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Abstract

Transmission and reflection speclra of solid neom in the valence-exciton

range (16 = hy * 22 eV) have been carefully reinvestigated using highly
manochromatized (4E = 4 meV) synchrotron radiation. A surface exciton state

at hv = 17.15 eV located 210 mweV below the n = | (j = 312) 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

quant ities have been determined and are discussed in view of recent theoreti-
cal predictions. For the first time we are able to resolve Lhe spin orbit
splitting of the j = 3/2 and j = 1/2 states and study the influence uf 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 gep of
21.58 eV for solid Ne.

PACS: 71.35 + 2z, 78,65 Jd

Submitted to Phys. Rev. R

I. Introduction

The onset of electronic absorption in rare gas solids (RGS) is charac-
terized by a number of sharp exciton bands. These excitonic spectra have
attracted much interest frem both theoreticians and cxperimentalists. RGS
have frequently been regarded as simple prototype subsLances for insulaters
due to Lheir simple electrenic structurce jn the ground state with valence
bands formed by fthe cutermost closed p-shell clectrons and the weak van der
Waals forces in the crystal. In spite of this key role there are still con-

flicting views as how to describe the exciton states in Lhese materials.

The excitation energies En of the exciton bands have been mainly described
in terms of a2 hydrogenic Waunier - Mott excitan model! based on rhe elfec-

tive mass approximation {(EMA) and expressed iun the well known form

B
Bt P T3 <“
a

with EG gap energy, b binding energy and n principle quantum number, The

spin orbit splitting of the initial states results in two Rydberg series.

For the tws n = | excitons with radii smaller than or close to the nearcst
neighbour distance the approximations used in a simple Wannier - Matt exciton
model are no longer justified. AtlLempts bave been made to calculate these
Towest excitation energies by introducing the the so called "central cell
coerrections™?, The most recent theorics deseribe the lowest excitons by

the following approaches:

(1) The lowest excitons can be considered as excitations intermediate
between the Wannier - Mott and Frenkel - Pejerls® deseriptions.
Taking inte aceount the hand structure and assuming a localization

of electron and hole in the same unit cell, Andreoni et al.%s3 applied



an integral equation method to calculate the energy positions,
oscillator strengths and the lonpgitudinal - transverse splittings

of the first excitons in solid Ar* and Ne®. The main drawback of this
theory is its limitation to states with clectron and hale confined

to the same unitcell. An extension to states with n > 1 seems to be

complicated within anabinitio calculation.

. . : s 6 5
Startinpg from the corresponding atomic transitions 2p~ -+ 2p”~ ns, ns'

in Ne Boursey el al.? calculated the n = 1 excitons in solid Ne on
the basis of the repulsive - potential curves of the moleculat excited
states. This thcory works very well for the n = 1 states but is inade-

quate for the hipher transitions.

Resca et al.” described the enerpgy positions of the n = | excitons

for all four rare gas solids within framcwork of an integral equation
approach*1®. In this theory the excitation emergy is fixed belween Lhe
atomic value and the EMA result by a parameter ﬁ/:cc with an effective
exciton radius p and central cell radius G Exploiting the close
connection between rare pas atoms and solids, Reca et al.® extended
the concept of a quantum defect to the excitonic series. As in atomic
theory the space is divided into a shere around the nucleus and the
space outside. The wavefunctions inside the sphere are assumed to be
nearly independent of the main quantum number n. By paramcterizing the
potential inside the atom with the help of the known atomic excitation
energies and introducing for the solid the screening of the Coulemb
interaction outside the atom Resca et al. obtained agreement with the
experimental values for the whole excitonic series for all rare gas
solids”?, In this concept the unknown effective masses of the excitons
serve as parameters, This decription provides im a very natural way
the transition froma Frenkel to a Wannier - Mott picture. On the other

hand this approch is semiempitical by exploiting the well know atomic

excitation energies and it yields only energy levels but no
oscillator strengths or longitudinal-transverse spliltings, A
guantum defect theory in the described framework has been applied

to solid Ne by Resta®.

With the recent vhservation of surface exciton states in Ar, Kr and Xe
and new sStructures in some of the bulk exciton bands a new chal-
lenge has been put forward to further investipate these states ex-

perizentally and describe the cxciton states theoretically. Several

models have been developed to interpret surface excitons in rare gas solids:

(1) The energy shitts and splittings in enviroments with different
synmetry have been treated by Wolff 11 starting from Lhe corres—
pending atomic excitations. The calculated splittings for localized
excitations at the surface of Ar and Kr compare favourahly wilh

the experimental resultsl®.

(ii) In the same spirit Chandrasekharan and Boursey:’ extended their

picture described above to excitallions in the (100)— and (111}-

{111)- surface planes and obtained good values for LQe exeita-

tion energies of surface excitoms in all rare gas solids.

(iii) Ueba and Inhimuralu established cenditions for the energies of sur-

face excituns relative to the bulk states by a localized pertubation

method. In this approach the excitation energies as well as Lhe

Davydov splitting is determined by two quantities -the enviromental

shift term and the exciton transler term. The application to
Ar, Kr, Xei® resulted in smaller splittings of the excitation

energies than the spin orbjt splitting of the initial statesl®,

Solid neon is in principle the most simple insulator with the largest



optically determined band gap of nearly 22 &V. The information about the

exciton states as obtained hy optical absorption, refiecction and energy

loss spectrescopy has been reviewed by Sonmtagl?. Considering the presently
available experimental data for sclid Ne, two striking features have to be
noted: (i) Bo spin-orbit splitting of the exciton series could be detected
until now in contrast to all other RGS, altkough Pudewill et al.!® observed
a shoulder iu the rcflection spectrum from thick (d = 1000 ﬁ) films on the
low evergy side of the intemse = = I excilon band seperated aproximately
0.2 eV from Lhe main peak. 1t was not clear however whether this splitting
could be assigned to the spin orbit splitting, (ii) Surface exciton states
have not jet been reported for soclid Ne in coatrast to all oLher RGSIC

The only hint for the existance of such a state came from photoemissicn
yield experiments ? which showed for thin films an extra emission at 17.] eV
well below the m = | bulk exciton states. This emission was ascribed as
poussibly being due to excitation of adsorbed single Ne atoms or clusters
decaying via energy transfer to the gold substrate and thus leading te an

extra photoemission below threshold<?,

Thus new experiments were required in order to asess the validity of the
above mentioned theoretical approaches and to investigate the "anowalles"
of the experimental data in more detail, A careful reinvestigation of the
electronic structure scemed also rewarding in view of che increasing inter=-

est in the luminescence properties of solid Ne 'l as well as its properties

45 a matrix in mavrix iselation spectrescopy .

I the present paper we present and discuss a detailed experimental reia-
vestigation of the excitonic spectrum of solid Ne. Much more accurate data

ohtained by high resolution transmission and reflection measurements enah’ed

us to Teselve the “anomalies”" and observe for the first time the surface exci-

ton states as well as the spin orbit splitting of the bulk exciton states.

A preliminary presentation of the reflection data has been given in Ref. 23.

As will be demonstrated in this paper such spectra are dilficult to inter-—
pret due to the stromgly varying optical canstants in the excitonic tegion.
Morcaver accurate energy positions for strong transitions caa be vbtained
from reflection data only via a Kramers-Kronig analysis. We therefore deve-
loped a consistenL interpretation especially in the range of the u = | exci-
tors on the basis of reflection and transmission measuremeats. It should be
noted here that, although the very recent theoretical ;1pp1-0ac‘r1e.57"3 used the
reflectance data from Ref. 23 without corrections, the general cunclusions

in these papers are not affected.

After a short descriptior of the experimental arrangement (Sec [I) absorp-
tien and reflectivu spectra are presented for several film thicknesses,
(Sec IIT). The spectra as well as derived parameters and Che consequences
for our presenL understanding of the exciton states are discussad in

Sec IV.

II. Experimental Procedure

Our transmission and reflection experiments have been performed at the
synchrotron radiation laboratory at the DESY storage ring DORIS. The
apparatus consists of a high-resolutior 3m normal-incidence monochrnmatorxu,
an ultrakigh-vacuum experimental chamber (working pressure 5 x ]0_30 Torr
after baking) equipped with a He-flow cryosilat, a reflectometer and a gas
handling system for sample preparation, For the solid state experiments

described here we have chosen a medium wavelength resolution of 0.15 &

4 meV a2t )& eV) cver the whole spectral range (300 £ - 3000 X). We note,
that this resolution is ahonl 30 times better than the halfwidth of the
sharpest structure observed in Lue spoctra. The instrument was calibraded
by rare gas absorption lines and provides a reproducibility of 0.1 b

{2 eV at 17 eV).



The neon samples have been prepared by slow condensaticn of the sample gas
(L'Air-Liquide, purity ~ 99.995 %) onto the cooled sample holder. The gas
handling system was fully bakeable and the purity of the Ne was checked with
a mass spectrometer. For the transmission measurements the Ne-gas was con—
desed onto a LiF substrate coated with sodium salicylate for converting the
VUV radiation transmitted through the sample into pholons with * roughly
4000 A. This long wavelength radiation was measured by a closed EMI 9804
photomultiplier. For the reflectance measurcments thin films were prepared
in the same manner by condensing the gas on a pold coated LiF crystal.

Far these measurements the angle of incidence was 7.5°. An open 20-stage
electrostatic photomultiplier (Johnston MM2) served as a detector. Ome

major drawback of this technique to measure transmission is its sensi-
tivity to luminescence light emitted by the sample which cannot be dis—
tinguished from the transmitted light. On the other hand luminescence docsn't
play a role in our reflection geometry with a solid angle of only 6 msterad
accepted by the open multiplier. By comparing the data sets measured with
both techniques we can estimate the influence of luminescence. It turned

out to become important omly for thick (d >> 100 R) samples.

The substrate temperatures for condensing the gas have been changed be-
tween 6 and ¢ K in order to test the influence of substrate temperature
on the spectra. Although we observed slight changes in the spectral fcatures

all conclusions drawn below are independent of temperature effects.

The measurements have been performed with samples having different thick-

nesses in order to study alse the influence of this parameter. In particu~
lar it was possible in this»way to diseriminate roughly between surface-and
volume excitations. The thickness of the films could be determined in prin-
ciple by observing the changes of the interferece in the transparent part

of the spectrum below the n = | exciton with increasing film thickness du~
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ring condensation. For Ne this method gave very poor results since the re-
fractive index is close to 1| in that range of the spectrum!?, Furthermore the
technique employed in the transmission experiments using a comparatively rough

sodium salicylate substrate prevented us from ohserving clear Interferences.

Thus we can only give estimates for the various [ilm thicknesses.

4 major consequence of this is the fact that we had to refrain in che
present study from determining optical constants. We have plotted for the
Lransmission experiments the optical density, that is ~ ln T{w)/I,{w) without
correcting for the reflectance, where I and L, are the transmitted and in~
cident iIntensities respectiveley. Thus in the discussion of our results

the cmphasis is on excitation energies, on the relative intensities of
various spectral features and on the line shape of the cxciton bands,

while the oprics)l constants could not be determined Lo a belLter accuracy

than previously possibla—::8

III. Results

A general view of the optical density of Ne recorded at a temperature
of T = 6 K appears in Fig. 1. Compared to previous results obtained with

1£525,2% 4 quch more detailed structure in the excitonic

lower resolution
region is clearly resolved in this spectrum. Further it is apparent that Ne
is almost 100 % ctransparenL in the spectral region above and below the first
exciton band. Spectra for the range of the n = I excitons at around 17.5 oV
are shown in more detail in Fig. 2 for a sequence of film thicknesses where
d°<d1<d2<d3<d4. For very thin films (do) we observe omne single peak A cen-
tered at 16,91 eV, For this [ilm thickness there does not appear any other
absorption feature in the whole spectral ranmge 16 § hv € 22 eV. We estimate
the thickness du to be equal to one monolayer or even less, Comparing the

intensities it is interesting Lo note that the peak 4 is quite intense e.g.

with respect to the structure observed for d].



When the thickness of the films is increased the peak A disappears and ap to
4 features can clearly he discriminated. The peak at [7.15 eV which we have
denoted by § is intense for thin films. For thicker samples it's intensity
does not increase as rapid as the maxima denoted by n = 1 (3/2), n = (1/2)
and L (1/2). The peak denoted by L appears first as a shoulder (dq, dy) 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 (65). They appear almost at the same energies as in the ab-
sorption experiment. However, due to the high constant reflectance of the
Au-substrate and the weak Ne-absorption outside the exciton bands the situation
is more complicated 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 dj to d5 in order to
identify the structures correctly. For example, there appears a typical inter-
ference minimum between 16.5 eV and 17 eV preceeding the first exciton band .
This minimum disappears almost completely for the thicker samples, whereas

e.g. the structure denoted by § persists for all thicknesscs on a strongly
varying background. It's also interesting tc observe how the reflectance

band between 17.5 and 18 eV develops into a broad stop band. Pudewill et ai.'®

have measured [or this band 2 reflectance of almost 60 % for thick tilms with

d % 1000 X,
In Fig, 4 the optical density as well as the retlectance spectra for
a sequence of film thicknesses are displayed for the range n > i. The assign~

ment of Lhe bands is given at the bottom of the fipure. Again it is poessible
to establish a one to one correspondence between the absorptior maxima and
the features of the reflecLance spectra. As already noted by Pudewill.er al.-*?

one observes a sort of transmission spectra in a reflectica gecmetry Lor thin

Ne films on a highly reflecting substrate. The reflectance of the Au sub-
strate is attenuated by weak transitions in the rare gas film which are ob-

served as dips in the reflertance spectrum (e.g. for d, and dZ)' Our new data

1

allow us to follow the changes with increasing absorption of light in

the Ne film In detail: Thus e.g, between d2 and d3 the dips turn

into small peaks until {inally for d4 fully developed reflectance bands are
vbserved for the same energies. We note however that still lor dﬁ strong con-
tributions fram the Ne/Au interface could be vbserved in the highly trans-
parent region of Ne i.e. below 17 eV (see fig. 3, di) and between the

n = 1 and 2-excitons from about 18.3 eV to 19,8 eV,

Finally in Fig. 5 the resulls ol a surtace coverage-experiment are

presented, This experiment was performed in order to ldentify experimen-
tally surface exciton states. Curve A represents the optical density of a
clean Ne-sample in the range of the n = | excitons. Cnrve B represents the
optical deunsity of the same Ne sample coated with a thin Ar-film. The ge-
neral background is increased since Ar has a smooth but non neglegible ab-
sorption in this region!”. The most siriking observation however is the dis-
appearence of the structure S cuused by the coverlayer while the other featu-
res remain essentially unchanged. The technique used here and the results

and cenclusions are similar to the observations for Xe, Kr and Ar in previous
experimentst?. Together with the dependence of the absorption upon film thick-
ness as discussed above we take this finding as strong evideunce for the fact
that the additional maximum S is due to a surface exciton. The difference spec-
trum normalized to an almost constant Ar-background ahsorption outside the
Ne~excilon hands shows, that the inteansity lost in the range ¢t the surface
exciton due te the coverlayer is alnost equal to the gain for the bulk exci-
tons, Experiments with Xe and Kr coverlayers gave essentially the same results.
Furthier we note that the disappearence of the surface-band can also be ob-
served in the reflectance specrra, although due to additional interference
cffects with light reflected at the coverlayer - Ne interface admittedly

not in such a clear wanner?’



Several models {or the exciton states iIn solid Ne have been discussed

and results of several recent calculations are available®»®7 %13 in the
literature., In the following we shall try to confront these predictions
with the experimental results. A synopsis of the experimentally determined
excitation energies appears in table 1, which also gives implicitly our
assignments. The energies of the various exciton states are compared to

28

atomie 2p6 - 2p5 ns, ns' transition energies involved with the lowest
296 electron excitation. In the following discussion we shall first deal

with the adsorbate / surface excitations and then turn to the bulk cxciton

states.

A, Adsorbate state and surface excitons in solid neon

We assign the maximum A observed only for mono— or submonvlayers of Ne to

an adsorbate resonance. The excitation energy of 16.91 eV is close to the
6

value for the 2p - 2p5 38, j = 1/2 state in the gas phase at 16,85 eV 28,22,

The disappearance of maximum A for thicker samples gives further evidence
that the resonance is associated with excited states of adsorbed atoms or
of small Ne-clusters which exist prior to the formation of thin coherent

Ne-films.

The behaviour of the surface exciton state § observed at 17.15 eV in
transmission and 17,12, eV in reflection is quite different, in that it
can be observed for the full seguence of film thicknesses. Fvidence that
this exciton state is confined to the Ne-surface is based on the follo-
wing oberservations: (i) The surface exciton is only observed under ultra-
high-vacuum conditions. (ii) Upon coating with a different rare gas film
the surface exciton disappears (see Fig. 3) and (i1i) from the thickness

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 cstimate Lhat the abscrption due to
surface excitons is confined to one layer at the sample-vacuum boundary.
Such a localization has been experimentally demonstrated for the other

RGS3?.

For this new state in solid Ne introduced by the presence of the surface

we find a FWHM of about 80 meV to 300 meV depending on the sample preparation

and background subtraction for deconvolution. These halfwidths exceed consider-—
ably those for other RGS where 20 to 30 meV have been observed!t. Tuo

different reasons can he Tresponsible for such a broadening: Either the sur—

face exciton is brovadend by the same mechanism which causes a broadening

of the bulk n = | -excitons in solid Ne compared to other RGS (see below) or
this surface peak cousists ol more than one overlapping exciLation. As for the
second argument it has been shown both experimentally'? and theorericallyi!713
that three transitions to surface states correspond to the two n = | bulk
excitons in RGS. Due to the small spin-orbit interaction in Ne we expect

from an extrapolation of the splittings of surface excitons in Ar and Kr!?Y to the
case of Ne three states below the n = 1 (3/2) bulk exciton confined Lo an ener-
gy interval of less than 200 meV. Chandrasekharan and Bourscy recently
calculated the excitation energics far 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 interaction®. In this local picture surface
excitons are introduced by the different symmetry Cﬁv or C3V compared to the
bulk 0, symmetty. Their ab initio calculations vield Lhree states at about 17,30 eV
with a splitting of about 150 meV between the first and third peak.

Taking into account a natural halfwidths of 80 meV (1/3 of the bulk widths as
for the lighter rare gas solids) for the surface excitons this result is consis-

tent with the experimental 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 1. Our assignments fur the bulk exciton states have
already been given in the figures, Following previous studies-® %520 thay
are given in terms of the Wannier-Mott picture. For the first time two

3 1

series are observed and denoted by “/_ and "/

3 and considerable improve-

2
ments in the fine structure of the spectra and the accuracy cf the data have
been possible. Thus we are able to present a new convincing assignment for

the observed transitioms and extract improved values for the derived quan-

tities.

Values for band the gaps E, and binding energies B have been evaluated

G
following the traditional concept of a least square fit for the experimen-—
tal data n ¢ 2 on the basis of the Wannier formula (eq. 1). In this way

the values of EC = 21.50 eV and 21.38 eV for the j = 3/2 and 1/2 serles
respectively have been obtained. It has been pointed out recently that

this approach is inadequate for sclid Ne?r?. Following Resca et al,® and Resta?
we introduced in eq. 1 a quantum defect & by replacing n2 by (n + 5)2. Instead
of two unknown quantities EG

ciple & is a function of the main quantum mumber n 3!, but for neninter-—

acting series it is veasonable to assume in a quantum defect theory a consLant §.

This is corraborated by the mumerical values ovblained in Refs. 8,9 and by the
theoretical analysis of the atomic data??, With three excitation energies for

the excituns m = 1,2,3 we are able to extract by mmerical methods the three

values dencted EG(Z)’ B(z) and ¢ in table 1. We note here that rhis method re-
sults in a good fit for all excilons includiug the n = | states. The intro-

duction of a quantum defect overccmes the often discussed problems of a trans-
ition between Wannmier - like cxcitaticns and Frenkel - type excitens with

decreasing quantum number . With 21.%8 ¢V the band gap coincideswith the

and B we now deal with three, including &. In prin—

ionization limit for the [ree atom. As for all Lhese extrapolations the
accuracy is considerably lower than for the excitation energies involved,

. 1 . .
Furthermore for the j = '/, series we have only threc ktates to determine

2
three unknown guantities and it is difficult to accurately extract the value
for the n = 1 (lfz) statc: Tn transmission it is found at 17.50 eV for

thin films and 17.53 ¢V for thick ones after deconvelution of the strong-

i1y overlapping L (1/2), n =1 (l/ﬁ) and n = 1 (3/2) peaks. In reflection

we obtained 17.58 eV for n = | (1/2) but ne Kramers-Kroulg auvalysis has been

performed to calculate the absorption maxima with these data. Due to these

(3 = ]f ) is considered to be lower than that

9

reascns the reliabity of EG

of EG (j = /2). Our valve for the spin-orbit splitting of the Ne 2p states
is tnerefore not the difiercoce of the two gap energies but the splitting

of the n = 3 - excitons which are not affected by exchange interaction

as the states with lower n (see Ref, 5). The value of 0.09 eV coincides within
the experimental error of 0.0] eV with the splitting for the ionization

limits 2P3/2 and ZPI/2 in the atom®?, The extrapolated band gap oi

(21.58 1 0.03) eV is slightly less than the value 21.69 eV reported

’ T . . - .
proviousiy-%. The most obvious intluence of a quantum defect & » o is

found for the binding energies which are increased by about 30 7.

In table 2 we comparc our experimental results with recent theoretical
predictions. Generally there is pood agreement between theory and experiment
Since the higher numbers of the series are rather well described in a hydre-
genie like picture for the spread cut states the geod agreement for

» < % is not surprising once the proper value [or Ee has been obtained.
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This helds also for a quantum defect theory as long as the quantum
defect is small compared to |. The tightly bound lowest n = | levels

are mere difficult to describe and pose more serious problews.

A complete theoretical analysis of the exciton states of solid neon

has been presented by Andreoni of al.®, For the n = | excitor Lhe main
approximation was to assume that the ecleccren aad the hole are caonfined
to the same unit cell (one site approximation). This seems justified in
view of the small Bohr radii of the n = | excitons. The results based

on the integral equation approach including the band strucLute appear

in table 2. While the theoretical results for the n = |- binding energies
arc in fair agreement with experiment, the calculated intensity ratia

1 (n=1, 3/2) /T (n=1, ]/2) =1 : 50 is considerably smaller Lian

the experimental one for which we roughlyestimate values between 1 : 5

and 1 : 10. If we apply our data to the theoretical dependence® of the inten~

sity ratio and the splitting of the n = | states (see table 1) on 1 = 2(3+D) /2

where J, D and & are the short and loung range exchange terms and the
spiun-orbit splitting respectively, we find for both the splitting of

0.14 eV and the ratio a value r = 1.2 - 1.8 while the calculations in Ref. §
yield 1 = 3.7. For the states n = 2 Andreoni et al.® give an estimate for the
excitation energies and intensity ratios on Lhe basis of the atomic values
and the elfective mass approximation eq. (1) with a given B and corrections
for electron-hole exchange and spin~orbit splitting. As for the n = 1 - exci-

tons we observe in the cxperiment gquite different intersity ratios: For the

3 1

n = 2 - excitons we estimate an experimental rativ T(n = 2, Y e =2, )

>

€ 1.2 (s. ¥Fig. 4). Instead of » = 0.8 (fig. 5 in Ref. 5) we obtain experimen-
tally a smaller exchange interaction n = 0.4. Obviously the exchange interac-

tion is considerably overcstimated in Lhis theory. A similar observation has

been found for solid Ari0
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Fxploitiag ab imitio caleulations of the potential curves for the molecular

3P and 1P states of neon’?, Boursey et al.€ calculated the two n = | - exciLuns
states in the solid. With a parameter-free calculation they obtained values

which are ouly 140 meV higher in energy than those observed oxperimentally.

Resca and Rodriguezycalculated in the [ramework of Lhe integral equation
approach the lowest exciton states, With simple trial wave functions
which have the proper behaviour for boLh the EMA and atomic limit and a
paramcter f[or Lhe extension of these envelope functionsrelative to the
central cell radii, they ohtained 2 reasonable description for the tran-
sition Lrom ar atomic tu an EMA picture for the n = | excitons in Ne, ar,

Kr, Xe.

Remarkable progress in describing the whole exciton series for all RGS
has been made by a quantum defect theory developed by Resta and Resca

a

et al.® 2 1n this semiempirical approach the known atomic hinding ener-
gies determine the potantial inside the atoms in the solid while outside a
statically svreened Coulomb potential is assumed, For the exciton the true
electron mass is assnmed inside the atom and outside an effective mass.

Thus the close analogy between Rydberg states in rare gas atoms and exci-

tons in rare gas solids is directly exploited. The experimental quantum

defect of 0.24 ~ 0.28 is somewhat smaller than the theoretical oncof 0.35 in Ref. 8.

These differcnces in ¢ are propably the reason why Lhe thecretical excitation
enerpies are too high at low quantum numbers. The atomic values for 3

are with approximately 0.7 much higher than those for the solids. An ex-
tession of the guantum defect approach to all RGS is found in Ref. 8.

The theory is essential the same as in Ref. 9 but for the fit of the
experimental dala the effective mass u is treated as a paraweter due to

the reason that an effective mass at the botLom of tue conduction band is in-

appropiate for locallzed states®. Ye compare in table 2 also the various
B (ev) 2

effective masses with the experimental value p = 13606 oV Yo with



C. Line shape and longitudinal transverse splitting tor the n = 1 bulk excitons

The observed line shape for the n = 1| excitons (Fig. 2 and 3} is quite com-
plicated and we can only hope to cxtract qualitative informaticn concerning
this poiut. This complication ol Lhe spectrum is due to (i) the strongoverlapp
of surface states with bulk excitons, (ii) the proximity of the n =} (3/2) and
n =1 (]/2) bulk states (see above) and (iii) the appearance of rhe [eature

L on the high energy side of the band which we identify as the excitation of
longitudinal exciton states (see below), Nevertheless large widths of

the n =1 (3/2) and n = 1 (]fz) peaks in Ne of the order of 200 meV

are obtained after decouvolution of the peaks. This value has Lo de

compared with the halfwidths 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 vields Lo-
rentzians with halfwidths N 80 meV £3.  Thus according to Toyozawa's mo-
del?%the weak exciton-phonon scattering case is realized [or these systems. In
contrast to this the estimate of roughly 200 meV for the halfwidths in solid
Ne is in favour of lacalized exciton states (stronmg scattering case} where
motional narrowing is not important. We note that the localized nature of the
n = | excitons in solid Ne is also in accord with the curreat view of exciton

v
1

dynamics as obtained from luminescence experiments

We interpret the maximum denoted by L (]/2) at 17.75 eV (Tig. 2} as the longi-
tudinal (L) n = 1(1/) exciton which has its transvers counterpart (TO) at
17.50 eV. Due to the smaller oscillator strength of the n = l(3f2) bulk state
the longitudinal - transverse solittine 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 LO (with F parallel to k, where

E is the clectric field vector and

k the merentum of the exciton) and trans-—
vers {T0) {E perpendicular to k) excitonﬁerha ohscervation oi the longitudinal
bulk excitons is uswvally restricted to clectron energy loss spectrsscapy where
thevy show up as maxima in Im- gn In fact in such experiments periormend

for Ne Lhe energy less peak associated with the n = | excitons has been
observed at 17.74 oV and 17.75 ev3€237, In aptical (k=o) normal inci-

dence transmission experiments the lengitudinal excitons mormally do nol
couple Lo the incident transverse electromagnetic field. However in reflection
geometry?® and for rough surfaces™® optical excitation of longitudinal

nodes becomes possible. The increase of Lhe longitudinal peak with
increasing {ilm Lhickness (Fig. 2) is most probably due to an increussed

surface roughness for these films.

Qur assigmuent {s supported by the electran loss cxperiments mentioned

above and by the observaticn of the broad "quasi'-stop band between !7.5

and 18.0 o¥ in the reiiectance from thick films whichyields hing H17.5 eV

and h“LO 4 17.8 eV. The numerical value which we deduce for the LO-TO

splitting in solid Ne is in very good ugreement with the values caleu-

lated by Andrecni et al® and by Boursey et atl3 (see table 3,). Yor solid

4ar and Kr Andreoni et al. 0 proposed an explautation for the dip in Lhe
reflection stop band between the trausverse and longitudinal excitation

in terms of spatial dispersion and a dead layer for bulk excitons at the
surface. However the existance of such a layer ol some ten A is still on open
question. We note in passing that we have studied the excitation of the longi-
tudinal medes in more detail in transmission experiments at nonnormal incidence
for thin [ilms of solid Kr“l. Tn this case the sitvation is conceptually

more favourable since the two (3/2) and (k/z) n = 1 bulk exciton states

do not overlapp and carty roughly the same oscillator strengths.

not overlapp and carry roughly the same oscillator strength.



V. Conclusions

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

(a) Results from improved optical transmission and reflection experiments
have been presented for thin films of solid Ne. These results are important,
in that they resolved the "anomalies" for Ne as compared to the other rare

gas salids.

(b) Evidence of an adsorbate induced resonance state close to the exci-
tation energy of the corresponding gas phase transition has been obtained.
Tt would be rewarding to extend these experiments at sub-monolayer cover—
age under well definded surface conditions in order to eventually follow

the gradual transition from isolated Ne atoms to clusters and to bulk Ne
films and relate the results to theoretical predictions.

(c) As for Ar, Kr and Xe it was possible to detect and study surface

exciton states which are introduced by the presence of the surface and

which are spatially confined to a region close to it.

(d) Extensive information has been obtained fotr 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 agreement with theoretical prgdic—
tions. It was possible to observe the doublet splitting in the exciten lines and
to extract the spin orbit splitting of the valence band maxima at the T
point in the Brillouin zone. Furthermore the influence of electron hole
exchange interaction is compared with theoretical data.

(e} Finally for the n = | excitons the excitation of longitudinal modes

has been observed in both transmission and reflection experiments and the

nature of these states is briefly discussed.

Thus webelieve that witl these results and the relation to recent theoreti-
cal approaches,which we discuss a full understanding of the static properties

of excitoms in solid Ne is at hand. Further information related to the clus~

- 20 -
tering an§ film-formation may come from experiments where the sample para—
meters can be varied in a controlled manner over a large range. Recent phato-
emission experiment from submanolayer rare gas films reveal interesting extra
peaks which are not accounted for in the bulk density of states"2, Deeper
insight into the nature of the exciton states may also come from investigationa
of high resolution luminescence where the various states discussed in
the present paper can be selectively excited and where differences of
their decay mechanisms might further elucidate their dynamical proper-—

ties.
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Tahle 2:

Comparisun between experimental transition ererpies for bulk excitons

From these gap energies we subtracted the theoretical exiton biading
in sclid neon and other parameters with theoretical calcuiations.

energics.
B, =FE. - E(n = I) are the real binding energies of the n = 1 -excitons
! ¢ (e) L. Resca, R. Resta aud S. Rodriguez, Scl. State. Comm. 26, 849 (19/8), and
and p is the effective mass. The other notations are the same as in table

Pkys. Rev. B 18, 696 (1978)

I. All energies are in eV.

Experiment Theory
present work | Ref. a Ref. b Ref. ¢ Ref. d Ref. o
A
o= ] 17.36 17.50 17.65 17,75 17.58
17.50 17,63 17.75 17.85 17.79
2 | 20.23 19.98 20.32 2024
20.36 20,08 20.42 20,35
3 20.94 20.93 20.94 20.91
21.02 21,13 21.04 21.03
4 21.19 21.25 21.19 21.19
21.29 21.34 21.29 21.31
5 21.32 21.40 21.31 21.33
21.50 21.41 21.45
E(: 21.58 21.67 21.55% 21.61
21.62 21.77 21.65 21.73
B, £.22 4.16
4,12 3.81
"\so 0.09 0.10 0.10 0.12
¢ 0.28 0.3 ro-s
0.24 0.35 ~0.5
1 0.8 0.8 0.8 0.97
0.7

(a) W. Andreeni, F. Perrat and F. Bassani, Phys. Rev. B 14, 3589 (1976).

(b) E. Boursey, M.-C. Castex and V. Chandrasekharar, Phys. Rev. B 16, 2858 (1977)
(c) L. Resca and S. Rodriguez, Phys. Rev, B 17, 3334 (1978)

(d) R, Resta, phys. stat. sol. (h) 8_‘1, 627 (1978); gap encrgies arc chtained

by a fit of the experimental data Ret. 23 (sec also Ref. 27) and ’ﬁ\so is the

atomic value



Table 3:

Comparison between experimental and calculated energies for the longi-

tudinal -transverse splitting for the n

= | excitons in solid neomn.

r Experiment

Theory
Optical electron Ref. (c¢) Ref. (d)
excitation (a) | energy loss (b)
3 1 3 1 3 i 3 i
/2 /2 /5 r’2 /2 1y /2 /2
- - 0.004 0.236
0,25 0.25 0.232 0.252

(a) present work

(b) from electron energy loss experiments taking the difiference in

peak positions from the maximum in the loss spectrum to the maximum

of €

J. Daniels and P. Kriiger, phys. stat. sol. b 43, 659 (1971)

L. Sctmidt, Phys. Letters A 36, 87 (1971)

(c) W. Andreoni, F. Perrot and F. Bassani, Phys. Rev. B |4, 3589 (1976)

(d) V. Chandrasekharan and E. Boursey, preprint, submitted to Phys. Rev. B
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Figure Captioms:

Fig. 1

Fig. 2

Fig, 3

Fig. 4

Fig. 5

Optical density (- ln L/Ip of solid neon in the excitomic
range of the spectrum. The main features can be grouped into
two series split by spin orbit interaction which converge to the

bandgap. For the assignment see text.

A sequence of spectra (~ ln I/Io) for solid neon in the range

of the first excitons for increasing film thicknesses d_ (insert)
o

to dg' For the assignment of the various peaks or shoulders see

text. Note that d1 to d5 are different from the values denoted

by the same symbols in the other figures,

A sequence of reflectance spectra of solid neon in the range of the
first excitons for increasing film thicknesses d1 to dS' The assign-
ment of the various features is the same as in Figs, | and 2 {see
text). Note that d] to dL are different from the values denoted in

by same symbels in the other figures.

Optical density (- ln I/I)) of solid neon in the range of the
higher excitons n > | (upper part) and a sequence of reflectance
spectra in the same range for increasing film thicknesses di to d&

(lower part). The assigument of the various features is the same as

in Figs. 1,2 and 3 (see text). Note that dI to dA are different from

the values denoted by the same symbols in the other {igures.

Results for a surface coverage experiment for solid neon in the
range of the n = | exciton, Curve A is the optical density (- ln I/I,)

of a clean neon sample., Upon evaparation of a thin Ar coverlayer the

structure denoted by S 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 structurless Ar back-

ground is indicated by the broken line.
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