
Chapter 6 

D I S C U S S I O N  

6.1 O X I D E  O V E R L A Y E R  C H A R A C T E R I Z A T I O N  

6.1.1 O v e r l a y e r  C o v e r a g e  a n d  S t r u c t u r e  

The AES uptake plots of Figs. 5.5 and 5.13 reveal that both alumina and titania 

overlayers develop on the rhodium surface through the S~ranski-Krutanov growth behavior, 

i.e., growth of a two-dimensional monolayer followed by three-dimensional growth at higher 

coverages. Although deposited metals do not usually wet oxide sub.strates, in the reverse_ 

system, an oxide may be expected to spread over a metal surface. This is a result of the 

higher surface energy of exposed metal relative to the oxide [72], which in turn, leads to 

significant metal/metal oxide interaction. For oxide-supported metals, if the interaction 

is particularly strong, such ee between titania and Group VIII metals, it may lead to the 

migration of oxide species from the support onto the surf~'e of the meted particles. Once 

the free metal surface is covered, the driving fores for layer~-'d growth is e|iminated and 

minimization of surface area becomes the overriding criterion. 

The degree of attenuation of the rhodium suhstrate signal at monolayer coverage was 

0.45 for AIOffi/Rh and 0.34 for TiOffi/Rh. Metal-on-meted growth studies, though, show typ- 

ical attenuation factors of 0.5-0.6 for 300-400 eV electrons (see Table 2.1). The larger atten- 

uation for an oxide monvlayer may be attributed to a more complex structure to the mono- 
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layer. Specifically, the two-component monolayer may likely exhibit a three-dimensional 

morphology which leads to a thicker "monolayer" than expected in a conventional one- 

component overlayer. For similar atomic densities, a metal oxide monolayer may then 

attenuate the substrate signal more than a metal mono]ayer due to the greater number of 

atoms covering the substrate. 

Further information regarding the morphology oi~ the oxide overlayers is di/~cult to 

obtain and has not been pursued in this study. Low energy electron diffraction (LEED) of 

the oxides on rhodium single crystals may provide information on the location of overlayer 

species relative to the substrate atoms if the metal oxide occupies positions at regular 

intervals on the substrate surface lattice. The width of LEED substrate spots may indicate 

the size of uncovered Rh domains and hence, the dispersion of the metal oxide on the 

surface. The application of e~anning tunneling microscopy ($TM) to this system would 

also provide information about the dispersion of metal oxide overlayem. 

Determination of the relative positions of the metal and oxygen in the overlayer is not 

possible with the techniques on hand and would require techniques ~nsitive to M-O bond 

lengths and bond angles on the surface (HREELS, SEXAFS, etc.). However, if a distribu- 

tion of bond lengths and orientations exists, even these techniques would prove ineffective. 

Perhaps the only plausible picture of the oxide overlayers at this level of understanding 

would be an extrapolation of the bulk morphologies. Examples of the~e for alumina [137] 

and titania [138,139] are shown in Fig. 6.1. The e~tent of distortion from these structures 

will depend on such factors ~ the degree of inter~tion (of both metal and oxygen) with 

the substrate, the preferred oxide orientation, aubst~-.-.t~, au,..'ace topology, and overlayer 

preparation conditions. 

Attempts to clarify the oxide overlayer structures mast b~ lei't to future investigations. 

Further discussion of the morphologies will be restricted to the n~ture of the metal/metal 

oxide interface at the periphery of oxide islvads. 
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Figure 6.1: The bulk structures of (a) ct-Al2Os [137] and (b) TiO2 (ru~ile) [138,139]. 
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6 . 1 . 2  O v e r l a y e r  S t o i c h i o m e t r y  

Although overlayer morphological identification is not feasible with the available tech. 

niques, the oxide can be characterized in terms of the oxygen-to-me tel ratio with AES and 

XPS. The comparison by AES of the oxide overlayers prepared in this study with hulk 

alumina and titania samples demonstrates the nearly-complete stoichiometry of the oxide 

overlayers. These observations are reillforced by XPS analyses showing the aluminum in 

the 3+ oxidation state and titanium predon~nantly in the 4+ state. 

The differences in the effects of the alum.inure and titanium oxides on the chemisorption 

and catalytic properties of rhodium can be related to their relative ease of reduction. While 

no reduction of the AI s+ by CO titration occurs, treatment in 50 torr hydrogen at 753 

K induces reduction of no more than 10~ of the A] s+ to AI 0. No ihte~medi,~te cation 

states are thermodynamically stable. The inertness of the alumina over]ayer to reducing 

conditions parallels the trends in Figs. 5.8 and 5.9 where alumina appears to only block 

CO chemisorption and hydrogenation sites in proportion to the coverage. Thus alumina 

acts as an inert contaminant on the surface of rhodium. 

By comparison, reduction of titania is facile provided there is an adequate supply of a 

reducing agent on the surface. The treatment of titania on gold in a reducing atmosphere 

fails to produce any Ti s+ features in the XPS spectrum (Fig. 5.17) while conversion of more 

than 60% of the Ti 4+ to Ti s+ is possible for titania on rhodium (Fig. 5.16). Clearly, reduc- 

tion by gas-phase hydrogen does not take place. However, even exposure to CO followed by 

beating produces a significant qu~mtity of Ti s+ in the rhodium-supported overlayer. ,Xt~uc- 

tion of the titanium to the 2+ oxidation state can be accomplished by annealing sufficiently 

to cause diffusion of the oxide into the substrate. 

It is also evident from Figure 5.24 that the process of overlayer reduction with H2 is 

rapid, reaching the final state of reduction in less than 30 seconds at 753 K. The reduction 

may even be carried in the UHV chamber if desired. 

Operation of the AES electron gun hM also been observed to reduce surface titania a~ 
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evidenced by the AE$ O/Ti ratio. Though reduction to only --TiO has been seen, other 

authors have noted more extreme oxygen removal upon impingement by an AES electron 

b e n  [64]. 

The process of reducing titania in the aforementioned examples is facilitated by the 

existence of Magnelli phases of composition TinO2n-'1. The energetics of partial reduction 

to these suboxides are not prohibitively di~ichlt--unlike complete reduction to Ti metaJ. 

Another factor which can aid titania reduction is the possible formation of Brewer-Engels- 

type alloys between the titanium and rhodium. The stability of this interaction provides 

an udditional driving force for the removal of oxygen fr6m the titania overlayer. No direct 

evidence for this interaction is provided by the results presented in this study, but, as will 

be seen later, the CO chemisorption rezults suggest that after Hz reduction, redlsperslon of 

TiOffi islv~nds on the rhodium surface occurs, increasing the amount of TiOffi-Rh interface. 

Figs. 5.20 and 5.22 show increases in the Ti s+ and -OH percentages in the titania 

overlayer as lower coverages are rear..hed. Since the perimeter-to-crea ratio of the overlayer 

also rises with lower coverages, it appears that the much of the Ti s+ and -OH species 

reside at the periphery of titania illands. The higher degree of Ti s+ formation seen after 

H2 reduction, ~ compared with after CO titration, reflects the greater ease of breaking 

Ti-O bonds at the island periphery. In the c ~  of the -OH percentage in the overl~yer, 

there is little dependence on pretreatment conditions. The severing of Ti-O bonds can be 

accomplished by the reduction of hydroxyl groups at the island perimeter to form water 

or by reduction of Ti-O-Ti to Ti--OH. These two schemes predict changes in opposite 

di,'..~c~ions for the -OH percentage with pretreatment conditions. Taken together, they may 

cancel re~ulting in the observed negligible dependence on pretreatment conditions. 
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6.2 CO C H E M I S O R P T I O N  

6.2.1 T h e  S u p p r e s s i o n  o f  C O  C h e m i s o r p t i o n  o n  R h o d i u m  b y  O x i d e  
O v e r l a y e r s  

Comparison of the coverage dependence of CO c~ernisorptlon on the AIOz/Rh and 

TiOz/Rh surfaces reveals striking differences in the effects of these oxide overlayers, Alu- 

mina was found to inhibit CO chernisorption in direct proportion to its coverage suggesting 

th,~t alumina is present on the surface as an inert contaminant. In contrast, titania over- 

layers exhlbit a further suppression of CO chernisorption capacity beyond that  expected 

from blocking Rh sites underneath. It is emphasized that the coverages for these two oxides 

were determined by the same method [AES intensity-vs.--dosing time plots) and that the 

behavior exhibited in these determinations was very similar~ 

The additional suppression of CO chemisorption by titania is most likely to arise from 

effects at the TiOffi-r~ interface. Inhibition of CO chemisorption at l ~  atoms along the 

perimeters of TiO, islands is envisioned to occur by two means: (1) partial blocking of 

neighboring Rh atoms by TiOffi species residing in multiple-P,.h atom sites (e.9. , bridge, 3- 

fold hollow) and (2) abonding" between TiO= species and neighboring Rh atoms, which in 

turn, would weaken the bonding of CO to tl~ose P~_ sites. The implication of these modes 

is that CO chemisorption at Rh sites on the periphery of TiO, islands may still occur, but 

with a reduced bond energy. The normal bond strength of CO on rhodium, as determined 

from first-order desorption kinetics (Eqn. 2.12) [116,117], is about 29 kcal/mole [Figs. 5.2 

and 6.2). The absence of any new desorption features ascribable to CO on the ~peripheral" 

rhodium sites at temperatures as low ~ 150 K indicates that if CO is bound at these sites, 

it would indeed 5e weakly bound, with a bond energy of no more th~n 8 kcal/mole. 

A simple though~ process eliminates the possibility that mode 1 above operates ~lone. 

If CO chemisorption is suppre~-,d only by partial blocking of ~peripheral" Rh sites by TiOz 

species, comparison of the results for TiO, and AIO~ overlayers suggests that there is much 
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Figure 6.2: Desol.ption energy as a function of peak temperature for first-order desorption 
kinetics (from Eqn. 2.12). 



C H A P T E R  6. DISCUSSION 145 

more oxide perimeter for TiOffi than AIOz (since AlO= may have the saxne stereochernlcal 

effect on neighboring Rh atoms). This means that for identical coverages, TiO= islwuds 

will bc ~maller than AlOft islandsl on the average, reflecting a higher dispersion. A higher 

dispersion for TiO= must arise from a more substantial interaction between metal and 

metal oxide. The thermodynaxnically-favored Ti-Rh interaction described earlier provides 

the driving force for the greater dispersion of the TiOffi overlayer. This Ti-Rh inter~tion, 

though, leads to the vecond mode of suppression. Clearly, mode 1 cannot occur without 

mode 2. 

Dwyer et al. detected s substantial concentration of Ti s+ species with XPS on & TiOffi- 

promoted Pt foil. Figure 5.20 shows that Ti s+ species are more prev~dent at low TiOffi 

coverages where the perimeter-to-~rea ratio of TiO= islsads is higher. This trend reflects 

the stability of Ti s+ species at the oxide-metal interface. The density of states at the Fermi 

level of Rh atoms in the vicinity of the TiO=-Rh interface may be inRuenced by these Ti s+ 

centers along the oxide island perimeter. Recent calculations by Feibelm~n and Hmmann 

[50,51] have demonstrated that such perturbations can extend a few metal atom distances 

from the perturbing ion and coifld be responsible for changes in the cherni~rptive properties 

of the affected metal atoms. Similar calculations by Joyner eg al. [52] for the C/Ni system 

limit the locM electronic effect to one atomic distance. 

6 ,2 .2  M o d e l i n g  of  CO C h e m i s o r p t i o n  on  T i O f / R h  

A description of the falloff in CO chemisorption capacity with TiOz coverage can be 

provided from a model incorporating the idea~ presented ~hove. It is a~umed that TiO= 

islands nucleate at def~:t sites on the Rh surface and that the Rh sites covered by the 

islands, m~'well aa those within m Rh-Rh bond dist~ces (2.69 ~} of an island perimeter, 

are no longer av-dlable for CO chemisorption (at temperatures above 150 K). Rhodium sites 

a~ected by nearby Tie+ centers are depicted in Fig. 6.3. 
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Figure 6.3: Schematic model for titania overlayers on rhodium. 
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Two approaches were taken to determine the number of Rh sites affected by nearby 

TiOz species: one in terms of a mathematical expression and the other with a Monte Carlo 

simulation. The first requires uniform circular island growth around the nucleation sites 

and is essentially a con*.inuum model. This leads to the following expremion for the amount 

of CO that  can be adsorbed at a given TiOz coverage 
• • 

A(0T|Oz)/A(0) = 1 - a'[(gTiOz/;rN)1/~ + m612N (6.~) 

where A(OTiOz) is the CO coverage, N is the concentration of defect sites, and ~ is the Rh-Rh 

bond distance (2.69 ]~). This formulation accurately describes the data for CO adBorption 

• over the range 0_< 0TiOffi _< 0.3 when, m--1 and N = 4.5 x 10 Is ¢m -~ (Fig. 6.4). For 

0.30_< 8Tio. _< ~/4,  the overlap between excluded perimeter areas has to be taken into 

account to avoid counting it twice. By adopting a regular arrangement of TiOz islands, the 

overlap can be calculated and subtracted from the exclu~ied perimeter area. Equation 6.1 

is then modified to 

ACOTiOa)/A(0) = 1 - P~N[~ - 4~r(~b/360) + 4sin(~b/2)coa(~/2)] 

where ~ = 2sin -I  [1- 1/4R~N] 

~ d  ~ [1 /2 -  v~m~]2 < 0 _< ~ /4  

• ( 6 . 2 )  

for a square-lattice array of nucleation sites, the fit of the experimental data is extended by 

Eqn. 6.2 to nearly 0TiOz = 1.0, as shown in Figure 6.4. The dependences on N and m in 

this model are shown in Figs. 6.5 and 6.6, respectivdly. It i3 also interesting to note that the 

density of TiOffi islands predicted by Eqs. 6.1-6.2 is roughly within an order of magnitude 

of that observed for Au, Pb, and Co islands nucleating on PC(100), Cu(111), and Cu(100), 

respectively [134,135,J36]. 

The Monte Carlo simulation of TiOffi growth was performed or, a Commodore Model 

8032 personal computer. A BASIC program was written to senerate an array of points 
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Figure 6.5: The effect of interaction distance on the predicted amount of CO chemisorbed 
on the TiO=/Rh surface (Eqns. 6.1 and 6.2). The parameter m represents the number of 
Rh-Rh bond distances outward from the perimeter of TiO= islands (N = 4.5 x I0 Is cm-2). 

displayed on the visual memory representing the Rh surface. Nucleation sites were randomly 

chosen up to a pre-selected concentration. Island growth then proceeded by randorrdy 

blocking out points bordering the nucleation sites or along existing islands.. The number 

of rhodium atoms along the periphery of the TiO= islands was then counted at various 

coverages. Although a square array was displayed, countiug could be performed to simulate 

a hexagonal array by neglecting one pair of diagonally opposite corners as nearest neighbors. 

The code for this program appears in Appendix B. 

Example visual displays appear in Fig. 6.7 showing clearly the irregular growth pattern 
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Figure 6.6: The effect of nucleation site density on the predicted amount of CO chemisorbed 
on the T.iOz/Rh surf~e  (Eqns. 6.1 anti 6.2). The parameter N represents the number of 
nuc]eation sites ( m  - 1). 

of the islands which in believed to be more realistic than the assumptions associated with 

E<In. 6.1. Figure 6.8 illustrates the expected CO chemi~orption capacity as determined by 

the procedure just mentioned. For a I00 x I00 array and s nucleation site density of 4.5 x 

1013 cm -2, identical results are obtained to those from the uniform circular island gx'owth 

model (compare Figs. 6.8 and 6.4). This indicates how even eL simple depiction of the 

morphology of the surface, i.e., unii'orm]y-sized circular oxide islnnds, provides an sdequate 

clescript~on on the m~croscopic e~,de. The power of the Monte Carlo simulation lles in its 

flexibility and the ease of counting different types of sites while maintaining s closer link to 
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the actual surface morphology. 

6 . 2 . 3  E f f e c t s  o f  H= R e d u c t i o n  

At a fixed value of 0TiO,, we have observed that increLsing the reduction temperature 

can result in a further suppression of the CO chemisorption capacity and ~ shift in CO TPD 

pe~k temperature to lower temperatures. These change~ are accompanied by a decrease in 

the O/Ti ratio. The princip,~l question now is whether the changes in CO chemisorption 

characteristics are due to the changes in the sto|chiometry of the TiO: layer, or to other 

causes. For example, one might imagine that with increasing reduction temperature, the 

number of TiO= islands remains constant but that the magnitude of m associated with each 

island increases due to the decrease in the value of x. To fit the data  for Tr,d -" 753 K 

shown in Fig. 5.30, this interpretation would require m to increase from I to 1.25. The 

fractional value would indicate that only some of the next-nearest neighboring Rh atoms 

are affected. As an alternative, m may remain constant and the dispersion of' the islands 

increase, thereby creating more perimeter. In this ease, N would have to increase from 4.5 

x 10 I~ cm-= to 7.5 x 10 is cm -~ to fit the data. 

Of the two ~Jternatives presented above, the second seems more plausible than the first. 

From Fig. 5.36 it is evident that  the reduction temperature in/]v--.nces the suppression 

of CO chemisorption only above a threshold temperature. It is also observed that the 

threshold temperature decres,~es with increasing TiOz coverage. On the other hand, the 

O/Ti  ratio of the overlayer decreases continually with increasing reduction temperature. 

What this suggests is that the reduction in O~Ti 'ratio is not directly responsible for the 

observed changes in CO cherrdsorption. Instesd, the reduction in the O/Ti  ratio facilitates 

the break-up of the TiOz klAnds, once the O/Ti  ratio has fallen below some critical value. 

Thus we contend that the suppression in CO cherr,~sorptlon with increasing temperatl:re, 

above the threshold value seen in Fig. 5.36, is the result of an increase in the number of 
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Figure 6.7: Computer simulstion of titania island growth ~round fixed nuc]esdon sites. 
Example visual displays for ~ 50 x 50 array are shown corresponding to coverage8 of (a) 
6.I0, (b) 0.30, (c) 0.50, ~nd (d) 0.70 ML. A nucleation site density of 4.5 x I0 Is cm-2 was 
employed. 
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Fir, ure 6.8: CompLrison of the i s led  edge model from a Monte Carlo simul~tion of TiO= 
island growth with experiment data for the dependence of CO chemi~rp~ion on TiO= 
coverage. All exposed Pda atoms were counted except for thoae adjacent to the perimeter 
of TiOz island~. A nucleation site density of 4.5 x I0 Is cm -2 was employed. 
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"riO= islands and hence the perimeter axes surrounding the islands. 

6.3 CO H Y D R O G E N A T I O N  

6.3 .1  R e a c t i o n  o v e r  A .10=/Rh  

It has already been noted th,~t the presence of alumina overlayers results in the sup- 

preeaion of CO chemisorption on rhodium in direct proportion to the coverage. The same 

behavior is exhibited for CO hydrogenation on Al0m/Rh indicating that alumina only phys- 

ically blocks active sites for this reaction. The kinetic parameters and selectivity of this 

system are identical to those of the clean rhodium surface and agree well With those found 

for Al2Og--eupported rhodium (see Table e.l). 

The degree of deactivation after one hour of reaction was largely independent of AIO z 

coverage, averaging at roughly 80% of the initial activity. Also, no additional carbon was 

deposited on the murface in the presence of alumina. Clearly, alumina has no effect on the 

kinetics or deactivation of CO hydrogenation on rhodium. 

0 .3 .2  M e t h a n e  F o r m a t i o n  o v e r  T I O , / R h  

As indicated in Figure 5.38, a clear enhancement in methanation activity occurs for 

TiO, coverages under 0.3 ML while at higher coverages, the rate diminishes gradually to s 

level well below that for clean Rh. This behavior was also observed by Chung et a/. [88] 

for TiO, deposited on a Ni( l l l )  surface. Increas~ in activity of Pt foil [69], Pt-black [60], 

SiO;-eupported Pd [140]s and SiO~-eupported P,.h [141] have been found upon promotion 

with TiO,. 

It is apparent from Figs. 5.39 to 5.41 that a t. TiOffi coverages comparable to those where 
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Table 6.1: KINETICS FOR CO HYDROGENATION 

~-L-OAD ING , P ~ ~  EA ,~  , m  ' SELECTIVITY ~ ' ~  
H (w t%Rh)  ~ ( ~ H = : C O  ] I f ,m /  ] tx~u-  I I.. ] t n f j  [ ( ~ v )  [ xo, ] xc~ ] x c,  ( . [I 

Rhodium 

[57  i i 15o 573 2:1 260 
553 2:1 1 3T 

A.]zOs--Rhodium 

• 25 1.0 -1.0 0.95 0.04 0.01 [122] 
24.4 1.0 -1.0 0.90 0.09 0.0l  * 

1 538 3:1 1 
I 548 3:1 1 

2.3 513 20:3 1 
0.35 543 1:1 1 

= 553 2:1 1 

TiO=tRhodium 

13 24.0 1 .04  -0.20 0.89 0.09 0.02 [127] 
11 24.0 0.90 .0.42 0.85 0.03 0.03 [142] 
3.6 23.7 0.93 0.05 0 [143] 

0.21 0.87 0.06 0.04 [144] 
11  2, / .T 1 .1  - 0 . 6  0.90 0.09 0 . 0 1  * 

2 538 --11 
1 548 3:1 1 62 

"7.8 573 3:1 1 5.4 
3 573 1:2 10 0.22 
d 5 S 3  2 :1  1 T2 

*This work 
=TUrnover frequency (molecules/site-s) 
'Activation energy (kc,d/mole) 
c -,0.4 ML AIOz/Rh 

--0.2 ML TiOf/Rh 

s3.2 1.7 .0.10 [131 
zs.a 0.7s  .-o.ss 0.75 0.04L0.03 [1271 
36.2 0.77 0.03 ] 0.04 [145 l 
41.5 0.50 0.32 [146] 
19.0 2-4 -0.3. 0.6T 0.22 [ O.Xl * 



CHAPTER 6. DISCUSSION 156 

RcH, reaches a maximum, the wlue of EA is smaller, and the values of m and n are larger 

compared to the wines of these parameters for clean Rh. A reduction in EA h ~  also been 

reported by Demn~n et ,d. [69] for a TiO=-promoted Pt foil and by Rieck and Bell [140] for 

TiOffi-promoted Pd/SiO2. A sharp increase in hydrogen order wag also observed by Vannice 

[13] for TiOz-supported P,h in comparison with A]zOa-supported Rh, while only s slight 

change i:~ the CO partial p r ~ u r e  dependence was found (see Table 6.1). 

The influence of TiOffi on the CO hydrogenation activity of Group VII! metals has been 

attributed to Ti 3÷ ions present at the perimeter of small TiOffi islands decorating the metal 

surface [14,24,147,148,149,1.50,151,152]. For • TiO=-promoted P t  foil, Dwyer et a/. [67] 

detected a substantival concentration of Ti s÷ species with x-ray photoelectron spectroscopy. 

XPS studies for TiOffi on Rh presented earlier have shown that the'percentage of Ti s+ 

in the formed by either CO or H= reduction increases with lower TiOz coverage. Since 

the perimeter-to-~rea ratio of overlayer iBlands ~ o  ~ with lower TiO= coverages, these 

results suggest that Ti-O bonds near the periphery of TiOz inlands are more prone to attack 

by reducing agents chemisorbed on the Rh metal. The oxygen deficient Ti s+ species along 

the oxide illand periphery may then interact with the oxygen end of CO adsorbed on near. 

by metal si~es, as shown in Fig. 6.9. "When CO is adsorbed on Rh sites adjacent to the 

Rh-Ti boundary, the C-O bond is long enough for the oxygen to reach the Ti s+ ion. The 

acid-babe interaction between CO and the oxophilic Ti s+ should enhance the d i~c ia t ion  

o[ CO--an essential step in the formation of methane. 

To explain the observed methanation ca~.~ dependence on TiOffi coverage, we can propose 

that au ensemble of Ti s+ and Rh sites near the periphery of the ialanJ-- are the active sites 

where an enhancement in rate occurs. The simplest ensemble that can be considered wo~dd 

include a single Rh site at the periphery. To determine the number of Rh atoms at the tit~mi,~ 

island periphery, the Monte Carlo simulation of TiOffi island growth around fixed nucleation 

sites w,~ employed with the nucleation site density determined in the CO cherni~rption 

modeling (4.5 x 10 Is cm-~). Counting the number of these "peripheral" rhodium sites by 

use of the Monte Carlo simulation produces a function reaching a maximum at 0TiO~ 
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m I Q I 

Figure 6.9: A >o~ible configuration for the l~onding of CO between peripheral Ti s+ sites 
and the Rh substrate. 
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0.35 ML, corresponding to the maximum chemisorption suppression at low pressures (Fig. 

6.10). Neither the position of the maximum nor the shape of the curve agree with the trend 

of the experimental data. 

A model which does give agreement with the observed trend~ is one in which a site 

pair consisting of a aperipheral ~ Rh site and an adjacent, non-"peripherai" Rh site has an 

intrinsically higher m~thanation activity. If it k a~aumed that the contribution of these 

peripheral site pairs to the total methanation rate is proportional to the product of the 

surface concentrations of each constituent site, then the total methanation rate in this 

model becomes 

,' n p . . . ,  lnpl '  .t r l  
RCH, -" ST[nor, + ~ T ) ~ T T  )rpp J (6.3) 

where ro and rpp, represent the intrinsic methanation rates per unit catalyst area for the 

Rh sites unaffected hy TiOz and the highly active site pairs near the perimeter of the TiO= 

islands, respectively. The numbers of each type of site present--exposed, aperipheral", 

ed j~en t  to aperlpberal ~, and the totalmare given by no, npl np,, and nT, respectively. 

The number densities of tile variotm types of site at variouS TiO= coverages were de- 

termined through use of the Monte Carlo simulation. The values of no, np, and np, were 

combined with the experimezltally observed reaction rate for clean Rh, to, in Eqn. 6.3 to 

yield the total reaction r~te as a function of coverage. The value of rpp, was chosen so that 

the maximum value of the predicted rate agrees with the maximum in the observed metha- 

nation rate, For this condition to be met, rpp,/ro - 43. The dependence of the "calculated 

rate on the TiO= coverage, described by Eqn. 6.31 is shown in Fig. 6.11 (solid curve), along 

with the experimental points presented in Fig. 5.38, for comparison. Good agreement is 

seen between the location of the predicted rate maximum and that of the experimental 

data. The width of the calculated peak, though, is broader than that exhibited by the data. 

Another feature of this model is that it accounts for the extrema in kinetic parameters 

observed in Figs. 5.41 to 5.43. At low coverages (<_ 0.3 ML)I the rate is dominated by 
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Figure 6.'10: Amount of "peripheral" Rh sites as a function of TiO= coverage based on a 
model in which CO chemisorption (at room temperature) is excluded at these sites (deter- 
mined by subtracting the curve found in Fig. 5.30 (non-reduced) from the total amount of 
exposed P~ atoms. 
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the re~:tion occurring at the TiOz/Rh interface, as reflected by the changes in activation 

energy and partied pressure dependences. At higher coverages, this contribution diminishes 

rapidly until kinetics typifying CO hydrogenation on clean F~h dominate. 

At coverages approaching one monolayer, virtually all exposed, surface Rh atoms border 

TiOz islands. These Rh sites may catalyze CO hydrbgenation either through the mecha- 

nism normally occurring on Rh metal or through the TiS+-~is ted  pathway, depending 

on the prevalence of Ti 3+ apecies at the metal/oxide interface under reaction conditions. 

The number of sites, no, catalyzing the reaction through the normal CO hydrogenation 

mechanism on bare Rh is therefore taken to be the total number of exposed P,h atoms. 

The quantity, no, can be taken as the number of P,h atoms that could chemievrb CO at 

low pressures. The plot of predicted rate versus TiOffi in this case i,  depicted by the dashed 

curve in Fig. 6.11. However, with no defined in this manner, the model does not predict 

the extrema in kinetic par~'aeters of Figs. 5.41 to 5.43. 

Through bonding with the oxygen in CO, Ti s+ is oxidized to the +4 oxidation state. 

Regeneration of the Ti s+ site must occur for this reaction pathway to be followed again. 

One scheme for the reduction of Ti 4+ back to Ti s+ in given below 

= 

2. 

Ti4+---O--M + H(a) ~ Ti4+--OH (M = Rh or Ti ~+) 

Ti4+--OH -t- H(a) ~ Ti s+ + H~O 

The high re~ction order.of 2.6 with respect to hydrogen in the TiS+-usisted reaction 

pathway suggests that five or six hydrogenation qteps are crucial in determining the overall 

reaction rate; Reactions 1 and 2 comprise two of these steps. In contzv~t, for bare Rh, where 

CO dissociation is believed to be rate-determining, the first-order Hz dependence suggests 

that only two hydrogenation steps are important. Consequently, changes in the abundance 

of hydrozen on the surface are expected to affect the T iS+-~is ted  methanation rate to a 

g~'eater extent. 

As higher T.iO, coverages are reached, there is a reduction in the number of exposed 
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non-~peripheral" sites relative to the number of ~peripheral" Rh sites. Furthermore, the 

high dispersion of the oxide overlayer ,eros, to break up Rh-Rh pairs necessary for the 

chemisorption and dissociation of molecular hydrogen. The supply of surface hydrogen 

de-creases rapidly with coverage and the impact on the TiS÷-a~isted reaction pathway, 

where the H2 partial pressure dependence is nearly cubic, is much greater than on the 

normal pathway, where the dependence is only linear. At the microscopic level, this means 

that at near-monolayer coverages, there is insu~icient surface hydrogen to maintain the 

TiS÷-asaisted reaction rate and ,o the slower pathway, in which CO dissociation is rate- 

determining, is the principal contributant. 

The absence of any effect from pre-reduction of the sample upon reaction rate, as ob- 

served in this study and others [17,22,24,38] may be related to the active role of Ti s+ 

species in CO hydrogenation. Whether pre-oxidized or pre-reduced, the oxidation state 

(and perhaps also the morphology) of the oxide ovedayer may be determined by the reac- 

tion conditions, where both H: and H20 are present. In particular, the percentage of Ti a÷ 

after reaction wan found to be only weakly dependent on the pretreatrnent conditions (Fig. 

5.27). 

4.2 Formation .of C=+ Hydroca:bona 

Comparison of Fig~. 5.44 to 5.46with Figs. 5.41 to 5.43 shows two principal patterns: 

(1) the kinetics cf ethane formation axe similar to those of methane formation and (2) the 

kinetics of ethylene and propylene formation are likewise sirni]ar. Significant differences are 

seen only in the ca~  of the CO partial pressure dependence (c.g.,ol.0 order for CH4 and +0.5 

order for C=H4) and these can be attributed to the requirement of additional surface carbon 

to form large hydrocarbons. Of p~rticular interest is the difference in hydrogen partial 

pressure dependences between paraffins and olef;ns. The methane and ethane hydrogen 

orders are between 1/2 and I greater than for ethylene and propylene. Similar behavior 

was noted by Dictor and Bell [153] for unsupported Fe and by Kellner and Bell [154] for 

A12Oa-supported Ru. In both of these studies, a difference in order of roughly 1/2 was seen 
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between par~ns and olefins. 

6.3.3 Deac t iva t ion  of the  Cata lys t  

Figs. 5.11 and 5.47 showed a decay in activity after one hour of reaction as a function 

of oxide coverage. Clearly, the coverages where higher methanation rates occurred were 

accompanied by higher degrees cf catalyst coking as evidenced by the normalized rates and 

the norrn,dized AES carbon intensities as a function of TiO= corsage. The carbon signal 

reaches a maximum of about 0.44, compared with 0.12 for AIO,/Rh, and at a TiOffi coverage 

near the point where the amount of oxide periphery k expected to reach a maximum (~ 

0.35 ML based on the chemisorption modeling). Thus it appears that the additional carbon 

is deposited at the TiOs/Rh interface along the periphery of TiOz isl,~ds. 

6.4 E T H Y L E N E  H Y D R O G E N A T I O N  A N D  ETH~'~NE H Y -  
D R O G E N O L Y S I S  

Titania overlayem have been shown to enhance the hydrogenation of CC over rhodium, 

but as is apparent from Figs. 5.49 and 5.51, do not increase the rates of ethylene hydrogena- 

tion or ethane hydrogenolysis sever~J possible hydrogenation steps). Rather, the rates of the 

latter two reactions diminish more rapidly than does the amount of exposed Rh with TiO= 

coverage. The trends appear similar to that of CO chernisorption capacity as a function of 

coverage, but for reasons discussed below, the possible occurrence of mass transfer eff~-~ts 

precludes any strong quantitative connections between the reactions and CO chemisorption 

behavior. 

Clearly, the presence of TiOz on the surface does not translate into higher hydrogenation 

rates. No enhancement in the rates appears to occur at the TiOz-Rh interface which 
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suggests the necessity of a functional group, such Ls a carbonyl, on a reactant molecule for 

an interaction with Ti s+ to take place. The suppression in activity in both reactions can 

be attributed to three effects: (1) the coverage of P,.h sites by TiOz, (2) the break-up of 

ensembles by TiOffi on which the hydrocarbon reaction takes place, and (3) the break-up 

of Rh-Rh pLirs for the cherrthsorption and dissociation of molecular hydrogen (as in Section 

6.3.2). The ensemble size necessary for ethane hydrogenolysis has been investigated by 

other authors [155] and their conclusions point to a cluster of <4 metal atoms. Similar 

results might be expected in the case of ethylene hydrogenation. The precise numbers of 

Rh atoms per ensemble in either reaction cannot be relied upon too heavily until they can 

be confirmed by aJternative means. 

Inspection of Figs. 5.50 and 5.52 reveals that surface TiOz hem no appreciable effect 

on the activation energies for these reactions. Th i s  is further evidence that TiO= does not 

appear to take an active role in tl~ese reactions. However, the activation energy for ethylene 

hydrogenation is only about half of that observed for supported Rh catalysts [124,125] and 

the activation energy for ethane hydrogenolysis is only about one-third of reported values 

(T = 513 K) [30,13~]. These low activation energies, which are independent of the presence 

of TiOffi, may be due to interphmme mess transfer lirvStations. At lower hydrogenolysis 

temperatures, where the corresponding reaction rate was significantly reduced, a normal 

activation energy was obtained. A calculation of the expected mass transfer rate during 

reaction conditions indicates that this should only marginally be k problem. Yet mass 

transfer limitations appear to be the most likely explanation for both diminished activation 

enersies. Further study of this problem is warranted. 

The effect of mass transfer limitations on the rate versus TiOffi coverage plots of Figs. 

5.49 and 5.51 would be to diminish the rate dependence wi~h coverage. If interphase trans- 

port is much slower than the surface rer.ctior, rate, then the overall rate would be inde- 

pendent of TiOffi coverage and would appear as a horizontal line. For Figs, 5.49 and 5.51, 

the actual surface rates are expected to decline more steeply with coverage than as they 

actually appear. In the ease of CO hydrogenation, the rate is more than 30 times less active 
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than the ethylene hydrogenation and ethane hydrogenolysis reactionB and so mass transport 

considerations do not apply. 



Chapter  7 

C O N C L U S I O N S  A N D  
R E C O M M E N D A T I O N S  

7.1 C O N C L U S I O N S ~ E X P E R I M E N T A L  

Oxide overlayera (<3 ML) on rhodbsm foil have been prepared in ultra-high vacuum 

through deposition of aluminum or titanium with subsequent oxidation. The A/O=/Kh 

and TiOr/P,h surfaces were characterized in cerrnJ of the oxide growth sad chem]sorption 

propertie~ with surface analytical took (AES, XPS, TPD) and in terms of their catalytic 

properties. 

Both alumina and titania overlayer8 develop through the S tranaks'-Krastanov mechanism, 

i .e.,  formation of a two-dimensional monolayer followed by ~hree-dimensional growth. As 

prepared, the two oxide overlayera, AiOs sad TiO v, were only slightly substoichiometric, 

with x = 2.8 sad y - 1.9. 

The similarities between the two oxide overlayere end at this point. Whereas reduction 

o/the alumina overia#er ia difficult, reduction of the titania udth//2 or CO/0 j'ac//e. At tow 

TiOz coverages, nearly 70% of the titanium ia in the 3+ oxidation state following reduction 

m 50 torr H2 at 753 K. Under similar conditions, titania deposited cn a gold foil could not 

be reduced, suggesting the need for an active metal, such as Rh, to dissociate Hz. 

Thermal desorption end catalytic results indicate that ~lumina act8 only as an inert 

166 
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eontamlnant on the rhodium murfare, phl/Mcally bloekin 9 die8 actiee for CO chemigorption 

and CO hydrofenat~on. The CO chernisorption cap~city of a~umlna on rhodium w u  found 

to decrease linearly with increasing edumina coverage. The tame trend w,m observed for the 

metha~ation rate aa a function of coverage with no chemges in selectivity occurring (--90 

reel% CH4 for a~l coverages). Alumina appeare to have no effect on the rate of dear.tivation 

well ~ the amount of carbon depoeited on the eufface. 

Titania o~erlayers were found ~o induce a oharp suppresaion in CO ehemlsorption which 

could only partlll be attributed to ,ite-61eeking by the odde. A further reduction in the CO 

chemieorpton cap~ciLy occurred upon hydrogen reduction st temperetture~ above --520 K. 

While a downward shift in desorption temperature wea noted for high T i e ,  coverages or 

after hydrogen reduction, no new eignificemt desorption . . . .  res appeared, even at ternper- 

aturee aa low M 150 K. 

A three-fold enhancement in CO hydrogenation acti~t¥ occurred for a TiO= c~veraye of 

0.15 ML. This waa accompanied by dr~natic changes in the kinetic parameters, ,uggeB~-ing 

an aiternative re,~ction pathway for Rh in the presence of Tie=. In addition, there wea em 

iacreue in selectivity tow&rd ethylene emd propylene. The presence of surface tite~nia aim 

led to a gre,~ter rate of deacti'¢ation and carbon deposition during reaction. 

In contraat, both the ethylene hydrogenation and ethane hydrogenolydl rate, were *ub- 

atanti~lly dimlnimhed bll TiOs on the ,urfaee. Bo~h activities were suppresaed a~ leaat to 

the extent exhibited by CO cbemisorption, but the actuai amounte may be maaked by m,-,, 

tranefer effects. The activation energies of theee two reactiona remained unchemged when 

Tie= w u  added indicating that  chemges in mecbemiarr~ ~re unlikely. Comparison with the 

CO hydrogenation resu]ts auggesta the need for A function,d group, euch aa -C=O,  for the 

TiS÷-a~iated reaction pathway to occur. 

7.2 C O N C L U S I O N S - - M O D E L I N G  

The mudiflcation of the chemimorptiun and catalytic proper{ie# of Rh by Tie= overlayers can 
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be attributed to processes occurring at the T iOz /M interface at the TiO= island peripherll. 

In particu!ar, XPS results point to the existence of Ti s+ sites along the periphery of TiO= 

islands. These species may interact with neighboring Rh sterns, reducing the band arcler 

of those Rb ~toms, and thereby substantially weaken CO chemi~rption. Under conditions 

for CO hydrogenation, these Ti s+ aires may interact with the oxygen of chemi~orbed CO 

to enhance dieso¢i~,fion of the C-O bond and therefore the surface a,:tivi~y. 

The j,ppreeaian of CO cltem~orptlon on a TiO~/Rh attrface hoJ 6ecn auccessfu]l;I mad. 

sled b~ secluding CO chemieorption at Rh cite8 bordering aa well a~ underneath TiO¢ islands. 

The morphology of TiO, species on the zufface was simulated witl~ two approae.hes: uni- 

form circular islands grown around fixed nucleation sites and a Monte Carla simulation of 

random island growth around randomly chosen nucleation sites. The number of P,.h atoms 

bordering TiO= islands ceaz then be counted. Comparison af the results af either e~pproach 

with the experimental data suggest~ a nucleation cite density of 4.5 x 1{3 l~ em -~ (a 2.8~ 

site density). The high dispersion inferred from the nucleation site density probably reflects 

• high degree of Brewer-Engels-type ---flaying between the TiOz species and the'P,.h. 

Modeling of the mcthanation rate as a function of TiO. coverage #uggeatJ a higher 

aeti~tJl on two.Mrs en#emblee along the TiO~ iJland periphery. Where~ the  Monte Carlo 

simulation (with the same dispersion aa in the CO ¢hemisorption modeling) yields ~.bro~] 

function with a maximum at 0.35 ML for a one-site ensemble, the two-site ensemble gives a 

sharper function reee..hing a peak at 0.1O ML. This ngrees more closely with the experimental 

results. The model also allows for the return of the kinetic pareLmeters at neaz-monolayer 

coverages to values typical of bare 1~. At the high TiO= coverages, the supply of adsorbed 

hydrosen is inadequate to rnaintain Ti in the 3+ oxidation state and so the contribution 

from the TiS÷-assisted reaction pathway is diminished. 



CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

7.3 R E C O ~ I M E N D A T I O N S  
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While this work has demonstrated the importance of the titania/rhodium interface in 

CO chemisorption Lnd hydrogenation, further exploration of metal oxide/metal systems is 

required to cl~rify the nature of the interactions taking place. 

Structurd information is t4tally important. Knowledge concerning the positions and ori- 

entations of the overlayer atoms relative to the eubstrate could supply valuable information 

on the interaction beta,ten oxide overlayer sad metal substrate and the participation of the 

metal oxide/metal interface in reactions. Although the deterrnin,~tion of surface structures 

of this type are extremely di/~Cult, the application of scanning tunneling microscopy (STM) 

and low energy electron diffraction (LEED) with single crystal substrates may provide a 

b~sis for understanding the overlayer structure relative to the substrate. 

The effect of oz~de overlayers o.  the cAem~orption of other molecules should 6e inves. 

tigated. Titania has ~,lreedy b~n  Ihown to s u p p r ~  CO chemisorption; chemisorption of 

other mol~:ul~, such u H2 or NO, may be simil~ly ,~ffected. Perhaps some molecules may 

show no effect at ~ll. Chern~rpt ion on the oxide, for example by C02 or H~O, rn~y even be 

,~ffected by the metal sub, state. Finally, exploring the effect of oxide dispersion through the 

variation of sdsorbate molecule size (H2 vs. CO or C~Hs vs CsHlt¢) may prove interesting. 

By mtud~ing the reactions of hydrocarbon, with -C=O group, on TiOffi/M surfacej, the 

role of ~peripheral" Tt $+ in di~soclntlon of the C-O bond man be invest@areal further. Other 

probe reactions include: the reduction of NO to Na by CO; CO + H~ + C:H4 to form 

propanaldehyde; and reactions of hydrocarbons with other functional groups (e.9. , -COOH, 

-OH). Hydrocarbon hydrogenation and hydrogenolysis activities have already been shown 

to be suppressed by TiOffi on the surface. Perhaps these diminished activities can be related 

to the dispersion of the TiO= overlayer. 

Finally, inter~ctlon, between met~ o~des and metals are not unique to the TiOffi/Rh 

#~stem and other ozlde/mubstrate s~stem# should be studied. Other suitable oxides include: 
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SiO2, MnO2, ZrO2, V~O~, and La2Os. Some of these oxides may exhibit an interaction 

intermediate in strength compared with AltOs and TiO2. Variation of the substrate is also 

possible and some of the likely candidates are: Ni, Ru, Fe, Pt, and Cu. Alloying between 

Pt and Ti makes the formation of a TiOz overlayer extremely difficult and for this reason, 

a Pt substrate is not recommended. Also, the TiOz/Ni and TiO=/Pt systems ha~e already 

been studied extensively in other research groups. Preliminary work with a Au substrate 

has been performed and may prove valuable when investigating the properties of the oxide 

overlayer. 
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Appendix A 

FURTHER ANALYSIS 
O X I D E  OVERLAYERS 

OF 

A.1 A L T E R N A T I V E  M E A N S  F O R  D E T E R M I N I N G  OVER-  
L A Y E R  C O V E R A G E  

An alternative method for the determination of oxide overlayer coverage has been em- 

ployed in some studies [64,65]. The method invo|v~ comparing the AES O/R.~ ratio for 

TiO= on Rh with the ratio measured for 02 chemisorbed (at saturation) on I~ .  At gO K, 

saturation coverage of O~ on Rh resulted in an AES O/Rh ratio of 0.07 [65]. 

The difficulty in this method lies in applying the O/Rh value to the TiO~ overlayer. 

First of all, the actual coverage corresponding to saturation coverage of 02 is uncertain. 

Saturation coverage is likely between 0.25 and 0.75 ML and may be a 2 x 2 overlayer (as 

wi~h Pt [156 D. However, the O/Rh ratio i~ of little value without a precise measure of the 

coverage. 

[11" it is assumed that saturation coverage does correspond to 0.25 ML oxygen (a 2 x 2 

overlayer), then ~he next step is to determine a basis for comparison with the AES O/Rh ra- 

tio of the TiOz over|ayer. The stoichiometry of the oxide overlayer is now ~nportant. Gor~e 

et el. [65] observed an oxide over]ayer of stoichiometry TiO. Based on this information, 

an AES O/Rh ratio of 0.19 was interpreted as ~monolayer n coverage wlth a corresponding 

180 
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~3% attenuation in the Rh signal. 

In the present work, monolayer coveage was determined from the linear break in an AES 

intensity-vs.-evaporation time plot. The O/Rh ratio corresponding to monolayer coverage 

was 0.96 for an oxide stoichiometry near TiO~. If the oxide overlayer is ~allowed ~ to have 

a three-dimensional structure, ~. e.~ ~he monolayer is actually a bi-layer, then the monolayer 

equivalent of oxygen atoms on the surface is ~-/3 x 2 ML = 1.33 ML, compared with 0.25 

ML for the 2 x 2 oxygen over|ayer. Taking into account the attenuation of the Rh signal 

(66%) yields a predicted AES Of Rh ratio of 0.85 at monolayer coverage. This represents 

a difference of only 13~. These calculations are illustrated below. Clearly, the method of 
° 

coverage determination involving comparison of O/Rh ratios is consistent with both Gorte's 

calibration and the one presented here, although CO cherrfisorption data indicate a factor 

of three or four difference between these two calibrations. 

For monolayer coverage for AIOz on Rh (~ determined from Fig. 5.5), as AES O/Rh 

ratio of about 0.43 was observed. The predicted value for a two-dimensional bi-layer is 0.63. 

However, since the degree of attenu&tion is smaller (oR larger) for AIO=/Rh compared with 

TiO¢/Rh st monolayer coverage, the amumption of a full hi-layer may not be valid. If the 

second layer is only. half occupied, with O atoms on top, an AES O/Rh ratio of 0.S0 rvJght 

be expected. 

The problem in this method lies in assumptions m~le of the oxide overlayer structure. 

One c~nnot compare O/Rh ratios in a meaningful manner unless the orientation of oxygen 

in the over]ayer is known. For example, for a TiO overlayer, if the oxide exists as a lattice of 

Ti atoms on the surface with oxygen atoms sitting on top, twice as many oxygen atoms will 

exist on the surface compared with the case of O and Ti in the same plane. This method, 

therefore, is only as good as the available knowledg~ regarding the structure of the oxide 

overlayer. In the absence of this knowledge, many results are possible, depending on the 

structure assumed. 
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T i O = / R h  Calculations: 

V j / / / R  H/,,2"//I 
IRh 

0 0  O O C ) ~ O  
~///RH////~ 0.25 ML 0 on Rh I h ~ =  0.07 

I '  Tiox 1 
I////R H////I I ML (-= 2 ML--bi- layer)  ~=? 

# O  atoms = (2 ML atoms) x } = 4 ML 

= 0.34: for a I a tom thick monolayer, rJ = ~ 0.58 

0 on P,.h: ~ = 0.07 = ~ ] _ , -  0.3, = 1.116 y 

0.25 h//~L 8ttenuat |on of  R h  

::~ y = G.0627 

attenuation of Ist layer 0 mignal by 2nd hyer 0 

T i O ~  o .  ~ :  ~ : ~ - = o . .  1-0.66 

Observed: ~ - 0.96 
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AIO,/Rh Calculations: 

183 

I , / / / /RH/~/,/ / I  

0 0 0 0 0~---0 
I / / / / / R H / / / / I  0.25 ML O on Rh = 0 . 0 7  

Rh 

I .A O, " 1 
V// /RH'/ / /A 

1 ML (= 2 ML---bi-layer) 

#O atoms = (2 ML atoms) x ~ = I.I ML 

o = 0 ,45 :  f o r  s I ~ t o m  t h i c k  m o n o l a y e r ,  a i " ~ = 0 . 6 7  

o o° zh: ~ : 007 = ~ = l~ y 

0.2S lv[L ,~t~snuLtion of Rh 

:~ y = 0.0642 

at tenuat ion  of l i t  ]lyer 0 siKnal by 2nd htyer 0 

~ . , o :  o~ ~ "  . ~  : ~ ~ : o .~  1-0.66 
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# 0  atoms = ("1.5 ML" atoms) x ~ = I,I  ML 

a = 0.45: for a "1.5 atom" thick monolayer, o* = ~T~.'~ = 0.45~'~ = 0.59 

O on Rh: ~ = 0.07 '= 1------------------:~ = 1.090 y 

0.25 ~ a t tenuat ion  o t  P..h 

y = 0.0628 

Observed: ~ = 0.43 
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A.2 T H E  E F F E C T  OF 
L A Y E R  G R O W T H  
T I O N  

T H R E E - D I 1 V I E N S I O N A L  OVER- 
O N  C O V E R A G E  D E T E R M I N A -  

An analysis of the impact of three-dimensional overlayer growth on the measured AES 

substrate signal is presented here. Calculations were performed 'by assun~ng an overlayer 

geometry at a given coverage and calculating the attenuation of the substrate (Rh (302 

eV)) signal. A value of a (the coverage) of 0.55 was taken. As seen from Table 2-I, this 

value is in the range observed for 280-360 eV electrons for overlayers of one atomic distance 

thicknea~. Since an attenuation corresponding to a -- 0.34 was observed for TiO~/Rh, this 

analysis represents a worst-case scenario to test the validity of the cove~'age determination 

in Fig. 5.13. 

Six overlayer geometries were employed, each comprised of stacked layers in which the 

angle formed between successive layers and the surface plane is specified. The overlayer. 

geometries corresponding to angles of O °, 18.4 °, 32°,45 °, 50 ° , and 78.7 ° are depicted in Fig. 

A.I for a monolayer equivalent of 0.T8 ML. The e~'ect from only one island, of rectangular 

cross-section, on a section of substrate of arbitrary length was considered. 

Fig. A.2 shows the resulting AES intensity-vs.-evaporation time plot for the various 

overlayer geometries. The AES intensities were normalized with respect to the bare sub- 

strate signal and the evaporation times normalized to give a 66% attenuation at the same 

time for all growth angles. This was done to comp&e with the analogous plot for TiO¢ 

growth in Fig. 5.13(b). By comparison of the regions of initial decline in both plots, it is not 

po~ible to rule out the existence of three-dimensional growth of TiOz for angles under, say, 

45 °. However, since a break does not occur at a substrate attenuation of 0.34 (remember 

a = 0.55), the curves fall well below the trend for layer-by-layer growth displayed in Fig. 

5.13(b). Consequently, the growth of titania on rhodlum cannot be adequately described 

by three-dlmensionM growth. 

The expecte~l CO TPD area-versus-coverage plot for three-di~ensional overlayer growth, 
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Vx=O° 

t~ = i8 .4  ° 
. I  

..... r~ l ~ /  i x.,, j 7 l / l l l i l f  / i .  

/ ~ !  ,, h ,, 

b l f ~ l i i l l l ~ _ l t l  1-J 

8.7 o 

Figure A.I: Model geometries of overlayer growth. The extent of three-dimensionaJ growth 
is characterized by the angle ~ between the surface and the incline of ~n overlayer =i.l~nd ~. 
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Figure A.2: A plot of the raw AES substrate intensity as a function of evaporation time. 
The curvature arising from three-dimensional growth is clearly visible for angles above 32*. 
The dining times for an attenuation of 0.34 were set equivalent for comparison with Fig. 
5-*3(b). 

assuming CO chemisorbs at ~II ezposed B£ mitea, appears in Fig. A.3. When three- 

dimensional growth occurs, the "apparent" coverage (measured by AES) does not accurately 

reflect the actual amount of surface P,h covered. A~ the "apparent" coverage increases, 

there is a nonlinear decrease in the' CO chemisorption capacity. However, the amount of 

CO chem/sorbed is always greater than that expected from the coverage. If coverage is d~- 

terrrdnecl from an attenuation of 66~ at monolayer coverage, the CO TPD area-vs.-coverage 

plot of Fig. A.4 results. Three-dimensional growth can account for the behavior in Fig. 
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Figure A.3: The expected CO TPD peak ~re~-vs.-coverage plots with three-dimensional 
overlayer growth and ~ u m i n g  CO chemisorbs at all exposed Rh atoms, a -" 0.55. 

5.30 only if ~ = 0.77 for monolayer coverage--an improbable value in light of the other 

overlayer studies in Table 2.1. 
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Figure A.4: The expect~i CO TPD peak ares-vs.-coverage plots with three-dimensional 
over]ayer growth a~d assuming CO cherr~iorbs at al_] exposed Rh atoms. ~ taken as 0.34 
with monolayer coverage actually at ~ -" 0.55--as a =worst case" evaluation of Fig. 5-30. 



Appendix B 

COMPUTER PROGRAMS 

B.1 X P S  DATA A C Q U I S I T I O N  A N D  A N A L Y S I S  P R O -  
G R A M  

The following program (written by Dr. Bruce Beard) was modified to" allow fitting of 

XPS spectra with peaks of Doniach-~unji~ lineshape Case" Chapter 2). This program hz~ 

a total of six function: (1) data acquisition, (2) analysis of stored data (Ganssian fit), 

(3) analysis of stored data (Doniach-~unji~ fit), (4) printing out raw data,  (5) checking the 

contents of a data file, and (6) forming a data file of raw/analyzed data for future transferral 

to a mainframe computer. This program calculates 8 quantity, ~deviation from the fit," 

by a sum of the squares of the difference between fitted anc] raw curves. However, there 

appears to be a ~bug" in this part of the routine. 

If any changes are to be made to th:.s program, please adjust the timing loop (statement 

451(]) accordingly to match the IBM PC data acquisition timing with that  of the Tracor 

multi-channel anelyzer. Otherwise, an incomplete spectrum wi!l be transferred to the IBM 

PC. 

19(] 
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i0 ' program electron spectroscopy 
20 DIM X(520), Y(520), F(8,520), P(5,4), LOW(6), AREA(6), B(300), HF(6) 
25 DIM AI(6),GAMM2%(6),XB(3),YB(3),XE(256) 
30 DEF SEG-&HBI00 'SET ADDRESS LOCATION OF THE LAV .MASTER BOARD. 
40 POKE 3,4 'SET OUTPUT OF D/A THAT CONTROLS MCA DATA DUMP TO -5 V. 
50 POKE 2,0 
55 NP-512 
50 CMIN'0 
70 SURSCN'0 
75 PI-3.14159 
80 'This is the main routine from which the remainder 
90 'of the program is routed. Functions of this program include 
i00 'da~a collection, display, and a variety of rouuines 
ii0 'necessary for the fittng analysis of XPS spectra. 
120 'N represents the I of peaks to be fitted to the spectrum. 
122 "This program was written by Dr.Bruce C. Beard in 1984. Modifications 
123 'have been made to include peak subtraction, survey scan plotting, 
124 'and more stream-lined data entry for fitting. 
125 'This prograra was modified in Aug. 1986 by Marc Levin to allow for 
126 'Doniach-Sunjic fitting of XPS spectra. This modification includes 
127 'subroutines for computing the Gamma fur~tion and a parabolic baseline 
128 'from three points. Changes were also made in the display routine to 
129 'make it more efficient. 
130 CLS 
140 SCREEN 0 
150 LOCATE 5,27 
160 PRINT "SIX ROUTES ARE AVAILABLE" 
170 LOCATE 6,23:PRINT "i. 
180 LOCATE 7,23:PRINT "2. 
190 LOCATE 8,23:PRINT "3. 
200 LOCATE 9,23:PRINT "4. 
210 LOCATE 10,23:PRINT "5. 
215 LOCATE I1,23:PRINT "6. 
220 LOCATE 12,23:PRINT "9. 
250 LOCATE 14,18 

Data Acquisition, XPS or AES" 
Analysis o~ Stored Data--Gaussian Fit" 
Analysis of Stored Data--Doniach-SunJlc Fmt" 
Hard Copy of Raw Data" 
Check Contents of a Data File'" 
Disk Copy of Smoothed Data" 
To Stop Program" 

260 PRINT "Enter nm.~er for the desired option" 
270 LOCATE 16,30 
280 INPUT "OPTION ?. ",IDEX 
290 SL~SCN-0 
300 FLG-0 
310 IF %DEX-1 THEN GOSUB 3540 
320 IF IDEX-2 THEN GOSL~ 420 
330 IF IDEX-3 THEN GOS5~ 7420 
340 IF IDEX-4 THEN GOSUB 5100 
350 IF IDEX-5 THEN GOSUB 5250 
355 IF IDEX-6 THEN GOS53 7000 
360 IF IDEX-9 THEN STOP 
380 INPUT "Any further options (Y OR N)~",YNS 
385 IF YNS()"N" AND YN$<>"Y" THEN 380 
390 IF YN$-"Y" THEN 130 
400 STOP 
410 
420 Subcoutine d a t a  analysis 
430 This routine fits data to as many as six gaussian components, 
440 satellite peak removal, baseline addition, and smoothing 
450 are all available from this ccnrtolling subroutine. 
460 
465 LOCATE 2,23:PRINT "ANALYSIS OF STORED DATA--GAUSSIAN FIT" 
470 GOSS~ 3920 
480 GOSUB 1770 
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490 
491 
492 
493 
494 
'195 
496 
497 
498 
499 
500 
505 
510 
520 
525 
530 
540 
550 
560 
570 
580 
59O 
600 
610 
620 
630 
640 
650 
660 
6~0 
680 
685 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
82O 
830 
840 
850 
860 
870 
880 
890 
9O0 
910 
920 
930 
940 
950 
960 

GOSUB 2390 
i 

IF SURSCN'0 GOTO 500 
INPUT "Hard copy (Y OR N)? ",YN$ 
IF YNS<)"N" AND YNS<)"Y" THEN 493 
IF YN$-"N" THEN 130 
GOSUB 2390 
GOSUB 4620 
GOTO 130 
Q 

INPUT "Shall any s~oothing of the data be performed (Y OR N)? ",YN$ 
IF YNS~)"N" AND YNS(>"Y" THEN 500 
ZF YNS-"Y" THEN GOSUB 1910 
INPUT "Shall satellite removal be Performed (Y OR N)? ",YNS 
IF YNS<>"N" AND YNS<)"Y" THEN 520 
IF YNS-"Y" THEN GOSUB 1580 
ENPUT "How many components to this spectrum? ",N 
EF N>6 GOTO 570 ELSE GOTO 590 
BEEP 
PRINT N,"IS TOO LARGE A VALUE FOR THE Nt~4BER OF COM-?ONENTS, TRY AGAIN" 
GOTO 540 
Z-N~2 
PRINT"En~er the parameters for each component, Amp, eV, FW}~.," 
FOR L-I TO N 
PRINT "Parameters for component #".L 
FOR J-I TO 3 
PRINT "Enter p( "L,J" )" 
INPUT P(L,J) 
NEXT J 
NEXT L 
INPb"E "PARAMETERS ENTERED CORRECTLY (Y OR N)? ",YN$ 
IF YNS<>"N" AND YNS(>"Y" THEN 680 
IF YNS-"N" THEN GOTO 600. 

"CALCULATES THE GAUSSIAN LINE SHAPE FOR EACH OF THE COM2ONENTS AND' 
'THE Sb~2~d%TION; ALSO THE BACKGROU~ INTENSITY DROP A.~D THE BASE- 
'LINE CONTRIBUTION FROM EACH COMPONENT." 
i 

INPUT "Enter beginning and ending background reference channels ",FRT!. BCKI 
FRT-0. BCK=0: DEL-0 
FOR K-I TO i0 
FRT-FRT÷Y ( FRTI~K ) 
BCR'BCK÷Y ( ~CKI+K ) 
NEXT K 
DEL-FRT/I 0-BCK/IO 

'TOTAL PEAK HEIGHTS 

HGT'0 
FOR K'I TO N 
HGT'RGT-P( K, i) 
NEXT K 

'CALCD~.ATE THE BASELINE AND PEAKS 

FOR K-I TON 
HF(K)-P(K, i)/HGT 
FOR J%-I TO 256 
DX-( X(J% )-P(K, 2) )/P(K, 3 ) 
F( K+ I, J% )'P( K, I) "( I/EXP (DX'DX) ) 
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970 F(I,J%)-HF(K)-DEL/(I+EXP(-DX)) 
980 B{J%)-B(J%)+F(I,J %) 
990 F{K+I,J%)'F(K+I,J%)+F(1,J %) 
i000 F(Z,J%)-F(Z,J%)~F(K÷I,J %) 
i010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1115 
1120 
1130 
1135 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
12"0 
1280 
1290 
1300 
1310 
13~0 
1330 
1340 
1345 
1350 
1360 
1370 
1380 
1385 
1387 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 

NEXT J% 
NEXT K 
i 

IF FLG'7 GOTO 1440 
IF FLG-5 THEN GOSUB 5880 

"Section to allow for the correction of the parameters 
D 

GOSUB 2810 
LOCATE 24,1 
INPUT "Changes in the fit (Y OR N)? ",YNS 
IF YN$<>"N" AND YN$C>"Y" THEN iiio 
IF YNS-"Y" THEN GOTO 1130 ELSE 1270 
INPUT "Shall the number of components be changed (Y OR N)? 
IF YNS(>"N" AND YN$<>"Y" THEN 1130 
IF YN$-"Y" GOTO 540 
INPUT "Change background?, (answer 0). or component $ ?", L 
IF L-O THEN GOTO 750 
IF L)N THEN BEEP ELSE GOTO 1200 
PRINT "Enter a number between I and ",N 
GOTO 1150 
PRINT "Parameters for component ~ ",L 
FOR J-I TO 3 
PRINT "Old P("L,J") value is:" ,P(L,J) 
INPUT "Enter new Value ", CHECK 
IF CHECK-0 THEN GOTO 1250 ELSE P(L,J)-CHECK 
NEXT J 
GOTO 850 
w 

CLS 
LOCATE 5,25 
PRINT "THREE OPTIONS ARE AVAILABLE" 
LOCATE 8,25 
PRINT "I. PLOT FITTED SPECTRL~" 
LOCATE 10,25 
PRINT "'2. St~TRACT FITTED COMPONENTS" 
LOCATE 12,25: PRINT "3. EXIT ANALYSIS SECTION 
LOCATE 13,25 
BEEP 
INPUT " ENTER OPTION ",IDEX 
IF IDEX-2 GOTO 5880 
IF IDEX-3 THEN RETL~N 
IF IDEX<>I GOTO 1370 
FLG-7 
GOTO 850 

' Calcuate area of each component. 
l 

FOR I-i TO N 
AREA(I)-P(I,I)'P(I,3)'2,5066 
NEXT I 
t 

",YN$ 

'Final display of fit with all the parameters, specimen description 
• the area of each peak, and standard deviation of the fit. 
l 

LOCATE 17,15 
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1520 
1530 
1540 
1550 
1555 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
1890 
1900 
1905 
1910 
1920 
1930 
1940 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2065 
2070 
2080 

INPUT "** TURN ON THE PRINTER - STRIKE CARRIAGE RETS~N "'",YNS 
GOSUB 2810 
GOSUB 4650 
INPUT "PERFORM SUBTRACTION (Y OR N)? ",YN$ 
IF YN$(>"N" AND YNS<)"Y" THEN 1550 
IF YN$-"Y" THEN'P~G'5:GOTO 850 
RE'FURN 
' Subroutine Satpeak 
• This routine removes the naturally occuring satellite peaks from the 
' Mg Ka X-ray emission line used for XPS analysis. 
AU2".085 
AU3-.045 
XINC-(X(1)-X(512))/256 
IAU2%-(8.45/XINC) 
IAU3%-(10.15/XINC) 
FOR J%-1 TO 256 
ID2-J%-IAU2% 
ID3-J%-IAU3% 
IF ID2¢I THEN ID2-1 
IF ID3(I THEN ID3-1 
A3-Y(ID2)"AU2~Y(ID3)"AU3 
Y(J%)-Y(J%)-A3 
NEXT J% 
GOSL~ 2390 
RETURN 
t 

'Subroutine loadx 
'This routine generates the x-array based on the number of channels 
'and the eV range. 

XINC-(X(1)-X(512))/256 
IF X(1)>X(512) THEN GOTO 1870 
FOR I%-2 TO 256 
X[I%)-X(I%-I)~XINC 
NEXT I% 
GOT0 1900 
FOR I%-2 TO 256 
X(I%)'X(I%-I)-XINC 
NEXT I% 
RETt~N 

'Subroutine Smooth 
'This routine is a modified six point smoothing routine 
'where the operator is able to choose the degree of ~moothing 
'by the use of a discriminator, the larger the disc value 
' the smaller the change caused by the smoo~hing routine. 
INPUT "Enter the discriminator value ",DISC 
GOSUB 2090 
SPRED-DISC'SQR(~MAX) 
FOR J%'4 TO 253 
AV-(y(J%-3)÷Y(J%-2)+Y(J%-I)~Y(J%÷I)~Y(J%~2)~Y(J%÷3))/6 
DIF-Y(J%)-AV 
ADIF-ABS(DIF) 
IF ADIF(SPRED THEN GOTO 2040 ELSE Y(J%)-AV 
NEXT J~ 
GOSUB 2390 
INPbT "MORE SMOOTHING (Y OR N)? ",YNS 
IF YN$<>"N" AND YN$<>"Y" THEN 2060 
IF YNS-"Y" THEN 1960 
RETURN 
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2085 ' 
2090 'Subroutine Maxmin 
2100 'This routine determines the maximum and minimum values in the 
2110 'data array 
2120 CMAX--50000! 
2130 CHIN-90000! 
2140 FOR J%-i TO NP 
2150 IF Y(J%)<~MIN THEN ~MIN'Y(J%) 
2160 IF Y(J%)>C~X THEN CMAX-,Y(J%) 
2170 NEXT $% 
2180 RETURN 
2185 ' 
2190 'Subroutne normalize 
2200 'this routine normalizes the data array to betwwen 0 and I. 
2210 CC-CMAX-CMIN 
2220 FOR J%-i TO NP 
2230 Y(J%)-(Y(J%)-CMIN)/CC 
2240 NEXT J% 
2250 RETL~N 
2255 ' 
2260 'Subroutine SDFIT 
2270 'This routne oalculates the standard devaiton between th~ 
2280 ' raw data and the fitted array, giving an indication of the 
2290 ' goodness of the fitting paramters used. 
2300 SUM'O 
2310 FOR J%-i TO 256 
2320 F(Z,J%)'F(Z,J%)/CC 
2330 SL~-SUM~(F(Z,J%)-Y(J%))-2 
2340 F(Z,J%)-F(Z,J%)'CC 
2350 NEXT J% 
2360 SD-SQR(SUM/256) 
2370 RETURN 
23B0 " 
2390 "Subroutine Show 
2400 ' This is a display routine which makes a simple plot of the data 
2410 ' 
2420 SCREEN 2 
2430 GOSb~ 2090 
2440 GOSUB 2190 
2450 CL$ 
2460 LINE (99,15)-(611,15) 
2470 LINE [611,15)-(611,175) 
2480 LINE (611,175)-[99,175) 
2490 LINE (99,175)-(99,15) 
2500 ' 
2510 FOR I-i TO 6 
2520 LOCATE 7-I,6 
2530 PRINT MID$ ("COUNT5",I,!] 
2540 NEXT I 
2550 ' 
2560 LOCATE 3,8 
2570 PRINT C~.qX 
2580 LOCATE 22,8 
2590 PRINT CHIN 
2600 LOCATE 23,37 
2602 IF X(1)(X(512) THEN GOTO 2614 
2610 PRINT "BINDING ENERGY(eV)" 
2612 GOTO 2620 
2614 PRINT "KINETIC ENERGY(eV)" 
2620 LOCATE 23,10 
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2630 PRINT X(1) 
2640 LOCATE 23,74 
2650 PRINT X(512) 
2660 ' 
2670 IF SURSCN-I THEN GOSUB 6230 
2680 IF SURSCN-I THEN GOTO 2780 
2 6 9 0  ' 
2700 I-0 
2710 FOR J-I TO NP 
2720 COLMN-98+I 
2730 I-I+(512/NP) 
2740 Y(J)-Y(J)-I 
2750 F(I,J)-(Y(J) "-160)÷15 
2755 'LPRINT J;COL~N;Y(J);F(I,J) 
2760 PSET(COLMN, F(1,J) ) 
2770 Y(J)-CY(J)+I)'CC 
2780 NEXT J 
2790 RETURN 
2 8 0 0  ' 
2810 'Subroutine Shwal 
2820 'Routine show-all plots the results of the data anaysis by displaying 
2830 'the raw data, the fitted line, and each component in the fatted line. 
2 8 4 0  ' 
2 8 5 0  ' 
2 8 6 0  GOSUB 2 0 9 0  
2870 ' 
2 8 8 0  C L S  
2890 LINE (99,15)-(611,15) 
2900 LINE (611,15)-(611,175J 
2910 LINE (611,175)-[99,175) 
2920 LINE (99,175)-(99,15) 
2 9 9 0  ' 
3000 FOR I"l TO l0 
3010 LOCATE 6+I,3 
3020 PRINT MIDS ("NOP~UALIZED '' ,I, i) 
3030 NEXT I 
3040 ' 
3050 FOR I-I TO 8 
3060 LOCATE 8~I,6 
3070 PRINT MID$ ("COUNTS",I,I) 
3080 .~EXT I 
3090 ' 
3100 LOCATE 2,8 
Ill0 PRINT "i" 
3140 ' 
3150 'normalize raw and fatted array,normalize components, and inert to 0 to-I 
3160 ' 
3170 CC- C"~%X-CMIN 
3180 FOR 3-i TO 256 
3190 y(J)-(Y(J)-CMIN]/CC 
3 2 0 0  ' 
3205 FOR K'I TO N÷2 
3210 F(K,J)'F(K,J)/CC 
3215 NEXT K 
3220 ' 
3230 ' plot raw data as a point plot ,raw data for plot in f(l,j) 
3 2 4 0  ' 

3 2 5 0  PSET (97~2"J,160-Y(J)'160+15) 
3260 ' Y(J)'Y(J) "CC~CMIN 
3270 NEXT J 
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3280 ' 
3290 'plot fitted data and individual components as lines 
3300 
3330 
3335 
3336 
3340 
3350 
3360 
3370 
3380 
3390 
3420 
3430 
3435 
3440 
3450 
3455 
3460 
3464 
3466 
3470 
3480 
3520 
3530 
3540 
3550 
3560 
3570 
3580 
3590 
3600 
3610 
3620 
3630 
3640 
3650 
3660 
3670 
3680 
3690 
3700 
3705 
3710 
3715 
3720 
3722 
3725 
3730 
3732 
3734 
3736 
3738 
3740 
3750 
3760 
3770 
3780 
3790 
3800 

i 

FOR J-i TO 256 
PSET (97~2-J,160-Y(J)*I60~IS) 
Y(J)-Y(J)-CC+CMIN 
FOR K-I TO N÷2 
LINE (97~2*J,160-F(K,J)-I60+15)-(99-2-J,160-F(K,J-I)-I60+I5) 
F(K,J)'F(K,J}*CC 
NEXT K 
NEXT J 
0 

LOCATE 22,8 
PRINT "0" 
LOCATE 23,10 
PRINT X(1) 
LOCATE 23,37 
IF X(I]<X(512) THEN GOTO 3466 
PRINT "BINDING ENERGY(eV)" 
GOTO 3470 
PRINT "KINETIC ENERGY(eV)" 
LOCATE 23,74 
PRINT ,X(512) 
RETt~N 

'Subroutine Data Acquisiton 
'controls the input of data into the computer assuring 
'all of the pertinent details are present. 
INPUT "Enter the energy values X(1),X(512)",X(1),X(512) 
'date of analysis obtained from system 
VS-DATE$ 
INPUT "Enter specimen description.",SPM_NS 
PRINT "Enter the analysis conditions, transition, RC, Resolution," 
INPUT "Vmult, Excitation Energy.",CON$ 
INPUT "How many scans ?",SCANS$ 
IF X(1)>X(512) THEN GOSUB 4290 ELSE GOSUB 5380 

BEEP 

'data collection completed 

NP-512 
GOSL~ 2390 
INPUT "Shall this data be stored (Y OR N)?",YN5 
IF YNS<>"N" AhqD YN$(>"Y" THEN 3710 
IF YNS-"N" THEN 3740 
GOSL~ 3760 
INPt~"HAP~ COPY OF STORED DATA (Y OR N)~",YNS 
IF YNS(>"N" ~D YNS<>"Y" THEN 3725 
IF YN$-"N" THEN RETURN 
GOSUB 3970 
GOSL~ 2390 
GOSS~ 4650 
RETURN 
| 

'Subroutine Store, This routine accepts the collected data and analysis 
' discription and places them on the data disk for future reference. 
i 

INPUT "Enter the name under which this data shall be filed",N~M$ 
OPEN NAM$ FOR OUTPUT AS #i 
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3810 
3820 
3830 
3840 
3850 
3860 
3870 
3880 
3890 
3900 
3910 
3920 
3930 
3940 
3950 
3960 
3970 
3980 
3990 
4000 
4010 
4020 
4030 
4040 
4050 
4060 
4070 
4080 
4090 
4100 
4105 
4110 
4120 
4130 
4140 
4150 
4160 
4170 
4180 
4190 
4200 
4210 
4220 
4230 
4240 
4250 
4260 
4270 
4280 
4290 
4300 
4310 
4320 
4330 
4420 
4430 
4440 
4450 
4460 
4470 

PRINT ~i, SPMN$ 
PRINT #I, vs 
PRINT #i, SCANS$ 
PRINT #i, CON$ 
PRINT #I, X(1),X(512) 
FOR J-i TO 512 
PRINT#l, Y(J) 
NEXT J 
CLOSE #I 
RETURN 

'Subroutine Recall, This routine retreves the desired data file from 
'the data disk, loading all the information into the proper string 
'or array. 
LOCATE 16,13 
INPUT "what is the name of the desired data file? ",N~M$ 
OPEN HAMS FOR INPUT AS #l 
INPUT #i, SPMN$ 
INPUT #i, V$ 
INPUT #i, SC~NS$ 
INPUT #i, CONS 
INPUT il, X(1),X[512) 
FOR J%'l TO 512 
INPUT Jl, Y(J%) 
NEXT J% 

BEDIF-X(1)-X(512) 
IF BEDIF(IO0 THEN GOTO 4140 
PRINT "Binding energy difference has been found to be ) i00 ev" 
INPUT "Shall all 512 daua points be displayed (Y OR N)? ",YNS 
IF YN$<>"N" AND YNS<>"Y" THEN 4100 
IF YN$-"N" THEN 4140 
SU~CN-I 
GOTO 4200 

' Reduce the 512 data points to 256 for numeric evaluation. 

FOR K%-l TO 256 
Y(K%)-(Y(2-K%-I)-Y(2-K%))/2 
NEXT K% 
'y(1) and y(2) are noisy channels, thus they 
'are set to the average of three points which follow. 
Y{I)-(YC3)°Y(4]-Y(5))/3 
Y[2)-(Y(4)~Y(5)-Y(6))/3 
IF SL~SCN-I THEN GOTO 4260 
NP-256 
CLOSE ~ 1 
RETURN 

'Subroutine XPSAQ 
'This is a data retreal reutine taking data from the Tracor M~A 
'into the PC, correcting for the number of channels used in the 
'A/D conversion and the vertical scale Eactor of the MCA. 
! 

PRINT "*'~'''*'SET OUPUT RATE OF HCA TO 40 M~/CHAN *''t" .... 
INPUT "Enter the vertical scale factor from the MCA",VSF 
DEF SEG-&HBI00 
POKE 5,0 'SELECT A/D CHANNEL 
POKE 3,0 
POKE 2,200 'SET D/A #1 TO 0 VOLTS START DATA OUT 
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4480 
4490 
4500 
4510 
4520 
4530 
4540 
4550 
4560 
4570 
4580 
4590 
4600 
4610 
4620 
4630 
4640 
4650 
4660 
4670 
4680 
4690 
47~0 
4710 
4720 
4730 
4740 
4750 
4760 
4770 
4780 
4790 
4800 
4810 
4820 
4830 
4840 
4850 
4860 
4870 
4880 
4890 
4900 
4910 
4920 
4930 
4940 
4950 
4960 
4970 
4980 
4985 
4990 
5000 
5010 
5020 
5030 
5040 
5045 
5050 

FOR J-i TO 512 
POKE 6,1 'START CONVERSION 
Y(J)-256*PEEK (6) ~ PEEK (5) 
FOR Z-I TO 60:NEXT Z 'MCA OUTPUT SPEED 40 MS/CHAN--READJUSTED FOR ESCAI 
NEXT J 
BEEP 
POKE 3,4 'RESET D/A TO 5 V 
POKE 2,0 

FOR I%'i TO 512 
Y(I%)'Y(I%)'VSF/2048 'OUTPUT OF MCA ONLY 0-5, DA SET FOR 0-I0 
NEXT I% 

RETURN 
'Screen dump routine for the IBM PC to an HP Think-Jet printer 
'This routine was written by David Dahlgren, 

DIM IMASK%(IO) 
IM~SK%(O)-I:IMASK%(I]-2:IM~SK%(2)-4:LMASK%(3]-8:IMASK%(4)-I6:IM~SK%(5)=3Z 
IMASK%(6)-64:IMASK%(7)-I28 
DEF SEG-&HB800 
OFST%-&H2000 
LPRINT 'CLEAR PRINTER 
LPRINT CHR$(27)+CHR$(64) 
WIDTH "LPTl:",255 'QL~NCH CARRIAGE RETL~NS 
LPRINT CHR$(27)+CHRS(65)÷CHR$(8); '16 DOT LINE FEED 
FOR ROW%-O TO 49 
IKOW%-ROW%-160 
LPRINT CHRS(27)÷CHRS[75)+CHRS(128)+CHR$(2); 'RECEIVE 640 BYTES 

FOR COL%-O TO 79 
ICOL%-!ROW%*COL% 
CH%-O 'START WITH BLANK 
FOR BIT%-7 TO 0 STEP -i 

M~SK%-IMASK%(BIT%) 
IF [PEEK(ICOL%÷80*OFST%) AND M2%SK%))0 THEN CH%-CH% O~ 3 
IF (PEEKCICOL%+80) AND MASK%))0 . THEN CH%-CH% OR 12 
IF (PEEK(ICOL~÷OFST%) AND MASK%)>0 THEN CH%-CH% OR 48 
IF (PEEKCICOL%) AND MASK%)>0 THEN CH%-CH% OR 192 
LPRZNT CHRS(CH%);:CH%-O 

NEXT 
NEXT 
LPRINT 

NE~T 
LPRINT CHR$(27)-CHR$(50) 
LOCATE 24,1 
LPRINT "Data file name:",NAM$ 
LPRINT "Specimen",SPM_N$ 
LPRINT "Analysis Date:".VS 
LPRINT "Analysis Condltions",CON$ 
LPRINT "Number of Scans:",SCANS$ 
INPUT "Shall the fitting parameters G areas be printed (Y OR N)~",YN$ 
IF YNS<)"N" AND YN$(>"Y" THEN 4980 
IF YNS-"N" THEN 5070 
LPRINT 
LPRINT "PEAK |","COUNTS","POSITION (eV)","WIDTH (eV)","ASYM/~TRY'°,"AREA" 
FOR J-I TO N 
LPRINT J,P(J.1),P(J,2),P(J,3),P(J,4),AREA(J) 
NEXT J 
LPRINT XB(1),YB(1),XB(2),YB(2),XB(3),YB(3) 
GOSD~ 2260 
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5060 
5070 
5080 
5090 
5100 
5110 
5120 
5130 
5140 
5150 
5155 
5160 
5170 
5175 
5180 
5190 
5200 
5210 
5220 
5230 
5240 
5250 
5260 
5270 
5280 
5290 
5300 
5310 
5315 
5320 
5330 
5340 
5345 
5350 
5360 
5370 
5380 
5390 
5400 
5410 
5420 
5430 
5440 
5450 
5460 
5470 
5480 
5490 
5500 
5510 
5520 
5530 
5540 
5550 
5560 
5570 
5580 
5590 

LPRINT "Deviation of the Fit",SD 
RETURN 
i 

I 

'Subroutine display files, Reads a data file from the disk, allows for 
'satellite removal,and smoothing before the spectrum is sent to the 
' screen dump. 
GOSUB 3920 
GOSUB 2390 
INPUT "Shall satellite removal be performed (Y OR N)?",YN$ 
IF YNSC>"N" AND YN$<>"Y" THEN 5150 
IF YNS-"Y" THEN GOSUB 1580 
INPUT "Shall any smoothing be performed (Y OR N)?",YN$ 
IF YNS(>"N" AND YN$(>"Y" THEN 5170 
IF YN$-"Y" THEN GOSUB 1910 
INPUT "TURN ON PRINTER''' STRIKE RETS~N WHEN READY",YN$ 
GOSUB 2390 
GOSUB 4650 
RETS"RN 

'Subroutine file check. Reads data files, lists specimen description 
'and analysis date. 

GOSb~ 3920 
GOSUB 2390 
PRINT SPMNS 
PRINT "Analysis Date:",V$ 
INPUT "Shall data analysis be performed (Y OR N)?",YNS 
IF YN$()"N" AND YN$<>"Y" THEN 5310 
IF YN$-"Y" THEN 490 ELSE GOTO 5340 
R EI~u~. N 
INPUT "IS a hard copy of the raw data desired (Y OR N)~".,YN$ 
IF YN$¢>"N" AND YN$(>"Y" THEN 5340 
IF YN$-"Y" THEN GOSUB 2390 ELSE 5370 
GOSG'B 4620 
RETURN 
' SUBROUTINE AUGERAQ 
'Acguires Auger data, controls o u t p u t  of diriving voltage 
"converts analog data to digital values, sums and averages 
"signal over the desired number of scans. 
t 

DEF SEG-&HB100 

POKE 5, 1 'SET AID CONVERSION CHANNEL 
H-0 

INPUT "HOw many scans to be collecued?" ,S 
i 

FOR I%-i TO 5 

FOR J-8 TO 15 
POKE i, J 
FOR K'0 TO 255 STEP 8 'VOLTAGE STEPS 0V TO 5V 
POKE 0,K 
FOR L'I TO 20: NEXT L 'DEAD LOOP TO ALLOW VOLTAGES TO STABALIZE 
H'H~I 
POKE 6,1 ' START A/D CONVERSION 
Y(H)-Y(H) ÷ [256 " PEEK(6) * PEEK(5)) 'CONVERT AND SD. ~. 

5600 NEXT K 
5610 .NEXT J 
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5620 
5630 
5640 
5650 
5660 
5670 
5680 
5690 
5700 
5710 
5720 
5730 
5740 
5750 
5760 
5770 
5780 
5790 
5800 
5810 
5820 
5830 
5840 
5850 
5860 
5870 
5880 
5890 
5900 
5910 
5920 
5930 
5960 
5970 
5900 
5990 
6000 
6010 
6020 
6030 
6040 
6045 
6050 
6060 
6070 
6075 
6080 
6090 
6100 
6110 
6120 
6130 
6140 
6150 
6160 
6170 
6180 
6190 

FOR J-0 TO 7 'VOLTAGE STEPS 5V TO 10V 
FOR K'O TO 255 STEP 8 
POKE l,J 
POKE 0,K 
FOR L'I TO 20: NEXT L 'DEAD LOOP TO ALLOW VOLTAGES TO STABALIZE 
H-H+1 
POKE 6,1 'START A/D COw, VERSION 
Y(H)-Y(H)~(256"PEEK(6)~PEEK(5)) 
NEXT K 
NEXT J 

POKE 1,8 
POKE 0,0 

H-O 

NEXT i% 

FOR J%-i TO 512 
Y(J~ ]'Y(J%)/S 
NEXT J% 
i 

BEEP 
RETL'RN 

'RESET D/A TO 0 VOLTS AHEAD OF TIM~ TO ALLOW THE OUTPUT 
'AT THE BEGINNING OF THE NEXT SCAN TO BE 0 VOLTS 

'AVERAGE RESULTS OVER THE N%IMBER OF SCAN5 

SUBROUTINE SU3TRACTION 
THIS ROUTINE TAKES THE FITTED COMPONENTS THAT ARE TO THE OPEPATORS 
LIKING AND REMOVES THEM FROM THE RAW DATA FILE TO LEAVE A DIFFERENCE 
SPECTRUM. FURTHER FITTING AND OUTPUT OPTION FOLLOW THIS ROUTINE SUCH 
THAT COMPARISONS MAY BE MADE FROM BEFORE AND AFTER SUBTRACTIONS. 

FOR I%-I TO 256 
Y(I%)-Y(I%)-F(Z,I%) 
NEXT I% 
i 

FLG-O 

GOSUB 2390 
INPUT "ANY SMOOTHING (Y OR N)? ",YNS 
IF YNS<>"N" AND YNS<)"Y" THEN 6040 
IF YNS-"Y" THEN GOSLeB 1910 
LOCATE 24,1 
~NPUT "HARD COPY (Y OR N)~",YNS 
IF YNS(>"N" A~ID YN$<)"Y" THEN 6070 
IF YNS-"N" THEN GOTO 6110 
GOSL'B 2390 
GOS L~B 4650 

FOR K-I TO Z 
FOR I%-i" TO 256 
F(K, I% )-0 
NEXT I% 
NEXT K 
e 

FOR I%-i TO 256 
B(I%)-0 

6200 NEXT I% 
6210 1~ '~Tb'RN 
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6220 
6230 
6240 
6250 
6260 
6270 
6280 
6290 
6300 
6310 
6320 
6330 
6340 
7000 
7002 
7004 
7010 
7015 
7020 
7025 
7030 
7035 
7040 
7045 
7050 
7055 
7060 
7065 
7070 
7075 
7080 
7085 
7090 
7092 
7094 
7098 
7099 
7100 
7105 
7110 
7120 
7125 
7130 
7135 
7140 
7145 
7150 
7155 
7160 
7165 
7170 
7175 
7180 
7195 
7200 
7205 
7210 
7215 
7220 
7225 

! 

'SUBROUTINE SURVEY SCAN PLOT 
'This is a short routine to just plot out the data array for a 
' survey scan. All 512 data points are displayed. 
q 

FOR J-i TO 512 
COLMN~98÷J 
Y(J)-Y(J)-I 
F(I,J)-(Y(J)--160)+I5 
PSET(COLMN,~(!,J)) 
Y(J)-(Y(J)÷I)*CC 
NEXT J 
REI"o~RN 
'Subroutine DiskStore. This routine reads a datafile, allo~ removal 
'of satellites, allow for smoothing, and then saves the data on disk 
'for eventual transferral to the VAX system. 
GOSUB 3920 
GOSUB 2390 
INPUT "Is satellite removal to be performed (Y OR N) ~'', YNS 
IF YNS(>"N" AND YN$<>"Y" THEN 7020 
IF YN$-"Y" THEN GOSUB 1580 
INPUT "Is any smoothing to be performed (Y OR N)?", YNS 
IF YNS<>"N" AND YNS<)"Y" THEN 7035 
IF YNS-"Y" THEN GOSUB 1910 
INPUT "Enter the name under which this data is to be filed", NAMS 
OPEN NAM$ FOR OUTPUT AS #i 
PRINT #i. SPMNS 
PRINT ~I, VS 
PRINT Jl, SCANSS 
PRINT ~i, CONS 
PRINT ~i, X(1),X(512) 
FOR J-1 TO 256 
XE(J)-X(1) - (X(1)-X(512))/256"(J-!) 
PRINT #I, XE(J),YCJ) 
NEXT J 
INPUT "Is a disk copy of the deconvoluUed spectra'desired ~'', YN$ 
IF YN$()"N" AND YN$(>"Y" THEN 7098 
IF YNS-"N" THEN 7394 
CLS 
LOCATE 2,19:PRINT "ANALYSIS OF STORED DATA (DONIACH-SCNJIC FIT)" 
GOSS~ 1770 
GOS53 2390 

IF SURSCN-O GOTO 7160 
GOSL~ 2390 
GOSUB 4620 
GOTO 130 
l 

INPUT "How many components to this spectrum s ",N 
IF N)6 GOTO 7175 ELSE GOTO 7195 
BEEP 
PRINT N,"IS TOO LARGE A VALUE FOR THE NL~ER OF COMPONENTS, TRY AGAIN" 
GOTO 7160 
Z-N+2 
PRINT"Enter the parameters for each component, Amp, eV, FWHM,ASYM" 
FOR L-I TO N 
PRINT "Parameters for component J",L 
FOR J-i TO 4 
PRINT "Enter p("L,J")" 
INPUT P(L,J) 
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7230 
7235 
7240 
7245 
7250 
7255 
7260 
7265 
7270 
7275 
7280 
7285 
7290 
7295 
7300 
7305 
7310 
7320 
7325 
7330 
7335 
7340 
7345 
7347 
7350 
7355 
7360 
7362 
7364 
7366 
7368 
7370 
7371 
7372 
7374 
7378 
738O 
7385 
7390 
7394 
7395 
7410 
7420 
7430 
7440 
7450 
7460 
7462 
7465 
7470 
7480 
7490 
7491 
7492 
7493 
7494 
7495 
7496 
7497 
7498 

NEXT J 
NE~T L 
INPUT "PARAMETERS ENTERED CORRECTLY (Y OR N)? ",YNS 
IF YNS(>"N" AND YN$<>"Y" THEN 7240 
IF YNS-"N" THEN GOTO 7200 
i 

'THE SUMMATION; ALSO THE BACKGROUND INTENSITY DROP AND THE BASE- 
'LINE CONTRIBUTION FROM EACH COMPONENT. 

GOSUB 2390 
INPUT "ENTER IST BASELINE REFERENCE POINT (CHANNEL, HEIGHT) ",XB(1),YB(1) 
~NPb~ "ENTER 2ND BASELINE REFERENCE POINT (CHANNEL, HEIGHT) ",XB(2),YB(2) 
INPUT "ENTER 3RD BASELINE REFERENCE POINT (CH~NEL, HEIGHT) ",XB(3),YB(3) 
GOSUB 9200 

'CALCtq~ATE THE BASELINE AND PEAKS 
FOR J%-i TO 256 
F(Z,J~) - F(I,J~) 
NEXT J% 

FOR K-I TO N 
PRINT ~I, "K - ", K 
AI(K)-I-P(K,4) 
GOS5~ 9000 
FOR J%-i TO 256 
MI-COS(PI'P(K,4)/2 + AI(K)'ATN((P(K,2)-M(J%))/P(K,3}}) 
M2-((X(J%)-P(K,2))'2 + P(K,3)'2)'(AI(K)/2) 
F(K÷I,J%)-P(K,I)-GAMMA[K].MI/M2 
B(J%)-B(J%)*F(I,J%) 
F(Z,J%)-F(Z,J%)*F(K*I,J%] 
PRINT #I, X(J%),F(K+I,J%) 
NEXT J% 
NEXT K 
PRINT #i, "TOTAL" 
FOR J% -I TO 256 
PRINT #i, X(J%),F(Z,J%) 
NEXT J% 
CLOSE ~I 
RETURN 
! 

'Subroutine da=a analysis 
'This routine fits data to as many as six Doniach-Sunjlc components, 
'satellite peak removal, baseline addition, and smoouhing 
• are all available from this controlling subroutine. 

CLS 
LOCATE 2,19:PRINT "~NALYSIS OF STORED DATA (DON~ACH-SU~IC FIT)" 
GOSUB 3920 
GOSUB 1770 
GOSUB 2390 

IF SURSCN-O GOTO 7500 
INPUT "Hard copy (Y OR N)? ",YN$ 
IF YNS(>"N" AND YN$(>"Y" THEN 7493 
IF YN$-"N" THEN 130 
GOSUB 2390 
GOSUB 4620 
GOTO 130 
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7499 
7500 
7505 
7510 
7520 
7525 
7530 
7540 
7550 
7560 
7570 
7580 
7590 
7600 
7610 
7620 
7630 
7640 
7650 
7660 
7670 
7680 
7685 
7690 
7700 
7720 
7730 
7735 
7740 
7741 
7742 
7T43 
7795 
7800 
7820 
7850 
7900 
7905 
7907 
7909 
7910 
7920 
7925 
7930 
7940 
7955 
7960 
7970 
7980 
8000 
8010 
8020 
8030 
8050 
8060 
8065 
8070 
8075 
8080 
8085 

J 

INPUT "Shall any smoothing of the data be performed (~ OR N)? ",YNS 
IF YN$(>"N" AND YNS()"Y" THEN 7500 
IF YNS-"Y" THEN GOSUB 1910 
INPUT "Shall satellite removal be performed (Y OR N)? ",YNS 
IF YNS()"N" AND YN$<)"Y" THEN 7520 
IF YNS-"Y" THEN GOSUB 1580 
INPUT "How many components to this spectrum? ",N 
IF N>6 GOT, 7570 ELSE GOT, 7175 
BEEP 
PRINT N,"IS TOO LARGE A VALUE FOR THE NUMBER OF COMPONZNTS, TRY AGAIN" 
GOTO 7540 
Z-N~2 
PRINT"Enter the parameters for each compon?nt, Amp, eV, FW}LM,ASYM" 
FOR L-I TO N 
PRINT "Parameters for component J",L 
FOR J-I TO 4 
PRINT "Enter p("L,J")" 
INPUT P(L,J] 
NEXT J 
NEXT L 
INPUT "PARAMETERS ENTERED CORRECTLY (Y OR N}? ",YNS 
IF YN$(>"N" AND YN$()"Y" THEN 7680 
IF YNS~'N" TH~ GOTO 7600 
i 

'THE SUM/MATION; ALSO THE BACKGRO~4D INTENSITY DROP A~ THE BASE- 
'LINE CONTRIBUTION FROM EACH COMPONENT. 
e 

GOSLg 2390 
INPUT "ENTER IST BASELINE ~EFERENCE POINT [CHANNEL,HEIGHT) ",XB(1),YB(1) 
INPUT "ENTER 2ND BASELINE REFERENCE POINT (CK~.NNEL,HEIGHT) ",XB(2),YB(2) 
INPUT "ENTER 3RD BASELINE REFERENCE POINT (CHANNEL,HEIGHT) ",XB(3),YB(3] 
GOSUB 9200 

B 

'CALCULATE THE BASELINE AND PEAKS 
FOR J%'i TO 256 
F(Z,J%) - F(I,J%) 
NEXT J% 

FOR K'l TO N 
AI(K)-I-P(K,4) 
GOSS~ 9000 
FOR J%'l TO 256 
MI-COS(PI'P(K,4)/2 + AI(K)'ATN((P(K.2)-X[J%]]/P(K,3)]) 
M2-((X(J%)-P(K,2))'2 ~ P(K,3)-2)'(AI(K)/2) 
F(K-I,J%}-P(K,1)'GAMMA(K)~MI/M2 
B(J%)-B(J%)÷F(1,3%) 
F(Z,J%)-F[Z,J%)-F{K÷I,J%) 
NEXT J% 
NEXT K 

IF FLAG-5 THEN GOSUB 5880 

'Section to allow for the correction of the parameters 

GOSL~ 2810 
LOCATE 24,1 
INPUT "Changes in.the fi~ "(Y OR N)? ",YNS 
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8090 
8095 
8100 
8105 
8110 
8115 
8120 
8125 
8127 
8129 
8130 
8131 
8132 
8133 
8134 
8135 
8136 
8137 
8139 
8140 
8145 
8150 
8155 
8160 
8165 
8170 
8175 
8180 
8185 
S200 
8205 
8210 
8215 
8220 
8225 
8230 
8235 
8240 
8245 
8250 
8260 
8270 
8280 
8290 
8300 
8310 
8320 
8330 
8340 
8345 
8350 
8360 
8370 
8380 
8385 
839O 
8395 
8400 
8410 
8420 

IF YNS<>"N" AND YN$<>"Y" THEN 8085 
IF YN$-"N" THEN 8270 
INPUT "Shall the number of components be changed (y OR N)? ",YNS 
IF YN$<>"N" AND YN$(>"Y" THEN 810O 
IF YNS-"Y" THEN 7540 
INPUT "Change background?, (answez 0), or component # ?", L 
IF L(>0 THEN 8145 
FOR J-i TO 3 
PRINT"BASELINE REFERENCE POINT NUMBER";J;":",XB(J),yB(j) 
INPUT"ENTER NEW CHANNEL";XT 
IF XT-0 THEN 8133 
INPUT"ENTER NEW HEIGHT";YT 
XB(J)=XT:YB(J)-YT 
NEXT J 
FOR J-I TO 256 
F(Z,J)-F(Z,J)-F(I,J) 
NEX~ J 
GOSUB 9200 
GOTO 8200 
IF YNS-"Y" THEN 7540 
IF L>N THEN BEEP ELSE GOTO 8160 
PRINT "Enter a number between 1 and ",N 
GOTO 8115 
PRINT "Parameters for component # ",L 
FOR J-I TO 4 
PRINT "Old P("L,j") value is:" ,P(LoJ) 
INPUT "Enter new Value ", CHECK 
IF CHECK-0 THEN GOTO 8185 ELSE P(L,J)-CHECK 
NEXT J 
FOR J=l TO 256 
IF L-0 THEN 8245 
FCZ,J)=F(Z,J)-F(L~I,J) 
AI(L)'I-P(L,4):K-L 
GOSUB 9000 
MI-COS(PI'P(L,4)/2 T AI(L]'ATN((P(L,2)-X(J))/p(L,'3))) 
M2-((X[J)-P(L,2))'2 ~ P(L,3)-2)-(AI(L)/2) 
F(L+I,J)-P(L,I).GAM~_~(L)-MI/M2 
B(J)-R(J)~F(I,J) 
F(Z,J)-F(Z,J)-F(L+I,J) 
NEXT J 
GOTO 8050 

CLS 
LOCATE 5,25 
PRINT "FOUR OPTIONS ARE AVAILABLE" 
LOCATE 8,25 
PRINT "i. PLOT FITTED SPECTRL~" 
LOCATE 10,25 
PRINT "2. S53TRACT FITTED CO~20NENTS" 
LOCATE 12,25: PRINT "3. CONTINL~ SPECTRt~ FITTI:;G 
LOCATE 14,25: PRINT "4. EXIT ANALYSIS SECTION 
LOCATE 16,25:8EEP 
INPUT " ENTER OPTION ",IDEX 
IF IDEX-2 GOTO 5880 
IF IDEX-3 THEN GOTO 8065 
IF IDEX-4 THEN RETURN 
IF IDEX(>I GOTO 8370 
! 

' Calcuate area of each component (Simpson's Rule Integration) 
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8425 
8430 
8435 
8440 
8445 
8450 
8455 
8460 
8462 
8465 
8470 
8480 
8490 
8500 
8510 
8520 
8530 
8540 
8550 
8555 
8560 
8570 
900O 
9010 
9020 
9030 
9040 
9050 
9060 
9070 
9080 
9090 
9200 
9210 
9220 
9230 
9240 
9250 
9260 
9270 
9280 
9290 
9300 
9310 
9320 

I 

FOR K-I TO N 
AREACK]'O 
FOR J%-2 TO 256 
IF J%-2 OR J%-256 THEN AREA(K)-AREA(K)+F(K+I,J%)-GOTO 8460 
IF J%/".-2-J% THEN AREA(K]-AREA(K)+2-F{K+I,J%):GOTO 8460 
AREA [ K)'AREA { K) +4*F (K÷I, J% ) 
NEXT J% " " 
AREA ( K)-AREA (K)/3 
NEXT K 

'Final display o f  fit with all the parameters, specimen description 
' the area of each peak, and standard deviation of the fit. 
i 

LOCATE 17,15 
INPUT "'" TURN ON THE PRINTER • STRIKE CARRIAGE RETURN *'",YN$ 
GOS53 2810 
GOSUB 4650 
INPUT "PERFORM SUBTRACTION (Y OR N)? ",YN$ 
IF YNS<>"N" AND YN$<>"Y" THEN 8550 
IF YNS'"Y" THEN FLG'5:GOTO 7850 
RETS~N 
' St'BROUTINE GAM24A 
'THIS SUBROUTINE CALCULATES THE GAM/U34 .FUNCTION FOR I-ALPHA BY A 
'POLYNOMIAL APPROXIMJ%TION {FROM HANDBOOK OF MATHE2~ATICAL FUNCTIONS 
'BY ABRAMOWITZ AND STEGUN). THE VALUE OF X SHOb~D BE BETWEEN 0 AND 
'i FOR THIS APPROXI.%%TION, OR O<ALPHA<I. 
GAMMA{K]'1- .577192*AI(K) ~ .988206"AI(K)'2- .89705''Al(K)'3 
GAMMJ&{K)'GAPLMA(K] *. 918207"AI{K)'4 - .756704"AI[K]'5 + .482199"At(K)"6 
GAFJ~J%(K)'GAMMJ~(K] -. 193528"AI(K]'7 * .0.35868"AI{K)'8 
GAM34A (K) "GAMMA (K)/AI ( K ) 
RETURN 
'SUBROUTINE BASELINE 
'THIS SUBROUTINE GENERATES THE PARABOLIC BASELINE FROM THE THREE 
'POINTS ENTERED IN THE D-S ANALYSIS SECTION 
M3=(XB(3)-XB(1)) " {XB(2]-XB(1)) 
M4-(XB(2)-XB(1) ) "(XB(3)-XB(2) ) 
M5-(XB(3)-XB(1))" (XB(3)-XB(2)) 
AA- (XB(3) -XB(2)*YB( 1 )/M3 )- (XB(3) -XB(1) ,YB( 2)/M4 ) ~( XB(2) -XB(I ) -YB (3)/M5) 
BB--(XB(3)+XB(2))-YB(1)/M3 ÷ (XB(3)~XB(1))oYB(2)/M4-(XB(1)÷XB(2))-YB(3)/M5 
¢C-YB{I)/M3 - YB(2)/M.4 • YB(3]/M5 
FOR Jt - 1 TO 256 
F(I,J~)-AA - BB*J% + CC,J%'2 
NEXT J% 
RETL"RN 
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This program was written to simulate TiOz island growth on a ( U l )  or (100) surface. It 

was written for a Commodore 8032 personal computer equipped with visual memory. The 

program im composed of several steps: 

(1) Displaying an N x N grid 

(2) Randomly choosing nucleation sites (at a user-specified density) 

(3) Randomly growing islands around these sites to coverages at  0.05 ML inter- 

vxls 

(4) Counting of sites (of a particular type) 

Several programs of this form were written so am to count each type of site (e.g., pe- 

ripheral, adjacent-to-peripheral). Typically 100 x 100 ~hexagonal n (--(111)surface) grids 

"sere employed with a nucleation site. density of 4.5 x 10 xs crn -~. Due to the extraordinary 

amount of time required to execute this program, a column of dots to the right of the grid 

will appear to indic,-te the current row at which counting is occurring and to reassure the 

user tha t  the program is indeed.running. 
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