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"A comparison of LCW's results for the D line and Ei~ (see
Fig. 2 of Ref. 32) and those given in Table II shows that the
ratio of the intensities of the two pairs of D components for

E~~ is about 6.74, thus giving v~ +3/8. The ambiguity in
the sign of vD is due to the different transitions in Ref. 32
not being identified. A similar comparison for E~ of the four

D components of equal intensity gives u~ 1/6, a value
which is compatible with the intensities of the remaining E~
components and the above value of v~ . A comparison, in a
like manner, of the 6 components in Fig. 2 of LCW gives
the values for uG and vo. It should be noted that if the two
weak G components for E~ were of zero intensity then uo
and ~vc ~

would be exactly 8/9 and 1/3, respectively.
"In reaching these conclusions, it was assumed that D, is of

larger energy than D, although within the experimental error
these appear to have the same linear Zeeman shift.

"It might be noted that the errors in these values of g, and

g, are substantially smaller than those given in Table VIII.
This simply reflects the fact that the most probable errors in
this case are smaller than the difference between the average
E„—E „and each individual E„—E

"If this is a correct representation of the behavior of D4, it is
difficult to understand in view of the prominence of this
component. The accuracy with which the energy of this
component can be determined appears to preclude this
possibility.

"In this calculation the quantities given in Eqs. (9) contain the
values of p' and p~. Since these each lie close to the
idealized case it is assumed that the combination ofg' and

g, obtained here and later are relatively independent of the
values of p

' and p
~ .
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A complete set of intensity-energy spectra as a function of electron energy, crystal temperature, and

incidence angle have been measured for the specular and the first-order nonspecular beams for the

(111) xenon surface. The xenon single crystals were formed by epitaxial deposition onto a (100) iridium

substrate and were of excellent order and purity. The character of the intensity-energy spectra indicated

xenon to be a highly kinematic electron scattering material. Hence the formalism for kinematic

scattering could be applied with confidence to the analysis of electron scattering in xenon and with

specific reference to the surface dependence of the effective Debye temperature and to surface-layer

thermal expansion.

I. INTRODUCTION

Since the inception of low-energy-electron dif-
fraction (LEED) by Davisson and Germer in 192V, '
it has been indicated that LEED would be able in
principle to describe the atomic positions, elec-
tronic structure, and vibrational properties of sur-
faces of single crystals similarly to those of x-ray
diffraction for the bulk. Complete analysis of a
typical LEED spectra, however, has proved to be
a formidable problem because of the occurrence of
multiple scattering associated with the very strong
interaction of the electrons with the atoms. H,e-
cently model calculations in which such events are
considered in terms of formal scattering theory

have shown good agreement with experiment. These
computations are involved and time consuming using
~-4 h of computer time on large computers.
Therefore, the application of such calculations to
the solution of the surface structure and surface
properties of specific electron scattering systems
at the present time does not provide as yet a routine
procedure for structure analysis.

One way of simplifying the problems of a com-
plete multiple scattering analysis is to analyze the
electron scattering data in the kinematic scattering
formalism. This, however, leads to realistic re-
sults only for systems that truly exhibit kinematic
features. For electron scattering from most crys-
talline solids such systems are not typical because
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of the very strong interaction of electrons with
solids as previously indicated. However, if the
scattering conditions are such that the elastic elec-
tron scattering potential is weak, and inelastic pro-
cesses are strong, kinematic scattering can be
realistically usede to define the scattering process.

In the LEED energy range 10-500 eV, inelastic
electron scattering is relatively strong and pri-
marily due to plasmon and electron-hole excitations.
General considerations indicate that it does not vary
by more than a factor of 2 from one material to an-
other. Elastic electron scattering is governed pri-
marily by the ratio of the atomic scattering factor
to the size of the unit cell of the target material.
Since atomic scattering factors do not vary by more
than afactor of 2for mos(elements, the strength of
the elastic scattering from an elemental solid is
primarily dependent on the unit cell size. For this
reason an elemental solid with a very large unit-
cell size is expected to exhibit relatively weak
elastic scattering.

A class of materials conforming to the above con-
siderations, and hence likely to exhibit strong ki-
nematic electron scattering, are the heavier inert-
gas solids xenon, krypton, and argon. The inert-
gas solids are also of particular interest from the
viewpoint of electron scattering because of the
possibility of correlating data on thermal scattering
with published theoretical calculations of surface-
atom mean-square vibration amplitudes obtained
by assuming a Lennard-Jones (6-12) interatomic
potential. '

Of the inert-gas solids, xenon, which possesses
the largest unit cell size, ao = 6. 1V3 A at 55 K, and
hence the smallest elastic scattering, is expected
to exhibit the highest degree of kinematic scatter-
ing. In addition, its relatively low vapor pressure
and high melting point make it most appropriate to
study experimentally. However, the xenon melting
point of 161 K is relatively low and presents some
difficulties in the preparation of single-crystal
samples suitable for experimental study.

The low xenon melting point indicates in situ
epitaxial growth is a promising approach for the
preparation of single-crystal surfaces for LEED
investigation. Several authors have reported
studies relevant to the growth and structure of
inert-gas crystals deposited on substrates. '
Venables and Ball ' have grown xenon crystals
on graphite and observed their nucleation, struc-
ture, and orientation with electron microscopy.
Dickey, Farrell, and Strongin~4 and Farrell, Stron-
gin, and Dickey ' have grown single-crystalline
argon films and xenon and krypton crystals on Nb
(100) and have observed the resulting LEED dif-
fraction patterns and inelastic-loss spectra. How-
ever, ii was not possible for the latter to achieve
a complete LEED intensity analysis for these crys-

tais.
In this study, a systematic investigation of the

LEED spectra from epitaxially grown crystalline
xenon as a function of energy, scattering direction,
and temperature was achieved. In Sec. II, the ex-
perimental apparatus and experimental procedures
are briefly described. The epitaxial growth of
xenon on Ir(100), and the crystal thickness, order,
and purity are covered in Sec. III. Section IV pre-
sents the xenon (111)LEED intensity-energy spec-
tra for the specular and nonspecular beams and de-
scribes the kinematic character of the scattering.
Contributions from thermal scattering are dis-
cussed in Sec. V.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The growth and the study of the xenon single
crystals was performed in an ultra-high-vacuum
(UHV) chamber equipped with LEED gun and four-
grid optics, a glancing-incidence Auger gun, a
mass spectrometer, a low-temperature crystal
manipulator, and a spot photometer. A complete
description of the system has been presented pre-
viously. ' ' '

Routine preparation of high-quality xenon single
crystals and measurement of low-energy-electron
scattering were performed. The main body of ex-
perimental data consisted of plots of the elastically
scattered electron intensity over a range of tem-
perature as a function of incident electron energy
for many different angles of scattering. The elas-
tically scattered intensity is critically dependent
on many factors. Such factors consist of both those
inherent in the electron scattering process at the
surface of the material (e.g. , surface contaminant
effects, surface roughness effects, surface order,
and thermal effects), as well as those dependent on
the instrumental aspects of ihe measurements,
e.g. , control of magnetic and electric fields, de-
termination of sample temperature and orientation,
and monitoring of the diffracted intensity. The lat-
ter procedural factors are those which generally
produce possible errors in the experimental deter-
mination of LEED intensity-energy spectra. In
this study, these factors were very carefully con-
sidered and possible experimental errors are de-
scribed.

Since the intensity-energy spectra were obtained
by the spot-photometer fluorescent-screen method
and normalized electronically in situ to changes in
the incident electron current, the total error in the
measured intensity was determined to be + 5%%uo over
the sampled 10-500 eV energy range of the mea-
surement. This value is a conservative estimate
since for any one xenon crystal, the differences in
the reproducibility of the measured intensities for
different spectra never exceeded 3-4%%up. The angle
of incidence of the intensity-energy spectra was
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reproducible to within +1'. The absolute tempera-
ture of the xenon crystals in the 50-80 K tempera-
ture range used in the study was defined to within
+1 K, while the relative temperature was defined
to within +0.1 'K.

III. XENON CRYSTAL GROWTH, ORDER, AND
COMPOSITION

The xenon single crystals were grown epitaxially
on a carefully prepared and characterized iridium
(100) surface using research-grade xenon gas.
The major contaminant in the xenon gas was kryp-
ton at less than 10 ppm. All other contaminants
were present at less than 2 ppm. The crystals
were grown in a fcc structure with a (111) surface
orientation. The growth procedures and observed
epitaxy of xenon corresponding to the two allotropic
surface structures of the iridium (100) surface
(1 x 1 and 1x 5) have been described previously by
Ignatiev, Jones, and Rhodin. 6

A. Xenon Crystal Thickness

The thickness of the xenon crystals was deter-
mined both from analysis of adsorption isotherm
relationships and by Auger spectroscopy. The
xenon crystals were initially grown at 56 K at a
xenon pressure of 1x10 7 Torr. Upon increasing
the temperature, the xenon background pressure
was likewise incrementally increased to a limiting
value of 2&10" Torr at 74 K. The xenon coverage
on the iridium substrate, i.e. , the xenon crys-
tal thickness, could therefore be determined
from published absorption data for known values of
the equilibrium xenon gas pressure and the absorp-
tion temperature of the crystal. The published
adsorption isotherms are available for xenon ab-
sorption on Pyrex, molybdenum, and tungsten at
90.2 and 77. 3 K. 1~'19 They are of the Dubin-
Radushkevich form, which is somewhat substrate
dependent but relatively temperature independent.
Extrapolation of the isotherms's data to various
adsorption temperatures was therefore readily
achieved. The data on xenon coverage or crystal
thickness obtained in this manner are shown in
Table I. These coverage estimates indicate that,
except for temperatures greater than 72 'K, the
xenon crystal thickness was greater than about
eight monolayers and that over the studied tem-
perature range 50-80 K, the crystals were rela-
tively thick, with a typical thickness of 20 to 30
layers.

The absorption isotherm determinated xenon
coverages were independently checked by monitor-
ing xenon-Auger-peak intensities as a function of
xenon exposure and then correlating the exposure
with coverage. The behavior of four typical xenon
Auger pe~&~ as a function of xenon exposure is
shown in Fig. 1. The exposure in Langmuirs was

TABLE I. Xenon crystal thickness in specific tem-
perature and xenon gas background pressure ranges used
in the experiment. The thickness was deduced from
xenon adsorption isotherms of Refs. 17 and 18.

Temp. range
('K)

55-50

60-64

64-70

70-74

Background
pressure

(Torr)

1 x 10"7

5x10 7

1 x 1O-'

3x 10~

P /Po

0.3-0.03

0.2-0.03

0.05-0.005

0.02-0.004

Thickness
(monolayers Xe)

50-18

40-18

20-8

15-6

determined from ion gage measurements that were
calibrated for the xenon ionization cross section. 20

(One Langmuir corresponds to 1x10 Torr of gas
for 1 sec and the abbreviation is L. ) The calibration
of exposure to coverage was determined from the
observed 3x 5 diffraction pattern during the initial
stages of xenon crystal growth on the iridium (100)
lx5 surface. 6 Formation of the 3X5 pattern was
very sensitive to xenon exposure in that the fea-
tures of the LEED pattern noticeably altered for an
exposure different from the optimum 0.8 L by as
little as = 0.25 L. The proposed interpretation of
the 3x 5 LEED structure corresponded to a xenon
surface coverage of approximately 0.2 monolayers.
When correlated with the 0.8-L exposure this
yielded the relationship that a xenon monolayer was
equivalent to approximately 4 L or 6.9 x10' atoms/
cm . This result compares very well with the
(111)xenon monolayer concentration of 6. 1x 10~4

atoms/cm2, and gives support to the exposure-
coverage correlation. This calibration based on
Auger electron emission, however, is valid only
in the linear region of the Auger electron intensity
versus exposure curve since it is in this region
that the xenon sticking probability is unity. It is
seen from Fig. 1 that this linear region extends to
a coverage of about two monolayers. Above this
linear region, both the low- and high-energy peaks
tend to approach limiting values corresponding to
infinite exposure, i.e. the xenon crystal surface in
equilibrium with the xenon background pressure.
The low- and high-energy peaks do however show
quite different behavior with exposure to xenon gas.

The diminishing rate at which the high-energy
peaks increased is the more predicted behavior and
is indicative of the fact that the sticking probability
is decreasing with increasing coverage. The change
with exposure is not only dependent on the change in
sticking probability, but also includes the effect of
the incident beam exciting more xenon atoms as
the coverage increases with fewer Auger electrons
escaping because of their constant extinction dis-
tance X, . A calculation of the dependence of the
Auger electron intensity in terms of the above fac-
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FIG. j.. Peak-to-peak heights of four xenon Auger
electron peaks in the dN(E)/dE vs E spectrum as a func-
tion of xenon exposure. The limiting values at very
large exposures are indicated by the horitoyit~& lines.

tors yields an exposure-coverage calibration valid
beyond the linear region. This indicates that limit-
ing values of the Auger signals correspond to a
xenon coverage of 10-20 layers. This result is in
good agreement with the coverage determinations
obtained from the extrapolated gas adsorption iso-
therms described previously.

The low-energy xenon-Auger-peak intensities,
however, exhibit a different dependence on coverage
in that they exhibited a maximum value at approxi-
mately 1.8 monolayers xenon coverage. This can
be interpreted ' in terms of the dependence of the
iridium-Auger-peak intensities on xenon coverage
resulting from the excitation of the low-energy
xenon Auger transitions in the xenon-iridium inter-
face region by iridium Auger electrons of sufficient
ionization energy: 155, 163, and 173 eV. This
secondary ionization initially increased the low-
energy xenon Auger electron intensity. As the
thickness of the xenon layer increases, however,
the xenon Auger electrons created principally at
the xenon-iridium boundary are increasingly
damped. Such a behavior can be shown to produce
a peak in the low-energy xenon Auger electron in-
tensity data as a function of coverage.

8. Xenon Crystal Order

The two-dimensional order of the xenon crystals
grown by vapor deposition was deduced from the
diffraction spot sizes. In this analysis it was con-
sidered that the iridium substrate was free of im-
perfections, i.e. , the iridium grain size was much
larger that the coherence length of the incident
electron beam (100-500 A). This is realistic since
the average grain size of carefully grown well-an-
nealed films of fcc single crystals are typically 1

I 0-
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Ir (600)

tfJ
C
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CLP~ 0.5—
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0
p

I I

I 2

FIG. 2. Spot-photometer scans of the (00) beam in A

space for iridium and xenon. Note the wider half-width
for the xenon scan. The value P is the angle subtended
as seen from the crystal.

mm or more. ' The difference in spot size be-
tween the xenon and iridium diffraction spots could
therefore be used to measure the xenon crystal two-
dimensional order. Figure 2 shows a compari-
son of scans of the (00) spot intensities as a func-
tion of position in k space of a xenon crystal grown
on a I x 5 Ir (100) surf ace and the I x 5 Ir (100) sur-
face itself. The difference in half-height peak
widths indicates that the xenon crystal surface
consisted of grains with a typical size of approxi-
mately 450A in diameter. This grain size is the
order of the incident beam coherence length and
indicates that the surface disorder present at the
grain boundaries is not likely to affect seriously
the coherent scattering of the incident beam. The
best-ordered xenon crystals were grown on the
1x 5 Ir(100) and therefore all subsequent data are
presented for this specific substrate.

C. Xenon Crystal Composition

The purity of the grown xenon crystals was
monitored using glancing angle excitation high-
sensitivity Auger electron spectroscopy. The
Auger spectrum for xenon is shown in Fig. 3. All
peaks observed in the spectrum can be indexed as
xenon Auger peaks with no ambiguity in identifica-
tion with any possible impurity peaks. The ab-
sence of impurities observed at the Auger detec-
tion limit (better than 1% of a monolayer) could be
due to electron-stimulated desorption (ESD).~4

The effect of this process on the detection of im-
purities adsorbed from the residual gas in the
chamber was checked. It was concluded that the
adsorption of impurity gas atoms on the xenon
surface was negligible and hence did not influence
the interpretation of the scattering measurements.
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FIG. 3. Auger spectrum of crystalline xenon. All the
observed peaks are documented xenon peaks.

IV. ENERGY DEPENDENCE OF LEED INTENSITY-
ENERGY SPECTRA

Spectra of the elastically scattered intensity as
a function of incident electron energy and angle
were taken for the specularly reflected (00) beam
and the nonspecular (10), (OT), (11), and (1T)
beams in order to deduce information about the
atomic structure of the xenon single-crystal films
and to obtain information on the effect of energy
and temperature on the mechanisms for electron
scattering in xenon.

A. Intensity-Energy Spectra

The intensity-energy spectrum of the specularly
reflected beam of xenon (111)is shown in Fig. 4.
It should be noted that this spectrum is quite dif-
ferent from most LEED spectra6 in that (a) there
is one and only one peak for every expected Bragg re-
flection, (b} deviation from the Bragg positions
after a correction for a constant inner potenital is very
small (less than 1 eV), (c) the peaks have simple
I orenzian shapes, and (d) secondary structures
are almost completely absent. The combination of
these points defines a spectrum strongly charac-
terized by kinematic scattering. This kind of scat-
tering is very amenable to meaningful theoretical
analysis in terms of the real parameters of the
scattering system.

An interpretation for the observed kinematic
scattering from crystalline xenon has been pre-
sented by Ignatjevs, Pendry, and Rhodin. It is
based on the proposal that because of the very
large unit-cell size of crystalline xenon, which is
about ten times larger than most metals, the elas-
tic scattering is so weak that in conjunction with
relatively strong inelastic scattering, multiple
scattering events are so strongly reduced that the
spectra are essentially dominated by kinematic
scattering.
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FIG. 4. Xenon (111) intensity-energy spectrum of the
(00) beam at 6' from normal incidence en~ 58'K The
Bragg-peak positions are noted after a constant 8-eV in-
ner-potential correction. The spectrum is corrected for
contact potential difference by a constant 4-eV shift to
higher energies.

In addition to the above-noted conditions for
stipulating the dominance of kinematic scattering,
it should also be true that no splitting or erratic
shifting of the Bragg peaks occur at higher angles
of incidence. This condition is well satisfied for
scattering from crystalline xenon, as shown in
Fig. 5. Most of the Bragg peaks above approxi-
mately 30 eV remain relatively simple at most of
the angles of incidence studied and only at 17.5'
do lower-order fourth and fifth Bragg peaks show
any splitting. The relative Bragg-peak intensities
for xenon above 30 eV also generally behave as ex-
pected for a kinematic scatterer in that they reflect
the dependence of the xenon scattering factor on
scattering angle. The intensity of the seventh-
order Bragg peak (143 eV}, however, changes quite
markedly over. the 5-17.5' range of incidence
angle. This is attributed to the possibility that a
very small multiple scattering resonance may be
present in the 140-eV energy region. The over-
all behavior of the (00) beam intensity-energy spec-
tra as a function of angle of incidence further
strengthens the assumed kinematic nature of the
electron scattering.

The intensity-energy spectra of the first-order
nonspecular beams have also been measured. They
show the same highly kinematic behavior as stated
above for the specularly reflected beam. Spectra
of the (Tl), (TO), and (01) beams at normal inci-
dence are shown for comparison in Fig. 6. It is
seen that the spectra are essentially identical, in-
dicating minimal extraneous magnetic field effects
on the electron beam. The structures in the spec-
tra are easily and unambiguously identifiable as
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FIG. 5. Xenon intensity-energy spectra of the (00) beam over a range of the angle of incidence at 58'K. The spectra
are shifted 4 eV to higher energies to correct for contact potential difference.

Bragg scattering with little or no additional struc-
ture above 40 eV. The maindifferences in thespec-
tra occur in the 40-eV region in the form of peak
shifts among spectra, and in the 120-140-eV region
where noticeable decreases in the (775) and (886)
Bragg peaks are observed in the (10) and (01) spec-
tra. It should be noted that this decrease in inten-
sity in the 140-eV region is probably due to the
change of azimuthal angle between the (10), (01)
and the (11), (1T) beams and may be attributed to
a minimal amount of multiple scattering. This re-
gion of nonkinematiclike behavior curiously falls in
the same energy range as that of the observed non-
kinematic behavior in the specular beam. The dou-
ble-peak nature of the nonspecular spectra is due
to the possibility that the fcc lattice may be built up
on the first (111)-type layer of xenon in two differ-
ent ways with consequential mixing of the (nmm)
and (nnm) families of Bragg peaks in each lowest-
order nonspecular beam.

Nonspecular beam spectra were also taken at dif-
ferent angles of incidence of the electron beam
where the angle of incidence was varied along a

nonsymmetry direction, g= —22', of the (111)sur-
face. Figure 7 shows the large variation of peak
intensities upon changing the angle of incidence
from normal incidence to 5'. The peaks however
do not split and no new peaks are observed up to a
15 angle of incidence. It should be noted that in
measuring nonspecular beam spectra, the Bragg
scattering angle e~, is different for each peak in
the spectra. The change in the nonspecular Bragg-
peak intensities with changing incidence angle may
therefore be a consequence of changing Bragg scat-
tering angle. Figure 8 shows the variation of the
intensity of the (11)beam with the angle of inci-
dence. The Bragg scattering angle is noted above
each Bragg peak. It is seen that there is a general
trend of decreasing peak intensities with increasing
scattering angle. This trend is consistent with the
behavior of the xenon scattering factor with angle.
There is again, however, some irregular behavior
in the 120-140-eV region, probably because of
some multiple scattering. In addition, it is ob-
served that for most peaks in the 8=10 scan, the
scattering angles are all within-1. 5, i.e. , the
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5' incidence. The Bragg-peak positions are noted after
including an 8-eV inner-potential correction. The spec-
tra are corrected for contact potential difference by a
constant 4-eV shift to higher energies.

The xenon lattice parameter was determined from
Bragg-peak positions in the (00) beam spectra.
The derived result of a0=6. 17+0.01 A at 55'K is
in excellent agreement with the x-ray determina-
tion of co =6.173 A. An inner-potential correction
was, however, needed to correlate experimental
peak positions with values calculated using a tem-
perature-dependent lattice parameter. An addi-
tional correction for the contact potential differ-
ence (CPD) between the xenon crystal and the elec-
tron-gun filament was included. A CPD of 4 eV
was deduced from xenon band-structure calcula-
tions~ and from the work function of the electron-
gun cathode. Consequently all intensity-energy
spectra, are corrected for the CPD by a constant
4-eV shift to higher energies. The variations of
the xenon inner-potential correction as a function

spectrum may be roughly considered as being taken
at a constant scattering angle. The systematically
decreasing character of the intensities with energy
in this spectrum is a direct result of the general
highly kinematic behavior of electron scattering
from xenon.

8. Xenon Inner Potential

C. Bragg-Peak Half-W'dths-Electron Damping in Xenon

In a simple scattering system, the Bragg-peak
widths are determined essentially by the electron
lifetime broadening. Hence the inelastic scatter-
ing potential V& can be related to the Bragg-peak
half-width 4E by

(i

For xenon, a highly kinematic scattering system,
Eq. (1) can be used to determine the xenon inelas-
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FIG. 7. Xenon intensity-energy spectra of the (1Q,
(01}, (10), and (11) beams at 5' from normal incidence
and 60'K. The spectra are corrected for contact poten-
tial difference.

of electron enexgy is shown in Fig. S for both the
syecular and nonspecular beams. It is observed
that the inner potential has a peculiar diy at 140
eV. It was previously pointed out that peak inten-
sity variations in this same energy region may be
due to the presence of a relatively small amount of
multiple scattering. It is quite possible that such
multiple scattering contributions could shift Bragg
peaks and result in the observed fluctuation in the
inner potential.

Theoretical yredictions of the inner potential in
low-energy electron scattering' 7 do not agree
with the character of the xenon experimental ob-
servations. There is reason to believe that the
differences are probably due more to the approxi-
mations in the analyses than to the interpretation
of the experimental data.
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tic scattering for the observed peak widths. Fig-
ure 10 shows that the experimental peak widths in-
crease with increasing electron energy for xenon.
The electron penetration depth or extinction dis-
tance X, can be derived from the inelastic scatter-
ing potential according to the expression
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Using the observed Bragg-peak widths to deter-
mine the inelastic scattering potential however
leads to the implausible conclusion that the elec-
tron penetration depth is essentially constant with
electron energy up to 500 eV. It is concluded
therefore that the peak widths at the higher ener-
gies above 200 eV axe not a simple reflection of the
xenon inelastic scattering potential V&.

The magnitude of the xenon inelastic scattering
potential cox responding to certain specific electron
energies was investigated independently by monitor-
ing the iridium Auger electron damping in xenon.
The decrease in intensity of two strong iridium
Auger peaks was monitored as a function of xenon

Q
0 IOO 200 300

Electron energy {eV)
400

FIG. 9. Energy dependence of the inner potential for
the specular and nonspecular beams.

coverage. This yielded electron extinction dis-
tances of approximately 5. 5hat 55 eV and 11.5 A
at 163 eV. The reliability of these results depends
on the assumption that the xenon films are formed
in uniform layers, e.g. , the xenon atoms do not
cluster upon adsorption, but spread themselves
evenly in every layer. This has been shown to be
the case for inert-gas atoms adsorbed on metallic
substrates, hence it is concluded that the damping
interpretations deduced for the measurement of the
penetration of iridium electrons through the xenon
films are valid. The xenon inelastic scattering po-
tential obtained from the damping measurements
was 2. 6+0. 3 eV at 55 eV, and 2. 0+0.3 eV at 163
eV. These values of the scattering potential are
also shown in Fig. 10. It is seen that the inelastic
scattering potential obtained from the Bragg-peak
half-widths compares well with those deduced from
the iridium Auger electron damping at electron en-
ergies up to approximately 200 eV. The Auger
electron damping measurements are a mox'e reli-

O.O I

0 I

50
l l I

lO0 I 50 200

Electron energy {eV)

I

250

FIG. 8. Xenon intensity-energy spectra for the (11)
beam at 0', 5'„and 10' from normal incidence. The ef-
fective scattering angle ~~ is noted above each peak at
each angle of incidence. The behavior of the peak inten-
sities with scattering angle is compared with that of the
scattering factor with scattering angle.

I

I00 200 300
Electron energy (eV)

FIG. 10. Xenon inelastic scattering potential deter-
mined from the Bragg-peak half-widths (bars), fxom irid-
ium Auger electron damping (crosses), and the trend of
the dependence as suggested by Lundqvist (Ref. 5) (dashed
line).
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able indication of X, than the half-width measuxe-
ments, since the former directly measure the xenon
inelastic scattering potexltlRl. The divergence of
the Bragg-peak half-width data at high energies can
be due to the occurrence of some multiple scatter-
ing. It is sufficient to note here that no definite as-
sertion as to the role of multiple scattering in the
high-energy range can be made until a complete
theoretical calculation based on the multiple scat-
tering formalism is made for xenon.

V. TEMPERATURE DEPENDENCE OF LEED INTENSn Y-
ENERGY SPECTRA

A. Lattice Vibrations-Debye-%aller Factor

In addition to the variation of the scattered elec-
tron intensity with energy, a systematic depen-
dence of the scattered intensity on temperatuxe is
also observed. This temperature effect can be ex-
pressed for the (00) beam in the kinematic scatter-
ing formalism, where the scattered intensity in the
presence of thermal vibration of the lattice is

(I)=I„e- (l+q'(u, ')+-'. q'(u', )+ ~ .),
I=-q (u )

q=]k, -k,'[ . (5)

The angular brackets ( ) denote a thermal average
and (u~s) is the mean-square vibrational amplitude
of the atoms in the s direction (normal to the sur-
face).

The first term in Eg. (3) is the Bragg-scattered
intensity term modified by e~. The second term
is the contribution to the scattered intensity from
one-phonon scattering processes. The third term
is the contribution to the intensity from two-pho-
non scattering processes, etc.

Focussing attention on the first term of Eg. (3),
one sees that the intensities of the Bragg peaks are
modified by a factor of e, with the lost intensity
redistributing itself through k space among one-
yhonon, two-yhonon, and multiphonon scattering
contributions. The temperature dependence of
the first term is therefore that of the exponent M,
or the atomic mean-square vibration amplitudes.
The term (u~) can be easily evaluated in the high-
temperature limit T&SIP/2v, ~

(u~g) = M'T/mP, e~
whex'8 M is the mass of the atom Rnd eg) is the
Debye temperature. The first term in Eq. (3) (the
modified Bragg-scattered term} can therefore be
written as

10.58 sin 8
loggo I= j p T+ const

m, ym, Ate~

where E, the energy of the electron, is

E= (a'/2m, }~k~'

and 8 is the angle of incidence of the electx'on beam.
From Eq. (f) it is seen that for a kinematic

scattering system, the logarithm of the intensity
decreases with increasing texnperature and with in-
creasing electron energy and is inversely propor-
tional to the squaxe of the Debye temperature of the
material. Since low-energy-electron scattering
probes the surface layexs of a material, the scat-
tered intensity will be a function of the surface
Debye temperature. Therefore, the surface or ef-
fective Debye temperature can be obtained from ob-
servations of the logarithmic behavior of the
Bragg-peak intensities with temperatu. re. For a
kinematical scattering system, it is also possible
to derive the mean-square vibrational amplitudes
yex atomic layer of the crystal from analysis of
these data. Such measurements provide a unique
opportunity to obtain information on the force laws
and interaction potential specific to the surface
layers of the crystal.

There have been many attempts to interpret tem-
perature effects at surfaces of solid crystals using
LEED since the initial work of Germer and Mac-
RR8 %ebb Rnd co-wox'kex's made cRreful
measurements on the silver and nickel systems.
Lyon and Somorjai observed thermal scattering
in platinum. Tabor, %ilson, Rnd Bastow ' have
studied the chromium and molybdenum systexns.
Quinto, Holland, and Robertson worked on alumi-
num and others ~ have studied copper, palladium,
lead, niobium, zinc, bismuth, and iridium. All
of these studies were done on metallic crystals.
The surface Debye-temperatures were computed
assuming a kinematic scattering model. In addi-
tion, in almost all ca.ses the rather questionable
assumption was made that only the top surface
layer exhibited a Debye temperature (or mean-
sguare vibration amplitude) different from that of
the bulk.

The former assumption appears doubtful since
multiple scattering is known to make a very stx'ong
contribution to both peak positions and intensities
in the LEED spectra of metaQic systems. Some
recent LEED calculations43'44 of effective Debye
temperatures for metallic surfaces based on dy-
namical models have shown a logarithmic depen-
dence of intensity with temperature. However, the
significance of these calculations is not settled.
There appears to be no defined basis at this time
to determine the limits of valid applicability of the
kinematic analysis of the temperature dependence
for highly dynamic scattering systems. With x ef-
exence to the latter assumption, although an ef-
fective surface Debye temperature can be readily
obtained fx'om the measured temperature depen-
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FIG. 11. Xenon {111)intensity-energy spectra of the
{00)beam as a function of temperature taken at 5' away
from normal incidence. The background-intensity cor-
rections are shown as solid lines.

dence of the intensity of a given peak, the assump-
tion that it can be simply related to the mean-,
square vibration amplitude of a single surface
layer is questionable. Model calculations have
shown, ' and it is physically more realistic to
consider, that there is a gradual and discrete vari-
ation of the atomic mean-square vibration ampli-
tudes from the top surface layer to the bulk. These
considerations are developed more quantitatively
for noble-gas crystals in the following paper. '~

B. Intensity-Energy Spectra as a Function of Temperature

Figure 11 shows a series of intensity-energy
spectra for the (00) beam of xenon (111)taken as
a function of temperature. The most consistent
data were obtained by growing the xenon single
crystals at approximately 55 'K, heating the crys-
tals to approximately 73 'K to anneal them and then
first decreasing and then increasing the tempera-
ture to get successive intensity-energy spectra of
the (00) beam at various intermediate tempera-
tures. The annealing was necessary to achieve
well-ordered single-crystal films, and often pro-
duced a 10-15% increase of the peak intensities.
The total time needed for a "run, " i.e. , the time

interval needed to go from -73 to - 55 'K, includiag
taking intensity-energy spectra at usually five dif-
ferent temperatures over the range, was about
1.5h. The crystalwas typically heldateachspecif-
ic temperature for between 5 and 1Q min before
the spectra were taken. On most occasions, two
or three different runs would be made on each
crystal, (run 1) temperature decreasing, (run 2)
temperature increasing, and (run 3) temperature
decreasing. The Bragg-peak intensities for these
runs for any one xenon crystal matched to within
3%. Since it has been observed that peak inten-
sities can change by up to 20% for surface contami-
nations of as low as 0.1 monolayers, the' observed
maximum 3% variation further supports the Auger
spectroscopic observation that there was negligible
adsorption of impurities on the xenon surface over
the 3-4 h period of investigation.

Before Bragg-peak intensities could be deter-
mined from the intensity-energy spectra, a sys-
tematic subtraction of the background intensity had
to be undertaken. The background intensity is de-
fined as that intensity which is dependent only on
the scattering angle. It is due mainly to two fac-
tors: (a) intensity scattered from noncoherently
scattering structures, and (b) intensity scattered
from the excitation of phonons. The background
intensity was obtained by taking scans of the elas-
tically scattered intensity as a function of scat-
tering angle 2e for several angles of incidence, as
proposed by I agally and Webb. The resulting
background-intensity corrections are shown as
smooth lines in Fig. 11.

It must be realized that in addition to taking into
consideration the background-intensity contribution
partially consisting of multiphonon scattered inten-
sity, the intensity contributions from one-, two-,
etc. , phonon processes should also be taken into
account. An effort was made to eliminate such
contributions from the measurement by stopping
down the aperture of the spot photometer used to
photometrically record the intensity data to 0.8'
as subtended from the crystal. As a result, inten-
sity due to phonon scattering for phonons of IjI

& BJ'40 at VO eV, where B, is the Brillouin-zone
boundary, was not measured. Of the remaining
possible small I q I phonon scattered intensity,
single-phonon scattering processes will be most
dominant. '~ These will, therefore, be the primary
possible contributions to the collected Bragg-peak
intensity. It is observed, however, that single
contributions are not evident below an acceptance
angle of -2' for the xenon (444) Bragg peak and-0.8 to 1.0' for the (888) Bragg peak. ~' Such con-
tributions, which do not have a simple logarithmic
behavior with temperature, will therefore not be
integrated into the Bragg-peak intensities, at least
up to the eighth-order Bragg peaks and hence will
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not affect the measured effective Debye tempera-
ture.

The Bragg-peak intensities needed for the log&g
vs T plot and measured under the above conditons
can therefore be directly obtained from the spec-
tra illustrated in Fig. 11 after subtraction of the
background-intensity contributions. A total of 39
peak intensity vs temperature points were taken
for the fourth through ninth 8ragg peaks and ten
points were taken for the tenth through twelfth
Bragg peaks over the temperature range 55-75 'K.
These data were taken for five specific xenon
crystals and a total of ten separate runs. These
data are summarized in Fig. 12. The amount of
scatter in the points is due primarily to measure-
ments from several different crystals. This was
needed, however, to achieve a full representation
of the temperature dependence of the scattered in-
tensities over the complete 55-75 'K temperature
range. Although this 20 'K temperature range is
rather small on an absolute scale, it corresponds
to a temperature variation of approximately 30%
of the xenon bulk Debye temperature at absolute
zero temperature and is characterized by minimum
Bragg-peak intensity variations of 40%.

Least-squares-fit straight lines were fitted to
the log„I vs T points. The values of the effective
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TABLE II. Experimentally derived effective Debye
temperatures for xenon as a function of Bragg-peak order
number.
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Debye temperatures and the error in their deter-
mination, given in Table II, were derived from
the slopes and the mean deviation of the slopes of
the constructed straight lines. Straight lines were
fitted to the data on the assumption that the xenon
effective Debye temperatures would not change
drastically with temperature over the temperature
range used. The likelihood of this possible tem-
perature dependence being significant was, how-
ever, investigated, with the result that a maximum
4/o change of the effective Debye temperature with
temperature was observed. This minimal variation
justifies the practice of fitting straight lines to the
points over the complete temperature range.

The energy dependence of the determined effec-
tive Debye temperature is more readily seen in
Fig. 13. It should be noticed that the effective
Debye temperature is smaller at the lower en-
ergies. This indicates that the outer layers vi-
brate with larger mean-square vibration ampli-
tudes than inner layers and that at low energies
the incident electrons sample mainly top surface
layers. It should also be noticed that the effective

0—
30—

-05—
50 55 60 65

Temperature ('K)
70

FIG. 12. Least-squares-fit lines to the data of the
Bragg-peak intensities as a function of temperature.

IOO 200 300
Electron energy (eV)

I

400

FIG. 13. Effecbve Debye temperature for xenon as a
function of energy determined from the slopes of the
straight lines of Fig. 12.
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Debye temperature levels off at higher energies.
The limiting value of -43 'K, however, is below
the heat capacity deduced bulk Debye-temperature
of - 56 'K for the temperature range used. This
difference is not unexpected since diffraction mea-
surements of the bulk Debye temperature and
specific heat measurements do not sample the
same types of modes in the phonon density of
states and therefore would not necessarily be ex-
pected to yield equivalent values for the bulk Debye
temperature. There are, however, no equivalent
values of the xenon bulk Debye temperature avail-
able for comparison derived from diffraction mea-
surements.

C. Xenon Thermal Expansion

An additional interesting point in the behavior of
the intensity-energy spectra with temperature is
the effect of temperature on the Bragg-peak posi-
tions. Since the xenon spectra are highly kinemat-
ic in character, the temperature dependence of
the displacement of the Bragg peaks can be readily
interpreted within the kinematic framework.
Hence, shifts in the Bragg peak positions with
temperature are simply related to changes in the
xenon (ill) interlayer d spacing, that is, changes
due to the thermal expansion of the surface layers.

In a kinematic scattering system, the thermal
expansion coefficient is defined by

1 dE~,0=-2E (9)
Bg

where E~g is the Bragg energy. Plots of the
Bragg-peak energy as a function of temperature
were taken to obtain the variation of e with energy
(Fig. 14). It is seen in Fig. 14 that a is essen-
tially equal to the bulk value at energies greater
than approximately 350 eV, and that it increases
smoothly to about four to five times the bulk val-
ue at 20-40 eV. The large increase at the low en-
ergies indicates that the uppermost layers of the
xenon crystal have thermal expansion coefficients
significantly larger than that of the bulk. However,
the value associated with the low-energy (20 eV)
electrons is an average coefficient of expansion
representative of all layers sampled. Because of
the decreased penetration depth X., at the lower en-
ergies, the 20-eV electrons sample the uppermost
layers more heavily than the higher-energy elec-,
trons. The a of the top layer has to be deconvoluted
from the contributions of the rest of the layers
to the observed coefficient of expansion. It can be
assumed however, that the observed o at a certain
energy corresponding to a specific penetration
depth is a lower bound on the coefficient of expan-
sion of the layer corresponding to that depth.

For example, for 22-eV electrons (from Sec.
IV C) k.,= 1.2 layers, therefore the coefficient of
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FIG. 14. Coefficient of thermal expansion at as de-
rived from the linear behavior of the Bragg-peak positions
as a function of temperature.

+surface roaioa
Ve V ~

+hulk

This is a factor of 2, if not more, lower than the
observed value and may be due to some contribu-
tions that may be overlooked in the computational
model.

Although the above observations indicate that
the surface layers expand more than the bulk
layers, they do not indicate whether the surface
layer (or layers) may be initially expanded or con-
tracted with respect to the bulk. The measure-
ment of the xenon inner-potential correction does,
however, clarify this point. Since the scattering
from xenon is highly kinematic in nature, the as-
sumption that there are very few or essentially no
multiple scattering contributions to the xenon
Bragg-peak positions is quite realistic. The mea-
sured inner-potential correction is therefore a
function of the actual xenon inner potential and
possible contributions to peak positions from sur-

facee-layer

expansion.
The xenon inner-potential correction shown in

Fig. 9 indicates a decreasing value atlow energies.
This is contrary to model inner-potential calcula-
tions, ' but is consistent with a proposed surface-
layer expansion of the xenon crystal. The de-
creasing inner-potential correction indicates that

expansion observed in the direction normal to the
surface at 23 eV can be considered to be the lower
bound on the value of e for the top surface layer.
Thus~

+surface lavar ~ 4 p

+'bulk

Recent calculations4 ' of the surface thermal
expansion coefficient, assuming a proportional
to the specific heat with the surface atoms as sim-
ple harmonic oscillators, have shown
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the lattice parameter normal to the surface used to
determine the correction is too small at the low
energies. Thus the surface layers of the xenon
crystal, sampled more heavily by the electrons
in the low-energy range because of decreased
penetration, are expanded more than the bulk.

The above suggestion was quantitatively checked
by monitoring the temperature dependence of the
inner-potential correction. It is seen from Fig.
15 that at above approximately 200 eV, the inner-
potential correction is essentially temperature in-
dependent. Since the observed thermal expansion
at these energies is that of the bulk, this was cor-
rected by using a temperature-dependent bulk lat-
tice constant to determine the inner-potential cor-
rection. The temperature-independent behavior,
therefore, indicates a temperature-independent
inner-potential contribution to the xenon inner-
potential corrections. At the low energies, how-
ever, a lower value for the inner-potential cor-
rection is observed at 56 'K than at 65 'K. This
behavior is consistent with the previous thermal
expansion measurements. At 23 eV, Fig. 15 in-
dicates a thermal expansion of approximately 1.2%
for the 65 'K data over that at 56 'K. For the
same energy and temperature interval, the thermal
expansion data of Fig. 14 yield a 1% expansion.
This correlation indicates that the xenon Bragg-
peak positions at low energies are particularly
sensitive to the spacing of the surface layers.
The low-energy deviation of the inner-potential
correction from the near constant mid-energy-
range of 8 eV is therefore taken to be due primar-
ily to relaxation of the xenon crystal surface layers.
This relaxation is in the form of a surface expan-
sion of about 5.7% as measured at 23 eV and 2%
at 45 eV. Again, because of the depth averaging
of the electrons, the 5.7% expansion measured at
23 eV is at least a lower bound on the degree of
relaxation of the top surface layer. Model calcu-
lations of the surface-layer relaxation predicting
a 4% top surface-layer expansion are in good agree.
ment with these observations.

VI. DISCUSSION AND CONCLUSION

The temperature and energy dependence of low-
energy electron scattering from a xenon single-
crystal surface is presented here. The xenon
crystals were formed with a (111)surface orienta-
tion and were of very good order and purity. The
outstanding feature of the surfaces from an experi-
mental viewpoint is that kinematic scattering is
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FIG. 15. Temperature dependence of the xenon inner-
potential showing (for lower energies) a higher inner-
potential correction at higher temperatures indicative of
surface-layer expansion.

the dominant scattering process for low-energy
electrons. This feature makes it possible to obtain
critical observation and analysis of electron scat-
tering properties in the kinematic scattering for-
malism. From this viewpoint, analyses of the
xenon effective Debye temperature and the thermal
expansion of xenon are presented.

A more complete analysis of electron scattering
based on the kinematic formalism is presented in
the following paper, which includes the compari-
son of the xenon effective Debye temperature to
surface atom mean-square vibration amplitude
calculations previously predicted by Allen and De-
Wette ' and by Allen, DeWette, and Rahman and
the extraction of electron damping in solid xenon.

In conclusion, single-crystal xenon has been
found to provide a unique kinematic scattering
system for low-energy electron scattering. For
such a system, because of its amenability to anal-
ysis, a more complete interpretation of the sur-
face lattice dynamics at the surface of inert-gas
crystals can be achieved.
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The surface-vibration properties of solid xenon are investigated by low-energy-electron diffraction.
Using no adjustable parameters, calculated layer-dependent mean-square vibration amplitudes and
scattering factors of solid xenon are used to determine the surface Debye temperature of the xenon

(111) face. The magnitude of inelastic electron damping as a function of incident electron energy in
solid xenon is also determined. Results of the calculation are compared with experimental measurements
for a range of energies from 0 to 400 eU.

I. INTRODUCTION

The study of vibrational modes at surfaces of sol-
ids is one of considerable current interest both ex-

perimentally and theoretically. Such studies are
related to the understanding of the local configura-
tion and interaction potential of ion cores at sur-
faces. At surfaces of solids, both the microscopic


