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. Cubic Metal Single Crystals
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: Department of Chemistry,- :
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Abstract

The intensities of the nonFspecular low energy-electfon bgams
diffracted from the A1(100) and Pd(100) surfaces were measured as a
Ifunction'of electron energy in the range 5-200 eV at room temberatﬁré.
Thg experimental results were correlated with Ih,k-eV curves which
were obtained from Ni(lOO), Cu(100), Ag(100) and Au(100) surfaces.
Single and double diffraction conditions were adequate to coﬁpute the
positions of most of the maxima. Thevdouble diffraction condition,‘

->

éﬁz = GZ, appears to be especiélly important at low electron energies.

The intensities and shape of the diffraction peaks are strongly

influenced by the atomic potential.
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Introduction

Experimental low‘energy electron diffraction studies of metal
.surfaces_heve a ;ong history which begins with.the Davisson-Germer1
experimenﬁzin 1g27. Hewever,‘unlike the case of X-ray diffraction,
‘theoretical 1nterpretatnons of.the dlffractlon feature have been
incomplete or only partlally satlsfactory, partlcularly in the very
low energy (less than approximately_(l()O'er) region. The relatively
large values of atomic scattering'cress seetions for low energy |
. electron diffraction (LEED) necessitate.the consideration of multiple
scattering phenomena. Recentiy, E. G; McRae2 has develeped_a formally
complete and self-consistent theory of‘dynamiCaI lew energy electron
diffraction. In the subsequent months, there have been a large number

3,4,5,6 7,8

of theoretical papers” and calculatlons published whleh all: .
point'out the_importance of multiple scattering in analyzing the
‘intensities of the diffreetion spets to obtain information about the
errangement of etons in the surface; Concurrently there is a great demand
fbr'compiete and suitable experiméntai.data to eempare wiﬁh eomputatienal
_reéul‘ts.8 The_imporfance of multiple seattering in low energy electron
diffraction has been experimentally verified by the obeervation'of two
phenomena, a) surface waﬁe.resonance and b) the appearance of "secondary"
diffrection peaks in the.Ihk-eY curves.l Surface.wave resonance accompanies
.the emergence of new diffraction beemsi' Perhaps the moet-dramatic
manifestation of this effect occurs when a defocussed specularly reflected

.becam is monitored at a voltage where a diffracted beam should emerge from

the cr&Stai. An edsily detectable minimum occurs in the intensity of the

-
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observed diffraction spot.9 Perhaps more significant verification haé also
resulted from the observation of "secondary" or fractional order;
Bragg peaks in the speculérly'reflectéd electron beam whén its intensity
is monitored as a function of electron energy EQijs.eV].g’lo Mﬁch of
the emphaéis up torthis_time has‘beén plaéed on the thebretical interpreta-
tion of the characteristics bf-fhis specularly reflected electron beam
(the (00) bean). | |

A great deal of inforﬁatidﬁ could bé obtained dn the hatﬁre of loﬁ
énergy electfdn diffraction from the properties of the non-specular
electron beams. ‘There is already a weaith of experimental daﬁa‘in the
literature on these diffracted beams. It is the purpose of this paper
Ato present new and detailed experimental data on the characteristics of
non-specular beams from the {100) face éf aluﬁinum and palladium surfaces
and to correlate these with existing data on other face centered cubic
- metal surfacés. We hope that the experimental dafa given here will be
applicablevfb_further the dévelppment of realistic theofetical calculations.
. Therinterplayﬁbetﬁeen accuiate experimental data and theoretical calculations

. should lead to structural analysis of metal Surfaces.:

Experimental

A convéntional Varian LEED apparétus of the post-acceleration typell
was employed. The back;diffrécted electrons were accélerated onté a
phosphor (Ph Eluish—whité).screen.on Which the diffractionvspots were
displayed. The resulting fluorescent intensity was monitored with é

telephotometer (Gamma Scientific No. 2000 with fiber optics and a
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variable aperture 6° - 3°) as a'funétion'of beam voltage; Tt should
‘be noted that tﬂe intensity VSalvoltage (1 vs. eV) - curves were not
normalized to eliminate variations iﬂ emission current. In the
electron gﬁn,_a.Phillips cathodelé'wasAused. 'This was found to have
somewhat poorer féSolution charactefistics (x5 er'than the standafd-
Varian gun. To co@penséte'for'this, a-ﬁhird gfid waé’iﬁstalled
- between the standard suppressor grid and the séreen; and was operatéd‘és an
auxiliary'suppfessor"gridf_ All_measurementslwefe éarried out at 10'10-
.10-91torr ambiént pressuies.

Alumiﬁumfand'palladium'sampleé-wefe prepared'ffomfultra-high

13

furity single crystals: These'crystals were X—réy oriented td within

2° of the (100). face and the sampleé were then‘spérk cut to around 1 mm

' thickness-for the palladium and 3“mm for the aluminum. After polishing
and etching, the.pélladium sample was mounted on tantalum holders. Because
of the reiativelyvhigher solid solubility of aluminum in tantalum, to
‘prevent contéminationvtl1e aiumiﬁﬁm samples‘were placed in high purityvb
aluminum boats before mouﬁﬁing oﬁ the tanfalum holders. On both samples,
-ion bombardment and subsequent annealing heat treatmenté weré uséa to
'fobtaiﬁ an Ordeféd surface‘with'sharp‘diffraction featurés. Uhder the
 conditions émployed, no surface structures weré'tb be‘exPected on alumihum.lh
_Exténsive>ion bombardments (5367hours) and high £emperature anneals

~(>450°C) were used to insure the absence of the amorphous oxide film that
qommonly accompanies freshly prepared éluminumisﬁrfaces. On palladium,
however, there afé:sevefdl frequently observed suifaée structures that

.are froduced by annealing.v As these surface struétures tend to.change

the shape of the Ih vs. eV curves even before a new diffraction pattern

k

AN
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is observable on the screen, we'have.followed a teéhnique that both we
_and-Park16'hav¢ employed previously to-produce a "normal" {100) surface
on Pd which exhibits a (1 x 1) diffraction pattern. A very light ion

bombardment (2 x 1072 torr argon at 150 eV for lQ'minutés) was employed
followed.byva-short>annea1f0ess than L400°C for 50 minutes) j11st before

performing the measurements.

Results

: Thelintensitiéé of seﬁefal of the low index diffractioﬁ beams -
as a function of accelerating voltage are shovm in Figuré 1 for the‘(lOO)
face of eluminum, and in Figure 2 for the (lOO).féce of palladium. The
intensities from the non-specularly reflected beams were measured withina degree of
normal incidence (within a degree). As it is impossible to measure the |
intensity of the specularly reflected beam, (0,0) beam, at.normal incidence
with a post~apceleration apparatus,ithese intehsities were obtained at
 an angle of incidence of 3° withvréspéct to the surface normal. It should -
be noted thét the‘data is pfesented as obtained in the experiments. That is,
there have been no cdfréctidns.ﬁadé fbr the cuirent vs. voltage characteristics
" of the eléctropkgun (the curfent.incieases sharply with increasing beam
voltage) ﬁor for.contéct potential and'othef,errors in the measured
accelerating potential or for changes in the background intensity. The
'measurements were performed at room femperature (25?0). Consequenﬁly;
aboveIISO eV, much of the elastically scattered intensity fromsaiumiﬁum

17

is obscured by the Debye-Waller effect and multi-phonon processes

which are responsible for most of the backsround intensity. In Figure 3
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we show a schematic difffaétion battern_from a (lOO).surface with the
'assignments we havé Used to identify the diffraction spots.. The position
of the diffraction-peéks (fhe electron energy at which the intensity

is at a'maximum) from other experiments on (100) faces of se&eral f.c.c.

metals previously reported in the literaturelhb’l6’l”go’gl

are tabulated,
with the.data from.this'laboéatory, in Table I. A more detailed cbmparisoﬂ
is médelfor ﬁhe (1,0) and (1,1) beams frém se&eral_metals in Figures lYa and
‘hb. Here, -the energy scaie has been'"normalized" to compensate for
variations in the.léttice parametér‘among‘the metals tIhk vs. eVdgcésge];'
As was also found for the specularly reflected (00) beams,15 the peak
positions.fdr the different materials éeem to fall at the Same‘corrected
electron energies when they are plotted on this "normalized" scale.
Howeﬁer,'the'intensifies of these peaks vary cohsidérablj from material

" to material, presumably refleéting yariétions_in the characteristics

of the atdmic'potentials. Certain trends have been noted, and will be-

diséusséd in more detail below.

Discussion

A.  Single and Double Diffraction Conditions

The prsminentvfeatures bf low enérg&.eléctron diffraction are the
result of atomic scattering cross sections that are much larger than
those in X-ray diffraction.. In X-ray diffraction, ﬁhe primary beam
intensity'is nmuch larger than the intensity of thé scéttered beams.
Thus, the prdbability that an X-ray which is scattered once will Ee
rescattered again is very sm2ll. As a consequence; the only important

diffraction conditions are the classical Bragg conditions which may be
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written as
K-% = ¢ | (1)

where K° is tﬁe wave vector_of the primar& beam, K’ is tﬁe wave vector

of a diffracted beam, and G is # reciprocal lét?ice vector. Hére,-inner
potential corrections have been'ﬂeglécted. In low eneréy electron
diffraction, where the cross sections are felatively large, the amplitudes
of the various diffracted beams can be of the same order of magnitude

as the amplifude of the primary (or incident) beam. As a result, there is
a significant probability that an electron may be scattered.at>least

twice before leaving the‘crystal. Thus, the diffracted beams themseives
may behave as'"primary” beamé{or soﬁrces of electrons for subsequent
scatfering events. These double scattering events are characterized by

diffraction conditions of the form
'K’z —'_IE,, - -G> . . g | (2)

Here, the primes refef to two different diffracted beams. EQuatioh (1)
is:a specigl case_of.this equation. The derivation, énd implications of
Equation (2) have been extensively discussed by E. G. McRae?a It should
be noted that because of these probéble multiple scattering events,
there may be considerable intensity not only where'EquationCD is met; but
also at electron energieé and scattefing angleé whére:Equation(Q)i; mef.
It is one of the features of multiple scattering models that, as observed

experimentally for low energy electron diffraction, the intehsity VS

energy curves may be more complex than predicted by a single scatterini

model. Thus, within the double diffraction approximation, to predict the
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position of maxima in the I vs. ev curves ve muét find the electron
“energies at ﬁhich Equation(E)isbmet.  While double/diffraction considera-
tioné may be employed to predigt the posiﬁién (i.e.fgnergy or wa&e length)
at which these difffactions are met, higher order multiplé scattering
- events may-contribute to the -scattering -amplitudes at‘fhese positions. .
| In_loﬁ eﬁergy electron aiffféction,_ﬁhe wave vectors of the

diffracted beams are uniquely defined by the energy of the electron,

the lattice periodicity and the experimenfal geometry. " For elastic

scattering, we have the constraint that

en 2&,.(eV/1so.h)l/2 - (3)

l—) -—).’ .
] - 7] - Z

[

where K° and X’ are defined above, A is the.wave length of the electron,
and eV is its energy ih electron volts. Further,.the components of
wave vectors that are parallel to the surface must obey the two-

dimensional diffraction grating formula
K2 = X _+8 : | - (4)

where E;y and K;y.are the components of the wéve.vectors of the
diffracted and the incideﬁt beéms; respectiyely, which are parallei to
the.surface plane; and 5;? is a recipfocal lattice vééfor alsovparallel
to the surface plane. It may be seen from Equation (4) that Equation (2)
is alwajs'obeyed for the parallel components of the wave vectors‘forball
electron ehergies and scattering angles. Therefore, we need only

=

consider under what conditions ‘Bouation (2) is met for the components of
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the wave vectors that are perpendicular:to the surface. Rewriting

Equation (2) for the perpendicular components we have

,‘ﬁz'_ -k = ¢ ' (5)

 where K;-and K;' are the compohehté of thevwave'véctors of two diffracted

beams which are perpendicular to the surface plane, and Eé is some

reciprocal lattice vector which is also perpendicular to the surface.

' From the constraints of'elastic'scattering, and the tiro-dimensional

grating formula (Equations 3 and 4) the magnitude of the component of the
diffracted beam perpendicularlﬁo'the'surface, lf;l, is uniquely defined as
12 2012 2. 2.1/2 |
K = [|K°]° - |K ] . . 6
E IR T (6)
The perpendicular componeht,'ﬁ;, may have both positive and negative
values, corresponding to beams directed'into, or out of the crystal.

. The advantages of monitoringifhe intensities of the non-specular

beams at normal electron beam incidence are immediately obvious. Under

these conditions, all of the diffraction beams with the same indices

and the same sign of K; are degenerate. Consequently, considerably

- fewer diffraction conditions of the form given in Equation (5) need be

considefed. For example, in the region between approximately 20 and
Lo eV, in addition to the transmitted and the specularly reflected beams,
there exist only the first order diffraction beams, four directed into

and four scattered out of the crystal. At normal incidence, the four

. beams in these two sets are degenerate. Therefore, there are only
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four unique beams in £His energy range at Ilqrzqal ingidence; and we

need énly cénsider_fhree equations of the fofm of Equation (5). However,

.away from normaiAincidence; there nay be ten uhique beams in this same

enérgy fange,-and it may bevnécessary‘to consider up to forfy-five |

_diff?gction conditions. Thé‘siﬁuation becomes increasingly complex

as one goeé toAhigher véitage.ranges. ;
Further simplification results from the use of the (100) surface

in these studies. The interplanar distaﬁces ére identical in the two,_

perpendicular directions axliak‘ Thus the parallel components of the

).
y:

In Table II we have tébulated the voltages at which Equation (5) is

[

lattice vector are identical}(ag

- met for the different beams at normal incidence, for scattering from the
(100) face of several f.c.c. metals, and-in the absence of inner
potential corrections. These calculated positions for the intensity
maxima may be compared with thoéé observed experimentally. The various
observed peaks are tentatively_aséigned to thevdiffe;ent simple and double
diffraétiqn mechanisms. The méthbd’uSéd to compute the peak positions

of the different single and double diffraction beams from the (100)

erystal surfaces at normal incidence is described in the Appendix.

B. Difficulties of Assignments Due to

Experimental Uncertainties

It should be émphasi;ed?that all of theSe‘aéSignménts’are tentative
and have been made én fﬁe bésis of the bes% fit between the calculatéd
and the observed peak positions.' Two important parametefs have been
neglected in arriving at these éssignments; The first is'inner potential;

and the second is that due to experimental inaccuracies.
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A1l of the data which were reported from other laboratories were
obtaiﬁéd via faraday cup detectors.;9’2052; This'publiShéd data was
generally accompanied by detailed corréiations between fhe angle.at
which a diffraction feature was observed and that calculated from the
plane-grating‘fOrmula using_ﬁhe.eXperimental‘beam volﬁagé. It may be‘
seen that in the low erregion (below 50 or 100 eV), as noted by
Farnsworthl9 the agreement is quite good. This agreement between data
and calculations seems to indicate that small inner potential corrections
.bn the order 6f 5 eV or less are appropriate in this region. Cursory
studies in this laboratory gave similar results for palladium surfaces.

We have observed that-in using the commercial display instruments,
serious discrepancies may exist between the_measured electron energy,
and the actual energy of the elééﬁrons striking the Crysﬁal. This
difference increases with increasing beam voltagé and is arfunction
of the temperature of the cathode. This discreéancy fesults in an
" uncertginty (as.much as 5-20 eV) in determining the electroﬁ energy

at which diffraction peaks appear. Significant shifts of the T eV

pk VS
curves may occur along the -voltage scale as a result of minof changes
in the cathode characteristics. It was ﬁot verified if this same effect
exists for the instruments used in the previously published data, but
the godd agreemeﬁf befﬁeen the calculated and the obsérved angles’wéuld
seem to indicate that at least it could not have been significant
in the low electron energy region.

‘Another possible source of_experimental error was small uncertainties

in the angle of incidence. It was found that slight deviations from

normal incidence resulted in noticeable shifts in peak positions and
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changes in beak’shape. >These variations increased wifh increasing beam
voltage. | |

A1l of these effects tend to make the assignments at the higher
beam voltages less reliable than thosevat the-loﬁer beémvvoltaées.

In order to discuss the properties of the different non-specular
beams separately, and to COrrelate them to single‘and double diffraction
events it is useful to arbitrarily divide thebelectron energy rangé :
in which they were studied into four ranges; I) 0-20 eV, II) 20-40 éV,

T1T) 40-80 eV and IV) > 80 eV.

C. Beam Voitage Range ~ 0-20 eV

In this region, below the appéaran;e voltage of the first order
diffraction beams, only the specularly reflected beam (00-reflection)
is directly obser&able. There are only two elastic scattering phenomena
expected in this regioﬁ; Thé first is the appearance of a Bragg peék,
(QIK; = sz,_predicted by both the single (kinematic) and the muitiple
scattering theorles. The second phenomené is the fesonance maximum
pfedictgd.soiely ﬁy_ﬁhe multipie scattérihg aépréach and discuéséd ih
detail by»Mc:Rae.gaL Just below)the beam voitage at whigh the first order
diffragtion beams appea;,for the (100) face ofa.éimple cubic crystal,
there shoﬁld Be a maximum in the specularly reflected (00) beam. This should
be immediately followed by a resonance minimum in the (00) beam at the
emérgence Voltage of the (10) beam. This resonance minimun has been
éxpefiméntally observed on LiF9 and is considered-to be one of the
experimental verifications of the multiple scattering nature of low energy

electrons (in addition to the presence of double diffraction peaks).

&2
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In the experimentaily observed specularly reflected (00) beam
intensifies,from the (160) faces of aluminum and palladium, only one
maximum is observed in %his region, at around 10 eV and 15 eV, respectively.’
These values arekslightly higher‘than those expected forbthe appearanée
of the Bragg maxima. It should be noted that the quality of thézdata
is relatively poor in this low voltage reglon due to tﬂe low current
levels of the electron guﬁ. A more detailed investigation in this range
with constént current electron source and using more sensitive detection

techniques would be useful.

D. Beam Voltage Range ~ 20-L0 eV

The second region which starts above the appearance voltage of
the first order diffraction (10) beams, but ends just below the
appearance voltage of the sécoﬁd order diffraction beams is more complex
than the first region due to the increase in the number’of beams that -
are present [(00) and (10)]. . At the emergence voltage,.a diffraction

g e 210 "16 s . =2 . - .
condition of the form KZ - KZ = GZ, is met, where GZ is the perpendicular

component of the reciprocal lattice vector with zero magnitude. This,

J

of course, is ﬁhe conditioﬁ for surface wave resonance. Thié intensity
maximum which should appear in the (10) beam has not been observed in
any of the data reported'here, presumably because of experimental limite-
tions. Howevér, Jones3 has observed high intensity first order diffraction
beamS'at the emergence voltage.

The second phenomena in this region,.which should occur at a slightly

higher beam voltage, is characterized by a diffraction condition of
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the form Kgo + K;°A= G,. If single scatbering predominates, this
diffraction process would produce an intensity maximum only in the

first order, (10), diffraction beam. Multiple'scattering considerations
indicate thaf.there should bé a maximuﬁ in the spééularly reflected beam»
- as well}

The a&ailable experiméﬁtal data for the first order diffraction |

beams from aluminum and palladium do not extend into this low voltage

19

s2L intensity maxima

range. Hoﬁever;.for silvér, copperzl and nickel,
»ére reported in the'(lO) Beamé within-about 1 eV of the respective
calculated values for the single scattering process (Kgo +'K;ov= Gz)-
No equivalent péak has been réported for gold,'butvit‘may have'been
- outside of the range of experiﬁental observatidn.eo

The next predicted maximum involves a diffraction condition of the
fom QK;O = Gz' kThis is strictly a multiple_scatfering effect as it
formally necessitates at least double diffraction. ‘This region is still
outside ofvthe experiméntally observed range for palladium,vbut maxima
have been dbge£Véd for aluminum;lhp nickel,l9 copper,21 goldeo and silverQO’El

within 3 eV of the respective calculated theoretical values. The maxima

Ja and
p. 9P

for nickel.is distinct bul weak in the curves reported by Parkl
appears only aéka shoulder in the curves reported by Farnsﬁort
This is an examplevof the sensitivity of peak shape and positidn to slight
variatibns in the experimental.arrahgemenﬁ-- |

' This peak is of particﬁlér interest fof several reasons. Fiist, it
is forbidden in the kinematic limit of diffraction énd tﬁerefofe'méy be
taken as evidence of multiple scattering. Secondly, it is the first

of a general class of dominant peaks'(ignoring surface wave resonance)



=15~ ‘ UCRL-~18817

that are characterized by the equation; EKZ = 62. Here the diffraction
vinteractioﬁ involves beams differiﬁé primariiy in the sign, but not the
‘magnitude of that component of their wave vector (or momentun) thaﬁ is
. perpendicular to the surface.

| At a slightly higher beam voltage, there is predicted, a l/2aordered |
secondary Bragg maximum in éhe speeularly reflected bean. vThis effect
has been discussed by McRaehb and is associated with a diffraction cendition
of the form K;O KO = 1/2 Ez. In the first order diffracted beams

2
20,21 19¢

from the (100) face of Au and Ag," ~and possibly from Ni el

endFCu,
there appear intensity maxima in this voltage region. It should be.noted
that all of these maxima appear at uniformly higher voltages than those
predicted. |

Thejrelative intensity of this maxima generally increases with

1kb

increasing atomic number. That is, it is not observed on aluminum,

19

is weak or questionable on nickel and.coppergl but is quite prominent

for gold and silver. 022t

This region for palladium was oubside of the
range of experimental observation. Regérdiess of the assignment of this
diffraction peak, this-treﬁd in intensities is a manifestation of the
effect. of varying the potential at the scattering centers by varying the
atomic number.

| There are no further maxima in the first order.diffraction beams
beiow the emergence voltage of the (11) diffraction beams. All of the
preceding phenomena may contribute to the intensity of the specularly
reflected beam in this region. Comparisons with experiment are

complicated by the fact that the intensities of the specularly reflected

beam can not be obtained at normal incidence. Aluminum shows a rather
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featureless hump in this region atub ~ 3°. Palladium ehows a gradnal
increase in intensity throughout the region. More structure is observable
-on copper2l Where'there afe two distinct maxima in pnis region.r It is
probable that all of the phenomena contrlbute to the 1ntens1ty of the
(OO)'beam in this range. Careful angular studies should allow one to

distinguish among the various components.

E. Beam Voltage Range ~ 10-80 eV

This is the region between the appearance of the second order
dlffractlon beams (ll) and the third order diffraction beams (20).
For the (100) face of face centered cubic metals at normal incidence;
ethe appearance of the (il) beams co;ncides with the second Bragg maxima>
. in the specnlarly reflected beam."McRaeQ has concluded that there
should be a zero in the reflect1v1ty curve for the h k beam when the
following two conditions are met s1multaneously Kh K = nzn/d and
Kh',k' f 0. 1In this case,_the flrSu,condltaon corresponds to the Bragg
‘maxima in the (0,0) beam, and the second to the surface wave resonance
in the (11) beams. Coneequently, atpnormal_incidence, there should be a
minima in the specularly reflected beam in fhis region in the fully
elastic multiple scatfering model. Such a ninima is observed for alnminum,
and possibiy'for co_’pper-gl Data for gold, silver and nickel were not-
invesfigated. No such minima is observed in the specular, (00) beam,
for palladium. AS‘all of the data,fof thevspecularlykreflected beanm
was taken at non-normal incidence, it ie difficult to conclude anything
about the magnitude of this effect for these materials. Itvis possible
thaf the 1ntens:tv of this dlffractlon feature beCOWes more pronourced‘

W1th decreasing atomic nupmer
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. The first,diffraction condition that is met after the appearance
of the (11) beams is between the. (11) beams and the (10) beams and is
characterized by a diffraction conaition of the form'K;O.+-K;; = GZ-
This may'produce obsefvablebmaxima ih either set of beams. No intensity
maxima have béen reported in this reégion for the (11) beam, possibly
due to the experimental difficulties'inhereﬂt ih investigating a beam
this close to its emergence voltage. The (10) beanm rgprgsents a différent
éase however. Here the experimentél data is reliable, and an intensity
maxima is definitely observed in this region for both alumiﬁﬁmlhb and
nicke119 within 2 eV of the caiculated values. In addition, there is a
definite shoulder for silverel.just below 4O eV (calculated falue.38.6 ev).

No ma#iﬁa have been reported in this region fdr the (10) beams from
goldgo and copper;Ql but it is possiﬁle that they may be present as ar
shoulder or a very weak peak masked by adjacent phenoﬁena. The data
for palladium does not extend into this region.

" At higher energies, theie are two diffraction conditions that are
met almost simultaneously. The first is of the form QK;l = G,, and,
approximately one electrqn volt higher, there is another of the form
‘j Kgo + Kéo =G, Except perhaps for nickel, there is a uniform absence
of significant intensity maxima in the (10) béams in this range (approximately
- 45-55 eV for Pd(lOO))- However, for the (11) beams, definite maxima
are observed‘fof silver, 0,21 copperzl and nickel within several electfon
volts of the positions calcﬁlated'from QKilAz GZ. Similarly, there
appears to be a shoulder in this region'for'gold. There is a cdnspicuoﬁs

L s . . . 1
absence of any strong maxima in this range in the data from palladium.

The curves for aluminum do not extend into this range. This is a region
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where intensity-maxima in-the-(lo) beams that should be allowed in the
kinematic limit are not dbserved,'possibly being euppressed by'a .
multiple scattering event involving the_(ll) beams.

Proceeding to still higher energies,-we encounter stroné maxima
"in the (10) beams diffracted from all of tﬁe'materiais under investigation..
All of the positions are within three electron volts of those calculated
from the diffraction condition.QK;O = G, and there are no other-diffraction.
conditions involving this beaﬁ within approximately a lO.vblt range.
These ﬁakima are generally quite‘strong and represent one of the more
notable aﬁd consistent correlations between materials made in this study.
As these éeaks are relatively strong, they tend to dominate a fairly
large energy range. As a result, weaker peaks nay be obscured making.
interpretation in adjacent fegions somewnat difficult. |

On the high energy side of these intensity maxima in the (10) beam
thereris some indication of a shoulder for several materials, and definite

20,21 The higher peaks on silver and

" paxina for both gold? and silver.
' gold are within five and three electron volts respectively of the positions -
calcuiated for a half order Bragg peak in the speculerly reflected
’ beam that-would invoive a diffiaction interaction between the (00) and the.
(10) beams. However, they efe within three and one electron volts,
respectively, of the positions calculated for the diffraction condition
K;°>+ K;i = Gz' There ere ne cofresponding peaks'reported in the (il)
beams for aﬁy of the materials observed‘in this range.

At slightly.lewer eﬁergies (62.5 eV for palladium) there are definite

intensity maxima in the (11) beams for all of the materials investigated

in this region. Furthermore, 2ll of these maxima are within one eV’

~'
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of the pééitions calculated from the diffraction condition KZO + Kél'=
Gi, witﬁ'the éxception of that for silvef?l Which‘ig within three eV‘

of the caléulated_position; These maxima presumably are a manifestation
Af a diffraction condition that is allowéd in the limit of kinematic:

P

scattering.

F. Beam Voltage Range > 80 &V

The next diffragtion process of interest is éhe appearance of the
(2,0) diffraction beams and approximately 20 eV higher, the (2,1) beams.
It becomes excessively tedious to enumerate in detail all of tﬁe possible
diffraction conditions as the number of possible types of interaction
increases rapidly with the number of beams'present even at normal
incidence. Away from normal incidence, the situation should be |
considerably more éomplicated. Furthérmore, as the band structure becomes
more'cdmplex, bands overlap and the interpretation becomes moré difficult.
Fewer-of‘thé diffraction conditions are met "purely", i.e., without any
mixing and not all of the alloﬁed conditions Wili be observed as multiple
scattering may become less pronounced. Compafisons with experimental
data also become less reliable at higher beam voltagés unless extreme
 care wasvexercised in obtaining that data. 1In général, howevér, the
analysis can‘be carried out in the same manner as above. The results
of such an analysis are tabuiaﬁed in Table II. There are seﬁeral points
of iﬁterest‘ﬁm normai incidehce, the appeérance of the (2,0) beams
¢oincides exactly ﬁith a diffraction condition of the form QK;i = GZ
for the (1,1) beanm. Therefore, a diffraction condifion of the form

'K;; - Kio = G, is automatically met. Accordingly, there should be a
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resonance miniﬁa in the back réfleéted (i,l)nbeam_infensifyf2a In fact,
no sfrong maxima are observedvér reported for the (1,1) beams in this
regioﬁ for any of the matefialé*under cdnsideration. This may be taken
as an indication of thé significanée of fhe fesonanceféfféct in this
%égion fo?_these.materials. It should bé notgd that there are very
weak'maxima observed in.this general-regiéh for the (1,1l) beams of

19’20’21' However, on palladium it has been

several of these materials.
‘noted that this beam is very-sensitive to position and that its appearancé
is pfobably due to small deviations from'pérfectly normal incidgnce. |

As with the n = 2 Bragg peak, fhere is a similar.poincidence for
the n = 4 Bragg ?eak.. In fact, it may be shown that all of the even
integfal order Bragg peaks from the (100) face of fee materials at
e =.0°*coincide with the appearance of some set of (h,h) beams. vC§nsequently,
there should be a resbnance minima raﬁher than a Bragg maxima at these.
voltages in the fully élastic muitiplevscattering treatment developed

by McRae.2a On Ai, Pd, Pt,ls

and Cuel) a minimum is observed in the
specular reflected.beam'at.the appropriate voltaée. However, on all,pf‘
these matefials, a stréng maxima is observed approximately 20 eV lower.

it is tempfihg to aésiéﬁvthisrto é Bfagg peak with a'reasonabie inner-
poteﬁtial and sayvthat-the resonance minima is not oﬁseryed. The former.
méy bevcofrect; but the latﬁerTis ndt necessarily so as all the OEservations
were carried out at © = 0°.- McRaeea has shdwn that for slight deviations
from normal incidence, the Bragg peak may_appear and that its shape
'structure may still be'stfongly influenced by the coupling with the

surface wa&e resonance thét accoﬁpény'duaémergenge of . the new

diffraction beams;
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.There is anothér interesting'feature in this region that may be

'assoéiated with simultaneous diffraction conditions. On alumingm, very
strong intensity maxima In the (1;0) beam occurs at approximatély 100 ev.
Theré are at least four diffréction cdnditions which may be met;

K10 - Gz; K;O +‘K§1 =G,, 2K§l =G, aﬁd Kéo - K§1_= G,. On the high::
energ& side of this maxima for aluminum,.a definite.shOuldér is observable.

192,190 e £inds thet the

Going to‘the corresponding region on nickel,
relative intensity of‘the shoulder is compérable to that of the main
beam. Continuing to the noble metals, it.may be_segn that the ?eak

that was so intense for aluminuﬁ has gssentiaily vanished, and that the
reglon is dominated by what was the shoﬁlder. .If would be interesting
to investigate the béhévidr of the (2,1) beams in tﬁis range in order

-to obser#e whether or not they manifest thas inverse trend in intensities.

If so, this would provide an interesting correlation between scattering

amplitudes and potentials for the different wetals.

Conclusion

The properties of the non-specular low energy'electron beams seem to
verify the importance of multiple séattering in low enérgy electron
diffraction. This 1s consistent with earlier observations on the

9

;specularly reflected beam. The nuﬁber of observed diffraction maxima

is too large fo allow for théir.assignment solely on the basis of kinematic
conéiderations. The coincidence of observed inténsity maxima.pésitions
with those calculated on the baéis of a double diffraction mechanism

would seem to substantiate the validity of the double diffraction

I | . . _
approach b in predicting possible peak positions [though not their Intensities}
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The double diffraction.cbﬁdition, éKéf: Ez-appears to be-particulafly
dominant in the electron energy just’ébove~the appearéncevenergy of the
beam under consideration. There éléé appeafs to be a genefal tendency
for diffraction conditions with relatively small ﬁagnitudes of G to
dominate. " As most atomic pbténtials would favor forward scattering
this is physically reésonable.22 |

Assuming'that the preceding assignments are at least partially correct,
Inner potential correctionsvappear to be considerably less than 10 eV
and probably leéé thanFS eV in the very low energy ranée. This would
be in agreement with the earlier angular studies by Farnsworth.el
Finally, it may bé seen that the atomic potential plays a significant
role in determining peak shape and inténsity.
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Appendix

The wave vector of the incident electron beam may be expressed in a

Cartesian Coordinate System as

20 - = - -
R = K, +K +K, - (7)

Defining © as the angle of incidence with respect to the surface normal

- and ¢ as the azlmuthal angle we have

| = [Rlsinesiny (8a)
Ifyl = [§°] sin e cos ¢ o | (8b)
I—K’Zl = [R°]| cos o . s (8e)

Using Equation (4) and Equations (8a) and (8b), the x and y components

of the wave vector characterizing a diffracted beam cén be written as

II—(’X’I = ]f°l sin @ sine + ](—}’x’l (9a)
If;l = II-(’°|.vsinO cos ¢ + ]E‘:y’l . ’ (9b). )

Substituting Equations (9a) and (9b) into Equation (6), we obtain

[R;1 = = (R°I% - ([R°] stn 0 sine + B2 - (] stn 0 cosw +[ENAM2 (10)

for the component of the diffracted wave vector that is perpenvdicula:r to

the surface. At normal incidence, ® = 0° Equation (10) becomes
a0 2012 22 2,2,1/2
K-, = = ([K°| e/ - IGy ) (11)
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Substituting Equation (11) into the diffraction equation, Equation (5),
we have ‘

2 1/2 =

IG (12)

R R - BT 5 R - R - ) .|

where the appropriate signs are taken for the situation under consideration.

Noting that

1/2

B = or (ev/15000Y2 5 [&| = exnfa, 5 [§] = 2« /a,

and 16;[ = 2x nZ/aZ, Equation (12) may be written as

1/2 n

/2 / - eV

i{-l—‘;%j-m-(-a-y-)} +{m-<-§§> <k”>3 - & ()

where g# and 3& are the primitive translations in the two dimensional
lattice net parallel to the surface, and lgzl is the distance between
planes that are parallel to the surface. TFor the (lOO) face of face

. . g - 8o > &0
centered cubic materlals,»lgxl = Iay] = 75 and laz =5 where a  is the

characteristic dimension of the x-ray unit cell (e.g., 4.0k A° for aluminum).

Therefore, for the metals reported on here, Equation (13) becomes

o}

+ {”5'6‘1? = [ )2+ (k) ]}1/2 P w2 (07?2 + (x7) ]}1/2 22 (1)
0 o :

This equation may be solved analytically, nunerically or graphically to
determine at what electron enzrgy (in eV) the n, diffraction condition

between the (h’, k’) beam and the (h”, k”) bean is met.



Table T

Txperimentally observed positions (in electron volts) of intensity msxima in non-specularly

d1ffracted beams for the (100) faces of several face centered cubic crystals et normal incidence.

First Order (Ol) Diffraction Beams

al®) (100) - pal®) (100) e (100) aal) (100 cl® (100)  w®) (100)
(ev) (ev) (ev) (ev) (ev) - (ev)
59 5T 20 1.5 . 2.5 29

72 .8 et 32.0 373 3
10 98 - | 3k.0 - 55.0 - 69.7 | bt
135 120 56.0 a0 8r0 55
170 om 62.0 . 170 aerss | 62
180 173 o 115.0 . | 146.0 70
| 29(f)‘7 203 ~168.3 | £20.0 | 92
xo(f) | | 175.5 - 2830 132
A - o A 145

| | | | 187 .

LTggT~T40n




Table I continued

Second Order (11) Diffraction Besms .

Aﬁa)(um) ' P&a)(um); Aéb)(nm) AJc)(um) CJd)(uby" Nﬁh)(um)
(ev) (ev) (ev) (ev) (ev) (ev) .
60 gL e  58.0 ~ 60.3 65
88 o106 55 10L.5 - 72.5 78
18 150 s 1360 1us.5 100
150 : e . 93.5 2410 128.5 120
190 235 . S Lo 191 1%rf
237 | 6o5(8) . 229:5 . - ' : 210.5 190
| 335.5 o  206.5
| o 310.5

4—83-

LTggT~-T800



Teble T continued

Third Order (02) Diffraction Beams

arle) (100) pal®) (100)
(ev) (ev)
130 | 17h
168 215
200

2et®) (100)
(ev)

77.5
112.5
158,5
173.5
250,5

ale) (100)
(ev)

70.0

78.5
120.0
163.0
256.0

cul®) (100

(ev)

99.0
111.0
138.0 -
15k.5
203.0

215.0

320.0

Fifth Order (22) Diffraction Beams

ae™®) (100)
(ev)

152.5
206.5
280.5

aule) (100)
(ev)

171.0
191.0

303.0

Cu(d) (100)
(ev)

'200.,5
260.5
277T.0

-62-
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 Table T continued

(a)
(b)
(e)

(a)

(e)

This laboratory average of several runs...

Réference 20 and Reference 21,

Reference 20;

‘Reference 21.

‘References 19s, 19b and.l9c - averaged.

Reference 1lb.

vReference 16.

Reference 19s.

-OS-

LTggT~-Td00



Calculaﬁed and Observed Positions of Intenslty Maxima
- From the (100) Face of Several Face Centered Cubic Metals

Table

IIa

First Order (Ol) Diffraction Beams

N

b, ky h/ ky n AL(100) Pa(100) | Ag(100) Au(100) Cu(100) N1(100)
Calc Obs. & Calc. Obs.(a Calc. Obs.(b) Calc. Obs.(c Calc. Obs,(d) ‘Calc. _Obs.(e)
(ev) (ev) - (ev) (ev) (ev) (ev)
0 1L 010 18.4 20.0 18.1 18.1 23.0 ol,3
0 0 0 1 1 21 23 21 20 21 26 - 26.5 28 29
01011 28  o9(f) 30 o8 o7 28 27.5 35 37.3 . 37 35
C ) 3L 32 W7
o1 111 3 wolf) a3 39 | 39 kg 52 55
00 0 1 2 W7 | 51 46 L6 58 61 62
01012 56 59 60 57 54 56 54 55 69  69.7 73 70
01 1 1 2 66 71 - 6h 62 6l 6k gL 86
| T2 78 h 87 92
0 16 82 Th Th 95 101
0 88 9% 87 87 110 116
98 |
00013 9k 101 o1 o1 115 121

"T_E"'

JIggT-TE0N0



Table ITa continued

~ Pd(ldo)

Cu(loo) 

n ky 4 k§ n, A1(100) & ( ” Ag(loo)' Au(100) | | Ni(100)
Cale. Ovs.'® " Calc. Obs.‘® Calc. Obs.(b) Calc. Obs.(c) Calc. Obs.(d) Calc. Obs.(e)
(V) (V) Cen e (ew) ()
1z 1 |
11 2 2 lOé ‘llO 100 100 127 1275 133 132
1 0 1 3 | '
01113 112 110 121 V120 109 - 109 138 146 L5
115 115 | | 117 146 _
010 2 3 132 135 143 w1 128 108 165 173 ‘§
01 2 1 3 143 155 1ko 140 179 188 187
(a) This laboratory average. of several runs.
(b) Reference 20 and ‘Reference 21.
(¢) Reference 20. |
(d) Reference 21. -
(e) References 19a, 19b and 19¢ - averaged. ltg?f
(f) Reference 1lhb. | | %
(g) Reference 16. B
| Reference 19a.

(n)




.Table.'IIb',_'_'

" Second Order (11) Diffraction Beams

) cale. ovs.(®)

Pa(100) | Ag(100) .Au(1oo)

(eV). . : (eV) ' (ev)

Calc. "(')bs.-(b Calc. Obs.(?)f

cu(ioo)'

Calc.
(eV)

Obs.

(a)

-~ Ni(100)

Calc.

Obs.

(ev),

‘.J

[ -

-

o

.+l

37
39
46
58

. 66

88

w6 36

k3o 39 L 39

50 M6 NG - 46 .

) 63 62.5(3)4f 57 55 .57 58,0 -

o e e

80 8. 72 757 - T2

103 106 -  - 92 93.5 92': o

46

B

e
58
25

92

£ 118

115.5

60.3

- L8

52 -
61

76

86

_97

125

65

.

100

120

i

LT65T-TH00




Table IIb cbntinued'
n ok by kem, AL(200) © 0 Pa(200) . Ag(200) - Aw(100) - Cu(100) N1(100)

- Calc. Obs‘.(,a)--:c_alc’. Obs.'®) " ‘Cale. Obs..'®/ calec. Ovs.‘®’ . calc. ovs. (&) Cale. Obs.(B)-

(ev) g (ev) - (ev) - 7 (ev) o (ev) o (eV)

0 0 1L 1 3 104 .12 - 100 T 101 1015 128 128.5 135
1112 2 107 o e T w5 105 . 133 - 1ko
001 1 1 3 me 0 a2r s - L1090 . 209 S138 . 16
11113 120 18 | 130. w8 - . .m8 0 oaso 157 153
L1023 o 152 S0 o7 i 137 w60 18 1880 190

{a) This laboratory average of several rﬁné,‘
(») Referehce 20 ahd»RefefenQe 21, |
(¢) Reference 20. |

(d) Reference 21.

(e) Reference 19a, 19b and 1'9c“- a.veraged; |
(£) Réference 1y,

(g) Reference 16.

(n) Reference 19a. .. . . .. oo

nE-

LTgeT-T800




~ Teble Ile

Third Order (02) Diffrsction Beems

AL(100)  Ag(100) | | Au(loo)

Calc. Obs.(a ~Calc. Obs., b
{eV) T (eV) (&)

Calc. - Obs.(c)

| Cu(loo)

Calc. Obs.(d)”-

(ev)

LI I 72 70,0

e

S 0 109 1120 109

o 185

92 -

95

110

S o

o 11l.0

18

© o138

99T

138

‘A'SE-'f

LiggT-800



‘Table ITc continued

m, ok, hg keomp o AL(200) 0 Ag(100) Aw(100) . cu(100)
' . Calc. .Obs.(a? Calc. Obs. ®)  cale. Obs.'®! caile. Obs.(d)-‘
o (ev). ' ey o (eV) ‘ (ev)
1,2 0 2 112f 121 ‘ 18 7 18 : 150 _
o 0o 0o 2 3 125 T Taer 1260 155 15M.5
o 1 o0 23 1@ 130 128 . . 128 o165
210 2 3 owa oy w6

(a) Tnis leboratory average of several runs.
(v) Reference 20 and Reference 21.
(c) Reference 20.

(a) Reference 21, .

' /‘\‘ -

(e) Referencebl9a, 1% ana'l9c - averaged.‘-"
{£) Reference 1ub, .
(g) Réferenceil6.

(h) Reference 19a.

" -gt-

ltggT-moon
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AL (100)
6~1°

-— (2,0)
SO (| 'O)
——= (1,1
— (0,0)

INTENSITY (I)

100 200
BEAM VOLTAGE (eV)

XBl. 687-1451

Figure 1. The intensities of several diffraction beams from the Al1(100) surface

as a function of electron energy.
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Pd (100)

—— (2,0)
........ (I’O)
——== (1,0
— (0,0)

INTENSITY (I)

100 200
BEAM VOLTAGE (eV)

Figure 2. The intensities of several diffraction beams from the PA(100)

surface as a function of electron energy.
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© ' ©

o o [01] o [11] o

© e [00] o [10] ¢ [20]
° e

Figure 3. Schematic diffraction pattern from the (100) surface of
f.c.c. solids indicating the assignments used to identify

the diffraction beams.
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Figures La and Ub. The intensities of the a) (10) and b (11) diffraction
beams as a function of normalizéd electron energy
for the (100) face of aluminum, copper, nickel,

palladium,zsilvér and gold.
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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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