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The technigue of low energy electron diffraction has déVeloped

into a reliaﬁle means of studying the structure of solid surfaces

and chemical surface reactions. of particular interest to metallurgists.
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. INTRQDUCTIQN

Invésﬁigqtiohs;gf’thé chemiCthahd.phySicél pfopertiGS‘of.suffacés
not only have great practical impo%tanceg but.are equélly fascinating
and exciting from a purely'sciéntific point Qf viev. 'Iﬁ fact, one could
look upon the surface region as a:éeparate and distinct two dimensional
phase which can undergo phase trangformationszsimilar to those of the

. \ : .
bulk (for example order—disorder:transitions, structural rearragements,
etc?? Until recently, however,.thg-surface of a solid has been charac-
terized primarily by measurements of ma chbcopi ropertieé such as
contact angles, adéof?tion isotherms, etc. Unfortunately, such wmeasure-
rents do not provide informatidn oﬁ thevaﬁohié'processes taking place

v tne surface. A complete understanding of thesé paysical-chenical

m

rocesses recuires a SuUGJ on an auom*c scale of well-cdefined single

'U

crystal surfaces under controlled conditions, l.e., ultra hign vacuum
4 ‘-8 A A ] . s LIREY " o .
(< 10 7 torrj ana/or in an ambient of pure gases.

Several experimsntal uecnnLques can oe used to investigate the
surface in this manner; perhaps the most prominent are field-emission,

\ ren

ion. There are

4,
ct

ield-ion microscopy and low energy electron diifrac

exrerimental limitations on the appiicability of eech and one alone.

<

cannot furnisn complete inf: rmation on all of the properties o

i ]

surfacss.,
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crystalline material (mstal, semiconduciors, insulators) and 1s easily
- oo oD e e . - - - - - o~ ~ . -
conninzd witino many oiher technicues such a3 mass 302CLTUSCONY, WIrK
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on the structural érranggﬁent’of‘sﬁrfééé.étomévandfeén élso be uéed to
study the chemical reactions which take place at ﬁhe,interface. In
addition, nuclégtion,_epitaxy,_thiﬁ fiimvgrowth, and_surface diffusion
which are processeg of fundamental_importance_in»material science cad Bé
conveniently studied by low;energy:electron diffraction also.

At the preéept time; however, ﬁhe technique of LEEb is not well known
to the practising metaliﬁrgist. Therefére,ifhe purpose of this paper
_is to describe. the technique (both experimentai and theoretical), réview

its application to the studies of pure metal and alloy surfaces, and to

point out its usefulnéss to the study of a variety of surface Drocesses
of great technical interest. We believe that LEED promises to become
2 basic tool in material science laboratories, and it is hoped that this.

article will stimulate increased activity by metallurgists in <his

important field of science.

o
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THE N“THOD OorF LOW ENFRGY ELECTRON DIFFRACT

The experimental technique of low energy eleciron diffraction has

. : L
developed since the early work of Davisson and Germer +to such an extent

5

that commercial apparatuses are now available. Farnuworth was, Dperhaps,
the first to explore its applicability to surface studies; and his work
stimulated increased activity in the field. Germer et al, improved an

7 ~ .

earlier design by Enrenberg’ and perfected the post acceleration or dis-

play-type apparatus. The rapid development of high vacuum technology and

fia para ~ i £ ni NS RN nrmb T e rratrmn fha mecmprnd v e Tt @
viie avallabliity of high purity single crystals makes ihe experimeni rather

rh
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understood. A schematic of the diffraction chamber of the dispiay type is

En

+« 1. Only the essential features of the di: frﬁch*od egaltme“u

. . -
AP RO &)
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: 0(1

wiil be descrived since all the iImportant details of each component along

with improvements in design are described in the literature.

-

‘ . P . 2 .
A monochromatic beam of electrons (approximately 1 mm in cross-

. 5 ; . Ps - o - < AV vt AT
sectional area) is electrostatically focused cnto the sample (3) which

~

is maintained at the center of curvature of the fluorescent screen (7).

ne low penebtrating powsr of these electrons wnich have energies from

a few Lo 500 electron volts (eV) and the magnitude of the associated

c)

wavelehgths,,,(.i‘—liz) I\ = .V150/V , ~where V (beam voltage)

is in volts ] are well suited to the investigatlion of surface struc-
PR (1 ~ v JON. T N ORI B o) \ 3 - n e e o R - 3 N
Cuies  Woe sample and Tnc TLrse griaid (o.)) are maintained at oround novon-

tial. Tue raegilon between them is then Tleld free and tne path ol tie im-
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genera]ly malntalned at: cathode potcntlal. Only the ela"tically scatter

electrons are of sufficlent energy to penetrate the second grid (G ) lnese :
'electrons are then accelerated to a hemispherlcal fluorescent screen (+ &V)

where the dlffractlon pattern which corresponds to the surface structure is

'~\-_d1splayed. The fractlon of elastlcally scattered electrons decreases w1th

,increas1ng electron energy and will depend on the materlal studled. t is
.';approx1mately 5= lO% of the total in the lOO h50 eV range, but 50 80% at éO

EeV.v Therefore the surface 1s most reflectlve for low energy electrons. ;The

» dlffractlon pattern can be v1ewed and photographed through the window (W). at
the. front of" the dlffractlon chamber whlch is part of a vacuum system qulte
capable of pressures 1n the 10 lQ-— 10 9 torr range. The crystal is main-
. tained under ultra nlgh vacuum to av01d p0551ble contamlnatlon of” the surfdce
by the adsorptlonvof gases from the amblent. The adsorptlon of most gases,on.
jthe_crystal surface_Will,resultfin monolayer'coyerage withinvSeconds* at r
lO-6Ttorr. :However, ultra:high,vacuummconditions'allows.for reasonable:ob4.
'serVation.timeshofva‘clean sample, The Crystal (S)vcan bevrotated and‘undergo
both‘horizontalior verticalfmotion.tbFurthermOre, the crystal-can be‘heated |
by resistance heating, thermal chduction'or'electron.bombardmentu Cooling'
vto'liquid'nitrogen temperatures is alsofpossible with a specially designed
sample holder. | | . | |

The 1ntens1ty of any diffraction spots and any varlatlon in intensity

due ‘to adsorption, changes_in electron energy, crystal orlentatlon‘and tcm—'
- perature can be accurately measured by’a‘spotnphotomcter.v This is only a

relative measurement as compared to the Faraday cup method5 which measures

the total electron flux and therefore the absolute intensity.

* This is only true for a‘sticking‘probability of unity.
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III. THE NATURE OF LOW ENERGY ELECTRON DIFFRACTION
The cdnditions'for the diffraction of an electron or x-ray beam of
suitable wavelength (N < d)bfrom a single_rowvef equally spaced atoms is
shown in Fig. 2a. Diffraction results frem the constructive interference
of the scattered waves (reys A and B) ‘This occurs when the path differ-

ence (d cos 6) betWeen rays A and B is an integral number of. wavelen ths.je

(m\) and 1is expressed by the equation, -
d cos‘9_=‘mk' - B _ _ (1)
' Diffraction by two mutually perbendiéular rows of atoms; i.e., a two-~

dimensional lattice_plane occurs when there is constructive imterference

:of'the_scattered waves from,fhe parallel rows. This is shown in Fig. 2b.

‘The cohdition of ﬁhevtwo-dimensional diffréctidn can be expressed by

where dhl is the spac1ng between any two parallel rows in the surface
glaulng whlch can be des1gnated by Miller indices (hk) 9,5 is the

* ,
scutterlng angle.- The locus of thls constructlve interxerence between

the dlffracted waves 1is a set of parallel llnes or rods which are per-

pendicular to the lattice plane. Therefore, two-dimensional diffraction

results in spots_at;fhe inﬁersectibn of these "rods" with the fluorescent

screen.  The diffracﬁion pattern should'be observable at all wavelengths

smaller than dhk".

¥ Note that the acattcring angle is a function of the wavelength of the‘
incident electrons accordlng to Eqe (2)e.
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If the electron beam penetrates below the first surface plane QLferC-
'_tlon w1ll occur due to the constructive interference between the scatuered
" ‘waves from the first plane and from planes below. Such constructive in-

terference oceurs . when
f; 2zbsin'9'= mAn _ l”‘ R (3)
gwhere z is the dlstance betwaen planes as shown in Fig. 2c.. Thus, the‘

, conditionsfbr dlffraction by a three-dimen51onal solid are stricter than

bv for the diffractlon by a lattice plane (Eq. 2) and are met only at well

~__.def1ned electron wavelengths (Bragg condition)

The case encountered by LEED is therefore intermediate between two-.

“and three-dlmen81onal diffraction. At 1ow electron energles (< 50 eV) the

o :largest fraction of the diffracted electrons back~ scatter from the surface

’plane. As the. electron energy 1ncreases,”a larger fractlon of the impinging
~ electrons penetrate a Tew atomic planes below the surface and the three-
.dlmens1onal character of low energy electron diffractlon becomes more pro-
nounced. The penetration depth, the ratlo of electrons whlch are back
scattered from the surface to those from atomdciplanes below the surface at ‘
a given electron energy, is a function of the crystal potential that the
electron encounters upon approaching the solid. Electrons are oC&tbGTEd
'-by this potentlal, whereas x-rays are scattered by the electrons surrounding
tne nuclei of the solid. Therefore, hydrogen atoms can be Just as effect-
ive in the scattering Of electrons as much heav1er elements which conuaina
many more'electrons. Furthermore the charge, large mess and low energy

 of the electrons COmpared to electromagnetic wavesrof comparable wave-
length make Low energyheleauons ideal-for_surface studies. Their

"scattering vamplitude"t.which, is ‘a measure of their scattering
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probablllty is several orders of magnitude hlgher (= 1 X) than lor f—rays.
This is the reason for the observed hlgh 1ntens1ty diffractlon pat~crns
whlch can be obtained from ordered structures composed of no more than
5-10% of the total number of surface atoms.;

The crystallography of two-d1mens1onal structures, related symmetry
7operatlons and spe01al conventions have “been outlined by Wood.9 _ The
arrangement of surface atoms which is 1dentical to that in the bulk unlt
:cell is called the "substrate" structure ‘and is de31gnated by ('l X l)
For example, the (lOO) "substrate" structure of platinum is designated
"Pt(lOO)-— (l X l) The corresponding dlffraction pattern for the (100)
facencenteredvcubic lattlce'is shown ln Fig.'3A.v' Any other arrangemert
of surface atoms‘is called the "surface net"’or "surface structure.” |
When the unitvcellrof the surface structure is twice as long as the bulk

‘unit cell along one crystallographlc dlrectlon and the same lengtn along

the other dlrection, it is des1gnated (2 x l) The correspondlng diffrac-

tion pattern for & (lOO) FCC crystal is.shown in Fig. 3B. The (2 x 2) and”'

(5 P l) surface structures are represented in Flg. 3¢ and-BD.

If an adsorbed‘gas forms'a (2 x 1) surface structure such as oxygen
on tvhe’ (110) face of vnickel}oit is-designated Ni(110) - (2 x 1) - C. If-
tue unit cell of thls surface structure is rotated by h5 with respect to

the substrate unit cell, it could be designated by Nl(llo) - (2 x l) h5
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- INTENSTTY CONsiDEnATiONs-'

Tne_dlffraction pattern is representetlye of the arrangemeuts of
'atoms_on the surface. However, an 1ntens1ty analys1s of the dlflractlon o
features is necessary for a rigorous understendlng of the scatterlng
- mechanism and to dlstlngulsh betWeen several structures Which could yield
>s1mllar dlffractlon patterns. Altnough structure analy51s cannot yet be
.calrlcd out, recent contrlbutlons by Helne;l and McRaelg‘and others to
" the- theory of . low energy electron dlffractlon 1nd1cate that the formula-,
.tlon of a worklng model for structural computatlons 1s 1mm1nent _We,i
shall only present here some of the cons1derat10ns which have played an
1mportant part in the theoretlcal development of Low energy electron
d actlon phenomena.

In the klnematlcal theory of scattering, the 1ntens1ty of the °cattered
vuaves is assumed small compared to the 1nten81ty of the ln01aent beam and
thcrcfore multlple beam 1nteractlons are neglected. In llght of the large
- scattering amplltudes of low energy electrons with respect to unat ol
x-rays the app11Cab111ty of the klnematlc approx1matlon in LEED studies
vnas.to'oe.carefully examined. Itmis_llkely.to pe appiicable in the inter-

medietegand:highlelectron»energy range when sbsorption factors are large
and oack-scattering amplitudes.smsll. AtIIOWer electron.energies (< 50 eV)
.the:intensity.of the elastically scattered'electron beam is high and
'_multiple beam interactionssmay have to be.taken_into_account. .For this
sCase;-theldynsmlcal_theory of diffraction snould be applied. -
-~ The interaction‘between the incident electrons and the potential
fieldvof the atoms'wltnin.the surface region_of the crystalline sample

"is described by the,atomic scattering factor (£). The stomic
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- 'scattering factor is a function of the wavelength and scatiering angle.

* The distribution’ of the‘scéttering centers in the unit cell of the sur-

fabe‘will‘determiné the.amplitude of the resultant wave scattered’by all

the centers of the unit cell. The structuré factor (F) uniquely des-

cribes both the amplitude and phase of this resultant wave with intensity

proportional tovFg. Theoretical expreséions.for F héve‘appeared in the

literature,l’13 but interpretaﬁion of the diffracted intensities in

térmswof a.suitgble‘theory has yet'to bé_dévéloped. One outstanding

4

‘drawback is the lack of accurate atomic scattering factors (f) for low

energy electron scattering by surface atoms:
A typiCal plot . of the intensity dependence of the specular reflection

(00) on the enérgy_éf the incident electrons, I

00 4vs V, is shown in

Fig. 4. The ihtensity‘sﬁectrum goes through a continudus'series of

maxima and minima. Some of the maxima can be associated with the Bragg
condition of diffraction (Eq. 3). The calculated values of the positions

of these maxima are shifted with respect to the experimental values due

.to the energy-inérease of the incident electrons as they enter the crystal

from the vacuum.' This is referred to as the inher-potential of the

crystai (VO) and its value is roughly between 5-30 eV'for the different

solids. Hquation (3) should then be written as
m\ = 2z sin § = m = NI50/(VWV_) N CY

In addition to Brégg peaks, the presence of many additional peaks 1s

_apparent in the electron energy range of interest. Some of these are

identified as "secondary Bragg peaks" and are believed to be due to the

asymmetry of the environment of surface atoms (i.e., electron density
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‘. distribution,'mean aisplacements,vetc;) as'compared to atoms in the.bulk
ﬂof the crystal - | | | |

The appearance of. these secondary Bragg peaks (Flg. L) 1n the 1nten-
s1ty curves seems to be a general feature of low energy electron diffrac- -
tlon. Adsorbed gases can often cause these peaks to- dlsappear or greatly
'reduce tnelr 1ntens1ty. This effect wes 1ndependent of the partlcular'"

adsorbate (nltrogen,'oxygen, carbon) for the (lOQ) face of tungsten'.lh

15 .16

'Therefore, it Should'not-be duelto the configuration or scattering
. prbperties'of'the‘adSOrbedjlayer, butimay'be caUsed by an‘abrupt.change in
vthe*periodicity‘of the soattering potential; Other peaks could be due to
: 1ntens1ty sharlng between dlfferent order dlffracted beams and to surface
: steps. | |
Measurements ofvlob vsw Vbasfthelorientation of the'single crystalvis
rvarled with respect to the 1nc1dent beam are very useful since any theory
»of low energy electron dlffractlon must take the orlentatlon of the slnglev:
crystal 1nto conslderation also. /Furthermore, the effect of:lower planes
on the scatteredlintenslty will be a functionbof the orientation ofvthe |
sample and is greatestlat_the smaller angles of incidence. Monitoring theh
intgnsityichange of other:diffractionvspots.(Ilo; Ill,)etc. vs V)vis
complicated‘by the fact‘that their mean-position'(the»scattering angle at .
‘thlch they appear) is not constant w1th beam voltage. The position of the_
(OO) spot (specular reflectlon) will remaln constant with beam voltage.
The 1ntensit1es of the back-dlffracted electron beams decrease rapiaLy
,w1th 1ncreas1ng temperature, and the measurement of the temperature aepen-
vaence of the dlffracted beam intensity (DebyeJWaller factor) can bhe used to
determine the root mean displacement of surface atoms. Such experiments
have been carried-out and will be dlScussed in the section on clean metal sur-

face studies.
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SURFACE PREPARATION

Surface preparation of the single crystal.sample is crucial to the
success of‘low*energy.electron'diffraction experimenﬁs. The quality of -

the dlffractlon patuern will depend on the 51ze and number of domains on

: the surlace with well defined per10d101ty and on the cleanllness of the

crystal. Therefore, the 51ngle crystal which is to be used in the study

must be cut, orlented, pollshed and/or etched carefully. Careless cugt;ng

and pOLlShlng will 1ntroduce-local strain, contaminants and can result in the

wh -7

formation of an amorphous surface layer as much as 10 -~ 10 cm thick.

 This démaged layer must be removed before the crystal surface becomes

suitable for Low energy electron dlffractlon studles. The orientation .

of the erystal [(lOO), etc ] should be within 1° of tne chosen crystal face

if possible. When convenlent, vacuum cleavage techniques can eliminate

some of.the_difficulties of surface'prepardtlon. However, mcst metals are .
difficult to cleave,_especially under vacuum; they are usually mecnanicélly _
or electrcchemiCally.pclished and etched. Surface damage or surface
contaminéntsfcan be removed by xencn or argon ion bombardments of the

' -5

sanple in the diffraction chamber at pressures of nbout 10 7 torr and ion

beam energies in the 140-3L40. €V range. - The effect of ion bombardment on
' 17,18

solla surfaces has been dlscusoed in ueveral recent papers. Any surface

damage 1ntroduced by ion bombardment can usually_be removed‘by high tempera--

. ture annealing. Subsequent quenching or slow ccoling of the crystal is

dependent upon the geometry and size of the erystal holder und on the

. ecrystal's geometry. High temperature structural arrangements may or may

not. remain after a slow cool; while quenching may result in an ordered

structure. Slow cooling may be controlled by prOgramming the resistance
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bheatinG»by decreasinw current flow as.a functlon of time.» An additional
.difficulty_in surface preparation is the p0351bility of the diff n-of
_impurities.from the.bulk which along w1th the sample.holders is a source

of surface contaminants. Such difquion is ennanced at high temoeriuures.

Since the low energy electrons are: excellent scatterers; less tnan.a.

".monolayer of an.ordcred adsorbed layer 1s detectable and often leads to

; extra diffraction features which can complicaue or 1nterfere with 1 une ex-

. periment. Therefore the ambient of the’ ultra-high vacuum diffraction
.chamber should be monitored by a mass spectrometer and any: extra ieatures o
{vin the observed diffraction pattern correlated to the ooserved mass.spee-
-trum._jihe react1v1ty of the particular metal studied for any of these
'_gaseous contamlnants and'the solubility of different'conuaminants-in the
_metal are very 1mportant cons1derations 1n the flnal analy51s of results.
Dominant res1dual gases in the diffraction chamber at 10 -9 torr are carbon
vmonox1de, water vapor, hydrogen and argon. The carbon monox1de could be
' produced by the degass1ng of the vac- -ion pump, or by the hot tungsten fila-
" ment used to produce £he beam of electrons for ion bomoardment. Argonlis
used for ion bombardment and can also come from the pump._ The preSence'of
-hydrocen and water‘vapor probably comes from the stainless steel walls of
the chamber.‘ Several baklngs-of the~d1ffract1onvchamber will nelp £6
eliminate or greatly:reduce the presence cf water:vapor and aihelium cold
'finﬂer can_also be_uscd.tc remove these gascous contaminantur ?urthcrmore,y
- the‘recent development,of secondary electron spectroscony19 (Auger electron
vemission).vhich can detect'and identify very small COncentrations of sur-
‘face impurities should aid.in the characterization of theISOlid surfaces.

used in LEED studies.
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LEED STUDIES ON CLEAN METALS

The e#act’meaniné,of a "clean" sﬁrface'mﬁst depeﬁd:oh the limité:of_
impurity detection. This dé‘ceéﬁion limit v‘is. ob'vip_u'slvy a function of the'
experiﬁéntal technique—uséd._ In.low'energy éléctroh_diffracﬁion, Getec-
: tigh,is limitgd;tq.qrdéred domains.dﬁ,the surface_whicﬁ are much smaller.
than thé eleétroh beam_size (1 mme) and containé'approximatelyv1012 sﬁf_
face>atoms. A surface with.avcon¢ehtration_of ;rdered;impufities beloﬁ
this limit (less ghan lOlg/cm2 impuritiés) can be definedbas "cleén"
within the experimental limitatioﬁé‘of LEED.v'Therefofe the term ”clean":
will be used for a surface.displaying-nb'extra’difffaction_féatures
»;which afe cauéed>by the présence.of ordered impurities.“.The reproduci-
bility ofAextravdiffraétion featﬁres én a'"ciean" Surféce {from sample to.
sample and by_differéntffesearch groupsushould.impl& that within the
' capabilitiés of the ekperiméhtal_teChnique the surfacé is free of grbss‘:
bgntamihaﬁion (i,é.,_ambrphoué adsorbéd.layers, etc.). prever,'the

o) 144

effects of gases, changes in beam voltage, temperature, etc. on the "clean"

Adiffraction pgtterh mustvbe carefﬁlly studied_beeré-any definite con-
cluéions conéefning;thé arrangement of'atoms on the "clean" surface are
made . ‘Onebéhould use techniques such as maSS.SpeCtTOSCOpy, secondary
eiectron spectroscopy, etc. in conjunction wiﬁh these experiménts, in an
effdrﬁ to‘make the resuitévobtained by»LEED éven more meaningful and
 reliable.

“An exciting discovery by LEED has'been'that surf@ce atoms may be’
arrangod in "surface structufes with different tfansiatipnal‘symmctry than
thut.bf the bulk atoms. Surlace Structﬁres which have been attributed to

R -

. ' ras 20 \ -
the clean surface have been observed on semiconductor (Si, Ge, etc.) metal
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- (ét,el'Au 22’23’2h'Pd,?2 Ag,22 etc“).and 1nsulator (Al )25 samnles. For .
tqese sollds the.surface structure ordered or dlsordered appear in welL
:.deflned temperature.ranges. A list of the'surface structures which were ._"'
detected Onvclean metal surfaces and-their approrimate range oftstabiliti
is shown "'”in'Tab’l'e i'.’,' : -

| After several years of concerted studles 1n dlfferent laboratorles
and cons1derable debate the presence of these surface phase transformae
tions on semlconductor surfaces have been well accepted and attrlbuted to
_ ordered rearrangements of’ the surface atoms of the clean solid. Due to the
more. recent dlscovery of surface structures on clean metal surfaces there
is Stlll debate on the nature of these rearrangements. Somoraal et a1.2l’22t
oresented experlmental ev1dence whlch 1nd1cates that the observed phase
transformatlons are 1ndeed the propertles of the clean metal surfaces.
Fedak and G,Josteln23 on the other hand feel that the same drffractlon
'reatures on gold surfaces are due to unspec1f1ed surface contamrnants.
Palmberg and Rhodlneu'presented further ev1dence‘1n support of the_clean
vmetal surface structure model when-they formed the Au(100)- (5/1) sur-
race structure by ep1tax1ally depos1t1ng gold‘onto‘several ronlc‘single'
crystal substrates (MgO and KCl) ‘Additional»experiments evidence support-‘
ing the fact - that the surfacc ‘struétures observed are due to the. clean

gold surface has been summarlzed in.a ‘recent notee?6

| Atoms at the. °urface of a crystal are in a different env1ro‘ment than

‘those 1n the bulk - they are surrounded by smaller numbers of nearest
'neighbors. It is to’be expected then that the mean square displacements f

of surfacevatoms are different from atoms in the bulk of the crystal.
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Table_I.

- Surface structures on the substrates of gold, platinum, silver; palladium,
anhtimony, and bismuth and their approximate temperature ranges of stability.

Substrate e :Surfacé Structures : Approximaté Tempera-
' : : ' -~ ture range (°C)
au(100)22s25 20 o (5x1) R  25:k00
S o ~(6x6) ' S 350-55%0
" . ring (@) : S > T80
Ca(u0)® | (ex1) S 800
Pt (100)2% : T (ex1) . 300-500
" () 350-500
ring (0) - : > 600
'Pt(llO)g;“ : (@)&'f‘ _ . > 600
Pe(111)77 o (2xe) _ E 800-1000
a N (3x3) P © 800-1000
(6)" . > 900
Ag(100)°% " c(2x2) » 600-750 -
' Coring (0) S > 750
" pa(100)%2 (2x1) o 200-500
(ex2) . ~ 250-530
c(2x2) _— > 550
.'Sb(11é0)38 - . (6x3) ' f  o . > 25
Bi(1150)°° o (2q0) ) > 25

-

The ndtationﬁ ® indicates a ringlike diffraction pattern.
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bcasuwgmcnt of” Lhe tempermture depondence of the 1ntensltj of the (60)~
rcflectlon (Debye-waller factor) allows one to calculate ‘the root mean l
- square dlsplacements normal to the surface planes, <ul> The mean square
splacement, (uL), for the surface atoms of face centered cublc metals

27,28 29

are greater than those in the bulk

‘tlon seems to be “the only experlmental tool suff101ently sen51t1ve to de—'

vtect thls effect. In addltlon,.the surfaceuDebye temperatureSuhave also-

‘been calculated forvthese'face centered.cubic metals.

31

Studies on the clean surfaces of. nlckel lovcopper,30 tungsten, "

33 3k 3k

s1lver 5 (lll), chromlum,5 tltanlum,
*

35 36 37 38

1ron, _ alumlnum,, and molybdenum, _ antimony,38 bismuth

nloblum,

vealed the formatlon of surface structures.A The surface atoms of these
“metals (at least for the studied crystal orientauion) have the same unit
cell as that of the bulk, - *:» e L

Experlmental results us1ng nlckel surfaces have been 1nterpreted
as 1ndlcat1ng a larger net dlsplacement between the first two atomic
planes.lo However, Park and Farnsw0rth39 used an electrlcal method of

detection (Faraday cage) to study the varlatlon of the lntens1ty of the‘

diffraction spots w1th temperature and found no net dlsulacemenu Wltn-.‘
in an experlmental error of;about two percent.v More experlmental and .
theoreticaliwork will‘help.to resolve_this exciting problem. |

' LEED continues torprovide information on the surface properties of

~clean metals. This information is essential for work in epitaxy and

he' (1120} surfaces of antimony_and bismuth undergo surface re-
construction. o . L .

Low energy electron dlffrac—

T ' . 4
tantalum, “vanaulum,3

has not re-
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neterogeneous catdlyoln.f In order to undérstand'the5GXact nnture_of
the adsorption proccss, the arrandement of auoms on the clean surface

and its temperature stabllity must be determlncd
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LEED OW”“hVATIuNS O CO“RODIOW JUT TO -
OXTDAT[ON AND THE ADoOlDTIOV OT GASES BY METALS

VCeroéion:dugltb oxidation ié_dommdn'and fesulfé,iﬁ‘th= deteriora;:
tion of’many meﬁals. A typicél eXample is the rustlnv of iren due to
Lue ureuencc of oxygen and water vapﬂr. In or&er to minimize the passi—‘ .
blLLty oL 1Ls occurunce, the mgtalLurglst uhouLd undcr-uand ﬁhc detéiled
vmechanism of the chem?cal reactidn;léading-to»corrosion'and biovide
protection agdihstrifi Eﬁeuadﬁ Jtlon of oxygen on qovc1u1 A;"fff

5
- _ 10 ko 30 . bl 31 37
Svarious cryS'allqgruphlc‘orlentatlona'(Nl, Pt, Cu, Hy, W, Moy
ol zgé :‘35 AR T o o . I '
}T&, - C e :)fh&s been studled by low energy electron diffractiond

The adsorption ratesjwere found -to be stronsly'debendent on the oxygeﬁ-
gxposire ler anu on the tcmperature of the "ample durlng this exposure

A most s1gn1f1cant observatlon by‘IFED nas been that the udoo bed oxygen

.qan fbrm ordere> uu;uctuTC° on;the"sﬁrfaee'df the:metal. The'amoﬁni of
gas adSﬁlbed,‘1ts.arrangement and composltlon on the sarface, qnd the
-ucﬁ)mmoditlon cocfflclent of the oxygcn W;b found to be strongly dependent
on Lhe crygtallographlc orxentatlon of thﬁ surface.

he concéntration,of Surface.steps and'facets ig expected to affect
‘the reédtion.fate inoiygen.qn ﬁhe ﬁétai surféce. Thhrcfore, fe' 1ty of
éas;soiid.inﬁeractions.must_bé.interpréted'ﬁith consideration té the .
sufface pféparétion (i;e.; chemical'etching and/qf electropolishing,
ion bohbardment, gas exposure tlmes, etc.) éfvthe‘sample. Dlscrepanc1e~
:zbgtwéen variousAlnvestlgations can often be attrlbuted to subtle
in éufféce trééﬁmenfs!fbut fheir exaqt effect onigas—metal interactions

is not known with'certainty at the presént time. Nevertheless,
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- the aﬁpesrénce'of exﬁra-féstures in thé uofmal diffraciion pattérn ands

- a knowledge of their beam voltage and temperature depenaence has pﬁu-
v1dcd rellable ev1dence for one-, two-‘and.three-dlmenslonal orderea

: structures as@adsorptlon'takes place'on the surface. Most of the‘sur-
fsceustructures observed have‘exhibited a'fiuite rate of formatién which
was.a'functiun_Of'thé experimental conditions (tsmperature, gas pressure ‘e
time'produst,.crystallographic orientation). Thsrefore the apuearsnce of
,:éﬁtfa diffradﬁigu‘featurés is not spontanéous, but seems to bé associated |
~ with the order?irié of & surface plﬁasev.- | . |
Chang a.n(vi"'Germer'LL3 found:for the (112) fsce of fungsteﬁ that the'.-

- 1ntens1ty of tne extra (h + l/2k) spots was a function of the- pressure -
time (torr « sec) product of the oxygen exposure. When the (n + 1/25)
','spots.are_at a max;mum‘lnten31ty_the surface structure corresponds to

the presence of approximgtely half a monolayer of oxygeh. For the

30

iuitial adsorptiOn of-oxygen on‘(llo).cqpper, sﬁreaks attributed to-i
the_raudoﬁ adsorptiqu of oxygen in the troughs_of the (lld) surface were
j‘obserVéd. Upon furthef e#bosure, the streaks collapsed into extra quts',,
which was taken as-evidence for the ordering of the surface structure.
Theftransition of,this stfucfure-ihtd,a second structure was also observed.
A study of the oxidationay of (111) nickel fevealed'that nicksl oxide‘
 formed with the (lOO)'surface'exposed and with its (1ll) plane parallel
to she surface plsne-of the metal. The diffusiveness of. the extra
vdiff:sction spots was related to‘the size of the nickel.oxide erystallites
(approximately 30 R). These resuits demonstrate the usefuiness of LEED -

Jﬂ nuclcmfnon and two-dlimens :onw] trans formatlon stuaﬂcs also. Prior to

Lhis work lits]c was known about the inltl&l nuclcutlon prouch and the

¢ 0
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- prevalence ‘and importaﬁce_of ordered«intermediateusurfaee-structﬁres‘as_
evidenced by the extra features of thé»diffractioh_pattern._

A varieﬁy-Of'struetural-arrangements ean be postulated to iﬁterpret

'tﬂp extra features of the dlff~actlon pattern due- to the uptake of oKy ven..

For example, one 1nterpretat10n of the results on the OALO&t*On of  the

0 - \ S il
(110) face of nlckell and copoerBQ IS'tnat these'surfaees actua;;y;

undergo reCOdstruction during oxygen adsorptlon. ‘The metal surface atons

'mlgraue to new surface sltes and the- resultlng ddsorptlon layer cons‘ 5ts

L5 .. hg

-of both oxygen and metal atoms.. Arguments for and against ' such a f

pOSulblthy have appeared 1n the llterature. Once'a'theoretical founda~

~tion for an analy51s of the dlffracted beam 1ntens1t1es is established

such differences in interpretation will be resolVed.

bt

. ' \ o 1k L - e
Lander . and:Estrup and Anderson : have dlscussed the‘Cbntrloutlon_

oi LEED to our knowledge of chemlsorptlon and tne ulscovery of orderet

32

surface structures. A recent LmED study on chromrum surfaccs p01ros.
out that the,probablefreason for the non-corrosive character of chromiun -
is the presence of-e strbngly beund amorphOUSrOXiderSurface'layer.  The
LEED‘studybef'the oxidation:of cleen (100) face of i“ron?5 hes'perticuler
5significance te1meﬁellurgistsvand shows ;that Feris fbrmed aslexﬁectei.'
The surface of 1ron is very difficult te clean."Its surface is contam-v»
inated w1th carbon and 1t undergoes a phase tran31tloﬂ (BCC = FCC)- above
900°C. , | ‘
The'adserption of other gases (Né, H,» CO,'COQ, etc.) on metals
"eenﬁinues'td be studied by LEED also. A large variety of ordered struc-

1, h8 L9

tures has been observed.’ The ‘interactions of theseigases with metval

or alloys has often been put to.a useful purpose by the metallurgist. The

~



. UCRL-17942

case hardening of some steels by nitrogen and carbohaceous atmospheres-
are well known examples. In addition, information on the interactions

50

of a mixture > bf'fhese gases on metal surfaces has also been obtained.

Thé'interaction of gases ﬁith metalsrand;alloysvare an imporféﬁﬁr
‘field of study for the metallurgist. GdSes are ihitially adsoroved at
the'surfaéeléhd”can diffﬁse‘into the bulk of the.metal (solubili*y).
, Weli kﬁdwh ékamples‘are the stéam émbrittleﬁént of copper containing
oxygen in a_hydrogén atmbSphere aﬂd the embrittlement of ziréonium and
~titanium by hydrogen. A detailed ‘study of.thé seléctive\okidétion.of'thé
most active componentvéfvah élloy‘isvélso ofvpractical,intefest to tﬁe |
metallurgist; In tﬁévéasejof copper-éickél’alloys; fhe selective oxida=
tion of the nickel reduces the reéistance of the alléy'and results in a
higher,electricai;cdnductivity. Another‘interesting.problem. is that iron
 &111 notvdbsorb.niﬁrogen in any appreciable quanﬂity beléw 9OC°C, bgt-if a
small ﬁér¢entage df hydrOgen is .added th¢ equilibriu@ between the metal and
‘hitrogen is moré rapidly established. Although the thermodynamicé5l of"
v'this'phenomena have beeh studied, tﬁe‘detailéd microscopic-procésées;are
UnNKnown. | |

We havebﬁentioned only a few_outstanding metallurgical-problems'which
can be_sﬁcceésfully stgﬁied By LEED. No doubt the reéder can add to tiails
- List. Ma#y of‘these ﬁroblems_will be Stu¢ied in the_near future*Aandvthe
availabiiit& bf alloys in,singie crystal form Wiil eventuaily-result'in &
"much greater undérétanding of the surface properties bf alléys which h@ve

yet to be studied on an atomic scale.

G. W. Simmons of the engineering experimertal stabtion at Georgi%'Tech is
beginning a study of stainless cleel (austenitic single crystel) in a
corrosive atmosphere with a- LEED apparatus modified oy Verian Inc.
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*"FD STUDIES ON DPITAKY ”WIN FILM GROMPH, AuLOV PORMATION

MetalS’deposited from‘@he vapdr ontb_a single crystal;substrate'ar

aumonly found to be crystallographlcally oriented ("evlta/y”) CThene

eprtaxlal ldyers have important appllcatlons as. comoonean in many solid

state circuits., Detailed-informatidn on‘the structural.arrangementa of

(D'

‘metals deposited onto metalesubstrates i$'aléd<impcrtant because of th

'I‘,

,appllcatlon in such fields as thermlonlcs, protectlve coatrnns, comuosrtes,

etc; Past research has shown that both the nature and de ree of the thi
111m.s orlentatlon was dependent upon the crystallograynlc orlenta ‘ﬁ.
and temperature of the. substrate durlng deposltlon as well as on the
‘vproperties of the eoedenSing metal itself. The orientatien,'degree Qf;r

order, and struectural trans formatlons of tne dep051tea metal from frac- -

tlonal to multllaycr coverage can be succes fully studied by LEED. the
work. by LEED. has not only verlrled the results of past researcn, but nas
'contrlbuted to a more detailed understdndlng uhe nature_o: epitaxy.

Just as in the case of'the‘adsorption'of noncondensible gases, de-

posited metals can also form ordered surface'structures. These structures

>csn undergo further rearraﬁgements during continued condensation. More
sighifieanﬁly; ﬁhevs#ructurel properties of the epitexiel deposits are
strongly'dependenﬁ on-the structure of_@hepelean substrate surfate. Ces
'tin{ lead; aluminum, indium, phosphbrbus,;éaicium, and barium have been
depbsited'on the cleaved (111) face of silicon single crystals. General

.‘

trends in the results have been sumnarlzed bJ Lanaer. Three ordered

52 . .
phases with successive additions pf cesmum)_ were observed to form. In
the presence of the (7x7) surface structure which is one o” tne crdered

surfacefphases of the clean silicon (lll)'crystal face ho ordering cf th

n

e .



condenseu ‘cesium could be aetec»ed. ”he'other metals, hbwever, fo:mede
well ordered - structures on both the Si (lll) and the 81 (lll) (7x7) sur- .
faces and showed order-disorder tran81t10ns in well-del1ned temperature
_ranges.: The epitaxial dep081t10n of slllcon vapor on the (111) silicon
substrate was also iound53 to be sen51t1ve to the presence of 31licon'7
surface struCtures.'
.. 5k
The copper-titanium,

57

25

) . 56
vcoppergtungsten,

nickel-copper,” - thorium-
tungsten”' systems have been studied by LEED. .There was a pronounced

effect of chemisorbed.oxygenvon the orientatiOn:of the:Cu-Ti (001) and’

. Cu-W (llO) systems. In the Cu-Tl (OOl) systen, the deposltea copper

formed as discrete orlented chstalllues on clean tltanlum, but was _1.
'ulsordered on a suriace covered with a chemisorbed layer of oxygen. Tse
_'epltaxy of copper on tungsten (llO) was severely 1nh1b1ued by the cncml-
sorptlon of oxygen also. These observatlons 1nd1cate thut eoltaxlal
growth‘must be performed under ultrahigh vacuum conditions in order.to.
“maintain reproducible’film propertiest For'the Ni-Cu (111) system the
interatomic distance lnltheuthin nickel film did not seem to be effected-
by the difference in the’lattice spacing of the substrate and that of the
deposited'metal.» Taylor55 reported the appearance . of a long;period super=-
lattice "alloy" diffraction pattern which resulted when the tungsteh substrate
was heated after the deﬁosition of copper. He'proposed that this.pattern was
.due to the formation of a tuugsten-copper alloy. Secondary electron specé
tloscouy may. be very useful in determinlng the composition and structure.of
these urface alloys formed. in epitaxial studies. 19 The epitaxy of metals

oL
(Au, Ag) on ionic substrates (MgO and XCl) has also been investigated.



il

Lpltaxn.dl _studies were also found to be useful -in estimating. the
,number'of atomic layers which.actually contribute to'the SCatteréd-'

, D o sl '
‘1ntcn51ty 1n the LEED dlffractlon pattern.«'Haque and FarnstrtH* found -

for the NJ.—CU. (lll) oystem ‘L,hat at 250 volts only the a’comu in the fir t

three layers were contributlng to the scattered 1ntenu1ty OboerVCdo Belpw’

“‘iabout 150 volts, only the flrst two atomlc 1dyers were contrlbutlng

'Tne number of studles of eplta.xy by LEED has greatly increased in the

‘last three years and contlnues to be of great oract1Cdl 1nteve
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SURFACE SELF DIFFUSION-

'Surfaee self diffnsion rates are senSitive58 to the structure_of the
surface and can_be‘conveniently studiedtby:LEED. This'information is
essential for a clear understanding of the'atomic.miération-of surface
Vauoms and the elementary steps of surface reactions.v

: Bombardment ot’ the metal s1ngle crystal surfaCe by,high.energy noble
gas.ions is oftenvneceSSary prior to the LEED. experiment. However, the
surface of the metal ean be.disordered’&ue to thie bombarament and a large
concentration of adsorbed aosorbed (solubility) gaseouu atons, and'metal
_ad-atoms can result; After bombardment the intensity of tne diffrection
snots diminish. In_faet, spots rieible at low voltage prior'to bombardment'

often disappear after prolonged bombardment. High temperature annealing of

s
'

the sample tends to reorder thevdisordered surfaee as a'result‘of-the i
creased motion: of the metal edéatoms andlceuses the desorption'of the
adsorbed‘gaseoue atoms. The.effect of_high'temperature annealing on'the‘
diffusion~rates of the metal ad—atomsican be monitored vy following the
intensity'increase_of the'diffracted spots as a function ofitime at differ-
ent annealing temperatures which is related to the self-diffusion of the
imetal ad-atoms. The effect of desorption on the 1nteneity change could t then‘
bevdetermined since the desorption can be monitored with a mass-spectrometer.
Studies of this kindvhave not been»carried out as of yet. However, tine
kinetics of the’formation of the.(le).éurface’etructure on PLoT has been
etudied in this way by monitoring the change in intensity of the extra
diffraction featﬁres. The actlvation energy ot ormation found (= 3¢ kcal/

mole) was roughly half of that for the self-diffusion of piatinus etoms i

the bulk crystal. This is reasonable magnitude since the (5x1) is believed
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to be due to the7fearrangemept ofzthé ﬁlafinth'étoms on the surface;' in |
'.addition,'Bonzél and Gjosteih59 have measurea the surface self-alffu51on’» , T
Of.copﬁef by means of & laser dlffractxon patte”n whlle st ing-the:,
strucﬁure of thc surface w1th LJED. |

ndoubtedly LEED w1ll play an 1ncreased role in tne stuuy of sﬁrface

B d1f¢uulon phenomenon on clean surfaces and 1ts relatlonsnlp to the strun-“

ture of. the surface. ,\' e
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‘with other measurements such as mass spectroscopy, work functicn studie
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 SUMMARY

Thettechnique of low energy electron diffraction.has'céntributed'

tremendously to our increasing knowledge of surface phenomena. During -

»the'past several years it-has proven to be an invéluable tool for the

- study of surfaceé properties. It has revealed that clean solid surfaces

can undergo structural rearrangements at temperatures where there is no

rapparent change in the bulk crystal structure and that the adsorptior

and reaction of gases may proceed via several ordered intermediate surface
structures., In addition, the investigations of clean metal surfaces and.
the reactions which take place upon them such as oxidetion, epitaxy, thin-

film growth, etc., have ylelded information on surface processes vnich

. could not have been obtained by any other technique. These include surface

phase transformations, possible reconstruction of the surface atoms in the

presence of adsorbed gases, the periodic nature of the adsorbed atoms and

Lo~

the sensitivity of epitaxial growth to the presence of chemisorved gases.

Such results have scientific as well as practical importance and are
especially interesting to the metallurgist.

The technique continues to develop and is often used in conjunction

etc. Once a feliablé theoretical foundation Tor the analysis of intensity
data is established, the role of low energy electron diffraction (LEED)
in surface studies will be similar to that of x-ray diffraction in studies

of the solid state.
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