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Bulk and surface excitons in solid neon
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Transmission and reflection spectra of solid neon in the valence-exciton range {16( h v ( 22 eV) have been

carefully reinvestigated using highly -monochromatized (EF. = 4 meV) synchrotron radiation. A surface-

exciton state at hv = 17.15 eV located 210 meV below the n = 1 {j = 3/2) bulk exciton is observed and
unambiguously identified. Energy positions of the bulk exciton states and line shapes as well as new and

more precise values for derived -quantities have been determined and are discussed in view of recent
theoretical predictions. For the first time we are able to resolve the spin-orbit splitting of the j = 3/2 and

j = 1/2 states and study the influence of exchange interaction. The value of 90 meV for the spin-orbit

splitting is close to the gas-phase result. Within a quantum-defect approach we evaluate a new band gap of
21.58 eV for solid Ne.

I. INTRODUCTION

The onset of electronic absorption in rare-gas
solids (RGS) is characterized by a number of
sharp exciton bands. These excitonic spectra
have attracted much interest from both theoreti-
cians and experimentalists. RGB have frequently
been regarded as prototype substances for insula-
tors due to their simple electronic structure in
the ground state with valence bands formed by the
outermost closed p-shell electrons and the weak
Van der Waals forces in the crystal. In spite of
this key role there are still conflicting views as
to how to describe the exciton states in these ma-
terials.

The excitation energies E„of the exciton bands
have been mainly de scribed in terms of a hydro-
genic Wannier-Mott exciton model' based on the
effective-mass approximation (EMA) and express-
ed in the well-known form

E„=E~ B/n &-
withE~ the gap energy, B the binding energy, and

z the principal quantum number. The spin-orbit
splitting of the initial states results in two Ryd-
berg series. For the two ~=1 excitons with radii
smaller than or close to the nearest-neighbor dis-
tance, the approximations used in a simple Wann-
ier-Mott exciton model are no longer justified.

-Attempts have been made to calculate these low-
est excitation energies by introducing the so-call-
ed "central-cell corrections". ' The most recent
theories describe the lowest excitons by the follow-
ing approaches:

(i) The lowest excitons can be considered as ex-
citations intermediate between the Wannier-Mott
and Frenkel-Peierls descriptions. Taking into

account the band structure and assuming a local-
ization of electron and hole in the same unit cell,
Andreoni et g$."applied an integral-equation
method to calculate the energy positions, oscilla-
tor strengths and the longitudinal-transverse split-
tings of the first excitons in solid Ar, ' and Ne. '
The main drawback of this theory is its limita-
tion to states with electron and hole confined to
the same unit cell. An extension to states with
~&1 seems to be complicated within an ab initio
calculation.

(ii) Starting from the corresponding atomic tran-
sitions 2p'-2p ns, ns' in Ne, Boursey et a).' cal-
culated the a=1 excitons in solid Ne on the basis
of the repulsive-potential curves of the molecular
excited states. This theory works very well for
the m =1 states, but is inadequate for the higher
tr ansitions.

(iii) Resca and Rodriguez' described the energy
positions of the a=1 excitons for all four rare-gas
solids within the framew'ork of an integral-, equa-
tion approach. " In this theory the excitation en-
ergy is adjusted to any desired value between the
atomic value and the EMA result by a parameter
p/p with an effective exciton radius p and cen-
tral-cell radius p„. Exploiting the close connec-
tion between rare-gas atoms and solids, Resca
et al. 'extended the concept of a quantum defect to
the excitonic series. As in atomic theory, the
space is divided into a sphere around the nucleus
and the space outside. The wave functions inside
the sphere are assumed to be nearly independent
of the main quantum number n. By parametrizing
the potential inside the atom with the help of the
known atomic excitation energies, and introducing
for the solid the screening of the Coulomb interac-
tion outside the atom, Resca et a$. Obtained agree-
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ment with the experimental values for the whole
excitonic series for all rare-gas solids. ' In this
concept the unknown effective masses of the exci-
tons serve as parameters. This description pro-
vides in a very natural way the- transition from a
Frenkel to a Wannier-Mott picture. On the other
hand, this approach is semiempirical by exploit-
ing the well-known atomic excitation energies,
and it yields only energy levels; no oscillator
strengths or longitudinal-transverse splittings. A
quantum-defect theory in the described framework
has been'applied to solid Ne by Resta. e

With the recent observation of surface-exciton
states in Ar, Kr, and Xe' and new structures in

some of the bulk-exciton bands, a new challenge
has been put forward to further investigate these
states experimentally and describe the exciton
states theoretically. Several models have been
developed to interpret surface excitons in rare-
gas solids:

(i) The energy shifts and splittings in environ-
ments with different symmetry have been treated
by Wolff" starting from the corresponding atomic
excitations. The calculated splittings for localized
excitations at the surface of Ar and Kr compare
favorably with the experimental results. "

(ii) In the same spirit, Chandrasekharan and
Boursey" extended their picture, described above,
to excitations in the (100) and (111) surface planes,
and obtained good values for the excitation ener-
gies of surface excitons in all x'are-gas solids.

(iii} Ueba and Ichimura" established conditions
for the energies of surface excitons x'elative to
the bulk states by a localized-pertubation meth-
od. In this approach the excitation energies as
well as the Davydov splitting are determined by
two quantities —the environmental-shift term and
the exciton-transfer term. The application to Ar,
Kr, and Xe," resulted in smaller splittings of the
excitation energies than the spin-orbit splitting
of the initial states. "

Solid neon is in principle the simplest insulator,
possessing the largest optically determined band

gap (nearly 22 eV). The information about the ex-
citon states obtained by optical absorption, . reflec-
tion, and energy-loss spectroscopy has been re-
viewed by Sonntag. " Considering the presently
available experimental data for solid Ne, two
striking features have to be noted: (i) No spin-
orbit splitting of the exciton series could be de-
tected until now, in contrast to all other RGS, al-
though Pudewill et g)."observed a shoulder in the
reflection spectrum from thick (d~1000 A) films
on the low-energy side of the intense n. =1 exciton
band separated by approximately 0.2 eV from the
main peak. It was not clear, however, whether
this splitting could be assigned to the spin-orbit

splitting. (ii} Surface-exciton states have not yet
been reported for solid Ne, in contrast to all other
RGS." The only hint for the existence of such a
state came from photoemission-yield experiments, "
which showed for thin films an extra emission at
17.1 eV, well below the a=1 bulk-exciton states.
This emission was thought to be due possibly to
excitation of adsorbed single Ne atoms or clusters
decaying via energy transfer to the gold substrate,
thus leading to an extra photoemission below
threshold. "

Thus new experiments were required in order to
assess the validity of the above-mentioned theoreti-
cal approaches, and to investigate the anomalies
of the experimental data in more detail. A careful
reinvestigation of the electronic structure also
seemed rewarding in view of the increasing inter-
est in the luminescence properties of solid Ne, "
as well as its properties as a matrix in matrix-
isolation spectroscopy 2'

In the present paper we present and discuss a de-
tailed experimental reinvestigation of the exciton-
ic spectrum of solid Ne. Much more accurate data
obtained by high-resolution transmission and re-
flection measurements enabled us to resolve the
anomalies and to observe for the first time the
surface-exciton states as well as the spin-orbit
splitting of the bulk-exciton states. A prelimin-
ary presentation of the reflection data has been
given in Ref. 23. As we will demonstrate, such
spectra are difficult to interpret due to the strong-
ly varying optical constants in the excitonic re-
gion. Moreover, accurate energy positions for
strong transitions can be obtained from reflection
data only via a Kramers-Kronig analysis. We
therefore developed a consistent interpretation,
especially in the range of the m=1 excitons on the
basis of reflection and transmission measure-
ments. It should be noted here that, although the
very recent theoretical approaches' ' used the re-
flectance data from Ref. 23 without corrections,
the general conclusions in these papers are not
affected.

After a short description of the experimental
arrangement (Sec. II), absorption and reflection
spectra are presented for several film thickness-
es (Sec. III). The spectra, derived parameters,
and the consequences for our present understand-
ing of the exciton states are discussed in Sec. IV.

II. EXPERIMENTAL PROCEDURE

Our transmission and reflection experiments
have been performed at the Synchrotron Radiation
Laboratory at the Deutsches Elektronen-Synchro-
tron storage ring DORIS. The apparatus consists
of a high-resolution 3-m normal-incidence mono-
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chromator, '4 an ultr ahigh-vacuum experimental
chamber (working pressure 5x 10 '0 Torr after
baking) equipped with a He-flow cryostat, a re-
flectometer, and a gas handling system for sample
preparation. For the solid-state experiments de-
scribed here, we have chosen a medium wavelength
resolution of 0.15 A (=4 meV at 18 eV) over the
whole spectral range (300-3000 A). We note that
this resolution is about 30 times better than the
half-width of the sharpest structure observed in
the .spectra. The instrument w'as calibrated by
rare-gas absorption lines, and provides a repro-
ducibility of 0.1 A (2 meV at 17 eV). The neon
samples were prepared by slow' condensation of
the sample gas (L'Air-Liquide, purity&99, 995/p)
onto the cooled sample holder. The gas handling

- system was fully bakable and the purity of the Ne
was checked with a mass spectrometer. For the
transmission measurements, the Ne gas was con-
densed onto a LiF substrate coated with sodium
salicylate for converting the vacuum-uv radiation
transmitted through the sample into photons with
~ roughly 4000 A. This long-wavelength radiation
was measured by a closed EMI 9804 photomulti-
plier. For the reflectance measurements, thin
films were prepared in the same manner by con-
densing the gas on a gold-coated LiF crystal. For
these measurements the angle of incidence was
V. 5 . An open 20-stage electrostatic photomulti-
plier (Johnston MM2) served as a detector. One
major draw'back of this technique to measure trans-
mission is its sensitivity to luminescent light
emitted by the sample w'hich cannot be distinguish-
ed from the transmitted light. On the other hand,
with a solid angle of only 6 x10' sr accepted by the
open multiplier, luminescence does not play a
role in our reflection geometry. By comparing
the data sets measured with both techniques, we
can estimate the influence of luminescence. It
turned out to become important only for thick
(d»100 A) samples.

The substrate temperatures for condensing the
gas w'ere varied between 6 and 9 K in order to test
the influence of substrate temperature on the spec-
tra. Although we observed slight changes in the
spectral features, all conclusions drawn below
are independent of temperature effects.

The measurements were performed with samples
having different thicknesses in order to study also
the influence of this parameter. In particular, it
was possible in this way to discriminate roughly
between surface and volume excitations. The
thickness of the films could be determined in prin-
ciple by observing the changes of the interference
in the transparent part of the spectrum below the
n = 1 exciton with increasing film thickness during
condensation. For Ne this method gave very poor

results, since the refractive index is close to 1
in that range of the spectrum. " Furthermore, the
technique employed in the transmission experi-
ments using a comparatively rough sodium salicy-
late substrate prevented us from observing clear
interferences. Thus we can only give estimates
for the various film thicknesses.

A major consequence pf this is the fact that we
had to ref rain in the pr esent study from determining
optical constants. We have plotted for the trans-
mission experiments the optical density, that is,
-in[I(e)/I, (&u)], without correcting for the reflec-
tance, where I and I, are the transmitted and inci-
dent intensities, respectively. Thus in the discus-
sion of our results, the emphasis is on the excita-
tion energies, on the relative intensities of various
spectral features, and on the line shape of the ex-
citon bands, while the optical constants could npt
be determined to an accuracy better than previous-
ly possible. "
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FIG. l. Optical density [-ln(1/10)] of sotid neon in the
excitonic range of the spectrum. The main features can
be grouped into two series split by spin-orbit interac-
tion. See text for the assignment.

III. RESULTS

A general view of the optical density of Ne re-
corded at a temperature of 7 = 6 K appears in Fig.

Compared to previous results obtained with
lpwer resplutipn, '8' ' a much mpre detailed
st~cture in the excitonic region is clearly resolv-
ed in this spectrum. Furthermore, it is apparent
that Ne is almost 10' transparent in the spectral
region above and below the first exciton band.
Spectra for the range of the ~=1 excitons at around
17.5 eV are shown in more detail in Fig. 2 for a se-
quence of film thicknesses where dp & dy & d2 & d3 & d4.
For very thin films (d,) we observe one single peak

A centered at 16.91 eV. For this film thickness,
no other absorption feature appears in the whole
spectral range 16 &hv ~22 eV. We estimate the
thickness d, to be equal to one monolayer or even-
less. Comparing the intensities, it is interesting
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neon in the range of the
first excitons for increasing
film thicknesses do (inset)
to d4. See text for the as-
signment of the various
peaks or shoulders. Note
that dq-d4 are different
from the values denoted by
the same symbols in the
other figures.
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to note that peak A. is quite intense, e.g., with
respect to the structure observed for d, . %'hen

the thickness of the films is increased, peaked.
disappears and up to four features can clearly be
discriminated. The peak at 1V.15 eV, which we
have denoted by 9, is intense for thin films. For
thicker samples, its intensity does not increase
as rapidly as the maxima denoted by n= I (—', ), n= I
(—', ) and L (—', ). The peak denoted by l. appears first
as a shoulder (d„d ) and finally develops into a
separate maximum for thicker samples.

Turning now to the reflectance data in the same
spectral range (Fig. 3), we can identify the same
four features in the spectrum obtained for the
thickest sample (d,). They appear almost at the
same energies as in the absorption experiment.
However, due to the high constant reflectance of
the Au substrate and the weak Ne absorption out-
side the exciton bands, the situation is more com-
plicated and one observes typical interferences for
the vacuum-Ne-film-Au-substrate combination.
Thus it is important to follow the changes of the
spectra with increasing film thickness from Qy to
d, in order to identify the structures correctly.
For example, there appears a typical interference
minimum between 16.5 and 17 eV preceding the
first exciton band. This minimum disappears al-
most completely for the thicker samples, whereas,
e.g., the structure denoted by S persists for all
thicknesses on a strongly varying background. It
is also interesting to observe how the reflectance
band between 17.5 and 18 eV develops into a broad
stop band. Pudewill et a/'. "have measured for this
band a reflectance of almost 60)c for thick films
with @=1000A.
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FIG. 3. Sequence of reflectance spectra of solid neon
in the range of the first excitons for increasing film
thicknesses d~ to d5. The assignment of the various
features is the same as in Figs. 1 and 2 (see text). Note
that d)-d4 are different from the values denoted in by
same symbols in the other figures.

In Fig. 4 the optical density as well as reflectance
spectra for a sequence of film thicknesses are dis-
played for the range yg &1. The assignment of the
bands is given at the bottom of the figure. Again
it is possible to establish a one to one correspon-
dence between the absorption maxima and the fea-
tures of the reflectance spectra. As already noted
by Pudewill et al. ,"one observes a sort of trans-
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FIG. 4. Optical density [- ln(l/Io)] of solid neon in the
range of the higher excitons n & j. (upper part), and a
sequence of reflectance spectra in the same range for
increasing film thicknesses d ~ to d4 (lower part). The
assignment of the various features is the same as in
Figs. 1—3 (see text). Note that d&-d4 are different
from the values denoted by the same symbols in the
other figures.

mission spectrum in a reflection geometry for thin
Ne films on a highly reflecting substrate. The re-
flectance of the Au substrate is attenuated by weak
transitions in the rare-gas film which are observ-
ed as dips in the reflectance spectrum (e.g., for
d, and d, ). Our new data allow us to follow the
changes with increasing absorption of light in the
Ne film in detail. Thus, e.g. , between d, and d,
the dips turn into small peaks, until finally for d4

fully developed reflectance bands are observed for
the same energies. We note, how'ever, that for d,
strong contributions from the Ne-Au interface
could be observed in the highly transparent region
of Ne, i.e., below 17 eV (see Fig. 3) and between
the yg =1 and 2 excitons from about 18.3 to 19.8 e&.

Finally, in Fig. 5 the results of a surface-cover-
age experiment are presented. This experiment
was performed in order to experimentally identify
surface-exciton states. Curve A. represents the
optical density of a clean Ne sample in the range
of the m=1 excitons. Curve B represents the opti-
cal density of the same Ne sample coated with a thin
Ar film. The general background is increased
since Ar has a smooth but non-negligible absorp-
tion in this region. " The most striking observa-
tion, however, is the disappearance of the struc-
ture 5, while the other features remain essential-
ly unchanged. The technique used here and the re-

0

C
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17.0 175

Photon Energy (e V)

18.0

FIG. 5. Results for a surface-coverage experiment
for solid neon in the range of the n =1 exciton. Curve
A is the optical density [-in//Io)] of a clean neon sam-
ple. Upon evaporation of a thin Ar cover layer, the
structure denoted by $ disappears, whereas the band
shape of the remaining peak remains unchanged. In the
lower part, the different spectrum B-A is shown and
the smooth and structureless Ar background is indicated
by the broken line.

~i

suits and conclusions are similar to the observa-
tions for Xe, Kr, and Ar in previous experi-
ments. " Together with the dependence of the ab-
sorption upon film thickness as discussed above,
we take this finding as strong evidence for the fact
that the additional maximum S is due to a surface
exciton. The difference spectrum normalized to
an almost constant Ar background absorption out-
side the Ne exciton bands show's that the intensity
lost in the range of the surface exciton due to the
cover layer is almost equal to the ga.in for the
bulk excitons. Experiments with Xe and Kr cover
layers gave essentially the same results. We
further note that the disappearance of the surface
peak can also be observed in the reflectance spec-
tra, although due to additional interference effects
with light reflected at the cover layer-Ne inter-
face admittedly in not so clear a manner. "

IV. DISCUSSION

Several models for the exciton states in solid Ne
have been discussed, and results of several recent
calculations are available' ' in the literature.
In the following we shall try to confront these pre-
dictions with the experimental results. A synopsis
of the experimentally determined excitation ener-
gies appears in Table I, which also implicitly
gives our assignments. The energies of the vari-
ous excjton states are compared to atomic 2p
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TABLE I. Energy positions of excitons in solid neon and derived quantities. All energies are'given in eV. The ac-
curacy is better than 0.01 eV for peak positions and 0.03 ev for the derived values unless otherwise noted in text. E$
and B() are energy gaps and binding energies derived with the Wannier formula; EG and B ) the same values after in-
troducing a quantum defect ~. &; are ths splittings between the j=2 and 2 states. The value in column E~ is the spin-
orbit splitting of the Ne 2p levels. L-T is the longitudina)-transverse splitting. Transmission and reflection data are
denoted by T and R, respectively, while G denotes values for gaseous Ne taken from Moore's tables (Ref. 28). The peak
near 17.8 eV is ascribed to the excitation of a longitudinal exciton, which leads to the longitudinal-transverse splitting
in the last row. The peak at 16.19 e V denoted by an asterisk is observed only for extremely thin films having thicknesses
in the order of or below one monolayer. For + =1 (j=+2) and I, (+2), a difference in energy positions between reflection
and transmission is observed due to the high oscillator strength of that transition.

Wannier
notation n E(&)

G
B(i) &(2)

G
B(2)

Surface
exciton

j=2

T 16.91+ 17.15
R 17.12
G 16.85

T
R
G

5.00 21.58+0.0317.36 20.25 20.93 21.19 21.32
16.67 19.69 20.57 20.95 21.15 21.57 21.57

T
R
G

Longitudinal T
exciton

17.50 20.36 21.02
17.58 20.36 21.02 21.29
16.85 19.78 20.66 21.04 21.24

17.75
17.78

21.62 + 0.06 6.32 0.24 + 0.03
21.64 +0.06 6.67 0.28 0.03

21.66 21.66

L-T splitting T
R

0.14 0.11 0.08
0.22 0.11 0.09
0.18 0.09 0.09

0.25
0.20

0.090.10
0.09 0.10 0.10

-2p'ns, ns' transition energies involved w'ith the
lowest 2p' electron excitation. In the following dis-
cussion we shall first deal with the adsorbate and
surface excitations and then turn to the bulk exci-
ton states.

A. Adsorbate state and. surface excitons in solid neon

We assign the maximums observed only for
mono- or submonolayers of Ne to an adsorbate
resonance. The excitation energy of 16.91 e7 is
close to the value for the 2p'-2p'ss, g

=—', state in
the gas phase at 16.85 eV.""The disappearance
of maximums. for thicker samples gives further
evidence that the resonance is associated with ex-
cited states of adsorbed atoms or of small Ne
clusters which exist prior to the formation of thin
coherent Ne films.

The behavior of the surface-exciton state S ob-
served at lV.15 eV in transmission and 1V.12 eV
in reflection is quite different in that it can be ob-
served for the full sequence of film thicknesses.
Evidence that this exciton state is confined to the

Ne surface is based on the follow'ing observations:
(i) The surface exciton is only observed under
ultrahigh-vacuum conditions; (ii) upon coating
with a different rare-gas film the surface exciton
disappears (see Fig. 3); (iii) from the thick-
ness dependence of the surface-exciton peak (Fig.
2), where the contribution of the surface exciton
remains almost constant, whereas the bulk peaks
increase with increasing film thickness, we esti-
mate that the absorption due to surface excitons
is confined to one layer at the sample-vacuum
boundary. Such a localization has been experimen-
tally demonstrated for the other BGS.'0

For this new state in solid Ne introduced by the
presence of the surface, we find a full width at
half maximum (FWHM) of about 80-300 meV, de-
pending on the sample preparation and background
subtr action for deconvolution. These half -widths
considerably exceed those for other RGS, where
20-30 meV have been observed. " Two different
reasons can be responsible for such a broadening:
Either the surface exciton is broadened by the
same mechanism which causes a broadening of the
bulk n = 1 excitons in solid Ne compared to other
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RGS (see below), or this surface peak consists of
more than one overlapping excitation. As for the
second argument, it has been shown both experi-
mentally'o and theoretically" " that three transi-
tions to surface states correspond to the two && =1
bulk excitons in HGS. We also expect three states
below the n =1 (-,') bulk exciton for Ne. From an
extrapolation of the splittings of surface excitons
in Ar and Kr (Ref. 10) to the case of Ne we esti-
mate that they are confined to an energy interval
of less than 200 meV. Chandrasekharan and Bour-
sey recently calculated the excitation energies for
surface excitons" in solid Ne on the basis of the
molecular excited states derived from the first
two atomic excitations and the Van der Waals in-
teraction. ' In this local picture, surface excitons
are introduced by the different symmetries C,„or
C„compared to the bulk O„symmetry. Their ab
initio calculations yield three states at about 17.30
eV w'ith a splitting of about 150 meV between the
first and third peak. Taking into account a natural
half-width of 80 meV (—', of the bulk widths as for
the lighter rare-gas solids) for the surface exci-
tons, this result is consistent with the experimen-
tal observation of one rather broad structure at
17.1 eV.

B. Bulk excitons

The excitation energies for the bulk excitons as
well as derived parameters are collected in Table
I. Our assignments for the bulk-exciton states
have already been given in Figs. 1-5. Following
previous stu.ies, ,"""we gave them in terms of
the Wannier-Mott picture. For the first time tw'o

series are observed, and denoted by -', and —,', and

considerable improvements in the fine structure
of the spectra and the accuracy of the data have
been possible. Thus we are able to present a new
consistent assignment for the observed transitions,
and extract improved values for the derived quan-
tities. Values for the band gaps E~ and binding en-
ergies B have been evaluated following the tradi-
tional concept of a least-squares fit for the experi-
mental datan~2 on the basis of the Wannier formu-
la tEq. (1)]. In this way we obtained the values E~
= 21.50 and 21.58 eV for the j =—', and —,

' series, re-
spectively. It has been pointed out recently that
this approach is inadequate for solid Ne. Fol-
lowing Resca et al. ' and Resta, ' w'e introduced in
Eq. (1) a quantum defect 5 by replacing n' by
(n+5)'. Instead of two unknown quantities, E~ and

B, we now deal with three, including g. In princi-
ple p is a function of the principal quantum number
n,"but for a noninteracting series it is reasonable
to assume a constant p in a quantum-defect theory.
This is corroborated by the numerical values ob-

tained in Ref s. 8 and 9 and by the theoretical analysis
of the atomic data." With three excitation ener-
giesfor the excitons n =1,2, and 3 we are able to ex-
tract by numerical methods the three values de-
noted by E~", B'~', and p in Table I. We note here
that this method results in a good fit for all exci-
tons, including the n=1 states. The introduction
of a quantum defect overcomes the often discussed
problems of a transition betw'een Wannier-like ex-
citations and Frenkel-type excitations with decreas-
ing quantum number. At 21.58 eV, the band gap coin-
cides with the ionization limit for the free atom.
As for all these extrapolations, the accuracy is
considerably lower than for the excitation energies
involved. Furthermore, for the j =—', series we
have only three states to determine three unknown
quantities, and it is difficult to accurately extract
the value for the n=1 (-,') state: for transmission
it is found at 17.50 eV for thinfilms and 17.53 eV for
thick ones after deconvolution of the strongly over-
lapping L, (—,), n=1 (—,'), and n=1 (—', ) peaks. For re-
flection we obtained 17.58 eV for n=1 (—', ), but no
Kramers-Kronig analysis has been performed to
calculate the absorption maxima with these data.
Due to these reasons, the reliability of E~(j =—,') is
considered to be lower than that of E~(j = —', ). Our
value for the spin-orbit splitting of the Ne 2p
states is therefore not the difference of the twogap
energies, but rather the splitting of the ~=3 exci-
tons which are not affected by exchange interac-
tion, a.s with the states with lower n (see Ref. 5).
The value of 0.09 eV coincides, within the experimen-
tal error of 0.01 eV, with the splitting for the ioniza-
tion limits 'P~&, and P, &2

in the atom. " The extra-
polated band gap of (21.58+0.03) eV is slightly
less than the 21.69 eV reported previously. " The
most obvious influence of a quantum defect g&0 is
found for the binding energies, which are increas-
ed by about 30%%uo.

In Table II we compare our experimental results
with recent theoretical predictions. There is gen-
erally good agreement between theory and experi-
ment. Since the higher numbers of the series are
rather well described in a hydrogeniclike picture
for the spread out states, the good agreement for
~~2 is not surprising once the proper value for E~
has been obtained. This holds also for a quantum-
defect theory as long as the quantum defect is
small compared to 1. The tightly bound lowest
~= 1 levels are more difficult to describe, and
pose more serious problems.

A complete theoretical analysis of the exciton
states of solid neon has been presented by Andre-
oni et al.' For the ~=1 exciton the main approxi-
mation was to assume that the electron and the hole
are confined to the same unit cell (one-site approxi-
mation). This seems justified in view of the small
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TABLE II. Comparison between experimental transition energies for bulk excitons in solid
neon and other parameters with theoretical calculations. B& =EG-E(pg =1) are the real binding
energies of the g =1 excitons, &sp is the spin-orbit splitting and p is the effective mass. The
other notations are the same as in Table I. All energies are in eV.

Exper iment
Present work

1.
2 . 2

Ref. 5
1.

2 2

Ref. 6j
2 2

Theory
Ref. 7

1,
2 2

Ref. 8

2 2

Ref. 9

2 2

g = 1 17.36 17.50
2 20 25 20 36 19 98 20 08
3 20.94 21.02 20.93 21.13
4 21.19 21.29 21.25 21.34
5 21.32 21.40 21.50

Eg 21.58 21.62 21.67 21.77
Bi 4 22 4.12 4.16 3.81

0.09 0.10
0.28 0.24
0.8 0.7 0.8

17.7-9

20.35
21.03
21.31
21.45
21.73

0.12
0.5

0.97

17.50 17.63 17.65 17.75 17.58
20.24
20.91
21.19
21.33
21.61

17.85
20.42
21.04
21.29
21.41
21.65

0.10
0.35
0.8

17.75
20.32
20.94
21.19
21.31
21.55

Gap energies are obtained by a fit of the experimental data, Ref. 23 (see also Ref. 27), and
+sp is the atomic value. From these gap energies we subtracted the theoretic al exc iton bind-
ing energies.

Bohr radii of the yg=1 excitons. The results based
on the integral-equation approach including the
band structure appear in Table II. While the theo-
retical results for the m=1 binding energies are in
fair agreement with experiment, the calculated in-
tensity ratior(n=1, —2):I(n=1,—,') =1:50 is consider-
ably smaller thari the experimental one, for which
we roughly estimate values between 1:5 and 1:10.
If we apply our data to the theoretical dependence'
of the intensity ratio and the splitting of the &=1
states (see Table I) one=2(Z+D)/b, , where J, 'D,

and 4 are the short- and long-range exchange
terms and the spin-orbit splitting, respectively,
we find for both the splitting of 0.14 eV and the
ratio a value g=1.2-1.8, while the calculations in
Ref. 5 yield g=3.V. For the states &~2 Andreoni
et al.' give an estimate for the excitation energies
and intensity ratios based on the atomic values
and the effective-mass approximation Eq. (1) with
a given B and corrections for electron-hole exchange
and spin-orbit splitting. Similarily as for the n = 1 ex-
citons, we observe in the experiment quite differ-
ent intensity ratios: for the &=2 excitons we esti-
mate an experimental ratioI(n=2, —', ):I(n=2, -', ) ~1.2
(see Fig. 4). Instead of q=0.8 (Fig. 5 in Ref. 5), we
obtain experimentally a smaller exchange interac-
tion g=0.4. Obviously the exchange interaction is
considerably overestimated in this theory. A sim-
ilar observation has been found for solid Ar." Ex-
ploiting ab initio calculations of the potential
curves for the molecular 'P and 'p states of
neon, ~ Boursey et al. calculated the two m=1 ex-
citon states in the solid. With a parameter-free

calculation they obtained values which are only
140 meV higher in energy than those observed ex-
perimentally. Resca and Rodriguez' calculated
the lowest-exciton states in the framework of the
integral-equation approach. With simple trial
wave functions which have the proper behavior for
both the EMA and the atomic limit, and with a pa-
rameter for the extension of these envelope func-
tions relative to the central-cell radii, they ob-
tained a reasonable description for the transition
from an atomic to an EMA picture for then=1 ex-
citons in Ne, Ar, Kr, and Xe.

Remarkable progress in describing the whole ex-
citon series for all RGS has been ma.de by a quan-
tum-defect theory developed by Resta and Resca
et a)." In this semiempirical approach the known
atomic bi.'nding energies determine the potential in-
side the atoms in the solid, while outside a static-
ally screened Coulomb potential is assumed. For
the exciton the true electron mass is assumed in-
side the atom, and outside an effective mass.
Thus the close analogy between Hydberg states in
rare-gas atoms and excitons in rare-gas solids is
directly exploited. The experimental quantum de-
fect of 0.24-0.28 is somewhat smaller than the
theoretical one of 0.35 in Ref. 8. These differences
in p are probably the reason why the theoretical
excitation energies are too high at low quantum
numbers. The atomic values for g, approxirnate-
ly 0.7, are much higher than those for the solid.
An extension of the quantum-defect approach to all
RGB is found in Ref. 8. The theory is essentially
the same as in Ref. 9, but for the fit of the experi-
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mental data the effective mass p is treated as a
parameter, owing to the fact that an effective mass
at the bottom of the conduction band is inappropri-
ate for localized states. ' We also compare in
Table II the various effective masses with the ex-
perimental value

~ = [B (eV)jl3.606 eV]e ',

with e,= 1.24.

C. Line shape and longitudinal transverse splitting for the
n = l bulk exeitons

The observed line shape for the a=1 excitons
(Figs. 2 and 3) is quite complicated and we can
only hope to extract qualitative information con-
cerning this point. This complication of the spec-
trum is due to (i) the strong overlap of surface
states with bulk excitons, (ii) the proximity of the
n=1 (—', ) and n=1 (—', ) bulk states (see above), and

(iii) the appearance of the feature I, on the high-
energy side of the band which we identify as the
excitation of longitudinal-exciton states (see be-
low). Nevertheless, large widths of the ~=1 (-', )
andn=1 (—', ) peaks in Ne of the order of 200 meV
are obtained after deconvolution of the peaks.
This value has to be compared with the half-widths
for the n~2 exciton states (roughly 100 meV) and

the line. shape of exciton states in other RGS. For
example, the line-shape analysis of bulk excitons
of Ar, Kr, and Xe yields Lorentzians with half-
widths F80 meV." Thus according to Toyozawa's
model, "the weak exciton-phonon scattering case
is realized for these systems. In contrast to this
the estimate of roughly 200 meV for the half-
widths in solid Ne is in favor of localized-exciton
states (strong-scattering case), where motional
narrowing is not important. We note that the lo-
calized nature of the ~=1 excitons in solid Ne is
also in accord. with the current view of exciton dy-
namics obtained from luminescence experiments. "

We interpret the maximum denoted by I. (—,) at
17.75 eV (Fig. 2) as the longitudinal (LO}n = 1 (—,)
exciton which has its transverse counterpart (TO)
at 17.50 eV. Due to the smaller oscillator strength
of the n = 1 (-', ) bulk state, the longitudinal-trans-
verse splitting for this transition is expected to be
only 4 meV. Bulk excitons in cubic crystals are
split by the long-range dipole-dipole interaction
into longitudinal (with R parallel to k, where R is
the electric field vector and k is the momentum of
the exciton} and transverse (R perpendicular to%)
excitons. " The observation of the longitudinal
bulk excitons is usually restricted to electron en-
ergy-loss spectroscopy where they show up as
maxima in Im(-I/e). In fact, in such experiments
performed for Ne, . the energy-loss peak associated

with the yz= 1 excitons has been observed at 17.74
and 17.75 eV.""In optical (k=0) normal-inci-
dence transmission experiments, the longitudinal
excitons normally do not couple to the incident
transverse electromagnetic field. However, in re-
flection geometry" and for rough surfaces, "opti-
cal excitation of longitudinal modes becomes possi-
ble. The increase of the longitudinal peak with in-
creasing film thickness (Fig. 2) is most probably
due to an increased surface roughness for these
films.

Our assignmentof peakI. (—,') is supported by the
electron-loss experiments mentioned above and by the
observation of the broad "quasi"-stop band between
17.5 and 18.0 eV in the reflectance from thick
films, which yieMs hvT, =17.5 eV and hvL, =17.8
eV. The numerical value which we deduce for the
LO-To splitting in solid Ne is in very good agree-
ment with the values calculated by Andreoni et al. '
and by Boursey et a&." (see Table III). For solid
Ar and Kr, Andreoni et g). ' proposed an explana-
tion for the dip in the reflection stop band between
the transverse longitudinal excitation in terms of
spatial dispersion and a dead layer for bulk exci-
tons at the surface. However, the existence of
such a layer of some 10 4 is still an open question.
We note in passing that we have studied the excita-
tion of the longitudinal modes in more detail in
tr ansmission experiments at non-normal incidence
for thin films of solid Kr." In this case the situa-
tion is conceptually more favorable since the two
—', and —,

' ~=1 bulk-exciton states do not overlap and
carry roughly the same oscillator strengths.

V. CONCLUSIONS

We briefly summarize the results obtained in the
previous sections in order to draw some general
conclusions:

(i) Results from improved optical-transmission
and reflection experiments have been presented
for thin films of solid Ne. These results are im-
portant in that they resolved the anomalies for Ne
as compared to the other rare-gas solids.

(ii} Evidence of an adsorbate-induced resonance
state close to the excitation energy of the corre-
sponding gas-phase transition has been obtained.
It would be rewarding to extend these experiments
at submonolayer coverage under well-defined sur-
face conditions in order to eventually follow the
gradual transition from isolated Ne atoms to clus-
ters and to bulk Ne films and relate the results to
theoretical predictions.

(iii) Similarily as for Ar, Kr, and Xe, it was
possible to detect and study surface-exciton states
which are introduced by the presence of the sur-
face and which are .spatially confined to a region



20 BULK AND SURFACE EXCITONS IN SOLID NEON

TABLE III. Comparison between experimental and calculated energies for the longitudinal-
transverse splitting for the n =1 excitons in solid neon.

Experiment
Optical excitation Electron energy loss

1.
2 2 2 2

Ref. 5

2

Theory
Ref. 13

n=1 0.25 0.25 0.004 0.232 0.236 0.252

Present work.
From electron-energy-loss experiments (Refs. 36, 37) taking the difference in peak posi-

tions from the maximum in the loss spectrum to the maximum of &2.

close to it.
(iv) Extensive information has been obtained for

the bulk-exciton states which can be described
optimally by a Rydberg series including a quantum
defect which is lower than theoretically estimated.
The derived parameters are only partly in agree-
ment with theoretical predictions. It was possible
to observe the doublet splitting in the exciton lines
and to extract the spin-orbit splitting of the val-
ence-band maxima at the I" point in the Brillouin
zone. Furthermore, the influence of electron-hole
exchange interaction was compared with theoreti-
cal data.

(v) Finally, for the g=1 excitons the excitation
of longitudinal modes has been observed in both
transmission and reflection experiments, and the
nature of these states was briefly discussed.

Thus we believe that with these results and the
relation to recent theoretical approaches, which
we discussed, a full understanding of the static
properties of excitons in solid Ne is at hand. Fur-
ther information related to clustering and film
formation may come from experiments where the
sample parameters can be varied in a controlled

manner over a large range. Recent photoemission
experiments from submonolayer rare-gas films
reveal interesting extra peaks which are not ac-
counted for in the bulk density of states. 42 Deeper
insight into the nature of the exciton states may
also come from investigations of high-resolution
luminescence, where the various states discussed
in the present paper can be selectively excited and
differences of their decay mechanisms might fur-
ther elucidate their dynamical properties.
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