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- MOLECUILAR BEAM SCATTERING FROM SINGLE CRYSTAT, SURFACES
' UNDER ULTRA HIGH VACUUM CONDITIONS '

L. A. West', E. I. Kozak, snd G. A. Somorjai
Inorganic Materials'Résearch DiviQion, Lawrence Radiation Ldboratory
Department of Chemistry, University of California’
Berkeley, California
ABSTRACT , |

Studies of the'anguiaf distributidn of scattered atomic and molecular
beams from gingle crystal surfaces give detailed'informetidn about the gas-
solid interaction. - An ultra.high vacuum s&stem combining molecular beam
scattering with 12 §133 observation of the same;crystal surfece by low
energy electron.diffraction isvdescribed. A fotating gquadrupole mass
spectrometer and iock—in detection of the modulated (150 Hz) incident
beam provide density profiles of the scattered gases. The scattering of
thermal energy helium and oxygen beams from the (100) face of a platinum
single crystal is given to demoﬁstrate the types of surface studies that
may be éafried out in such an apbaratus. Data are presented showing:
the effects of CO adsorption and surface roughness on the scattered beam '

intensity, and the scattering of various molecular beams from clean and-

contaminated surfaces.
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I. INTRODUCTION

' Studies of the interecﬁion of gases withvsolid surfaces are usualiy
conducted by,intrdducing the cesired ges into a vacuum chamber containing .
: u previously brepered sanple surfece. Resultant changes in the physical-

cliemica 1 propertles of the surface (changes in work functlon, electrical,
or thermal conduct1v1ty for example) upon the 1nc1dence or adsorptlon.of
gas atoms are then monltored to obtain information concernlng energy accommo— ‘
dation or the nature of chemlcal reactlons between the surface and the.

o gas. Recent experlmentsl’2 have revealed however,’that.the transfer of
energy between a gas and a solld depends markedly upon the incident angle
at whlch the gas atom strlkes the surface, the gas ve1001ty, surface |
roughness, and the atomlc nature of'the solid. Tt has thus became necese
sary to-use direcﬁed afomic and molecular beamsvof‘well defined velocity
end sinéle crysfai surfeces’tobprobe the detaiied mechenisms of various’
gas-solid.interacticn nrocesses.
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Theoretical investigations have shown that the angular distributicn
of the scattered gas beam'and producfs may be:used to determine (a) the: 
rartition of the interaction energy among translational, vibrational;
.end.rotafional modes, (b) the surface residence time,.and (c). the reac-
'1ion_probability as a'function-of surface'end gés temperatures.

| To dafe, only a few of these determinations have been cerried ont
¢nd reported in the liferature. 'Recent reviews by Smith and Sdltsburg

7

tnd Sﬁickney discuss rare .gas 3cattering from several surfaces, but the
‘tcattering of reaétive gases has received much less attention. Also despite -
the recent use of Singie crystal targets, too little emphasis has been

placed upon the attaimment of well defined surface conditions.,'Detailed :



'1nformation on the exact crystallographic nature of the surfacevstructtre
is necessary if one hopes to provide a sound basis for a theoretical er-
planation of the obserred scattering patterns. Consequently, such techni-
ques as low energy electron diffraction (LEED).should provide additionzl
important data in thevstudy'of gas-solid interactions. Finally, surface
cleanliness is of vital'importance to'such experimental studies because:
contaminants only serve to obscure and :complicate an already complex
interaction. The two most popular solutions to tris problem are to us:

~ either high sample temperatures to desorb contaminants,2 or to continuausly
deposit the soild at a rate exceeding'the adsorption rate of ambient
background gases. |

The purpose of this paper is to describe an apparatus constructec
spe01f1cally to study gas-solid 1nteractlons under nearly "ideal"
conditlons, i.e. in ultra high. vacuum using atomic beams and s1ngle
crystal surfaces combined with low energy electron diffraction, and tl.en
to demonstrate the type of experimental data that may be obtained by
presenting the results of representative experimental studies with atomic
and molecular beams of different reactive and non-reactive gases. |

II. APPARATUS DESCRIPTTION
" A schematic diagram of the major components of the apparatus is.'.
shown in Fig. 1. The apparatus cons1sts of three sepuarate parts: ‘(A)
an ultra high vacuum scattering chamber, (b) a selector chambe: to house
either-a beam chopper or rotating disk velocity selec:or, and {C) a source
chamber which contains the molecular beam oven. = Typical operating pressures _
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in the three chambers are respectively 1X10

=5

torr or lower, 5.)(10-7 torr

and roughly 10 torr. The UHV portion, bakeable to 250°C, is pumped
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entirely by sorptionvand icn pumps tc minimize contamination-w,ile the
| other two chambers are pumped by conventional llquld nltrogen :affled
oil dlffu51on pumps. ) |

- U31ng this apparatus,'the'sCattering of molecular beams 1 om the
surface of a single crystal may be studled in an ultra high va uum

env1ornment (< 10 -3 torr) at any 1nc1dent angle and at any sur ‘ace tempe-

. rature: between 77 K and the meltlng p01nt of the solid. The c~ystallo-'

graphlc orlentatlon of the surface is unrestrlcted and the Cthce of the
solid is not confined to either refractory metals or to those naterfals
that can_bebepitaxialiy'groun in_single crystal form as with nore con-
ventional systems. 'Witﬁ the large number of ultra high puritj metallic; N
semlconductor, and insulator 51ngle crystal surfaces commerci: L1y avallable
today; an apparatus such as that shown in ng l may be used - E investigate
the gas—solld interaction at a wide varlety of 1nterfaces

The target surface may be bombarded by either continuous (d.c. ) or
pulsed (a.c.) thermal atomic or molecular beams. LEED may be 1sed to
monitor'surface conditions before,'during, cr after scattering studies.
‘BV employlng the LEED optlcs to analyze 1nelastlcally back scattered
_eLectrons, Auoer spectroscopy9 may be used to 1dent1fy surfac: contami-
nants. These technlques in comblnatlon may be used to provide 1nformat10n
' on.the transfer of energy between 1ncldent molecules_and the sirface

- during scattering or during chemical reactions.

A. Scattering Chamber

Figure 2 shows a cut-away drawing of the scattering chamber indi-
cating the placement of the quadrupole mass spectrometer used to detect
the beam and‘the LEED opties used to.monitor surface structure. The

chaﬁber itself:ccnsists of a 4.8 mm thick sheet of 304:series'stainless



steel welded into a cylinder 30 cm in diameter andISO cm in height. 'Tﬁick '
plates'(ES.h mm) Weldéd,tobthe tdp andubottom of this cylinaer prevent
bucklihg due to the éxternal and iﬁterhél pressﬁre.differences. Various
size cobper sealed access ports (Fig. 2) are situated in convenient
locations aboﬁt the cylinder's circumference as well as in its top and
bottom. Total preséuies are measured with a nude ionization gauge
mounted directly in the chamber. In the absencé‘of a molécﬁlér beam, the
gate vélﬁe between the scattering and’ selector chamber is kept closed, ‘
| thus allowing the UHV chamber to be uéed indépendently for low énergy
‘electron diffraction and flash desorption experiments; |
'The.molecular beaﬁ enters the scattering chamber along a fixed
lihe:intersecting thevaxis of the cyiindrical chamber by traversing é
bakeable gate valve (Whittaker Modél SVS—B) Which has been fitted with
a (changéable) cqllimating orificé 1.5 mﬁ in diameter. The target, an
criented single crystalbdisk of platinum (7 mm in diameter and 1 mm
thick) is suspended from a Varién multipurpose electromechanical feed-
v through at the point where the LEED, ion bdmbérdment, and molecular beams
interéect the axis of the scattering chamber. .This mounting allows the
crystal to be rotated‘aboﬁt an axis bisecting its scatterihg surface.to
Iermit variation of the incident apgle, Qi,_of the beam during scattering
~experiments and to poéition the'crystal with respect to the electfén or
jbn beam;.. Both Bi and thé'scattering angie 6? are measﬁred with respect
to the surface normal. Sample-temperatures-above room temperature are
-attainéd through resistive heating while low tempéfatures may be reached.

by the use of a special liquid nitrogen cooled hqlder.lO
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In order to etudy molecular beam scatterlug from a surface in an

ultra hlgh vacuum amblent dlfferentlal pumplng technlqles must be used -

- to av01d floodlng the scatterlng chamber w1th non-directional gas mole-v
cules’ effus1ng through the colllmatlng orlflce. :Even S ulgorous pump -
ing of the scattering chamber is necessary to keeb the umbient as gas
free as possible. Ideally the pump should be located dlrectly oppos1te
the beam source so that the beam molecules pa<s directly 1nto the pump
unless scattered by the target Surface. For this work, a 500 llter/second ,
vecuun ionization pump (Varian Noble VacTon) was choser._ The large speed‘
is desirasble because; even for such "noble gas" pumps;.the'pumping speéd
falls to.roughly 30% ofbthe meximum rate observed for NQ when one pumps‘

He or Ar. A bakeable.gate ualve connects the pumb to the UHV»scatteriné .
Chémber‘ This permits the pump'to be isolated,and left in operation'when
tbe mainjchamber is opeued.to changevthe emnple, thus facilitating'later
pump-doﬁn; Figure 3 shows a tybical mass spectrum of the residual gas
background in the isolated scattering chamber.(i.e. no parent beam present).

The‘most prevalent background gases are hydrogen, water, and carbon monoxide.

;Before, during, or after scatteriﬁg by the-molecular beam,tthe
surface may'be studied by low energy electron diffraction. The LEED
optlcs are located perpendlcular to both the beam llne and the ‘yllndrlcal

:ax1s of scattering chamber (F1g 2). Back diffracted low energy electrons .

’v,(energies of 5 to 500 eV yield wavelengths between 5.5vA and O.S'A) are

well suited to probe surface.structures because their strong coulomb

‘repulsion by.the substrate permits.penetration of ouly a few atomic
layers;ll IEED can also be used to identify the preSence of contaminant

surface structures. As we show later, the beam scattering propertiee of
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the:platiﬁum surface.are markedly changed in the presence suéh structuréé.
LEED techhiqﬁes have dembnstrated that merely-heating a samplé in
vacuum is usually insufficient to prepare a clean surface. thiie some
contaminénts (i.e. éarbén'and hydrocarbons on Pt, W, or Ni) may be re-.
moved by heating,in oxygen;(fbliowed by heating in'hydrogeh to reduce
residﬁal'éxygen);‘cléanihg_iS'best accomplished igbgiﬁg for most species
by 8lternate cycles of sputtering with noble.gaé ions foliOWed vy high
temperature annealing of thé'speéimen. A Vafian ion bombardment gun is
used to provide low energy iohs of Ar' or Xe© (140 to 375 volts) at
current densities uprto.two microamps per sqﬁare,centimetéf. These condi-
"tions have been found to yield a.miﬁimum of.disorderingvof the surface
'structure'coupled with an optimal removal of surface‘impuritieé.

" The impingement ofvreactive gases (CO, hydrocarbons, ete) from‘
eithervfhe ambient background ér the beam may induce the formation of
ordefed’or disorderedvéurfaéevstructures due'to'ﬁhe adsorption of incident
gas molédules by the surface during the gcattering experiment. Thus, one
may obsérve a transient chahge in the properties of.the surface as a_
f#nction of time due to the formation of a new stfucture. This can be
asceftained andvstudied by.simu1taneous beam scaftering and LEED experi-
ments as indicated in a subsequent'example.

 ,To detect‘fhe angular distribution of the scattered perent beam and'

vtﬁe écéttered préducté of a surface reaction, a quadrupole mass Specfro-
neter (Electronic Associates Iﬁc; quel QSO—A) is uséd; Its versatile
mounting, picturéd in Fig.'h,bis built from aVCQMmerical rotary motion
f'eedthrough (Ion Dynamics Corp.) with the normal length 9.5 mm diameter
- shaft replaced by one extending 30 cm beyond tﬁe-flange'face. This feed-

through is attached to a specially built linear motion drive containing

|
il
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the electrlcal connections necessary for thequadrupoles operatlonr
'Allgnment of the rotating shaft is maintained by a ball bushing located

on the aX1s of the scatterlng chamber. One advantage of this mounting
system is that"the mass spectrometer may be eaSily inserted or renoved
from the chamb-er wﬁ‘.th allyits internal connection's intact. The vmounting
allOQs stndY'of the scattered-beam bothlin‘and:transverse to the-incident
plane and rotation .from_—lo9 to +l90°:relatiVe‘to the parent bean line.
AT acceptance'angle‘at.a distance of 2.5 cm from the target_was obtaiied
by'addingf' collimation'apertures-toithe'standard Pierce gun;ionizer.

B. Selector Chamber

This chamber'acts primarily as a buffer between the sOnrce chamber
:containlng the oveninhlch generates the beam and the scatterlné»cnamberf
During'an experiment'using an oven‘pressure of several torr, the presSurev
in the:selector chamber is 3210-7'torr. .A tuning fork beam modulator

(American Time'Products Type L4O Light Chopper) with a frequency of 150

hertz‘is nsed to generate an a.c. molecular beam. Alternately, a rotating:

‘disk velocity selectorlglls‘placed in”the chamber to prepare mor ochro-
:matic beams for use in scattering and surface'chemical reaction studies.
A 10" oil diffusion pump (MCF-1400 with Dow éorning ~ 704 i'luid.)
trapped by a llquld nltrogen baffle and protected by an air operated gate
valve (Temescal Metallurglcal Corp ). is mounted to one 51de of thls ' |
chamber. |

¢. Source Chamber -

A glass multichannel effusive source (BendiX'Mosaic Fabrications)

consisting of a 0.8 mm by 4.8 mm rectangular array of tubes (length to

diameter ratio lOO) is used to generate a thermal molecular beam of some 'p



noncoﬁdensable gas. The capillafy array is held bétﬁeen géld'O-ringé

in a stainless steel.ovén that can‘be heated to 650°K and cooled to TT°K.
A detailéd_description of this oven (shown in Fig. 5) is given elséwhere.
These soﬁrces have been used by otheriauthors for moleéulér beam étudiesl
and their'characterisfics have been fully investigated.l5

The éource chamber’is‘separated from the seiector.by a collimating
orifice having the same dimensions (0.8 mm by 4.8 mm) as the beam source.
It is‘pumped by a diffuéion pdmp which is identical to that used to pump
the selector chambér. To héndie the large gas‘load duiing operation of
the Béam, both pumps>are'backed by a rotary biower (Rcotes model RS 120).

Inborder to insﬁre tﬁéf‘the crystal, gate valve collimator, and oven
collimator were all cdllineér,fé laser beam was used to align‘the last
slit (oven collimator) with the first twovpositions. The main body of
thelqvén chamber was thén welded in place to‘the tube. in which the oven
resideé; The laser beam éan also be used to bﬁtically determine the
.angle'bf the mass spectrométer detéctor and the érystal surface with
respect to path of the incident moleéular teaﬁ.

The gas handling system_for the oven-is é glass line eiternal to this
qhamber._ Precise gas flow conditions from a high pressuré reservoir td .
 the'oven and the ballastiflaskiused to damp out.pressure flucthations are _
maiﬁféinéd_by a variable sapphire l¢gk Qalve (Varian). In order to mini-

_ miéevébﬁtamiﬁation of the beam gases and sapphire.leak by stopcock grease,
singie O-ring sealed Teflon needle valves (Fisher and Porter Co.) have

been used in place of high-vacuum stopcocks in this manifold.

it}
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IIT. EXPERIMENTAL RESULLS

Scattéring distributioné presented in this section represent density
profiles'as'a function of'angle in the incident plane and were obtained
wifh a fléw.through ionizer on the quadrupole mass spectromefer. Modu -
lated beam-techniques'are dsea to enhance the signal to noise retio. The
output from:the eléctron mulfiplier of thé deﬁectof is capacitively couplea
~ into a lbcﬁ-in'aﬁpiifierv(Princeton Applied Research,‘HR-S) and the d.c. |
componenf érounded through a 1 M Q resistor. For thése_méasufements, the
phasé'of the scattered beam was essumed‘t§ be that of the unscattered
mbdulated'béém:observed downstresm from thevtarget'location (i.e. we assume
elastic écattefing) and thérlock;in,amplifier was used merely to dis-
criminate against the backgrbuhd.

For the‘scatteringvexperiments repbrted in this paper, phe temperature
of thékbéam'séurce was maintained af 300°+5°K and the angle of incidence
was resfriCted to g, = 45°, Due.to,the'physical'size of the detector,
measuréménté of‘fheISéatteféd signél cannot be mede at angles éloser to
fhe incident beam then h5°; Consequéntly we were unable to obtain data

at the surface normal, Hr = 0°.

We have normalized all scattered intensities
to the incident beam strength tovminimiZe any changes in the response
characﬁeristiés of the detector as a functién of time. Thus, the plotted
intensitiés reérésent the per-cent of_tﬁe incident beam scattefed into
the’détéétor.ét a_given angle.

In Fig. 6, we show ﬁhé‘angular_profile of an unscattered>helium beam =
measured both upstream and=downstream from thé target locatibns to ipdi-'
cate the divergenée of the beam as it crosses the scattering cﬁamber.

Previous studies of the (100) face of platinum by low energy electren
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diffractiénl6’l7 and Augefﬂspéctroscopyl8 have reveéled that th=. clean |
surface‘ié characterized by a suffacefstructure having one diménéion_ |

fiﬁe times that of the buik. ~ Such a'struéture'yiélds the (5Xi) diffrac-
tion pat#efn shown in Fig. 75} 'Extfa spots occuf alohg both tﬁe X and y
axes dué'ﬁé surféce'dbﬁaihs rofated 90° toboneﬂénother, The scatteripg

pattern pf a helium beam from this clean surface is shown in Fig. Tb.
As has'been observéd by”éther authors'on cléanvsinglé crystéls'of Au,

6 .. 19

. 2 S w '
Ag, Ni, and W, © the maximum occurs at the specular angle, Gi =6 .

r
of so@ewhat more intérest,mhowever; is the helium scattering from
an ion Bombarded surface shown in Fig. 8. Note that the maximum intensity
has fallen by almost one order of magnitude fram thaf observed on the
clean éurfaée. Although this‘éurface yielded no difffaction pattern, the
heliumISCatteringvshows'a'aéfinite peak. Surface disordér is ¢pparent
from_the Low inténsity.maximﬁm and the peak breédth. Fof reference we ;
show in the same curve a'éosineféqattering distributioﬁ.' Such a curve
would‘arise if the incident beah reachedbcompleté thermal'equilibrium
with the surfacebbefore being scatfered; |
Such avsharpiy peaked'éurve as that sﬁown‘in Fig.v75 may only be
ébtained if one frees the platinum surface of.residual adsorbed carbon
monoxideé As mentioned earlier, beam scattering_is strongly affected
by and may be used to monitqf surfacé_contaminetion.v To illustrate this
fact,vFig; 9avshows the change ih'the scéttered specular intensity
(Gi = h5° = Gr) forba helium beam és a function of tihe in an ambient
atmosphere of 5x10-9 torr.of CO. At time zero the Sample was flashed to
v lOOO°K"tp remove adsorbed gaées. The scatteréd beam intensity decreases
due to thevgréduai chemiéorptidﬁ 6f cérﬁon.ﬁonoXide_on'the surface.

Changes in the LEED pattern were alSo'apparent. The £ifth order spots.
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were only faintly visibie‘énd:thé ovérali backgfouhd intensity (diffuse
scatteriﬁg) had.increaééd beybnd that for a clean surface . .Céntinued co
adsorptiqh‘fesults in the diffraction patterﬁ éhoWn in Fig. 9b. DNote the:
absence-of‘the fracti¢nal ordér'spots. |

Finally,_we show the éffec£'§f Co coptamination on the scawteriﬁg of
an oxygen.beém from.thé plaﬁihum (100) Surface. The_@até in Fig. 10a
ﬁere‘téken:after flashing'thé‘crystél to just below 900°K Vetwzen each
point. Since CO has at leaéf three binding states on the (100) face of
platinum,l6 and-sincé the laét of these is oﬁly'removed above 900°K,
ihe tightly bound B form of CO was presumably still present on the surface
during'thé measurements . 'Energy exchange between the incident beam
and the adsorbed gas.may account for the angularishift in the scattered -
‘intehsity maximum relative to the position of the scattering miximum |
from a clean surface shown in Fig. 10b. In-thié‘case the crystal was
flashéd‘tp'lOOO°K between data points;' Because the inténsity maxiﬁa of
the two curves are nearly identigal, and because the LEED péttern observed
dufing‘the course of the eXperiment depicted in Fig. 10a was virtually
unéhangéd from a clean (5x1) it appears that the remaining.strongly

: . 2
adsorbed CO represents less than 10% of a monolayer coverage. 1

IV. SUMMARY
Théviesults pfesentedvin’this:paper representvthe first réported beam
scatterihg of monatomic and diaﬁomic gases fromlthe (lOO)'face of a
platinum siﬁgle ¢rystal. Platinum was chosen for this work because it
is a Well known ¢atalyst infmany impbrtént chemical reactions and because
1he-bfoperties of ifs loﬁ index faces have beenfpréviouslyistudied by
17 '

LEED. ' Data presented herein are illustrative of the types of informa-

tion available fromvcbmbined,moleCular beam scattering and low energy

L.
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electron difffaction experiments. Measurements were mede under ultra-
‘high vacuum conditions and ‘a detailed description of the apparatus_used
in this work has been giveﬁ.
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"FIGURE CAPTIONS

Schematic diagram of molecular beam scatteriﬁg apparatus.

Detailed view of the scattering chamber. Ion pump (not shcwn)

located on port below LEED optics.

Mass spectrum of residual gases in scattering chamber in absence

of molecular beam. Tota1 pressure 9xlO—lo

torr.
Masé spectrometer and linear-rotary motion feedthrough.
Exploded view of multichénnél molecular beam source.

Helium beam angular profiles upstream and downstream from farget

position.

(f&i).diffractioﬁ pattern characteristic of a clean platiram (100) -
sufface at E ; 63vV;.

Helium'sﬁattering pattern from a surface yielding the (5x1).

Hélium scattering pattern from an ion bombarded surface. The dottéd_
line represents a cosine distribution. | |

Decay of He beam specular intensity in a CO ambinet after'flaéhing
the crystal to remove adsorbed gases. o
Diffraction pattern of & Pt(100) surface aftervexpOSure‘t< 5x10"9
CO for several minutes, E = 63 V. |

Qxygen scattering from CO contaminated platinum.

Oxygen scattering from cleah platinum.
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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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