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THE\USE_OF ATOMIC SCATTERING FACTORS IN CALCULATIONS

" OF LOW ENERGY ELECTRON DIFFRACTION BEAM INTENSITIES
M. R. Martin,* L. M. Falicov,* G. A. Somorjai

Departments of Physics and Chemistry of the University of California
' at Berkeley and Inorganic Materials Research Division
Lawrence Berkeley Laboratory, Berkeley, California 9L720
and

M,FixlkT

Electronics Research Center and Department of Physics
.The University of Texas at Austin

ABSTRACT

The use of computed atomic scattering factors for free atomic
potentials is proposed for purposes of surface structure analysis in low
energy electron diffraction calculations. Atomic scattering factors
for low energy elastic electrons are presently available in the rela-
tivistic Hartree—Fock—Slatef aﬁproXimation; Calculations for bismuth
and lead are shown to agree favorably with vapor phase measurements of
the differential cross section at electrén energies in excess of 50 eV.
Evidence is citéd'from low energy electron diffraction experiments with
liquid mercury and tin surfaces, indicating tﬁat the back reflected
electron intensities are very similar to calculated intensities for
scattering from the free atoms. The effecf of the liquid structure
factor is investigated and shown to account for less than 15% of the
reflected electron intensity from a liquid bismuth surface. The atomic

scattering factors for electrons from atoms in the vapor and condensed
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phases differ most.ﬁotably in the shapes and magnitﬁdes of the respec-
tive forward'scattering beaks. These differences are associated with
the inclusion of many phase shifts (~50) representing the iarge angular
momentum values hecessary to.adequately describe the peripheral aﬁomic
collisions in.the vapor phase. It is argued that for structure analysis
calculations it should be sufficient to use atomic scattgring factors.
computed for isolated atomic potentials with the inclusion of a smaller
number (~5) of phase shifts, in order to approximate the solid phase

electron scattering factors.
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INTRODUCTION

Analysis of the intensities of low energyvélectron diffraction
(LEED) beams that are back-diffracted frbm solid suffaces appears to be
capable of providing detailed structural information about periodic
surfaces. Much experimental and theoretical effort has been put forth
in the attempt to compare measured diéfracted beam intensities to real-
istic scattering models in 6rder to extract information on the three
dimeﬁsional structure of surfaces and adsorbed surface layérs. Multiple
scattering theories which include the effects of inelastic damping have
recently been successful in reproducing the major features of experi-
mental intensity vs incident electrén energy curves‘for a number of

j 1,2,3 2,3

elastic diffraction beams in aluminum, silver> and copper.

In these theories the electron-solid interaction is accounted for

and enters the formalisms by means of pseudopotential parametersh’5

6,7

or energy dependent phase shifts. Scattering of the incident elec-
tron beam oécurs primarily in the vicinity of the atomic centers of

the crystal, whose potential distribution is somewhat modified from

the free atomic potential due to redistribution of electronic éharge in
the valence'and‘conduction bands. In this paper we considér the direct
use of isolated atomic scattering factors‘as an approximation to the
true scattering pqtentiél for LEED structure calculétions. We utilize

the calculated atomic scattering factors of Fink and Yates8?9

that will
be shown to compare well with experimental gas phase scattering data |
where such data are available. We then review the experimental work

on back scattering of low energy (L0-200 eV) electrons from liquid metal
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surfacés, and compare the results to those predicted from the use of
calculated atomic scattering factors.

It appears that the use of atomic potentials is Justified for use
in.thé theoretical scattering models preséntly being employed to analyze
the intensities of elastic back scattered low energy eléctron beams.

Due to.the large momentum transfer of back diffracted electrons scattered
from crystal or liquid méfél-surfaces, variations in the atomic poten-
tial that occur in the.vicinity of the nuclear éharge and core electrons-
are most important in determining thé angular distribution of the back
scattered beam.lo Thus, alterations in the atomic potential due to the
spatial redistribution of outer shell electrons when atoms are combined
to form a condensed phase are not expected to play a large role in

determining the angular_distribution of the back scattered low energy

electrons.

[y



X3

-3- »

CALCULATED ATOMIC SCATTERING FACTORS

Atomic scattering factors, f(B;E),_have been calculated for a large
number of elements by Fink and Yates.8 They ehploy atomic potentials
derived from the relativistic Hartree-Fock-Slater wavefunctions of
Libermaﬁ.and coworkers.ll The Dirac equation for an incidenﬁ(electron '
in a static atomic potential is solved numerically to Yield scattering
phase shifte‘as a function of incident electron energy. In these cal-
culations exchange and polarization effects between the incident and
atomic electrons are not included. Both of these effects become
increasingly important at incident electron energies below 100 eV, and
failure to include them has_been shown to lead to serious disagreement
with experiment in the energy range below 30 eV’.12 It is for this
reason that we restrict our cohsideration of low energy electrons to
tﬁose in excess of 40 eV. This in no way impairs the use of these
‘atomic seattering factors for surface structure calculations using low
energ& electron diffraction since a large smount of structural informa--
tion can be obtained in thebenergy range 50 to 200 eV. For additional
.discussion of the approximations employed in this phase shift calcu-
iation, and on the breakdown of the static potential approximation at
low incident electron energies, the reader is referred to the original
sources.8"9v’12

"The extent of the agreement between ekperimentally measured
‘differenfial cross. sections in the vapor phase and the calculated atomic
scattering intensities lf(B,E)[2 for Au and Bi is illustrated in Fig. 1.

Since these curves do not represent absolute intensities, the experi-

mehtal and theoretical curves have been normalized at a maximum point
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b

of lf(e,E)l2 for each energy. Agreement is:good for energies in excess
of 100 eV, while the neglect of exchange and polarization effeéts becomes
increasingly evident at lower eﬁergies. At 50 eV the shape of the Bi
cross section curve reprodﬁces well the scattering into the back hemis- L
phere, but the forward scattering poftion of the curve is in poor

agreement with the experimental work. The effects of this known inac-

curacy in-the forward scattering peak at low energies is not as serious
aiproblem as it may at first appear for application'to LEED caléulations,

as lqng as the atomic scattering factor is reasonably accurate at large’

angles. This point will be discussed in detail in a later section.

[



-5~

ELECTRON BACK SCATTERING FROM DISORDERED SURFACES

InfOrmation.concerning the atomic scattering factors suitable for
use in LEED calculations can be gained from observation of back scattered
electron intensities froﬁ disbrderéd surfaces. Atomic scattering pro-
perties'are'mOre directly observable experimentally when the phase
coherence of the diffracted beam, as expresééd in the structure factor,
is avéraged in the absence of long range order. Multiple scattering
and inelastic damping'processes are not diminished for electrons
scattered from disordered surfaces and must be corrected for, in order
to separate out the single scat#eriﬁg portion of the observed intensities
Schilling and Webblo have made such a correction and applied it to low
energy electron diffractién from liquid mercury. Their expérimeﬁtal
intensities, when corrected for multiple scattering and inelastic
éffects,_show remarkable agreement with the results obtained by scat-
tering iow energy (100-500 eV) elédtrons'from mercury vapor over thé
angular range é = 60° to 170° from the incident beam direction.

Additional evidence for the validity of using calculated atomic
scattering factors in LEED calculations is obtained from experiments
of Goodman and SomorJail3'whoJobsefved back diffracted low energy
‘electron intensities from a liquid tin surface. Their results are
reproduced in Figsy 2a showing the elastic electron intensity .contours
as a function of energy and scattering éngle. For comparison, the atomic
scattering intensity |f(8,E)|2 is calculated and plotted in a similar
manner in fig. 2b. Iﬁ will be noted that ﬁhile'the general features

o

are in agreement, the ratios of the maximaﬁto the minima are less
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pronouncéd‘in the experiﬁental liquid scéttering résults than ih the
calculated atomié intensity plot. Application of the two approximations
of Schilling and Webblo to correct for multiple scattering and inelastic
damping have the effect of smoothing the intensity profiles obtained
from the atomic calculation and bringing_it into close agreement with
the intensity contours of the liquid scattering experiment.

Experiments similar to that with liquid tin have been carried out

3 but the results do not seem to be

with liquid lead and bismuth,’
simply related to the calculated atomic scattering factors. A discussion

of probable causes for this disagreement is included in the appendix.

W

o
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DISCUSSION

‘Due to the geometry of the LEED spparatus, which detects ohly back -
L : : -1
scattered electrons, the momentum transfer hq is such that |q| > 5 A

for incident electron energies in excess of L0 eV. Variations in the

crystal potential occurring‘inbthe immediate vicinity of a nuclear

‘charge and its core electfons furnish the largest contribution to the

back scattered.inténsity in this range of momentum transfer.lo Thus,
changes in the details of the potential due to the spétial rediStfibution
of outér atomic electrons, Wwhen combinéd to form a condensed phase, and
structural effects related to the liquid radiél distribution function,

are not expected to play a large role in determining the angular dis-

' tribution of the back scattered electrons. The agreement between the

scattering intensities of electrons from liquid mercury and tin surfaces

and the c#lculated and experimentally observed atomic scattering inten-

sities,‘diSCUSsed in the previous section, illustrates'this‘observation.
The contribution of the radial distribution function tovthe total

reflected electron intensity from a liquid bismuth surface is illustrated

in Fig. 3. The liquid structure factor I(%), which is the Fourier
transform of the radial distribution function, contributes a coherent
cOﬁponent to the scattered‘iﬂtensity that.is superposed on the incoherent
(atomic) part of the total intensity. The experimentally determined
liquidlstructure factor for bismuthlh is plotted for back scattered
electrons_és a function of the elastic electron energy in the lower

portion of Fig. 3. The upper portion of the same figure reproduces a

‘contour plot for elastic electron intensities reflected from a liquid

13

bismuth surface. The dashed lines in the upper plot correspond to
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two maxima éf the iiquid structure factor. Th§ expgé%ed ridge structures
glong‘these maxiha are visible at electron energies less than 25 eV,

and afe weaker at higher energies. In Fig. 4 we have plotted fhree
sectioné frdm'the contour map of liquid bismuth, corresponding to elec-
trons that are reflected through angles of 1506, 160° and 170°. 1In

the same figure we include for comparison the liquid structure factor '
I(q). It appears that the liquid structure factor accounts for less

than 15 per cent of the total refiectéd electron intensity. This liquid

15

bismuth data repreéents the first direct experimental observation of

the effect of the liquid structure factor on LEED intensities. Résults
reported for elastic electron scattering from liéuid tin and leadl3
' show no such clear indication of liquid structure.

‘Onvthe éther hand, electron scattering in the forward direction
occurs with small momentum transfer and is very.sénsitive to variations
in the potential over a layer région vhich includes the outer shell
electrons as well. Atomic scattering calculations éhow sharp fbrward
peaks due méinly tb the region of small electron charge densify far
from the nucleus. The forward scattering pesk in the condensed phase
will be considerably altered from the atomic scattering intensities
for two reasons; 1) The superposition of several atomic potentials,
mosﬁiy near the Wigner-Seitz cell boundary in the solid or liquid
drastically changes the overall potential from thé free-atom exponential-
tail form. 2) The spatial redistribution of valence and conduction
electrons over,the Wigner-Seitz cell alters the atomic potential most

noticeably in the regions midway between two nuclei. The forward

scattering peaks in condensed matter are thus expected to differ from
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those predicted by atomic cﬁlculations br found éxpefimentally in the
scattering of électrons from atoms in the gas phase,

Thé compufer program of Fink and Yates8 trﬁncates the phase shift
calculation‘at an %-value for which the phase shifts Gl'and 6_2_1 are
less than 10-6 radians, which gofresponds to maximum angular momentum
values of £ < 50. This large number of phase shifts is required in
order-to'Build up the realisticaliy‘sharp forward elastic peak found
in atomic scattering of electrons. It is found, however, that a much
smaller number of phase shifts (£ < 10) is required below energies of
200 eV to construct atomic scattering factors that are good approxi-
mations to ﬁhe more éxéct‘ones, except fhat the forward scattering peaks
are less iﬁtense and less sharply péaked.

The inclusion of a iarge number of phase shifts in the scattering
factor calculations for atoms in the'condehsed phase is physically
unrealistic since this accentuates the forward'scattering peak which is
a consequence of the peripheral collisions of atomic scattering. In

15

the condensed phase, the atom-like potential™™ can be considered to be

truncated near the Wigner-Seitz cell radius To» ana thenphase shift

62 Vill bé negligible for an incident electron wavevector k if £ >> krsé
The scattering factor f(0,E) at a given incident electron energy E, is
approximated by a numbef of terms in the partial wave expansion. In

order té achieve similar accuracy at higher energies, the number of

terms retained must be increased proportionally to Igl.

The forward scattering peak shape and magnitude arrived at in this

way is only a first approximation to the actual angular distribution
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“of forward scattered eleétrons'in a solid, although it well represents
the distribution of the back scattering events. At the present stége u:
of development, LEED calculations are unable to utilize more than four
to eight phase shifts in a practicél calculation due to excessive
computqr time requirements. Since the immediate goal of such .calcula-
tions is to determine the surface structure and not to probe the details
of the interatomic potential, we believe that the use of accurate atomic

scattering factors is justified.
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APPENDIX

Digagreement between the experimental and calculated back scattéring
intensities for liquid lead and bismuth has been noted in the previous
séction, although good agreement exists in the cases of liquid mercury
and tin. Direct comparison of the theoretical séattering infehsities
for atdmic bismuth and the experimental vapor phase scatterihg data
presented in Fig. 1 indicates that the calculated intensities are quite
accurate, although no such expefimental datg are available for lead.

A striking féature_of the liquid bismﬁth data is illustrated in
Fig. 5 where we plot sections corresponding to reflected electron
intensities at constant electron energies from the contour mep of Fig.
3.. A prominent ridge structure showing a maximum intensity for elec-

trons reflected between 155° and 160° from the incident beam direction

persists throughout the energy range. It is doubtful that such an

energy independent structure at a constant emiséion angle can be due

tp electroh;scattering dynamics; It is more likely that this ridge is
of geometrical origin, perhaps being due to specular reflection of the
electron beam from irregulafities (i.e., surface waves) at the liquid

surface.
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FIGURE CAPTIONS

’

Experiméntal differential cross section measurements (dashed

17,18 are compared to calculated atomic scattering

curves)
inteﬁéities |f(9,E)|2(solid curves)8 for Au and Bi at four
incident eleétron energies. The experimental values are
relative measurements are are normalized to the calculated
curves at each energy. |

Electron back scattering intensities from a liquid.tinl3.sur-
face represented as a contour'plot. Incideht electron energy
is plotted along the abscissa and the scattering angle measured
from the direction of the incident beam is plotted along the
ordinate. The fe;ative intensity contours are labeled in
arﬁitfary units. | |

Calcuiated atoﬁic scatfering intensity for ;ow energy elastic

electrons from tin atoms represented as a contour plot for com-

parison with Fig. 2a.

The bottom portion of the figure fepresénts the liquid structuré
factor I(g)lh for 180° back scattered elastic electrons from
liquid bismuth as a function of electron energy. The upper
portion of the figure is taken from Goodman and Somor,jai13 and
is a contoﬁr plot for back reflected electron intensities from
a liquid bismuth su;face similar to Fig. 2a. The sloping
dashed lines in the upper plot represent lines of constant
momgntum transfer lgl vhose values correspond to maxima in the

I(q) curve.

Reflected electron intensity from a liquid bismuth surface as a

&

r
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function of incident electron energy. The three solid curves are
intensities measured at angles of 150°, 160° and 170° from the
direction of the incident beam. The dashed curve shows the

liquid structure factor I(g) for comparison, and is not plotted

‘to the same scale as the solid curves.

Reflected electron intensity from a liquid bismuth surface as a
function of scattering angle for incident electrons at five
energies. The ridge structure in the reflected intensity appear

between 155° and 160° throughout this energy range.
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