3z -r 

* 

LINEAR CLUSTER 

1 -0.6557 -0.1366 -0.2436 -0.4761 -0.2053 -1.699 

2 -1.3035 -0.2593 -0.4757 -0.9703 -0.3491 -3.3377 

4 +0.0228 +0.0132 +0.0287 +0.0084 +0.0055 +0.0716 

5 -0.0126 +0.0162 -0.051 -0.0053 -0.0365 -0.0942 

10 -0.0124 +0.0058 -0.0601 +0.0049 -0.0419 -0.1025 

11 +0.0149 +0.0085 +0.0184 +0.0016 -0.0107 +0.0291 

TRIANGULAR CLUSTER 

1 -0.8498 -0.1672 -0.2515 -0.5619 -0.2463 -2.0637 

2 -1.4355 -0.2736 -0.5015 -0.8705 t-0.5105 -3.573 

4 +0.0199 +0.0292 +0.025 +0.0106 +0.0167 +0.0996 

5 -0.06 +0.0201 -0.0502 +0.0086 -0.029 -0.0635 

6 +0.016 +0.0128 +0.0417 +0.017 +0.0088 +0.0869 

10 -0.0946 -0.3616 -0.2623 -0.1114 -0.3306 -1.162 

11 +0.0255 -0.0018 +0.0291 +0.0077 -0.0042 +0.0454 

2 
The total relative energy includes the double counting {%UAQ } term. 
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Table 7.4 Orbital arid total bond energies, U^ (eV), for atoms, 

of the linear and triangular geometries of Rhodium 

relative to the single adatom case. 

ORBITAL 

ATOM 1 2 3 4 5 TOTAL 

xy yz zx 
2 

x -
2 -y - 2 2 

3z - r 
* 

LINEAR CLUSTER 

1 -0.17 +0.0055 +0 .0281 -0 0069 -0 1173 -0.0599 

2 -0.3418 +0.0261 +0 .0359 +0 0033 -0 .1832 -0.1972 

4 +0.0096 -0.0183 +0 .0234 -0 0356 -0 .0177 -0.05 

5 -0.0138 -0.0007 -0 .025 +0 0096 -0 015 -0.0577 

10 -0.0189 -0.0196 -0 .051 -0 0068 -0 0204 -0.1316 

11 -0.0061 -0.0181 +0 .0003 -0 .0151 -0 .0259 -0.0699 

TRIANGULAR CLUSTER 

1 -0.1508 -0.0215 +0 .0312 -0 .0189 -0 .1265 -0.0774 

2 -0.351 +0.0268 +0 .0562 +0 0039 -0 .1228 -0.135 

4 -0.0104 -0.0141 +0 .0216 -0 .0341 -0 .0183 -0.0469 

5 -0.0184 -0.0141 -0 .0404 -0 .0041 -0 .014 -0.1067 

6 -0.0125 -0.02 77 -0 .0096 -0 0272 -0 .027 -0.1115 

10 -0.0573 -0.2915 -0 .1301 -0 .0563 -0 .1907 -0.7263 

11 -0.0047 -0.0218 +0 .0036 -0 .0137 -0 .0245 -0.0609 

2 
The total relative energy includes the double counting {%UAQ } term. 
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W<110> 

^W<001> 

' Figure 7.11 Total relative energies U
R
 (eV) for adatoms and near 

neighbour surface atoms of the linear and triangular 
structures of (a) tungsten and (b) rhodium on W(110) 
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one or two bonds to adatoms. 

In tungsten clusters the adatoms are significantly stabilized 

and it is clear from the bond energies in table 7.3 that the largest 

contributions come from interactions of the in-plane orbitals, 

especially the xy orbitals that are directed along the bond directions. 

It is notable that the extra stability of atom 2 reflects an almost 

pairwise addition of its interactions with the other two adatoms. 

The in-plane orbitals are also mainly responsible for the greater 

stability of the triangular cluster relative to the linear cluster. 

The largest contribution to the increased stability of adatom 1 

relative to adatom 1 of the linear cluster comes from the xy orbital, 

2 2 2 2 

but the x -y and 3z -r orbitals are important in stabilizing 

adatom 2 of the triangular cluster. Comparison of the orbital d.o.s. 

(figures 7.6a and 7.6b) shows that in the triangular cluster, the xy 2 2 . . . . 

and x -y orbitals of adatom 1 have broadened into bonding and anti-

bonding states, while the non-bonding peaks have decreased. This is 

clearly seen in figure 7.12 which compares, on the same scale, the 

xy orbital d.o.s. of adatom 1 of the linear and triangular cluster. . . . 2 2 . 

The significant contribution of the 3z -r orbital to the stability 

of adatom 2 in the triangular cluster comes from reduced occupation of 

non-bonding states and increased occupation of bonding states, as can 2 2 

be seen m figure 7.13 where the d.o.s. of the 3z -r orbital of 

adatom 2 in the two clusters are compared. Comparison of the orbital 

charges shown in figures 7.7a and 7.7b shows that the bonding is also 

enhanced by the greater splitting of the xy orbital, which leads to 2 2 

transfer of electron charge from the 3z -r orbital to states of 

lower energy in the xy orbital. These results indicate that for a 

half-filled band the depletion of the non-bonding states and broadening 
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W/W(110) 
xy - Adatom 1 

(a) Linear cluster 
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E r = -5.481 
Q = 1.053 
N(E

f
) = 0.211 

Figure 7.12 xy orbital density of states at adatom 1 of linear and triangular 
tungsten clusters. 
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Energy (eV) 
2 2 

Figure 7.13 3z -r orbital density of states at adatom 2 of the 

linear and triangular tungsten clusters. 
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into bonding and anti-bonding states would always tend to favour the 

triangular cluster. The total difference in the bond energies of the 

eleven atoms of the triangular and linear cluster was calculated to 

be -1.66 eV, clearly favouring the triangular cluster, in agreement 

with experimental observations. 

For rhodium clusters the relative bond energies of the adatoms 

are small and indicative of weak bonding. Furthermore, the changes in 

going from the linear to the triangular cluster differ from the tungsten 

case (cf. figures 7.11a and 7.11b, and tables 7.3 and 7.4). The lower 

values for the bond energies can be understood in terms of a greatly 

reduced contribution from the nearly filled in-plane orbitals to the 

bonding. Comparison of the linear and triangular clusters shows that 

the energy of adatom 1 is very similar in both cases, while adatom 2 

is significantly less stable in the triangular cluster. The total 

calculated energy of the adatoms is higher for the triangular cluster 

than for the linear cluster, and thus favours the linear geometry for 

the cluster. The origin of these differences can again be seen by 

comparing the orbital densities of states. The xy orbital d.o.s. 

at adatom 1 in the triangular cluster shows a broadening of the non-

bonding peak into bonding and anti-bonding states, figure 7.14, similar 

to that found for W, though the division between the two states is not 

strong. Unlike the tungsten result, however, the xy orbital contributes 

less to bonding in the triangular cluster compared to the linear cluster. 

The reason for this is that the d.o.s. of the xy orbital in the 

triangular cluster is skewed toward the anti-bonding states which are 

also counted in calculating the energy, since the d-band is more than 

half-filled in this case. Table 7.4 shows that the main contribution 

to the higher energy of adatom 2 in the triangular cluster comes from 
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Figure 7.14 xy orbital density of states at adatom 1 of the 
linear and triangular rhodium clusters. 
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2 2 
Figure 7.15 3z -r orbital density of states at adatom 2 of the 

linear and triangular rhodium clusters. 



Figure 7.16 xy orbital density of states at adatom 2 of the linear 
and triangular rhodium clusters. 
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2 2 2 2 
the 3z -r orbital. Comparison of the d.o.s. of the 3z -r orbital 

of adatom 2 in the two clusters shows that its non-bonding peak in 

the linear cluster is substantially reduced and broadened clearly 

into bonding and anti-bonding peaks, figure 7.15. Comparison of the 

orbital charges and d.o.s. shows that the greater splitting of the xy 

orbital d.o.s. of adatom 2, figure 7.16, leads to transfer of electrons 

from the non-bonding region of the xy orbital in the linear cluster 

2 2 . 

to the anti-bonding region of the 3z -r orbital just below the Fermi 

level. This charge transfer is in the opposite sense to that in the 

tungsten cluster and favours the linear geometry for Rh. The instability 

of adatom 2 in the triangular cluster is not compensated by the small 

decrease in energy of adatoms 1 and 3, suggesting that the end adatoms 

with electrons in orbitals that are substantially non-bonding largely 

determine the stable structure for rhodium. 

The total difference in bond energy between the eleven atoms of 

the Rh triangular and linear system was calculated to be -0.64 eV, in 

favour of the triangular system. This is contrary to the experimental 

observation but the trend in the stability of the triangular system 

in going from tungsten to rhodium is correct: the triangular cluster 

is more stable for tungsten than for rhodium. 

7.3.6 Calculation of a core repulsion term 

In the triangular clusters adatom 3 is a second neighbour to 

adatom 1, while in the linear clusters the two are further apart. It 

is therefore possible that core repulsion, which has been neglected 

in the above calculations and which would be expected to be more 

important in the triangular configuration, could be important in 

determining the correct structure. It is, for example, necessary to 
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consider hard core repulsion when comparing the b.c.c. with the 

81 
close-packed structures at the end of the transition metal series 

An estimate of the magnitude of the repulsion term can be 

obtained in a simple manner, assuming a tenth power law for the 

interaction. The energy of an atom in the bulk is then given as^
-

^ 

u • i z r i o + ub ( 7- 2 0 ) 

where A is a constant and the summation is over all the atoms in the 

solid. The factor 1/2 corrects for the double counting in the 

summation. In calculating the d-bond energy, U^, only the first and 

second neighbour interactions, governed by a fifth power law (equation 

7.4), were considered. Since an atom in the bulk has 8 first neighbours 

at a distance /3/2 Rand 6 second neighbours at a distance R, U can be 

approximated by 

U j + 6} + 4 (7.21) 
2 /372 R

1 0

 R
5 

where U^ is written as B/R^ . Since at equilibrium dU/dR = 0, A can be 

estimated as 

The d-bond energy of an atom in the bulk of the 300 atom block was 

calculated to be -13.23 eV (see appendix D4). Using this value in 

equation 7.22 and substituting in the repulsion term in equation 7.20, 

the core repulsion between adatoms 1 and 3 was estimated to be +0.43 e"V 

for the triangular cluster and +0.004 eV for the linear cluster. The 

repulsion term in the triangular cluster is thus important although its 
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inclusion in the energy of the tungsten clusters does not make much 

difference since the magnitude of the bond energy difference between 

the triangular and linear clusters is considerably greater. In the 

rhodium clusters, however, the difference in the bond energy between 

the two clusters is comparable to the repulsion term, which tends to 

make the linear cluster more favourable. 

7.3.7 The d-electron contribution to diffusion energies 

To calculate the d-electron contribution to the activation energy 

for adatom diffusion on the W(110) surface, a single adatom was placed 

at the saddle site (figure 7.1) and calculation performed using the 

procedures described for the single adatom at the lattice site. The 

d-bond energies were calculated for the adatom and four near neighbour 

surface atoms. These atoms are numbered 1-5 in figure 7.1 for the 

saddle site and the lattice site. The difference in the total bond 

energies between the two sites was then taken as the d-electron 

contribution to the diffusion activation energy. 

The self-energy, e^, the d-band energy, U^, and the occupancy, Q, 

for both the W and Rh adatom at the saddle site are listed in 

appendix D2. The calculated d-electron contribution to the diffusion 

energies are listed in table 7.5, together with the experimental values 

for the activation energy for adatom diffusion of W and Rh on W(110). 

The calculated values show the trend W > Rh, in agreement with the 

experimental results. However, the actual magnitudes differ from the 

experimental values by a factor of about two. This difference could be 

attributed to a number of factors . Firstly, the calculation neglects 

adatom relaxation, which is known to be important in the calculation 
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81 
of diffusion activation energies using Morse potentials . Secondly, 

the hopping integrals were calculated using bulk parameters. This 

approximation is better justified for an adatom at a lattice site 

than at a saddle site. It should also be noted that since the adatom 

at the saddle site is at a different distance above the surface than 

at the lattice point, changes in the sp electron distribution could 

make a significant contribution to the energy barrier. 

Table 7.5 Activation energies for adatom diffusion of tungsten 

and rhodium on W(110) from the d-electron tight-binding calculation 

and experiment (units: electronvolts). 

Calculated Experimental 

W 1.5 

Rh 0.35 0.73 

(a) Ref. 19 

(b) Ref. 20. 
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8. DISCUSSION 

The results of the experimental and theoretical studies of the 

behaviour of rhodium on tungsten and molybdenum (110) surfaces have 

been described in the preceding chapters. In the following sections, 

these results are considered in relation to the behaviour outlined in 

chapter 1 of other transition metal adsorbates. 

8.1 Single Adatom Diffusion 

The activation energy of 70 kJ mol ^ found for rhodium adatom 

diffusion on W(110) is significantly lower than for tungsten adatom 

migration on this surface. This is in agreement with the tight-

binding calculations and is thus consistent with the adsorbate binding 

energy to the surface being the main factor influencing the activation 

energies of adsorbate metals on W(110) increasing roughly linearly with 

the melting temperatures of the bulk adsorbates. The measured diffusion 

activation energy of Rh, which has a bulk melting temperature 

T = 2540 K, fits into this correlation, being higher than for Ni or 
m 

Pd diffusion, in agreement with the order of the bulk melting tempera-

tures. It should be noted that this contrasts with the situation for 

self-diffusion, for which the ordering of the activation energies 

inverts that of the melting temperatures for Pt and Rh. This may not 

be unreasonable, since in comparing the behaviour of a series of 

different adsorbate metal species on one particular surface, the features 

of the interatomic potential are expected to be different from those 

of the pure metal case. However, the anomaly in the behaviour of the 

pure metals probably indicates the limited usefulness of the melting 

point correlation. 
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On the basis of such correlations, the lower value of the 

activation energy for rhodium-adatom diffusion on Mo(llO) as compared 

to W(110) reflects a weaker binding of Rh on Mo(llO). Any size 

effects on the diffusion behaviour can be neglected since tungsten 

and molybdenum have very similar lattice parameters, the nearest 

neighbour distances in the two being 0.274 nm and 0.273 nm, respectively. 

The lower diffusion activation energy of Rh on Mo(llO) is expected on 

the basis of the relative values of the sublimation energies. This 

can be seen qualitatively by estimating the adsorption energy of Rh 

on the two surfaces using Pauling's expression given in equation 1.2 

of chapter 1. As noted previously, the electronegativities are very 

similar for the transition metals and the adsorption energy in equation 

1.2 is thus given mainly by the sublimation energies, which are 

580 kJ mol"
1

 for Rh and 651 kJ mol"
1

 and 848 kJ mol"
1

 for Mo and W, 

178 

respectively . The adsorption energy of Rh on Mo(llO) is thus 

expected to be lower compared to that of Rh on W(110), and is consistent 

with the ordering of the diffusion activation energies on the two 

surfaces. The lower adsorption energy of Rh on Mo(llO) is also expected 

on the basis of a weaker d-electron coupling of Rh to Mo on account of 176 

the narrower d-band width of Mo compared to that of W (see figure El, 

Appendix E, for the d-band widths of the transition metals). 

As noted in chapter 1, the observed dependence for transition 

metal adatoms on W(110) of both the adatom binding energy and adatom 

diffusion activation energy on adsorbate electron configuration is 

qualitatively similar to the variation in the cohesive energy of the 

bulk metals and reflects the important contribution of the d-electrons 

to the bonding in these metals. According to Friedel
1 7 1

, the parabolic 

trend in the cohesive energy reflects the sequential filling of bonding 



275a 

and then anti-bonding states across the series. For the number of 

d-electrons per atom N^ < 5, electrons are added to bonding states 

and the cohesive energy therefore increases, whereas for N^ > 5 

electrons are added to anti—bonding states, causing the cohesive 

energy to decrease. For the third transition series, the maximum in 

the cohesive energy occurs for tungsten since it has 5 d electrons. 

A similar explanation holds for the trend in the diffusion activation 

energy of the adsorbate metals on W(110) but in this case, it is notable 

that the maximum may occur for Re rather than for W. Bassett and 

19 

Parsley have suggested that this might be due to the existence of a 

narrow sub-band of non-bonding states which could accommodate an extra 

valence electron and postpone the fall in binding energy to adatoms 

with more than 5 d-electrons. Their qualitative argument receives 

some support from the tight-binding calculations of chapter 7. 

Examination of the local density of states at the in-plane d ^
 a n <

* x -y 

d orbitals of the single adatom shows that they are narrower than 

at the orbitals in the plane perpendicular to the surface. For example, 

for the tungsten adatom, the ratio of the half-widths of the in-plane 

orbitals to the perpendicular d „ orbital is <0.5. The net result 3z -r 

of this is that the individual d-orbital distributions do not all 

extend uniformly over the d-band range, as in the parabolic bulk band 

model of Friedel. Instead, the in-plane orbital band-widths are smaller 

and in the sequential filling of states the preferential filling of the 

almost non-bonding parts of these sub-bands leads to higher occupancies. 

For example, for the tungsten adatom, Q ^ ^
 =

 1*27 e whereas 
x -y 

Q ^ 2
 =

 e- This postpones the normal decrease due to anti-bonding 
3z -r 

occupancy, since electrons are transferred out of the perpendicular plane 



276a 

orbitals. Qualitatively, this would at least give a flat curve 

near the middle of the series rather than a parabolic curve with a 

maximum at the middle. However, whether there exists a maximum at Re 

remains questionable, both theoretically and experimentally. The 

19 
diffusion measurements of Bassett and Parsley show a pronounced 

maximum at Re but their data were obtained with several adatoms on 

20 

the W(110) plane. In contrast, Tsong and Kellogg's measurements of 

the diffusion of the 5-d metals on W(110), obtained with only a single 

adatom at a time on a plane, shows a similar trend in the activation 

energy across the series but the values for W and Re are very similar 

(87 kJ mol
 1

 and 88 kJ mol \ respectively). Further experimental 

studies are desirable to establish the trend near the middle of the 

series. Theoretically, it should be possible to examine in detail the 

role of the non-bonding in-plane d-orbitals in determining the trend 

and this could be done using the tight-binding approach described in 

chapter 7. 

8.2 Properties of Adatom Dimers 

To interpret the properties of the rhodium adatom clusters, such 

as the Rh
2
 dimer, it is necessary to consider a model for the cluster 

structure. Since the rhodium adatom dimers were observed on both 

tungsten and molybdenum (110) surfaces with the dimer bond axis oriented 

parallel to the substrate <111> directions, it is simplest to assume 

that the adatoms occupy nearest neighbour lattice sites. The adatoms 

then interact by direct orbital overlap. Such a model is speculative 

since as noted in chapter 5, the bond length and the location of the 

adatoms relative to the substrate cannot reliably be determined from 
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FIM micrographs. The assumption that the adatoms in the dimer are 

34 

close-packed contrasts with that of Casanova and Tsong , who argue 

that because the individual adatoms of Ir
2
 dimer on W(110) are 

resolved, the dimer is not close-packed but the bond length is twice 44 29 44 

the nearest neighbour distance. Like Ir
2
 ' and Pt

2
 ' on W(llO) 

the adatoms of the R h
2
 dimer were frequently seen resolved in FIM 

micrographs. This contrasts with the situation for dimers of the early 

transition metals, such as W
2
 or T a

2
, which are unresolved under 

similar conditions. However, resolution is not a definite indication 34 

of spacing, as assumed by Casanova and Tsong . The adatoms may be 

resolved or not depending on distortions of the imaging gas ion beams 

originating above the protruding adatoms. This distortion may be 

dependent on adatom type, and electronic structure effects may thus 

influence the dimer imaging characteristics with pronounced differences 

between the early and late transition metals, just as in other dimer 

properties. For the present it is assumed that the adatoms in Rt^ 

are close-packed, but the validity of this assumption will be examined 

further later. 

The dissociation energy of 13 kJ mol
 1

 for Rh
2
 dimer on W(110) 

is comparable to the dissociation energy of Pt
2
 and Ir

2
 dimer on 

W(llO) and is consistent with the trend in the dissociation energy with 

the adatom d^-electron configuration (figure 1.6). The relative 

instability of dimers with a more than half-filled d-band can be 

qualitatively understood from the results of the tight-binding calculations. 

As noted in the preceding section, the in-plane orbitals at a single Rh 

adatom are essentially non-bonding and more nearly filled than the 

perpendicular orbitals. The formation of a bond with another adatom 

by direct orbital overlap would mainly involve the in-plane orbitals, 
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the density of states of which will be split into broadened bonding 

and anti-bonding states. Associated with the level broadening would 

be shifts in the adatom self-energy due to self-consistency requirements. 

Qualitatively, for Rh
2
 the anti-bonding states would be expected to be 

more nearly filled than for W
2
 dimer. The lower stability of Rh

2 

compared to W
2
 is thus expected on this basis. However, such a simple 

scheme alone is not adequate since it predicts that Re
2
 would be more 

stable than Pt
2
 or Ir2> which is inconsistent with the observed trend 

shown in figure 1.6. It is therefore necessary to consider other factors 

which might influence the stability of the dimers. Repulsion between 

dipoles associated with charges on the adatoms will reduce the adatom-

adatom interaction but this does not appear to be the factor determining 

41 

the trend m dissociation energies with electron configuration 

39 

Tsong and Kellogg have determined the dipole moment of the 5—d metal 

adatom on W(llO) from the field dependence of adatom diffusion. Their 

results show that the dipole moments on the adatom are small and do not 

vary much across the series. Another possible factor is the hard-core 

repulsion between adatoms. A simplified calculation in chapter 7 

showed that the core repulsion is proportional to the d-bond energy of 

an atom in the bulk of the metal. For a rectangular d-band density of 

states of width W^ containing N^ electrons, the core repulsion can be 

shown to be proportional to W^N^ClO-N^). The d-band width of the 

transition series metals decrease with increasing N^ (figure El, 

Appendix E). The core repulsion decreases with increasing N^ as one 

goes across a transition metal series. It would be expected to be 

greater for Re than for Ir or Pt, and combined with the effect of the 

sequential filling of the bonding and anti-bonding in-plane states could 

conceivably reduce the dissociation energy of Re« below that of Ir 



279a 

There are also effects associated with the shift in the adatom self-

energy upon dimerization that need to be considered. A detailed 

calculation of the dimer bond energy, including a proper calculation 

of the core repulsion between adatoms, is desirable in order to fully 

understand the variation in the dimer binding energy with N^. 

Qualitative considerations outlined above indicate that a satisfactory 

explanation could be obtained within a d-electron tight-binding 

calculation with the inclusion of a core repulsion term. The 

programmes developed in the present study could readily be used for 

this problem. 

It should be noted that if the adatoms in the dimer, such as 

Rh2, are at twice the nearest neighbour spacing, then there would be 

no direct interaction by orbital overlap but only a residual indirect 

48 
interaction via the substrate conduction electrons . It would then 

be essential to include sp conduction states in any calculation 

involving dimer binding energy. Indirect interaction has been assumed 34 
for Ir

2
 by Casanova and Tsong as noted above, and also by Fink, 

49 

Faulian and Bauer in interpreting their observations of interacting 

RePd and WPd adatoms on W(110). The same appears to be true of Fink 

and Ehrlich who suggest an (nxn) , n > 1 type of superstructures for 

their resolved islands of Ir, Pt and Pd on W(llO). However, these 

assumptions contrast with LEED observations. For example, Schlenk 

59 

and Bauer's LEED results of Pd on W(110) does not show any patterns 

that could be attributed to superstructures of the form suggested by 

Fink and Ehrlich, although a distinct half-monolayer phase was detected 63 by Butz and Wagner in studying diffusion of Pd on W(110). Similarly, 71 159 159 
LEED studies of Pt ' and Ir on W(110) did not show any 
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superstructure LEED spots. Casanova and Tsong's assumption that 

the adatoms in dimers are at twice the nearest neighbour spacing 

implies that the adsorbate may form a (2x2) overlayer. However, LEED 

observations did not show any patterns due to a (2x2) overlayer. 

In fact, streaks were observed in the LEED pattern from submonolayer 

coverages of Rh on W(110) and as noted in chapter 6, similar streaks 

159 

have been observed from Ir and Pt on W(llO) . The streaking is 

thought to be associated with chain structures and is consistent with 

FIM observations. If this is true, then the adatom spacing in the 

chain-clusters is equal to the nearest neighbour tungsten spacing and 

the interaction between adatoms in the chains is due to direct orbital 

overlap. This is clearly inconsistent with a dimer bond length other 

than that of nearest neighbour spacing. However, this is not 

conclusive evidence for dimer spacing since, as discussed in detail in 

section 8.3, the structures producing the LEED patterns may be quite 

different from those of the clusters observed in FIM studies. 

8.3 Adsorbate Clustering 

The uncertainty about the interatomic spacing in dimers and 

whether the interaction between the adatoms is direct or not carries 

over into consideration of the nature of larger clusters. If the 

adatoms in Rh
2
 are not close-packed and the interaction is indirect, 

then the stability of the linear chains as compared to more close-

packed two-dimensional structures could be due to the form of the long-

range indirect interaction potential. However, the calculations of 

chapter 7 show that the relatively greater stability of the linear 

geometry for Rh clusters can arise as the result of direct adatom-adatom 
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orbital overlap. The crucial factor appears to be the behaviour of 

the non-bonding in-plane orbitals on formation of the cluster, although 

core repulsion probably also plays some part. When the adatom d-states 

are more than half-filled, the greater non-bonding character of the 

density of states for the linear cluster as compared to the two-

dimensional form postpones the filling of strongly anti-bonding states 

and stabilizes the linear cluster. 

If this direct interaction interpretation of the stability of the 

linear cluster suggested by the tight-binding calculation for W^ and 

Rhg is correct, then stabilization of the linear chains would be 

expected for all transition metal adsorbates with more than half-filled 

d-bands. The observation of linear chain clusters for Rh extends the 

list of metals behaving in this way and confirms the view that linear 

cluster formation is general for metals from the second half of the 

transition series when adsorbed on W(110). 

The tendency of the later transition metals to form linear chain 

clusters on W(110) clearly extends to the Mo(llO) surface. This is 

expected since the electronic structure of tungsten and molybdenum 

176 
are very similar, except for a narrower d-band width for Mo 

The main features of the tungsten calculation should thus carry over 

to the case of Rh^ on Mo(llO), although in this case the binding 

energy of the adatoms is expected to be smaller than on W(110) on 

account of the weaker coupling of Rh to Mo due to the narrower d-band 

width of Mo. Although the direct Rh-Rh coupling is the same as on 

W(110), the states formed by this coupling also couple to substrate 

orbitals and are probably influenced by the weaker Rh-Mo coupling. 

Since to a first approximation, the Rh-Rh core repulsion is unchanged 
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the relative stability of the linear-chain and island forms as 

compared to Rh on W(110) should be apparent from the weaker bond 

energy of the clusters on Mo(llO). It is particularly interesting to 

note that chain clusters with more than about 10 Rh adatoms appeared 

to be unstable compared to two-dimensional forms. This behaviour is 

similar to that of Pd on W(llO) and contrasts with the behaviour of 

Rh on W(110), in which case dissociation was the only change observable 

after heating. These results suggest that reducing the d-band width 

of either substrate or adsorbate appears to favour the close-packed 

island configuration. 

It is clearly interesting to see how far the important features 

of the calculations can be generalised to predict the relative stability 

of the linear configuration as compared to the two-dimensional form. 

The calculations appear to suggest two contributions stabilizing the 

chain configuration. 

(1) Orbital energy stabilization due to a greater non-bonding character 

of the in-plane states in the chain structure. This postpones the 

filling of the anti-bonding states as compared to island forms. The 

stabilization should increase with increasing splitting of the non-

bonding states in going to the island form. The factors that influence 

the splitting are 

(a) adatom-adatom overlap which (i) decrease with increasing N^ 

and (ii) increases in the order 3d < 4d < 5d as one goes down a 

transition metal group for a fixed since the d-band widths 

increase in this order (figure El). 

(b) Adatom-substrate overlap which increases in the order 

3d < 4d < 5d for a fixed adatom. 
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(2) Core repulsion between adatoms, which is larger for island forms 

and hence increases the chain stabilization, the greater its magnitude. 

From the simple treatment considered in the preceding section, the 

core repulsion (i) decreases with N^ (for N^ > 5) and (ii) increases 

in the order 3d < 4d < 5d. 

Another possible factor is the effects of varying the atomic size 

across the transition metal period since the interatomic d-orbital 

-5 

interactions have an R dependence on the separation R. These effects 

probably vary with adsorbate in the same manner as those discussed above 

since they have their origin in the electron configuration. 

The experimental data available to date appears to fit qualitatively 

into this simple scheme. For example, on the W(110) surface, going 

down the platinum group metal adsorbates Ni, Pd and Pt (fixed N^) , 

the stability of the linear chains increases in the order 29 

Ni(3d) < Pd(4d) < Pt(5d) , as expected from the above considerations. 

Going across the 4d series (variable N^) the stability of the chain 

clusters increases in the order Rh (N^ = 8) > Pd(N^ = 9), and similarly 

for the 5d series adatoms, Ir (N^ = 8) > Pt (N
d
 = 9 ) . For a fixed 

adsorbate on a variable substrate, only the results from the present 

study are available. These show that the stability of the linear Rh 

chain follows the trend Mo(ll0)(4d) < W(ll0)(5d). 

Further experimental and theoretical studies are desirable to 

extend the range of adsorbate substrate systems examined. It is notable 

that though the Rh
2
 dimer is relatively unstable on tungsten and 

molybdenum (110) surfaces, increasing the cluster size by addition of 

adatoms increases the cluster stability, just as seen previously for 

Pt and Ir on W(110) Qn symmetry grounds, the non-bonding levels 

would be expected to diminish non-mono tonic ally and oscillate as a 
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function of the number of adatoms in the linear clusters, decreasing 

to a minimum for an even number of adatoms and increasing for an odd 

number of adatoms. These effects need to be examined in detail and 

may be helpful in understanding why for Rh, Ir and Pt on W(llO), 

increasing the chain length increased the stability whereas for Rh on 

Mo(llO) and Pd on W(110), facile transformation from the linear to 

two-dimensional forms occurred after a critical size of chain-cluster 

had formed. 

The diffusion measurements for Rh^ and Rh^ clusters on W(110) 

appear to be similar to those for Pt adatom clusters on W(110) obtained 

28 

by Bassett . The lower mobility of the clusters is characterized by 

a larger activation energy and indicates increased bonding in clusters. 

A detailed analysis of the Rh adatom cluster diffusion has not been 

made in the present study due to lack of sufficient data. However, the 

similarity between the Rh and Pt adatom cluster diffusion on W(110) 

suggests that the mechanism of adatom cluster diffusion involves 28 

sequential adatom jumping, as suggested by Bassett . This necessarily 

means that during migration, the adatoms must adopt non-linear 

configurations. It would be useful to model such configurations in the 

tight-binding calculations to understand more fully the mechanism of 

diffusion in clusters. 

As noted in chapter 1, within the context of overall film growth, 

the effect of the substrate is important since the adatom-adatom 

compared to adatom-substrate interactions determine the growth mode. 

It would therefore be useful to extend the calculations and experiment 

to tantalum (110), which retains the b.c.c. structure but shifts the 

Fermi level down the band to a region where the density of states N(E^) 

is higher than for tungsten or molybdenum. From the simple scheme 
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considered above, the splitting of the non-bonding states would be 

expected to be greater for two-dimensional forms of adsorbates on 

Ta(llO) than on W or Mo(llO) surfaces. The latter transition series 

metals may thus be expected to form linear-chain clusters more stable 

than on W or Mo(llO). To shift the Fermi level further up the d-band 

involves the added complication of a change in the substrate structure 

and its effect on the orbital energies. However, from the simple 

scheme considered above, it is conceivable that a chain/island 

situation exists for the later transition series metals on the close-

packed surfaces of the h.c.p. and f.c.c. metals, but detailed theoretical 

and experimental studies need to be carried out to verify this. So far, 

experimental problems have arisen in FIM due to the high mobility of 

adsorbates on the close-packed surfaces of the f.c.c. metals such as 

121 

Rh or Pt at liquid nitrogen temperatures. However, it should be 

possible to do the experiments at much lower temperatures. At present, 

FIM appears to be the only technique capable of resolving whether the 

chain/island situation is general for transition metal adsorbate-

substrate systems. 

8.4 High Coverage Film Structure 

Of the LEED patterns obtained from submonolayer coverages of Rh, 

159 

and also Ir and Pt on W(110) , only the streaks appear to be consistent 

with FIM observations. As described in chapter 6, these streaks are 

thought to be associated with chain mosaic structures, with a close-

packed inter-atomic spacing within chains. The absence of streaks in 

the LEED patterns from low coverages of Rh on Mo(llO) is not unreasonable 

since FIM evidence shows that only small Rh chains were stable on this 
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surface. Under the conditions of the LEED experiments, facile 

transformation of chains to islands probably occurred and any remaining 

chains would be too small to be detected by LEED. If this is true, 

then the absence of streaks is to be expected from Pd on W(110) as 

FIM observations show that its behaviour is very similar to that of 

Rh on Mo(llO). This appears to be the case in the LEED studies of 

59 

Schlenk and Bauer who do not report any evidence of streaks from Pd 

on W(110). 

With increasing coverage up to about one monolayer, the LEED 

patterns obtained from Rh on both W and Mo(llO) surfaces showed only 

strong background and diffuse spots. This has also been observed for 

other transition metals on the two surfaces. For example, Pd films c q AO "7 0 
deposited below 450 K W(110) , Au on W(110) and Mo(llO) unless 

71 159 159 

annealed at 700 K and 1000 K , respectively, and for Pt ' and Ir 

on W(llO). The diffuse scattering in LEED makes detailed interpretation 

difficult. FIM studies show that it is unlikely that the overlayer is 

disordered. As discussed in chapter 6, the broadening of the (lxl) 

substrate spots is probably due to a high density of differently 

positioned or oriented patches, which is possible on the b.c.c. (110) 

surfaces even for a pseudomorphic overlayer. Pseudomorphism for the Rh 

monolayer is plausible on both W and Mo(llO) surfaces considering the 

similar diameters of Rh (0.269 nm) and W (0.274 nm) and Mo (0.273 nm), 

and the greater Rh-substrate bond strength compared to Rh-Rh bond strength 

as indicated by their sublimation energies. When patches grow into 

contact, anti-phase boundaries or interfaces can arise as has been 

observed in the FIM studies. However, without a measurement of LEED 

spot intensity profiles to determine island sizes in the way recently 
54 

shown by Hahn and co-workers , it is difficult to correlate these 
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observations with the islands seen in FIM studies, It would clearly 

be desirable to make these measurements in any future LEED studies. 

It should also be noted that any structure proposed for the patterns 

from the overlayers may be quite different from those observed in FIM 

29 59 

studies ' . This is because higher annealing temperatures are used 

in LEED studies to obtain good patterns. Also, the (110) surfaces of 

the FIM specimens are perfect step—free substrates whereas the crystal 

surfaces used in LEED experiments probably have a high density of steps. 

Even for a (110) surface oriented to within 1° of the surface normal, 

a monoatomic step would be expected every 15 nm on average. At the 

temperatures used in LEED, adatoms are quite mobile and under these 

conditions the influence of the steps on the overlayer structure may 

be quite important. It is notable that FIM observations on a faulted 

tungsten tip apparently shows that clusters may preferentially form 

at dislocation-step termination sites (Appendix B). 

LEED observations show that increasing the Rh coverage beyond one 

monolayer eventually results in the development of a Rh(lll) overlayer 

on both W and Mo(llO) surfaces, as expected for f.c.c. on b.c.c. (110) 79 

transition metal systems . Room temperature deposits of Rh on W(110) 

were oriented in the Nishiyama-Wassermann (NW) alignment, i.e. 

Rh
<

llO
>

||W
<

00l
>

, whereas annealed deposits showed streaks which have 

been attributed to domains of Rh(lll) oriented in the Kurdjumov-Sachs 

(KS) alignment, i.e. Rh<oIl> | | W<Tll> and Rh<loI> | | W<lTl> . High 

temperature annealing resulted in spots due to Rh(lll) in the KS 

alignment. The absence of the NW alignment in the annealed deposits 

suggests that KS is the equilibrium alignment for Rh on W(llO), which 58 79 59 

has also been observed for Ag ' and Pd on W(110). For Rh on 

Mo(llO), the observed patterns are similar to those from Rh on W(110) 
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but in this case the LEED pattern from an annealed deposit shows 

spots which have been attributed to domains of Rh(lll) in both NW 

and KS alignment. These results do not agree with the studies of Bruce 

79 

and Jaeger , who have examined a variety of f.c.c.-b.c.c. metal pairs 

and shown that the epitaxial alignment is dependent on the ratio of 

the atomic diameters of adsorbate and substrate. They predict that 

Rh on W(110) should be oriented equally in the NW and KS alignment 

whereas on Mo(llO) it should be in the KS alignment. Our results appear 

to be in the reverse order. The reasons for this discrepancy are not 

clear at present. Since the "final" alignment develops from the initial 

deposits, deviation from the expected alignment may occur if only a 79 

small thickness of deposits is examined , which may be the case in 

the present study. It is also possible that steps on the substrate 

may influence the epitaxial alignment, which may then deviate from 

that expected on a perfect substrate. 

8.5 Concluding Remarks 

In conclusion, the studies have demonstrated the importance of 

d-band filling in the initial stages of transition metal film growth. 

The calculations have shown how this comes about, with the role of the 

non-bonding d-states as sinks for electrons that would otherwise be 

anti-bonding when the bands are more than half-full. Much further work 

remains to be done to extend the calculations and experiments. 
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APPENDIX A 

Table Al Major Auger electron transitions observed 

from elements of interest in the present work. 

(Units: electronvolts) 

ELEMENT TRANSITION ENERGY 

Tungsten W e 164(A) 

N5N6N7 171(A),172(C) 

N5N?N7 181(A))LG2(C) 

W 4 , 5 208(D),210(C) 

Molybdenum M5N1N3,2 
124<B),(C)125 

M5N3N3 149(B,C),153( 

M3N N5 164(B),162(C) 
166U) 
164(B),162(C) 
166U) 

M5N3N5 187(B),188(C) 

M5N N5 222(b,c) 

Rhodium M 5NN 5 
226(a,c) 

M5N3N5 260(A,C) 

M5N5N5 306(A'C) 

Carbon KLL 271(B),272(C) 

Sulphur L2,3V2V2 152(B)>150(C) 

Oxygen KLL (c) 518-520 

(a) From Ref. 179 
(b) From Ref. 152 
(c) Present study 
(d) K. Rawlings, private communication 
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Deposition of Rhodium on a faulted tungsten tip 
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Figure B2 (a) Linear-chain arrays grown by deposition of Rh on W(llO) 
at 78 K followed by heating at 300 K; (b) A monolayer film after 
further deposition at 300 K onto the deposit of (a). The grain boundary 
has "propagated" into the monolayer film. 
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Figure B3 (a) A spiral dislocation emerging in the W(110) pole, 
after heating the specimen (of figure Bl) at 1000 K followed by 
field-evaporation. (b) A linear chain cluster on the (110) plane 
and possibly a two-dimensional cluster nucleated at the origin of 
the spiral at the plane edge, after deposition of Rh at 78 K followed 
by heating at 300 K. 
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APPENDIX C 

Surface diffusion of rhodium on W(110) 

Rhodium was deposited on one part of the W(110) surface following 

the procedure given in section 4.4.3. The profile of the deposit is 

shown in the Auger peak-to-peak height versus distance plot, 

figure CI, curve A. The curve does not reflect a sharp boundary 

but exhibits a tail, indicating the poor resolution of the evaporator 

aperture used in depositing the Rh, and poor spatial resolution of 

the Auger electron beam. The coverage at the maximum Rh signal 

corresponds to about 5 monolayers . The evolution of the profile after 

four successive 60 sec. anneals at 1100 K is shown in figure CI. The 

diffusion profile reached a stable value after the second heating 

period (curve C). Significant diffusion of the overlayer does not 

appear to have occurred, as evidenced by the lack of extension of the 

tail. LEED patterns were observed at the end of the diffusion run 

and showed three distinct regions.in the profile, as indicated on 

figure Cl. Sharp diffraction spots due to Rh(lll) were observed at 

the top of the profile while in the region exhibiting the tail, the 

LEED pattern resembled clean W(llO). In between these two regions 

the LEED pattern showed sharp streaks between the W(110) spots, as in 

figure 6.16. The diffusion profiles themselves do not reveal any 

distinct coverage phases corresponding to these patterns, which is 

possibly due to the poor resolution of the Auger electron beam. 

A detailed analysis of the diffusion profiles is not attempted 

here due to lack of sufficient data. Only two experimental runs were 

made due to the time consuming nature of these studies. The results 

from both runs were essentially the same except for an unexplained 
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anomaly in the first run, which showed that when the specimen was 

first annealed at 1100 K, the diffusion profile changed to that given 

by curve B in figure Cl. With the second heating period, the profile 

moved to coincide almost with the original profile (A). With 

subsequent anneals, the behaviour was similar to that described in 

figure Cl for the second run. 



DISTANCE (x 0.25 mm) 

Figure Cl. Evolution of a diffusion profile. Rh Auger amplitude versus 
dis tance plots after successive heating periods. 
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APPENDIX D 

DI. The second moment of the density of states, for a single 

W(Rh) adatom at a lattice site on W(110), its near neighbours 

(atoms 2,4) and a bulk W atom, v^
 w a s

 calculated from the 

d.o.s. at the atoms using equation 7.17, and f^cro 

equation 7.15. 

Atom 
No. of Neighbours 

First Second 

Second Moment 

12.48 

(7.49) 

34.94 

(34.43) 

37.98 

(36.19) 

11.82 

(6.8) 

34.34 

(33.87) 

37.99 

(35.95) 

Bulk 45.29 45.03 
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Appendix D2 

Table D2 II 

The modified self-
energies E^ (eV), the 
d-band structure energies 
U^ (eV), and the d electron 
occupancies for the non-
equivalent rhodium adatoms 
and surface atoms in the 
single adatom, linear 
and triangular configura-
t i o n s . The results for 

the triangular case are 
bracketed. 

NJ 
vO 



Table D2 III. The modified self-energies, e, (eV), d-band structure energies, U , (eV), 

and the occupancies, Q, for the W(Rh) saddle site system. 

ATOM 
"

£

d 

1. xy 2. yz 
ORBITAL 

3. zx / 2 2 
4 . x -y c 0 2 2 

5. 3z -r TOTAL 
ATOM 

"
£

d 
"

U

d Q "
U

d Q "
U

d Q "
U

d Q "
U

d Q "
U

d Q 
5.546 

6 . 7 7 8 X 

6.114 

6 .369) 

6.101 

6 .255) 

6.084 

13. no: 

9.185 

(9.498: 

9 .146 

( 9 . 30 ) 

1.016 

(1 .911) 

1.054 

(1 .067) 

1.063 

( 1 . 06 ) 

7.009 

(12.288 

8.873 

(8.969 

8.757 

(8.903 

1.069 

XI .730) 

1.063 

( 1 . 056 ) 

1.096 

( 1 . 089 ) 

7.094 

12.302) 

7.983 

(7 .810) 

7.46 

(7 .539) 

1.063 

(1 .721) 

0 .928 

(0 .883) 

0 .904 

(0 .891) 

6.815 

(13.093 

7.948 

(8.211: 
7.943 

(8.07i: 

1.148 

(1 .905) 

0 .911 

(0 .923) 

0 .925 

(0 .924) 

6 .21 

[ 11.774) 

8.966 

(8.872) 

8.381 

(8.498) 

0 .881 

:i.644)1 

1.063 

:i.030)< 

1.035 

:i.027)< 

33.212 

62.559) 

42.956 

43 .362) 

41.689 

42.313) 

5.177 

8 .911) 

5.019 

4 . 958 ) 

5.024 

4 .990 ) 
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(D3) The d-band structure energy of a bare atom in the W(llO) 

surface was calculated to be -43.6 eV (figure 7.4). The d-bond 
£

f 
energy, U

b
 = J (E-e^)N(E)dE, of the atom is -12.6 eV (with 

— 00 

e
d
 = -6.2 eV) . When the surface atom forms a first-neighbour 

bond with a W adatom, its d-bond energy is lowered by ^0.3 eV 

(from table D2I, atom 4 in the single adatom system). In the 

triangular cluster, the d-bond energy of the surface atom, 

which forms two first-neighbour bonds with adatoms, is 

lowered by ^0.7 eV (from table D2I, atom 10), thus reflecting 

the almost pairwise additivity of the interactions. 

(D4) The non-selfconsistent d-band energy and occupancy of an atom 

in the bulk of the tungsten block, were found to be -43.76 eV 

and 4.924 electrons, respectively. With = -6.2 eV, the 

d-bond energy is - -13.2 eV. It is interesting to note that 

this value is in good agreement with the d-band cohesive 

energy of--13.5 eV for tungsten, estimated by assuming a 

rectangular d-band density of states for which the d-electron 

contribution to the cohesive energy is given as, 
wd 

AE(N
d
) = ^ N

d
(lO-N

d
), where W

d
 is the d-band width and N

d 

is the valence d electrons. (For tungsten, W
d
 = 10.8 eV 

and N , = 5). 
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APPENDIX E 

Nb Mo Tc R u Rh Pd Ag 
Ta W Re Os Ir Pt Au 

Figure El The d-band width of the transition series metals 
" (ref. 44). 
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W<110> A 

W<001> 

Figure DI Charge transfers within the "unit cell". 
Shaded circles: adatoms; dashed open circles: second layer 
substrate atoms; solid open circles: first layer substrate atoms 
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