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EFFECTS OF SURFACE DISORDER, VARIOUS SURFACE STRUCTURES OF 
CHEMISORBED GASES AND CARBON ON HELTIJM ATOMIC BEAM 

SCATTERING FROM THE (100) SURFACE OF PlATINUM 

t L. A. West and G. A. Somorjai 

Cnorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Chemistry, University of California 

Berkeley, California 94 720 

ABSTRACT 

Low energy electron diffraction and helium atomic beam scattering have 

bee1 combined to investigate on the (100) face of a platinum single crystal 

thE effects of changing surface structure on the gas-solid interaction. 

ThE angular distribution of a helium beam scattered from the ordered and 

disordered crystal face has been monitored. The intensity of the specularly 

scc ttered beam increases by nearly an order of magnitude 1pon atomic order-

inc of the metal surface. Ordered domains of graphitic carbon also yielded 

hit:h specular intensities. The magnitude of the intensity maxima for 

helium beams scattered from ordered surface structures of various chemi--

sorbed gases (CO, c2H2) was _sensitive to surface order but insensitive to 

the type of surface structure formed. For all the surface structures 

studied the scattered helium beam distribution was directed with the inten-

sity maximum Bt the specular angle. The surface temperature dependence 

of the scattered ::;pecular intensity was monitored in the temperature range 

450°K to l300°K. Anomalous changes in the beam intensity could be associated 

with the adsorption of carbon monoxide on the crystal face. 
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I. INTRODUCTION 

Of the different gases used in gas-solid scattering experiments, 

helium atomic beams appear to undergo the weakest interaction with the 

surface. The fraction of the incident beam scattered specularly (i.e. 

the incident and scattering angles are equal) has been reported to be as 

large as 25"/o i~ some instances. (l) This is at least an order of magni-

tude greater than the specular fraction observed with other at-Jmic beoms. 

Such a weak interaction is not at all surprising in view of the small size, 

large ionization energy, and small polarizability of the helium atom. If 

one defines a "reduced" energy for the gas-solid interaction as E = lili d /RT a s g 

where 6Hads is the heat of adsorption of the gas on a given surface, R 

. * is the universal gas constant, and T is the gas "temperature" , E is 
g 

0 approxi1ootely unity for helium at 300 K on most solid surfaces because of 

its small heat of adsorption (s;_ 2 kcal/mole for many solids); For other 

rare ga;3es the reduced interaction energies are much larger due to their 

larger heats of adsorption. Despite its weak interaction with the surface 

however, the helium beam was found to be very sensitive to surface contamina-

tion. Whether ordered or disordered, adsorbed impurities present to the 

incoming helium atoms a scattering surface having physical characteristics 

(i.e. atomic weight, dimensions and force constants) quite different from 

those of the clean surface .. Specular intensities were found to be markedly 

reduced by the presence of adsorbed gas atoms on the surface. 

* The "temperature" of a molecular beam is only a meaningful quantity 
if the velocity distribution of the beam is represented by some well defined 
function of the source temperature. For low pressure effusion from a Knudsen 
cell, Tg = Tsource· However, for high pressure flow from a Knudsen cell, 
multichannel array, or nozzle Rource, the beam's velocity distribution is no 
longer of the simple Maxwell-Boltzman type and one must either,define a beam 
temperature through a functional relationship with a measured oeam velocity 
or use the true beam energy in place of RTg in the expression for E. 
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In this paper we report on combined helium atomic beam scattering and 

low energy electron diffraction (LEED) studies of the (100) face· of ::1 

platinum single crystal. The characteristics of the scattered beams were 

nonitored as a function of the surface temperature and of' the cJtomic order 

of the surface. LEED patterns were correlated with the cbserved angular 

iistributions for helium beam scattering from a variety cf ordered surface 

3tructures of different chemisorbed species. 

Helium beam scattering was. found to be very sensi the to atomic 

disorder on the surface and only slightly sensitive to tle nature of the 

different ordered structures (periodicity, chemistry) on the scattering 

surface. 

II. EXPERIMENTAL 

In order to carry out atomic beam scattering from clean single crystal 

surfaces under optimal conditions, a scattering chamber vherein an ultra 

high vacuum environment ( < 10 -B torr) may be rna inta ined cluring the ex peri-

ment is.required. A cut-away drawing of the bakeable uw· chamber used in 

this work is shown in Fig. l. The incident helium beam )asses through a 

gate valve containing a final collimation aperture l. 5 mm in diameter 

before striking the target surface. After being scatter·~d by the crystal, 

the beam is detected by a quadrupole mass spectrometer (~I Model 250-A). 

Modulated beam techniques and lock-in detection are used to enhance the 

signal to noise ratio. The detector may be rotated 200° about the sample 

to obtc:tin the angular distribution of scattered beam and may be raised 

or lowered to detect scattering out of the plane of incidence (defined 

by the surface normal and the incident beam direction). A typical 

angular profile of the incident beam is shown in Fig. 2. The angular 

.. .~ 
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resolution, determined by the size of the collimation slit in the mass 

spectrometer ionizer,· is about 7°. The actual distance letween the sur-

face and the ionizer aperture is 2.0 em while the distance between the 

fihal beam collimator and the crystal is 21.5 em. 

Figure 3 shows schematically the major components oi the differentially 

pumped system used to generate the atomic beam. The bean source itself is 

a multichannel array of capillaries (length/diameter= 10)) and msy be 

operated at pressures up to 20 torr without flooding the Jumping capacity. 

Typical operating pressures in the source, selector and s~attering chambers 

are 5xl0 -
4 

torr, 3xl0 - 7 torr, and the low 10-9 torr range, respectively. 

The UHV portion, bakeable to 250°C, is fabricated from 3CO series stain-

less steel and is pumped entireiy by sorption and ion pumps to minimize 

contamination. Conventional;liquid nitrogen trapped diffusion pumps exhaust 

the other chambers. A vibrating tuning fork (American Tj me Products 

Type L40 Light Chopper) was used in the selector chamber to modulate the 

helium beam in these studies, although it may also be rerlaced by a rotating 

disk velocity selector. 

By the incorporation of low energy electron diffraciion (LEED) optics 

into the UHV scattering chamber, we are able to monitor ~n ~the atomic 

structure of the scattering surface before, ,during, or a:i'ter the scattering 

experiment. Our ability to observe the surface in situ Las led to some 

interesting correlations between observed helium scattering distributions 

and well characterized surface conditions. 

The platinum crystal (MRC, purity 99.999%) used in Ghese studies was 

prepared by spark cutting a 1 mm thick specimen from a single crystal 

boule that had been previously oriented to within one half degree of the 

II 
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(100) direction by back reflection Laue X-ray techniques. Successively 

finer grades of abrasive, concluding with 0.25~ alumina were used to 

polish both faces of the crystal until they were parallel to each other 

within 1°. After this final polish, 0.5 mm thick high purity platinum 

supports were spot welded to the crystal and a Pt-Pt-lo% Rh thermocouple 

attached to its back surface for use in measuring the sample temperature. 

The completed assembly was then etched (for fifteen minutes in 5o% aqua 

regia maintained at 100°C) and then thoroughly rinsed (in distilled water 

and reagent methanol). Following this treatment it was mounted on a 

Varian Crystal Manipulator and installed in the vacuum system on the axis 

of the scattering chamber. The crystal could be raised or lowered with 

respect to the beam line, and could be rotated 360c about an axis bisect

ing its scattering surface for positioning with respect to the electron, 

ion, and atomic beams. Elevated sample temperatures were attained through 

resistive heating via the platinum holders. 

Once the UHV system had been pumped down and baked out, the surface 

of the crystal could be cleaned by ion bombardment sputtering with 300 eV 

argon ions followed by heating to anneal out surface damage. To keep the 

surface clean of carbon due to the cracking of ambient hydrocarbons and 

carbon monoxide, it was found necessary to periodically heat the crystal 

in 2Xlo-5 torr of o2 for 30 minutes. 

v 
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III. SELECTED STRUCTURAL AND CHEMICAL CHARACTERISTICS 
o OF THE PLATJllruM ( 100) CRYSTAL FACE 

In any well controlled gas-solid scattering experiment, detailed 

information concerning the structural and chemical properties of the single 

crystal surface utilized should be available. Previous low energy electron 

. ff t. 2 - 4 . 5 . . . h dl· rae lon and Auger spectroscopy studles have revealed thst t e 

clean (100) platinum surface is characterized by a surface structure yield-

ing the (5~<1) diffraction pattern (to be shown in Fig. 6a). This structure 

can be explained as a distortion of the surface atoms from a four-fold into 

a six-fold rotational syminetry. Similar surface phase transformations have 

been reported for the (100) faces of gold
6

-
8 

and irridium, 9 elements 

adjacent to platinum in the periodic table. 

The most persistent platinum surface contaminant 
4 "' 

is carbon. '-

amounts of this element stabilize the (1><1) surface structure. Upon. 

heating the crystal to above ll00°K however, the carbon orders into a 

Trace 

graphite structure, the basal plane being parallel to the platinum surface. 

The resultant diffraction pattern consists of narrow rings or segmented 

rings concentric about the (00) reflection and indicates the presence of ordered 

graphitic domains of random orientation.3 This diffraction pattern will be 

shown in Fig. 8a. Heating the platinum crystal in oxygen at l200°K for 

30-60 minutes is sufficient to remove the surface carbon. 

Another persistent contaminant of the platinum (100) surface is 

adsorbed carbon monoxide. Since GO is (a) one of the major constituents 

of the residualgases in a stainless steel U1N system, and (b) has a 

sticking probability on clean platinum near unity, lO, 
11 

it posed a serious 

problem to the studies reported in this paper. Further, as revealed by 

I' 
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entire curve less intense ( -O.f~). The intensity decret: se may have 1>een 

due to increased surface roughness resulting in destruction of the phase 

coherence of the helium beam or to increased out of plar e scatter. In 

this case the crystal yielded no LEED pattern at any vo:tage, thus indica

ting considerable disorder in the bulk as well as the S' rface due to extended 

ion bombardment. Ion bombardment followed by subsequen annealing is used 

most frequently to clean and order the freshly prepared sample. 

The helium scattering curve from a clean ordered r:, _atinum surfece 

exhibiting the (5Xl) surface structure is shown in Fig. 6b while the 

characteristic diffraction pattern is shown in Fig. 6a. The surface 

was cleaned of adsorbed gases by flashing it to l000°K between data points. 

The scattered intensity at the specular angle represenis nearly 'J{o of the 

total incident beam intensity or an increase of almost an order of magni

tude over that observed from an ion bombarded surface. The angular dis

tribution is sharp, but the full width at half maximum (FWHM) is rather 

large ( -18°) as compared to the incident beam width ( 7 ) . 

Helium scattering distributions from other orderE i surface structures 

are shown in Fig. Tb and 8b. The C(4xl) structure, sl )WD in Fig. 7a, 

yielded specular intensities only slightly lower than !~hose ob.:>erved from 

the (5~<1) surface structure as indicated by a compari: on of Fig. ~ and 6b. 

This large intensity indicates that surface reconstru' tion rather than 

ordered adsorption of low molecular weight gases may e the cause of the 

formation of this sbrface structure. Scattering from the graphitic 

carbon surface structure (Fig. 8b) on the other hand _s broader than that 

from the (5x1) structure and lower in intensity by a Bctor of two, although 

it is more than twice as intense as scattering from a platinum surface 

that had been intentionally contaminated by disordered carbon. 

~: 
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B. Effect of Adsorbed Gases on the Scattering 
of Helium Beams by a Platinum Surface 

Now that we have explored the effects of the surfa··e disorder and the 

effects of various ordered surface structures on the sc; ttering of helium, 

let us investigate the effect of adsorbed gases on the ·' ature of helium 

atom scattering. The scattering curve for helium from : layer of carbon 

monoxide that is adsorbed on the platinum surface is shuwn by the open 

circles in Fig. 9b. As stated earlier CO forms several ordered structures 

on the (100) face of platinum and at the temperature of this experiment 

(300°K), CO molecu:J,.es adsorbed in all three binding sta .es should have 

been present •. The diffraction pattern of this surface .·Fig. 9a) was quite 

diffuse and the broad diffraction spots were barely di: ~inguishable from 

the background. These conditions indicate a highly di. ordered chemisorbed 

surface layer and the helium scattering bears out this contention (Fig. 

9b). The specular intensity is quite low (-0.3%) and there is a definite 

cosine contribution near the surface normal as shown in the open circles. 

The weakly bound a-CO molecules can be desorbed hy heating the crystal 

to 500°K, leaving only the more; strongly bound (3-CO. 
4 

p_ helium scattering 

distribution obtained in the presence of this tightly bound species is 

shown by the filled circles in Fig. 9b. Note the st:r'ik:· __ ng increase in 

the specular intensity and the near symmetry of the peaL. The cosine 

contribution has virtually disappeared indicating a greater degree of 

surface order. 

Acetylene, when chemisorbed on the Ft(lOO) surface gives rise to a 

·C(2x2) diffraction pattern indicative of 50% surface coverage. The 

diffraction spots are well defined but broad (Fig. lOa) and the high back-
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ground intensity reveals a great deal of surface disordeJ . Again the 

helium scattering curve (Fig. lOb) confirms this hypothe; is. The specular 

intensity is low (-0.5%) and the intensity peak broad. 

C. Effect of Surface Temperature on the 3eam 
Intensity 

Finally, the surface temperature dependence of the scattered helium 

intensity was measured in the range 450°K to l300°K and the results tabu-

lai.ed in Table I. This experiment has been difficult tc carry out in the 

other be~tm scattering studies using epitaxial thin filmf because of the 

possible changes in surface roughness ( sintering) and Sl,rface orientation 

with surface temperature. Similarly, beams scattering tudies in non-

UHV systems are restricted to elevated surface temperat 1res on account 

of surface contamination problems. It can be seen that while there is a 

decrease in scattered intensity with increasing surface temperature, this 

dE·crease is not monotonic as one would expect due to th::rmal vibrations of 

sllrface atoms. The minimum observed at 900°K is very :reproducible 3nd 

p:,·obabl;r is due to the adsorption of CO into the 13 binciing state on the 

(LOO) face of platinum during the course of the experiment. 

V. DISCUSSION 

We shall first consider the extent of agreement of the obserwttions 

reported here with previously published work. Then we shall discu,;s the 

results of these studies and the conclusions that can be 

From the data shown in Fig. 6b, 7b, 8b, 9b and lOb, 

l 

drawn. _} 

it is apparen;tl 

that although the beam dispersion varies greatly, helium atoms scatter 

specularly from platinum single crystal surfaces in the range of gas and 

surface temperatures investigated. Similar findings have been reported 
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TABLE I. Temperature Variation of Specular Scattered Helium Intensity 

e. · Surface Tempera~ure Scattered Intensity Ratio 
l 

'* 
45° 450°K 4. 72rfo l.OO 

450 900°K 2.05% .1f4 

45° ll25°K 2.32i ,LJ.9 

45° 1200°K 2.22% .!t7 

45° 1275°K 2.15% .h5 

'" 
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for helium scattering on epitaxially grown single crys!':ll films of Ag, Ni 

and Au
16 

and on single crystal surfaces of w17 and Pt
1 

Thus it appears 

that studies that were carried out on oriented thin fi m deposits reflect 

the true nature of the atomic scattering process. 

Our results have also confirmed the great sensitirity of helium 

scattering to surface disorder. It appears there is a qualitative corre-

lation between the diffraction spot intensities of the LEED patterns and the 

fraction of specularly scattered helium atoms. The lo :s of diffraction 

features and the corresponding increase in background .ntensity coincide 

with the decrease of the maximum specular intensity to below lr{o of the 

incident beam. 

A comparison of our helium scattering from 

crystals with that obtained by Datz, Moore, and 

the (1 JO) 

18 
Taylor. 

face of platinum 

and Hinchen and 

19 Foley using polycrystalline platinum targets reveals certain discrepancies. 

Both studies yielded cosine-like distributions for scattering from surfaces 

0 
at 300 K. This would certainly be expected if the pletinum surfaces are 

covered by a disordered layer of low molecular weight sas (viz. Fig. 9). 

The scattered intensity observed by the other :i:n'V(e_st.igators however at 

higher temperatures (> 500 K) were predominantly backscattered (i.e. the 

peaks were located between the specular angle and the surface normal.) 

More recent observations of helium beam scattering on a variety of clean 

. 1 16 17 Slngle crystal surfaces, ' ' as well as our own observations for the 

(100) face of platinum, indicate that the scattered helium peak does not 

deviate from the specular position as the surface temperature is raised. 

As has been shown in this paper surface contamination reduces the specular 

intensity and increases the dispersion of the scattered beam but it does 
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not shift the scattered beam maximum in the case of helium. Consequently, 

contamination, even by species diffuJing from the bulk, cannot account 

for the observation. One possible reason for this discrepancy lies in the 

different topography of the single crystal and polycrystalline surfaces. 

Experim mts conducted du~ing the epitaxial growth of a (111) Au film20 

(in ord:r to maintain a clean surface) have shown that helium scattering 

from polycrystalline surfaces tends to be somewhat backscattered and is 

much broader than from a monocrystalline surface of the same material. 

Similar results were observed with Ni.
16 

The presence of grain boundaries, 

differences in step heights, dislocation and. point defect densities may 

markedly effect the scattered intensity distribution from polycrystalline 

surfaces. Unfortunately no temperature dependence studies of helium 

scattering from clean polycrystalline surfaces has yet been reported, so 

we cannot check our contention that the local microscopic topography of 

the surface is responsible for the observed angular deviation with 

temperature. 

Our studies indicate that while the scattered helium beam may be 

useful for monitoring surface disorder, it cannot distinguish well between 

:)rdered surface structures of different kinds. Because the intensity 

maxima for scattering from the (5xl) and C(4xl) structures were nearly of 

identical magnitude, the helium beam seems relatively insensitive to the 

periodicity of the scattering lattice. The clean platinum surface and the 

graphitic carbon surface, however, yielded scattered intensities that 

were different by a factor of two. This is largely due to the different 

atonic n:asses of platinum and carbon (a mass ratio effect), because a cal

culation of the relative helium scattering intensities from platinum and 

Iii 
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graphite surfaces using the hard cube model
21

-23 gives ·oughly a factor 

of three difference, even though the predicted angle of maximum inten,. 

sity is incorrect. Thus, while the scattered intensity of the helium 

beam is slightly sensitive to the chemical nature of th = scr:ttering 

surface, it is probably npt selective enough to be experimentally useful. 
( 

The temperature dependence of the scattered helium distribution shows 

a decrease in the maximum intensity of more than fifty percent with 

4 0 0 increasing temperatu:ve in the range of 50 K to 1300 K. Due to increasing 

thermal disorder with increasing surface temperature, one would expect 

a monotonic decrease in the speculc'r intensity. The deviation at 900°K 

from the expected fall off is probcbly due to the adsorption of the (3 bind-

ing state of CO from the ambient atmosphere. As we stated earlier, this 

species desorbs near 880°K and the small temperature difference is probably 

not enough to prevent the gradual readsorption of the gas. 

Our observation of the enhanced helium scattering by ordered graphitic 

carbon seems to be unique. Me;rill and Smith
24 

have reported no differ-

ence in the maximum intensity for helium beams scattered from amorphous 

and ordered carbon on a platinum (lll) surface and they. show a drastic 

increase in the half width (18°~ 4o0
) in going from the amorphous to the 

ordered state. On the (100) surface there appears to be a slight decrease 

( 4oo__ 30°) in the half width in going to the ordered surface as would be 

predicted by our earlier arguments and more than a twofold increase in the 

intensity maximum. We can advance no satisfactory explanation for this 

phenomenon other than the inherent differences in the atomic structure of 

the two crystal planes. 

... 
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Finally let us consider the differences in the observed half-w!.dths 

of the helium scattering distributions. On the (111) faces of the :cc 

metals studied to date, the observed scattered helium peak half-wid~~hs 

· · d N· 16 Pt1 16 16 h' h ll l h . . 1ncrea se 1n or er 1 < < Ag < Au w 1c para e s t e 1ncr·~a se 1n 

Debye temperatures for these solids. Smith and Merrill have reporte·l 

half-widths for helium as small as 8° on the (lll) face of platinum.
1 

We note that LEED studies of the clean (111) faces of these metals have 

shown that they do not readily undergo structural rearrangement.:: (recon-

struction). The (5x1) surface structure on (100) platinum may, however, 

represent a rearranged surface with respect to the bulk-like (lxl) unit 

mesh. There would then be a periodic "buckling" of the surface plane25 

resulting in increased surface roughness which, according to data rre-

sented earlier, would yield broadened scattering peaks. Yamamoto and 

Stickney recently reported on rare gas scattering from a W(lOO) surface17 

and they found surprisingly broad half-widths (~30°) for helium scattering. 

. -7 
Their crystal was cleaned by oxidizing the carbon impurities in 2xl0 ' torr 

0
2 

at 1300°K with occasional flashes to 2000°K. Germer and May~t. in 

-10 . -7 studies conducted between 3Xl0 · and 3Xl0 torr of oxygen, have postu-

lated that oxygen atoms are adsorbed into the tungsten lattice by inter-

change with the W atoms along alternate rows in the surface layer (surface 

reconstruction). Subsequent heating to temperatures up to 2000°K pro-

~ . 27-29 duces the evaporation of wo
3 

and its polymers. If this treatment were 

to leave a rather rough surface that did not have sufficient time to 

anneal out due to continued reaction with background oxygen (P - :ixlo-
10 

02 
torr), the presence of much a rough surface could possibly account for 

the observed half-widths. The detector used by Yamamoto and Stickney and 
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that us;d in this work both had resolutions of 7°. 

Th~ use of the low energy electron diffraction in m"lecular beam

surface scattering studies opens up the possibility for new types of reac

tive scattering studies. The reaction of the incident beam with adsorbed 

gases which form ordered surface structures can be studied in addition to 

their reaction with the clean substrate. Investigations of this type are 

in progress in our laboratory. 
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FIGURE CAPI'IONS 

1. Cut-away drawing of bakeable ultra high vacuum chamber showing location 

of LEED optics, ion bombardment gun, molecular beam, and rotating 

quadrupole mass spec:trometer detector. Ion pump (not shown) located 

on port below optics. 

2. Angular profile of unscattered helium beam taken upstream and downstream 

from crystal position. 

3. Schematic diagram of complete molecular beam-surface scattering system. 

4. Scanning electron microscope (SEM) photograph of etched Pt(lOO) sur-

face tilted at 45° to incident electron beam to enhance picture contrast. 

5. Helium beam scattering profile from an etched Ft(lOO) surface. 

6a. Diffraction pattern atE= 63 volts of a clean Pt(lOO) surface showing 
.• 

(5Xl) surface structure. Fractional order spots along x and y axes are 

due to surface domains rotated 90° to one another. 

6b. Helium beam scattering profile from surface shown in Fig. 6a. 

7a. Diffraction pattern for Ft(lOO) surface yielding both (5xl) and C(4xl) 

surface structures. E = 63 volts. 

7b. Helium beam scattering profile from surface shown in Fig. 7a . 

Sa. Ring like diffraction pattern due to randomly oriented islands of 

graphite on a pt ( 100) surface. E = 63 volts. 

Sb. Helium beam scattering profile from the graphite surface structure 

shown in Fig. Sa. 

9a. Pt(lOO)-(L'<l) diffraction pattern at E 63 volts due to presence of 

chemisorbed CO. 

9b. Helium beam scattering from CO contaminated Ft(lOO) surface. Open 

circles show results in presence of both a and ~ binding states of CO. 

,, 
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Filled circles indicat·e''tlata taken after desorbing CO from the a 

binding state. 

lOa. Ft(l00)-C(2X2) - c2H2 diffraction pattern. E = 63 volts. 

lOb. Helium beam scattering profile from Pt(lOO) surjace covered with 

chemisorbed acetylene and yielding diffraction rattern shown in Fig. 

lOa. 
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Figure 7a 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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