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'THE PROPERTIES OF THE SPECULAR LOW ENERGY
ELECTRON BEAM SCATTERED BY FACE-CENTERED CUBIC
‘ METAL SINGLE CRYSTAL SURFACES

R. M. Goodman, H, H, Farrell and Gs A, Somorjal

Inorganic Materials Research Division, Lawrence Radiation Laboratory
: : and Department of Chemistry, :
University of California, Berkeley, California

ABSTRACT

The intensity, IOO

f‘electron beam was monitored for the different low index crystal faces of

27 of the specularly reflected low energy (10-500 eV)

'L*palladium, platinum and lead as a function'of electron energy (eV). Thelp“.
iipreperties of the IOOZ (ev) curves were investigated as a funection of,liw
::ﬁemperature, cryafal orientation, scattering angle and the appearaneeieff
aifferent ordered surface structures. For clean surfaces, the positioneﬁi
lof tﬁe~intensity peaks were insensitive to variation of temperature. They

;;were found to change markedly, however, with variation of the scatterlng i*?

_angle and the formation of new surface structures on the Pd (100) face.»jA?§f?:{f

"reﬁuced" electron energy scale was used to compare the intensity curvesif?fF?
H;; obtained’for the different face~-centered cubic metal surfaces. ' The same'fféfi
){'crystal face of the different metals yields similar intensity curves..
"Ff Correlations between intensity curves from different surfaces of the'eagef}ii"
'”?Tmetal heve also been pointed out, The occurrences of maxima and ﬁiniﬁé. |

in the intensity‘of the specularly scattered low energy electron beam areiff
Hprimarily determined by the periodicity of the crystal lattice rather than

“the nature of the crystal potentlal. However, t the relative intensities

| of the diffraction features are sensitive to variations in the crystal

‘\f{'i; . ~potential,
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INIRODUCTION -

Iow energy electron diffraction (LEED) patterns resulting from the'

:. back-scattering of slow electrons (10-500 eV) from cryetal surfaces reflect_
'the periodic arrangement of atoms in the surface.l However, the eymmetryr
'iand'spacing of the diffraction features cannot unambiguously determine'tnei,
u.‘position‘of the atoms in the cr&stal‘surface.2 In order to'uniquely:' e
;:determlne the’ surface structure, one must 1) determine accurately ‘the
relative intensities of all diffraction features and 2) develop a theoryv;
'rwhich will calculate the expected relative intensities as a function of
© ‘the differentiatomic arrangements on crystal surfaces. Only then could'i

3 periodic lattice .

~::;‘one differentiate between structures due to adatoms,
B _reiaxations, erderea arrays of vacancies,g’s‘etc. and ultimateiy expiein;
?~Ai the mechanlsms for'the formation of'surface structures frequently fqundﬁ:
hi’:in LEED studies.i | :
) The development of diffraction theories applicable to the scattering

f‘of low energy electrons by solid surfaces is proceeding at several labora—$f;;;?f7

: tories.6'7 However, such developments depend on the avallability of

i‘accurete experimental intensity data. The purpose of this paper‘is t°>.%i¥;{iiﬁi:;‘
*;_report some of the properties of the specular intensity (00-beam) scattered:;it';f ;
- from different faces of face-centered cubic (fce) crystals, palladium,-iiric' 1ef’;é
f;_'iead, platinum,. and coppers |
In iEED studiea, one may determine the diffraction Intensity as a B

 function of wavelength, A, merely by changlng the electron nccelorutinge’,}-
| potential IA(A) =,(15O.h/eV)l/2]. In this paper, we present data on the_‘:

e T wavelength dependence of the (0O-beam) intensity scattered from different_r :

fece single erystal surfaces as a function of a) temperature, b) crystal
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- orlentation, c) the angle of incidence, and d) the presence of different
surface structures. This.measurement ls belleved to yield reliable inten-~

f?sity_data for several reasons., 1) The (00)-reflection remains in a

. fixed position on the fluorescent screen as the wavélength 1s changed since

its scattering vector 1s perpendicular to the surface plane, Thus, the
effect of inhomogeneity of the phosphor secreen, grids, window, etc. i1s
~eliminated. Furthermore, the influence of the angular dependence of the

atomic scattering factor on spot intensity would not be expected to be

'very significant at donstaht scattering angles.l’8 2) Below about 100 eV, -

a large fraction of the back scattered elastic electrons reside in the
. specular réfiectionga' Therefore, the measurement of its intensity should
" be more informative than that of the other diffraction spots.

We shall indicate methods of normelizing the I.. (eV) curves to aid

002
.correlation'of data taken from different materials and different orienta-
~tions of the same material. Experimental difficulties are pointéd out -
aﬁd suggestions to ald in the acquisition of future experimental daﬁa,'

- 'which are important for structure analysis, will also be presented.

The (eV) curves'were sensitive to the angle of incidence of thg

IOOIZ
electron beam, as well as to changes in surface structure, llowever, the
- intensity curves seemed quite insensitive to temperature variationse

Correlations indicating similarities in the diffraction behavior of the

different crystals and different crystal orientations were uncovered.

3

-
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EXPERTMENTAL =

Thé'ultfa-high'purity fce single crystals were used in the form of

¢ discs of‘apprpximately 0.6 cmadiameter, except lead which was used in the : -

Anuform of a cylinder [0.7 em long and 0.5 cm in diameter]‘mounted in an
ultra-high purity Fe enclosure. Samples were x-ray oriented and cut to

within #1° of the desired face, etched, and polished. The LEED apparétus

9

. of the post-acceleration type” was used for all the measurements. With A

- this apparatus one may monitor the intensity, I » in an energy range

001
" of 10-500 eV and at angles of incidence (6) from 2.5° - 23.5° to the

: 2 . '
surface normal.9 Because of the location of the electron gun, the IOO!

(eV) curve cannot be measured at normal incidence., [An experimental

" arrangement utilizing a curved path from gun to sample and sample to screen -

may be used to étudy the specular refleétion at normal incidence. As yet,

no experiment of thls sort has been reported, -although it would be important

 .to obtain these datas]"

Since the electron beam covers approximately a.l mm? area there is
difficulty in obtaining reproducible data due to the variation'in crystal
'perfection along the sample surface, One notes a large change in the
overall inteﬂsity as the electron beam is scanned across the crystal, The

‘relative intensities of_the IOO£<eV) peaks however are fairly reproducible

from different parts of the crystal. No attempts have been made to measure

absolute intensities from run to run with this apparatus, Further uncer-

tainties are lntroduced by beam spreading at the lowest voltages. In

o s o e ethns e e
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taking'Iobl(eV)'curves at elevated temperatures, effects of fields induced

i':lby heater currents cannot be ignored when resistance heating 1ls used.
5-This difficulty can be eliminated by uslng indirectiheating methods, as
.vfor exaﬁple, radiative heating, thermal imaging.or transient techniques.lo

ConSidéring all of these‘factors, most of the relative intensities of'the

peaks in the I.. (eV) curve were reproducible to within #20% for given

001

- experimental conditlons. Since most of the data show orders of magnitude

intensity changes, the interpretations are independent of this experimental”

‘uncertainty; The measurement of the actual‘électron energy incildent upon
.the cryst#l‘surfaee is diffiéult due to experimental (instrumental) un-
certainties, It has frequently been observed that two identical cﬁrves
: ébtained under the same conditions will not superimpose but are slightly

shifted (2-10 vblts) due to small variations in the beam voltage,

. Inasmuch as the electron gun emission current may change by as much as .

two orders of magnitude (0.02 — 2,0 ma) over the voltage range of interest

(ev)

(104500 eV), a large uncertainty in the‘reproducibility of the Iooz

curves taken with different instruments may result. Tor this reason, the
Iooz(év) curves should be normalized for constant emission current.
Accurate intensity measurements require that the inﬁensity detected |
using the-fiuqrescent screen should be a linear function of the-cufrent

. density. This was found to be the case for the current densities (lO—8~
ILO_"LL amps/cm?) and phosphor (P4 bluish-white) used in conventional LEED
systemss The telephotémeter ﬁged to measure the screen intensity (Gamma
Sclentific No. 2000 with fiber optics and variable aperture 6' — 3°) pro-

- duced an output signal which was a linear function of intensity for all

of the measurements. The photomultiplier output as ordlnate and the

Tvboe e s e 7
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instrumental accelerating voltage as abscissa were plotted on an X-Y

L : ., ' ' =10 - e
recorders All measurements were carried out at 10 ~10 9 torr ambient
pressures,
¢
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RESULTS

.  A.represeﬁtative IOO! (ev) cﬁrve isvshowﬁ iﬁ Fig; la for thé clean

v Pd»(lOO)~(lxl) surface. The curve is plotted for an aﬁgle of.incidence';
0 = 3° from surface normal, at a sample temperature éf 300°K, Figure

- 1b shows the séme curve replotted after normalization for constant
emission current,s The specular Intensity is highest at lowest voltages
and décreases as electron energy increases. This trend reflects the .

" rapid decreaée of the elastically scattered fraction of electrons from

‘near unity to ~.Ol over the electron energy range of interest (10-500 eV).

The curve in Fig, la is replotted in Fig. lc as IOO£ vs. (eV d?cosee), o

where d .is the interplanar spacing3o obtained from x~ray étudiesu Posi-
.tions of»primayy Bragg peaks‘are indicated by arrows. - It should be

noted that on this "reduced" scale all materials with cubic structure
yill have the Bragg peaks at the same abscissa véiue. Suéh a normalizing
“procedure has the further convenience of m&king the quantlty vsually

referred to as "inner potential® readily available;ll

Temperature Dependence of the I (eV) Curves

001

Figure 2 ghows Toos (eV) curves as a function of temperature for
Pt(100) at 6=2,5°, There is no apparent change in the specular inten~

sity curve for Pt(100) in the temperature range of this study other than

a monotonic decrease 1n the Intensity at all energles as a function of

increasing temperature, This intensity decrease follows quite closely

o e o e Yot
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» !
the_prediétidns'of the bebyeJWaller modél.12 One can ekpress'the'

0

. the intensity scattered by surface atoms in the absence of thermal motions -

o and e-ev is the Debye~Waller factor., The factor, (2w), can be shown13 to

ﬁ'be equal to XVT cosae/@D2 where K = 12 Nhe/Mk-lSO.h = constant for any

';material, M = gram atomic welght, N = Avogadro’s number, k and h = Boltz~
mann's and Planck's constant, respectively; V = beam voltage, T = absolute

>-~'témperature, 6= angle of incidence and O. = effective surface Debye tempera—.

D

~ ture., For platinum,lh the decrease in @D as electron energy decreases

is such that the intensity of all peaks in the I.. (eV) curves decrease

0014

"A.:as approximately the same function of increasing temperature., The- insen-

gitivity of the (eV) curves from clean surfaces to temperature changes

I002

.correlgtes very:weil with results of surface Debye-Waller factor measure-

f-iments on Ptlh as well as on other materials (Pd,'15 Ag,l6 Pbls).
: IOOl(ev) Curves for Different Crystal Orientations

n % .
'Tigureu)a shows I0Oz

- Burfaces, The curves plotted on a reduced scale (éV d2 cos2 0)s It ig

(eV) curves for Pt (100), Pt (111), Pt (110)

" 'abparent that theré i1s a strong correlation{between the curves from the

. different surfaces, in fact, most of the peaks'overiap, especially. at
- electron energies above the position of secogd Bragg peak. The relative
"intensitiés of the peaks vary greatly for the difﬁergnt surfaces but the

" positions of the peaks seem to align consistently, For example, the
| peaks on the high energy side of the n = 3 position and the doublet straddling
" the arrow at n = 4 are common to all three surfaces. Tane (100) and (111)

faces give the same peak positions mear the n = 5 and the n = 6 positions.



-8~ _ UCRL-17983

Figure 3b shbﬁs (eV) curves for the three low index faces of

IOOE
' 17,;18 . \ L
copper The voltage ranges for the measurements on the (110) and
(100) surfaces are not large, but it is apparent that there is gcod.
correlation for the major peaks and between all of the three orientations.:

V) Curves for Different Face-Centered Cubic
Crystals (Pd, Pt, Po, Cu)

Toose

. Figure La shows ooy (eV) curves for Pt (100), Pa (100) and Cd (100)

 surfaces plotted on a reduced scaley (eV dzvcosge). Here the correlation

between the peak posltions is excellent., = Most peaks in thevpalladium

curve are présent in the copper and platinum curves over a several

hundred volt rénge ~ from position of about n = 2—1/2 to abouﬁ n = Se

This corresponds to an electron energy range of ~60 to 250 eV for the

Pd and Pt (100) surfaces. There are large differences in the relative

intensities froﬁ curve to curve, but, by and large, the curves shbw

| strong similarity. Figure ib showé the same intensity curves for the

Cu (ill);l7 Pt (lll),lu and Po (lll)l9 surfaces which are also plotted

on a reduced scale, The Pb (111) and Pt (111) show good correlation

; ovefithe short electron energy rénge whéré Po (111) shows significant

diffraction iptensityh5l
Figure Lc shows the I

0042
18 ) 2 2 .
Cu (110)™" plotted on a reduced scale, (eV d~ cos @), Here the peak

(eV) curves for Pt (110), Ni (110)20 and

positions almost completely overlap and there are no peaks missing.
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The relative inteﬁsities however seem to be greatly altered. A%t the
‘:-n:= 3 Bragg position,‘copper and blatinum show a étrong maximum, but
vniékél only a shoulder to strong maximum beyond where ?t and Cu show

weaker maxima. .In sunmmary, all IOOI
:shbw good correlation, ,qutting the IOOI curves on the reduced scalé |
’éhould yleld Bragg peaks for all materials at the same positions, except
‘fd; ‘the possibilities of different "inner potential" correcﬁions. For
:the materials siudiéd there appears to be strong'agreement in pesk
positions. Note that none of these curves havé been corrected to conétant
emission current. We have included in the appendix a similar correiation

study‘for PbSe and PbTe from data reported by MacRae, et al.2l

The I, (eV) Curves as a Function of Scattered Angle

In Fige 5 we have plotted the I (eV) curves for the Pd (100)22 '

00!
face as a fun¢tion of angle of incidence, O, measured with respect to
thc-surface normal.' These curveg have not béen corrected for constant
emigsion current. Interpretation of the.cufves is greatly simplified

if one looks at their behavior within certéin ranges of electron energies
1(0-30 eV), II(30-60 eV), III(60-120'eV), and.IV(L20-19O eV). Each
region is roughly centered about an expected Bragg position (10, 4O, 89,
158) calculated for Q‘= 0°. Several facts are readlly apparent. Some

'f"peaks" appear to "rotate" with O while others do not. Splitting of peaks

within regions is the primary change which occurs, with some possible corre-

lations between certaln regions, For example, peaks in reglons T and III

(ev) gurves‘[(lOO),l(lll) and (110)]
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A}

aﬁpéar_to'split ét approximately the same angle,‘i.eu 25 eV and 91 eV “,
'peaks appear and disappeér together. Also, some similarities exist between
régions IT and IV. In region II, the dominant peak at & = 3° and 43 eV
coliapses with-inéreasing 0, while peaks'first at 50 eV ahd then ét 37 eV
grow in and in‘turn, dominate the region. In region IV, the domirant

peak at @ = 3° and 141 eV gradually shifts slightly to higher electron
énergies and’the shoulder separates into a separate peak at 131 eV ﬁhe
lBO{eV‘beak maintains 1ts position but fluctuates in inténsity; at 9 = 13°
the'péaks atIIBl and 174 eV are now bigger than the central peak at 155 eV,
. however, by 0 = l6°'£he curve is very siﬁiiar to the one at 6 = 3° but
shifted by about 15 eV. The curve at 6 = 17-1/2° §uggests a possible
recﬁrrence of the splittings. Regions over 190 volt seem to show definite

angular effects but in no apparent correlation with the first four regions.

The dominant characteristic of the curves in the high electron energy range |

séems to be the occurrence of gevere splittings in a very narrow angular
range. |

Inﬁsﬁmmary, the,dohinaht effect of sample rotatlon on the specular
Intensity 1s the splitting and rejoining of the main peaks within regiohs
;‘-of electron energiles which center about expected B?agg peaks. Such
splittings within the regioné may be correlated with splittings which-

23

occur 1n other regions. The theories of intensity sharing

+

or shadowing
might be expected to predict this behavior as a function of rotation.
Therefore, careful écrutiny of data such are presented here should help
verify either or both theories. t 1s noted that measuréements should be
cérried out at 1° intervals since the peaks may undergo large intehsity

changes within very small angular regions., Also, due to experimental

20,2L

PR S
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uncertainties,Athe measufed.angles are qnly accurate to about il/2°..v
',‘Mh hévevnot determined the azimuﬁhal angle in the studies, Recently, :
Stern et :511.25 have reported on the variation of the relative pea#
inteﬁsities.for thevW (110)'surface as a function of crystal rotatiOn
about the surface normal, Therefore, it is important to define the"
azimufhal angle, ¢; in addition to the scatteriﬁg angle, 0, in order to
ibe able to compare the Tos

single crystal surfacess We have included in the appendix a similar

(eV) vs 6 data obtained for the different

angular study for Po(111).

Tooz (eV) Curves in the Presence of Surface Structures

Figure 6 shows the Toos (eV) curves for the Pd (100) face in the
~  presence of different surface structures at 6 = 3° and T = 300°K. These

. eurves have not been normalized for constant emission current, The

surface structures appear as a function of heat treatment of the Pd (100)

n face in ultra-high vacuum.u After ionvbombardment, the (1x1) bulk
structu;e appears first. As the sample is progréssively heated to higher
temperatures and/br for longer times the pattern changes and a streaked |
'(2x2)-$urface structure formss Further heating causes the coalescence
“of the (2x2) stfeaks, to a high intensity (2x2) surface structure, At
the higbest temperatures (> 600°C), a further transitionAto a diffuse
‘c(2x2) surface structure occurs.52‘733 It should be noted tbat we have

investigated and determined virtually a continuum of progressive changes



* 'in the patterns as a function ofiheat‘treatment..-Simulﬁaneously with

" this chahge in diffréctibh‘pattern, the IOOZ

tions (Fig. 6)« 1In fact, the I (eV) curves so accurately "finger-

001

- print" the changing surface structures that frequently changes in

Iboz(eV) foretold transitions to different structures before they'wére _

“‘{'1actually visible in the diffraction pattern.

The IOO£ (eV) curve for the (Ix1) substrate structure shows several -

peaks which may be indexed as Bragg peaks (n =2 at 16, n = 3 at 77,
n=L4at 143, n'= 5 at 226) if we assume shifts of about 20 eV due to
_electron acceleratioﬁ at the crystal surface, However, many more peaks

'3appear than these., We can see certain changes as a function of the

[N
=

formation of the different surface struéturesﬁ Small shoulders grow
atfthé low energy side of fhe peaks, at 26, 66 and 127 eV and new |
‘_peaks appear at 50 and 150 eV, Consistent with most analyses, the low
eleéfron energy fegion seems most sensitive to changes in surface
structure, As the c(2x2) structure grows in, we See even more dramatic
'changes. The 143 eV and 227 eV peaks shift.to higher energles and the
116 eV peaks "splits" into peaks at 16 and 20 eV. The shoulder at 127 eV
“in the IOO! (éV) éurve in the presence of the (2x2) surface structure
remains weak but the 66 eV shoulder actually increases to become larger
than the 77 eV peak. Similarly, the 50 eV peak seems to weaken
‘slightly and become a shoulder of the 66 eV peak. Finaily, the 26 eV
peak disappears and two small peaks at 115 and 185 eV appear. To

summarize these results: the presence of surface structures on the

(eV) curves undergo varia--

[P ¥ F U R O
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(lOO)'face of palladium greatly alter the I (eV) curves; the (2x2)

00¢
" structure produces shoulders on the‘lOW'energy side of peaks near
Bragg positions and produces completely new pealks. The c(2x2) structure :
shifts peaks near Bragg positions to higher electron energies, splits

cgrtain dominant peaks and leads to the formation of new peaks or greatly

. altered intensity ratios of existing peaks., It should be pointedvout

that transition structures tend to give mixtures of these characteristiés,'

and as mentioned earlier, foretell the transformation to new structures

' Befbre the new diffiaction pattern actually appears.
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‘DISCUSSION

i'Thé shape of the iOOﬂ(eV) curves for the Pt (100) crystal surface
' remains unchanged as a- function of tcmperature. The overall intensitv.
.of the peaks decreases with increasing temperature as predicted by the
Debye-Waller formalism, These results are quite consistent with the |
»Debye-Waller theory and previously published measurements of the surface
.Debye~Waller factor for several face-centered cubie metals.lu-l6 The

data indicete that the temperature dependence of the specular intensity
is the same for all peaks including those which are at Bragb positions
and those which are not,

In Figsa 3 and 4 we have plotted IOOI curves obtalned for different

surfaces [(100), (110), and (111)] of several face-centered cubic crystals
-_(Pt, Pb, Pd, Cu and Ni) on a "reduced" electron energy scale, (eV a2 cosabe).
Plotting the curves on this scale allows one to determine the difference
due to crystal potential varlations without the distortions due to
differences in lattice parameter or angle of beam‘ihcidence. For the
materlals studied, the IOOZ(eV) curves a?e very similer, the peak positions
frequently overlaps This indicates that the scattering of low energy
electrons 1s more dependent on the basic eymmetry of the substrate . .than
~on the peCuliarifies.of the atoﬁie potentials for the different face~
centered cubic metals. This seems generally valid for HEED (high energy
electron diffraction)26 and x~ray scattering27 as well. The differences
in crystal potentiel for different fcc metals seem to modulate the inten-

as . — 1 P
sities of the various peaks, The shadowing models,™”’ suggest signifi-

cant differences in the IOO£<8V) curves for the different crystal orientation;

. 5
e o s v e L o T e
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the curves in Figs. 3a and 3b do indicate that similarities in the
intensity curves for the"different‘faces are more extensive than predicted
by this model.s It should benoted however, that the differences in voltage

at which the "2/3" or "1/2" order peaks appear may be sufficiently small

S0 as to be obscured in the reduced plot. If we assume intensity éharinge5 ’

between the different diffraction beams or multiple scattering 6 many of the.

_ddminant features of the IOOI(GV) curves can_pe explaihed and predicted.
The ihterpretation of the intensity curves based on the ihtensity sharing
model'hinges on the appeafance of minima when other beams undergo maxima.
.If peak splittings_change with rotation in the predicted manner, it would
be a strong support for fhis theory, Finally, the intensity changeé
“whlch are due to the particularvmaterial may alter some of the specific
detéils, for exémple,.by enhancing the intensity of one peak while
" diminishing thaé of another., Such effects may be checked by comparing
line shapes -~ the data presented do indicate such possibilities.
The IOO£<eV> curves for the Pd (100) crystai surface change both
as a- function of surface structural changes and as a function of
‘scattering angle. The prominent effects in both cases are the splitting
of the main peaks and the production of neW'peaké'at certain elect;on
energles éharacteristic of algiven surfacé structure or angle of ingidencé,_
(eV) curves to changes of

004

scattering angle or surface structure should iead to an improved ability to

respectively. The sensitivity of the I

test theoretical predictions.
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Although the I

OOZ»(eV) curves‘confain'valuable information which .

Cwill hHelp to shed light on the nature of low energy electron diffractionfv

it is Important to note some of the limitatiohs of this type of experié
-vment. | |
It is vefy difficﬁlt to discuss the properties of one or even two
diffracted elecﬁron beams as a function of ﬁévelength ﬁithout foilowing'
:the intensities of most of the other diffracted beams of the same time,

The IOOE(ev) curve should be a function of all the other L, (eV)
EA

curves. In order to carry out structure analysls it seems that one should

| monitor the total diffracted. intensity which is scattered into the

: different order diffraction spots as a function of wavelength. Such

‘ ekperiments are in progress. TFluctuations in tﬁe total intensify as a
function of wavelength may also indicate the diffraction conditions
necessary to optimize the back;reflection of elastic electrons.

In order to correlate rélative intensity data from sfudies which
are carried oﬁt'in different laboratories, the IOdﬂ (ev) curves should
be normalized for constant emission current. The experimental conditions

‘should be well defined (clegn surface; etc. ) and variables such as the
azlmuthal angle should be reported. It should be:noted that intensity
“measurements which involve sample rotation with respect to the surfagé.

normal are affected by the variation of the atomic scattering factor,

£(6).

.
o e o s i e =% pare s 14t e e 2
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Upon stan&ing at room temperature, the diffuse ¢(2x2) pattern becomes

 -sharp and very intense. Reﬁeating to > 500°C causes the pattern
“to becomeidiffusevagaih, This is probably associated with greater
disorder at higher temperatures., By contrast, if the c(2x2) is.
heated to between about 200 and L00°C, the (2x2) surface structure
is regenerated, .waevef, if both the.c(2x2)-and the (2x2) ére
present onfphe éaﬁple surface at room temperature, the c(2x2) will
gradually spread untii, after several days, it completely covers
the surfaces The (1xl> may eagily be fegenerated by véry short

ion bombardments, but not by thermal treatment. ‘ s

(Interscience, NeW‘Ybrk,.l96h>.

- 28, R, W. James, The Optical Principles of the Diffraction of X-Rays,

(G« Bell and Sons, Iondon, 1965). °

29, Here 0 refers to the angle of incidence = 1/2 angle measured on screen.
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304 For example; if a = bulk lattlce parameter,‘thenvd(loo) = 1/2 e;
| (11()) = l/h a \/é d(lll =1/3 a ‘\/_L |
.f’3l. Due to the large Debye—Waller factor the scattered intensi by froml
| -lead surfaces decreases rapidly‘w1th increasing electron energyi
N and becomes undetectable over 150 eV, "
| 32, The pattern designated Pd (100) - c(2x2) consists of normal (1x1)
with extra spots ‘at the centers of squares of the (1x1) pattern.
Tor consmstency thils pattern should perhaps be labelled c(1x1)
however, in the literature it has generally been de31gnated c(2x2)
- and we shall follow this precedent.
i'33,  R. L. Park and H, H. Madden, Iray privéte communication.

3&...E. G. McRae and C, W. Caldwell, Jra, Surface Sci 2, 509 (190h)

R
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-APPENDIX

e

i.'-:FiguresbA;iaaﬁd ALb show Ioozfcurves for the (100) faces of lead |

' gelenide and lead telluridé at 0 = 3° and 6 = 6°,.respectively, as a
'function.of reduced electron.enefgy from the wprk bf Johnson and MacRae.21
 Correlations of peak psotions between the differenﬁ materials are good,

especially at the lower beam véltages.-'However, as with the fcc metals,

ihe relative peak intensities vary from material ‘to material, In additioh,

comparing Fig. A-la with A-1lb shows that changes in the I (eV) eurves

001
with angle of inecidence dé occure Thus, the IOOE(ev> curves of the salt;
: .: studiéd show simila:'prbpefties.to those curves for the fcc metals.,
‘ Similar'study on LiFBh wag not inecluded because of the short eneréy range
of the data. _ | .
figure A-2 .shows the IOOl(eV)'curvés for the (111)-face of lead

.plotted as a function of angle of lncidence 6. ©Note the change of

scale . above 50 eVy These curves were not corrected for constant emission.

Perhaps the most striking feature of these curves is the strong effect of
the Debye-Waller factor, Thermal diffuse scattering dominates above
about 125 eV, As demonstrated in Fig. 5 [on Pda (100)], the effect of

the angle of incidence on the I (eV) curves is very marked. For

001
example on the Fb (lll) there is no peak at 770 eV for © = 3°, A peak
~appears however with increasing intensity as 0 increases. Also, the

.shoulder at about 30 eV increases as O increases,
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b eV |
100 200 300 400 . 500

1 l 1

Pd(100) 8=3°

P,
7

XBL 681-30

Fig, la Specular intensity as a function of beam voltage
for (100) face of palladium. The weak shoulders
at 49 and 65 eV are associated with the incipient

. formation of a 2x2 surface structure (see Fig. 6).
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Pd(100) §=3°

] I !

Figs ‘lb

100 - 200 300 400 500
eV

XBL 681-31

Specular intensity as a functioﬂAof beam voltage for

(100) face of palladium at constant electron gun
emigsion current, Note the change of scale on the
intensity axis. '
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Fig. le Specular intensity as a function of reduced
" electron energy for (100) face of palladium
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Beam Voltage
XBL 681-33

Fig, 2 Specular intensity as a function of beam
voltage for (100) face of platinum at
different sample temperatures
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(110)

g=3°
o f ! P b
n=3  n=4 n=5 n=6 n=7 n=g

eV d2 c0529

XBL 681-34

Fig. 3a Specular intensity as a function of reduced
electron energy for (100), (1ll) and (110)
faces of platinum. ‘ ‘
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XBL 681-35

Fig. 3b Specular intensity as a function of reduced
electron energy for (100), (111) and (110)
faces of copper.
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n=l n=2 n=3 n=4 n=5 n=6 n=7
. eVd.zcos 6

XBL 681-36

. Fig. ba Specular intensity as a function of reduced
: electron energy for (100) faces of platinu.m,
palladium and copper.
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Fig. 4b Specular intensity as a function of reduced
electron energy for (111) faces of platinum,
copper and lead, ‘ :
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XBL 681-28

.Specular intensity as a function of reduced

electron energy for (110) faces of platinum,
copper and nickel,
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'XBL 681-27

Fig. 5 Specular intensity as a function of
beam voltage for the (100) face of
palladium at different angles of
incidence.
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Specular intensity as a function of beam voltage
for the (100) face of palldium in presence of
different surface structures,

Fig. 6
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Fig. A-1 (a)

2 2,
eVd cos @
XBL 681-26

Specular intensity as a funetion of reduced
electron energy for (100) faces of lead
selenide and lead telluride at an angle of
ineidence of 3°,

A e o ¢ %
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~ PbSe and PbTe at 8= 6°
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N

 Fig, A-1 (b)

eVd2c0329

XBL 681-25

Specular intensity as a function of reduced
electron energy for (100) faces of lead
selenide and lead telluride at an angle of
incidence of 6°,
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Specular intensity as a function of beam voltage -
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for (111) face of lead at different angles of

incidence.
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