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Crystalline Xenon —A Kinematic Low-Energy Electron-Diffraction Spectrum
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Intensity-energy low-energy electrondiffraction spectra of a clean xenon single-crys-
tal surface have been measured for the first time, and show almost no secondary struc-
ture. A theoretical explanation is given based on the large atomic volume of xenon, and
the short extinction distance (of about 5 A) at 100 eV.

In measuring the intensities of electrons elas-
tically scattered from crystal surfaces many
more peaks are seen than can be explained by
simple Bragg reflection. Calculations for strong-
scattering atoms' ' show that the additional struc-
ture can be caused by multiple scattering. Real-
istic calculations of the atomic potential'' and in-
elastic scattering' show that part of the elastic
scattering (that which occurs in the forward di-
rection) is of the same order as, or larger than,
the inelastic scattering, and hence the electron
is forward scattered several times before it is
removed by inelastic scattering, or backseat-
tered out of the crystal. ' Whereas this course of
events can be accounted for by several current
theories, '' all these theories require as input
several parameters for the crystal and its sur-
face, e.g. , the scattering potential. Further the
theories are nonlinear in these parameters which
makes direct inversion of the problem impossi-
ble. One can only proceed by successively refin-
ing guesses: a difficult process with the number
of parameters essential to a calculation of a low-

energy electron-diffraction (LEED) spectrum
(there are, for example, at least four or five
phase shifts required to give an accurate picture
of the elastic potential alone). On the other hand,
if it were possible to find a material whose spec-
trum is adequately described by kinematic theo-
ry, the reflected amplitudes would become lin-
early dependent on many of the parameters, and

inversion becomes a simple process. We claim
to have found just such a system in xenon single-
crystal films at low temperatures.

Several authors have reported studies relevant
to the growth and structure of inert gas crystals
deposited on substrates. ' ' In this study well-
defined LEED patterns were obtained from thick
epitaxial xenon single-crystal films (Fig. 1) and

for the first time, reproducible intensity-energy
spectra and Auger spectra were measured. Ex-
perimental details indicating the conditions under
which well-ordered contamination-free crystals
were produced, and surface composition moni-
tored by Auger spectroscopy, are reported else-
where. ~' An intensity-energy curve taken from
a xenon crystal grown on a clean well-ordered
iridium (100) surface is shown in Fig. 2. The an-
gle of incidence is 5. 5 away from normal inci-
dence, and the temperature is 40'K. Above 25
eV (a) the peaks have a simple Lorentzian shape,
(b) there is one and only one peak for every
Bragg reflection expected, (c) deviation from
the Bragg positions after correction for a con-
stant inner potential is very small, less than a
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FIG. 1. LEED pattern from crystalline xenon, (111)
surface, at 88.5-V incident energy and 40 K. It shows
the four-domain structure obtained by growing xenon on
a clean iridium (100) surface.

FIG. 2. Normalized intensity-energy curve for crys-
talline xenon taken at 5.5' away from normal incidence,
the temperature being 40 K. Dots show the result of a
kinematic calculation using a constant inner potential
of 10.0 eU.
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volt, (d) secondary structure is discernable, but

only just, and (e) spectra taken at greater angles
of incidence show no tendency for the peaks to
split. Thus, above 25 eV all the usual conditions
by which we identify kinematic scattering are sat-
'isfied. Below 25 eV secondary structure becomes
stronger as inelastic scattering gets weaker.

We can explain how this comes about, in the
following manner. Kinematic theory is retrieved
when the matrix elements for inelastic scattering,
V;, are much larger than the largest elastic-scat-
tering matrix elements V&. In nickel the experi-
mentally observed nonkinematic scattering" im-
plies that this condition is not satisfied. This is
borne out by Pendry's calculation' of V& and ex-
traction from experiment' of V;:

V&—- -5 to -10 eV,

V; =-3 eV.

In the case of xenon we obtain V; in the follow-
ing way. A general theory' has been derived,
covering both multiple scattering and kinematic
situations, relating widths of peaks in intensity-
energy spectra, ~~, to V;:

aF. = 2V, .

From Fig. 2 we deduce that V, -4 eV for xenon
over a wide range of energies. Now let us con-
sider the elastic scattering. It is widely known

that scattering factors, apart from resonances,
do not vary from atom to atom by more than a
factor of 2, or thereabouts. The cancelation the-
orern"'" tells us why this should be so: The
core region of the atom contributes only multi-

ples of m to the phase shift, which do not affect
the scattering. By way of example we cite the
cases of gold'9 and copper, ' two materials with

similar scattering factors and hence similar
properties, but with very different atomic num-

bers. However, the scattering factor has to be
divided by the atomic volume to give the matrix
elements. The heavier rare gases are distin-
guished by large atomic volumes. The atomic

0

volume of xenon is 60 A, or about eight times
that of nickel ' Assuming elastic scattering fac-
tors of the same order of magnitude for nickel
and xenon, we retrieve for xenon

Vf —-—1 to -2 eV,

V, = —3.5 to —4.5 eV.

The inequality required for kinematic scatter-
ing is now satisfied for xenon, and secondary
structure should be less intense than primary

structure by a factor of (4)', which is approxi-
mately the case. In addition, below 25 eV where
peak widths imply that V; is -1 eV, we begin to
observe secondary structure increase in size,
consistent with our estimates of V&. Thus, the
highly polarizable outer shell of xenon apparently
keeps inelastic scattering large, but at the same
time the huge size of the atomic volume reduces
the effect of elastic scattering. One might expect
to see similar effects in some of the other inert
gases that also have large atomic volumes.

Finally, we illustrate our point about inversion
of experimental data in the kinematic case, A

plot of the energies of those peaks above 25 eV
against the square of their order yields a lattice
spacing of 6.16 A compared with the x-ray figure '
at 40'K of 6.154 A, and an inner potential of 10.0
eV. The positions of the Bragg peaks consistent
with these data are shown by vertical lines in
Fig. 2. Using the peak widths to obtain V; and
the heights to obtain ~Ti' (the scattering factor,
which automatically includes the Debye-Wailer
factor) and inserting these numbers into a kine-
matic calculation of reflected intensities gives
results which have been plotted as dots in Fig. 2.

We have observed an interesting effect which
occurs in the seventh-order peak at 148 eV. This
peak is much weaker than the sixth-order one,
and of about the same intensity as the eighth-or-
der peak, despite the rapidly increasing Debye-
Waller factor. We believe that this is due to iTi'
having one of the steep minima that is often seen
in calculated scattering factors, "at this particu-
lar angle and energy. Hence, second-order pro-
cesses have greater relative importance, and it
is the secondary peaks appearing as shoulders on

the main Bragg peak that appear to increase the
width. Additional evidence is given by the fact
that 12' farther away from normal incidence the
seventh-order peak increases rapidly in intensity
by a factor of 2, and becomes more narrow, in
conformity with the widths of its neighbors (Fig.
3).

Clearly curves which are so readily amenable
to theoretical interpretation greatly extend the
scope of the information one can extract from
I EED spectra. In the near future it is hoped to
report on several experiments. Among these
there will be a determination of Debye tempera-
tures in an almost kinematic system, in which
the electrons are much more localized near the
surface layers than in other materials (at 30 eV
about 70% of the wave function of an electron
scattering from xenon lies within the first layer
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FIG. 3. Normalized intensity-energy spectra for
5.5' and 7 away fromcrystalline xenon taken at 3.5,

at 40 K, showing the general trendnormal incidence a
enuation of the'th le of incidence. The relative attenuation o e

seventh-order Bragg peak for the 5.5 curve gn
cant (see text)
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