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Evidence is obtained for the excitation of surface
excitons tn solid Ar, Kr and Xe in optical trans-
miestion and reflection experiments using synchrotrom
radiation. They are located at photon energies ranging
from 0.€ eV for Ar to 0.1 eV for Xe below the corre-
sponding bulk excttons exceited from the valence bands.
Their halfwidths (20 - 50 meV) is less than half the
values fownd for the bulk excitons. Some are split by
an amount considerably smaller than the spin orbit

splitting of the valence bands.
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In this letter we report the first evidence for surface excitons in rare gas
solids. They are located at photon energies close to the corresponding bulk
valence excitons. We consider them to represent new electronic states which are
introduced by the presence of the surface and are spatially confined to a re-
gion clése to it. They are different from electromagnetic surface waves (sur-
face polaritons), which can be described in the framework of Maxwell's theory
by a bulk dielectric constant. By using both, absorption and reflection spec-—
troscopy in combination with an electron storage ring as a stable light source
for vacuum UV radiation we have been able to identify surface excitons in
addition to the wellknown bulk excitons. Although bulk excitons in rare gas
solids have been the subject of considerable theoretical efforts!'~", because

of the model character of these materials, surface excitons in rare gas solids
have not yet been treated theoretically. Since they represent the lowest excited
states in these crystals they may play, however, an important role in the decay
of bulk excitons. In particular processes like photoemission and luminescence
from rare gas solids, where efficient exciton quenching at the surface has been
postulated”»>® may be significantly affected by the presence of the observed
surface excitons.

Our experiments have been carried out in the synchrotron radiation laboratory’
at the DESY storage ring DORIS. Our apparatus® consists of a high resolution 3m
normal incidence monochromator and an ultrahigh-vacuum experimental chamber
(base pressure 4x10711 Torr) with a He flow cryostat and a reflectometer. For
the reflection measurements thin films of the rare gases were condensed on
quartz, KI single crystals, and evaporated Au substrates. For the absorption
measurements quartz coated with sodium salicylate was used as a substrate. In

addition the transmission of Xe films on a LiF single crystal was measured.



The Xe absorption in the range of the n=l’“(3/2) valence exciton (n principal
quantum number) is shown in Fig. 1| for a 30 & thick film on a LiF substrate
and for the same sample coated with a few monolayers of soiid Ar which is
transparent in this wavelength region. The absorption spectrum after removal
of the Ar layer by gently heating the sample to temperatures above the sub-
limation temperature of the Ar coverlayer is also given. This spectrum is al-
most identical with that of the original Xe sample. For Ar, the spectra of a

40 R thick film and of the same sample covered with a thin Kr layer (thickness

~

= 50 X) are displayed imr Fig. 2 in the range of the valence excitons. In this
region Kr is not completely transparent, but it causes only a structureless

background absorption for the Kr/Ar sandwich.

On films of Xe, Kr (no figure) and Ar we observe prominent new structures in
addition to the bulk states. Their energies lie slightly below the energies

of the well knéwn absorption bands due to bulk exciton states. They have consi-
derably smaller halfwidths than the corresponding bulk excitations. Further-
more a splitting into two (Kr n=), Ar n=2) or even three (Ar n=1,1') components
is observed. We found the new strutctures in both the reflection and transmission
spectra irrespective of the substrate and independent of the annealing tempe-
rature. These results are summarized in Table 1. The additional maxima are due

to surface excitons. Evidence 1s based on the following observations:

(1) The surface excitons are only observed under ultrahigh-vacuum conditions.
Even in the low 107!V Torr range their peak height decreased by more than
a factor of 2 within half an hour. A monolayer of adsorbed residual gas

made the surface excitons disappear.

(2) The surface excitons disappear upon coating with a different rare gas

film. Instead surface excitons of the coverlayer appear.



(3) The dependence of the surface exciton peak height on the film thickness
has been examined from 5 to 100 &. The contribution of the surface exci-
tons to the transmission remains constant whereas the transmission due to
the bulk decreases with increasing film thickness. From the thickness de-
pendence we estimate that the absorption due to surface excitons is com-
fined to one or two layers at the sample-vacuum-boundary. For thick films
(> 100 R) the surface excitons show up only as small humps at the low energy

side of the bulk exciton bands.

(4) The Xe surface state structure reappears after the Ar coverlayer is

removed.

A detailed interpretation of the experimental results has to account for the
position of the surface excitons, their splitting and oscillator strength. A
general approach may start from electronic surface bands with an appropriate
gap energy and a symmetry lower than the bulk one eventually lifting bulk de-
generacies. Since nothing is known yet about electronic surface bands on rare
gas solids this cannot be further substantiated. When directly compared to
bulk excitations the surface excitations can be viewed as caused by changes

in the spatial environment while approaching the surface.? This will give rise
to a reduction of dielectric screening, changes in the orthogonality correc-—
tions, altered boundary conditions for the electronic wavefunction and an addi-
tional surface field with a symmetry different from that in the bulk. A compre-—

hensive theory would have to take into account these changes in total.

In order to illuminate partial aspects we consider first the possible
effects of reduced dielectric screening in the region close to the surface.
Using the same theoretical model for surface excitons as for bulk excitons,

namely the effective mass approximation which predicts an exciton binding



energy B = pee”2 o (B

eff BH = 1 Rydberg, u the effective reduced electron mass in

H

free electron units and E.fg A0 average dielectric constant) one would expect
a larger binding energy for a decreasing dielectric constant and therefore a
lowered excitation energy as observed, provided the effective mass and the gap
energy do not change significantly. This approximation may be applicable in

the case of the large radius excitons as for the n=2 exciton in Kr, r (bulk)

n=2
= 10.5 &. If in a crude approximation one assumes Coff = E«(] + Ebulk) close
to the surface the binding energy is increased by 0.25 eV which agrees with
the experimental value 0.2 eV. For the n=2 exciton in Ar with a bulk radius

of 7.5 X the calculated increase in binding energy of 0.3 eV compares with an

observed value of 0.5 to 0.6 eV.

For the n=1 bulk excitons the radii are comparable to or smaller than the

nearest neighbour distance (see r table 1). In this case the real potential

=1
will no 1onger-vary as 1/r (r electron hole separation) with a uniform dielec-
tric constant. Within the pseudopotential approach three different correction
factors have been considered in order to calculate the energies in the bulk:
a spatially varying e, the actual band structure instead of parabolic bands

and the orthogonality of the wavefunction to core states?. For solid Ar and Kr

the met result of these three corrections, the central cell correction, leads

to a blue shift of the n=! bulk exciton energies. Similar corrections might

also be important for the surface excitoms.

A quantitative change of the factors determining the excitation energy in the
surface region remains to be calculated. A recent paper by Andreoni et al.*®
points in the right direction. These authors demonstrated that for the bulk

n=] exciton of Ar the electron and the hole are confined to the same unit cell;
i.e. the spherical pa—£ of the Wannier function is more strongly localized than

the 4s atomic wavefunction of Ar. A surface would lower this restriction and




would yield excitation energies closer to the atomic values, presumably not

far from those observed for the surface excitons in our experiments.

In addition to the excitation energies the splitting observed for the surface
excitdns in Ar and Kr has to be considered. Spin orbit splitting can be re-
jected since the observed values for the splitting 0.10 eV (n=1), 0.08 eV
(n=2) for Ar and 0.13 eV (n=1) for Kr are too small compared to the spin orbit
splitting of the valence band states at the I point which are 0.18 eV (0.22)
and 0.64 eV (0.67) for Ar and Kr respectively (the values in brackets are the
spin orbit splittings in the gas phase).!? Surface field splitting, as recent-
ly discussed for Mg0O!!l would provide an explanation. In the bulk the upper
valence bands (j=3/2) are degenerate at I'. This degeneracy can be lifted in
the surface layer with lower symmetry than the cubic crystal symmetry. Hence
one could expect two separated excitonic surface transitions from the upper

j=3/2 valence band split by the surface field.

The data which we have presented above, provide the possibility to test theo-
retical models for surface excitons in simple insulators. New information on
the bulk excitons, concerning gxcitation energies, oscillator strengths, ex-
change interaction and line shapes was also obtained in our experiments. These

results are the subject of a forthcoming paper.12
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Table

]

Excitation energies (E ) in eV and halfwidths from a rough

ESS
deconvolution in meV (in brackets) for the excitonic surface
states for salid Ar, Kr and Xe. Energies for the bulk excitoms
EBEX are given for comparison. The radii r in & have been cal-

culated for the bulk excitons in the Wannier-model. B denotes

binding-energies and ¢_the static dielectric constant.

Ar Kr Xe

EE;% 11.71 (50) 9.94 (20) 8.21 (30)

11.81 (50) 10.07 (50)
n=2

EESS 12.99 (50)

13.07 (50) 11.03 (50)
n'= . (a)

EESS 11.93 10.68 (50)
n=]

Eppy 12.06 10.17 8.28
n'=1 12.23 10.86 9.51
n=2 13.57 11.23 9.07
n'=2 13.75
n=3 13.89 11.44 9,21
n=4 13.97 11.52

B 2.32 1.53 1.02

r(n=1) 1.9 2.6 3.2
(n=2) 7.5 10.5 12.7

€ 1.66 1.80 2.23

(a): Observable only for films with thickness below 20 P



Figure Captiomns

Fig. | Absorption of a Xe film of 30 & thickness in the range of
the n=1 exciton; the full curve shows the surface and the
bulk exciton, the thin dashed line gives the ahsorption of
the same Xe film with an Ar coating and the thick dashed

curve is the absorption after removal of the Ar overlayer.

Fig. 2 Absorption spectrum of a clean Ar film of 40 R thickness
and of the same Ar film with a Kr over coating. The surface
and bulk excitons are labeled by their main quantum number n;
A] and &2 are the splittings resulting from the spin orbit

split valence bands; Eg band gap.
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