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Abstract

Transmission and ref lec t ion spt;ctra öl" solid ncon in t he valence-exciton

ränge. (16 - hv ~ 22 eV) have been ca re fu l ly re invest igatüd using h i g h l y

monncnroTnatized (üE = 4 iaeV) Synchrotron radiation. A surface exciLon s ta tü

at h-j - 1 7 . 1 5 eV located 210 raeV below the n = i (i = 3/2) bulk exciton is

observüd and unambiguously ident i f ied . Energy positions of the bulk exciton

States and line shape.s äs well äs new and more. precise values for derived

quant i t ies have been determined and are discussed in v i p.w of recc-nt theoreti-

cal predictions. For the f irst tiaie we are able to resolve Lhe spin orbit

S p l i t t i n g of the j - /•-: and j = /2 ^tates and study the inf lutuce uf ex-hange

i:itc!rar.rioTi. The value of 90 meV for Lhe K p i n o r b i t Spl i t t ing is dose to the gat

pliast: r e su lL . K i t h i n a quantum defec t approacli w^ cva lua tc a new band gsp of

2 l .58 eV for sol id Ne.

PACS: 7 l . 3 5 + z, 78.65 Jd

Submitted to Phys. Rev. R

I. In t roduct ion

The onset of e lectronic abao rp t ion in rare gas solide (RGS) is r.harac-

t r . r i zed by a r]un;br.r of stiarp exciton bands. These exci tonic spectra have

a t t r a c t e d much interest ircre bo th theoreticians and c-xper imental is ts . RGS

havü f rcquent ly been regarded a s simple pro to type substarir.es f ü r insulators

due to L h t i r simple e lec t ronic ä L r n r t n r f - in the ground s taLe with va lnnce

bands forraed by the outernost closed p-shcll c lectroas and the weak van der

V a a l K forces in the crystal. Tn sp i te of this key role there are still con-

f l i c t i ng views äs how to describe th? exci ton States in t l ieae m a t c r i a l s .

The exu i t a t i un f.nr.rsies E of the t fxr . i ton bands have beeil mainly described
n

in terms of s tiydrogenic Wannier - M O L L exciton mode l 1 based on the et'ret--

t ivo TH,IF;S approximation (EMA) and expressed id Lhe well known fcinr.

w i t h E g;ip energy, ti bind lug encrgy snd n principle qua-ntnia number. The
h

spin orbi t Sp l i t t i ng of the initial states resul ts in two Rydberg K e r i e s .

Fnr the two n = l exci tons w i f h radii smaller than or close to the nearp.st

neighbour dis tanre r.he approximat ions used in f> simple Wannier - Mott exci ton

nodel are no longer ius t i f ied . ALteTnpLs have been made to ca lcu la ta these

lowe.st excitat ion energir? by in t roducing the the HO r.alled "central cell

ccrrecLicns" ' . The most recenL t heo r i c s deseribe the IowesL exc.itons by

the to l lch ing approach.es:

( i ) Tlie lowpst excitons can be considcred äs exe i t a t ions inter mediate.

between Lhe Wannier - Mott and Frenkel - P e i p r l s " descript ions.

Taking into account Lhc band s t ruc tu re and assuming a l u t a l i za t ion

o£ elei'tror, and hole in the Käme u n i t c e l l , Aridreoni et al . '5 applied



an integral equation rcethod to calculate Ehe energy posit ions,

oscillator strengths and the longitudüial - transverse spliLLiiigs

of the f i rs t excitons i" solid Ar11 and N e - . The main drawback of tliis

theory is its limitation to states w i L h electron and hole confined

to L he samt u n i t c e l l . An extension to states with n '•' l seems Lo be

complicated within a n a b i n i t i o calculat ion.

( i i ) Starting from the corrcsponding atomic transitions 2p -+ 2p ns, ns'

in Ne Boursey eL al. •' calculated the n = l exciLuiis in so l id Na on

the basis of the repulsive - potential curves of the molecular excited

states. This theory weirks very w e l l £or the n = l states but is inade-

quate for the higher transitions.

( i i i ) Resca et al.7 described the. energy positioas o£ the a = l excitons

£or all four rare gas solids w i L h i n franicwork of an integral equation

approach1*'5. In this theory the excitation energy is iixed beLween Lhe

atomic value and the EHA rosult by a parameter ;:/:: with an effective

exciton radius p and central cell radius p . Exploit ing Lhe close

coimectiun between rare gas atoms and solids, Reca et al.c estended

the concept o£ a quantun defect to the excitonic series. As in atomic

theory the space is divided into a shere around the nucleus and the

space outside. The waucfunctions inside the sphere are assumed to be

nearly independent of the main quanLum number n. By paramcteri^ing the

Potential inside the atum wi th the help of the known atomic excltation

energies and introducing for the solid the screening of the Coulomb

interaction outside the atom Kesca et al. obtained agreement wiL i ; Lhe

experimental values for the vhole excitonic series for all rare gas

solids*. In this concept Lhe imknown effect ive masses of the excitons

serve ;is paramcters, This decription provides in a very n.ntur.il way

the transition f roma Frenkel to a Wannier - Mott picture. On the other

hand this approch is semierapirical by exploit ing the weil know atomic

excitation energies and it yields u n l y energy levels but nu

osci l la tnr s tren^ths or l on^ i Ludinal-transverse s p l i L L i n g s . A

cjuantura defec t theory in the described framework has been applied

to solid Ne by Rcsta J .

W i t h rhe reiten t observation of surEatze exciton states in Ar, Kr and Xe

and new s L r u c t u r e s in some of the bulk exciton bands a n.ew chal-

leiige has faeen put foruard to further investigate these s ta tes ex-

perinental ly and describe the exciton states tht ioret ical ly . Sevnrnl

riodels have been developed to Interpret surface excitons in rare gas solids:

(i) The energy s h i t L s and S p l i t t i n g s in envi romenLs with d i f f e r e n t

symmetry have been t reaLed by Ho l f f U s tar t ing frnm Lhe corres-

pondi^g atomic cxcitations. The caleiulated Spl i t t ings for localized

exc i t a t ions at thü surface of Ar and Kc compare f a v o u r a h l y w i L h

the experimenLal r e s u l t s - .

(i i) In Lhe same spirit Chandrasekharan and R o u r s e y • J extended the i r

picture described above to rxr.itaLi.ons in the (100)- ar.d ( 1 1 1 ) -

( 1 1 ! ) - surface planes and obtained geiod values for Lhe excita-

tion energies of su r face excitons in all rare gas solids.

(i i i) Ueba and Irhimura11* establ ished conditions £or the energies o£ sur-

f a c e exciLuns relative to the bulk states by a localized pertubation

m c L h u d . In this approach the exc i ta t ion energies äs w e l l äs Lhe

Davydov Splitt ing is d e t e r m i n e d by Lwo quant i t ies - the enviromenta l

s h i f t term and the exciton transfer term. The applicat ion to

Ar, Kr, X G ' ; I resulted in smaller Spli t t ings of the excitation

energies than the spin n r b i t Sp l i t t i ng of Lhe initial staLes

Solid neon is in principle the most simple. i n s u l a L u r w i t h Lhe largest



op t i ea l ly determined band gap of nearly 22 eV. The I n f o r m a t i o n about the

exc i ton s t a t e s äs obtained by op t i r a l a b s o r p t i o n , re-T l er.t_ion and energy

loss spectroscopy has heen revißwcd by Sonntag 1 ' ' . C o n s i d e r i n g the present ly

available experimental data for su l i d Ne, Lwo s t r ik ing f e a t u r e s have to be

nL' ted: ( i) Ho spin-orbit S p l i t t i n g of the exc i t on ser ies r o n l d be d e L e c t e d

u n t i l now in contrast to all other RKS, a l t r .ough P u d e w i l l et ai. b obseived

a shoulder in the r e f l r c t i o n speetrum f r o m t h i c ' n (d = l OÜO A) f i l m s on the

low energy side o t Lhe intense n = l nx<: i tun band sepetated aproxirea tc.lv

Ü . 2 eV f rom Lhe main peak. 1t was not clear however whether L h i s Sp l i t t ing

cou ld be: assigned to the spin orbi t S p l i t t i n g , ( i i) Surface exci ton s ta tes

have not Je t been reported for solid Ne in contrast to all ot l ier K G R 1 C .

The only hint for the existance of such a state came frora phetoemission

yield experiments y which showed for thin films an extra emission at 1 7 . 1 eV

w e i l be low the n = l bulk exri ton states. T h i s emiss ion was a sc r ibed äs

poss ib ly be ing d u e to exc i t a t i on of arisorbed single N'e aLoms or c l u s L e r s

decaying via energy t r ans f e r Lo Lhe gold subs t r aLe and thus leading to an

extra photoemission below threshold^° .

Thus new experiments uere rcquired in order to asess the validity of the

abuve mentioned theoret ical approaches and to investigate the "anoiualies"

of the e.xperimental da ta in more d e t a i l . A o a r e f u l r e i n v e . s t i g a r i o n of the

electronio strm: turc scemed al 00 rewarding in v iew uf L t i e inereasing int er-

est in the luruinescenee propert ies of solid N e ' äs well äs its proper t ies

äs a oatrix in matrix Isolation spectruscopy ~.

In the present paper we present and d i scuss a de ta i led experimeiiLal rei:i-

v e s t i g a t l o n of rhe exci tonic specLruiT. o£ solid Ne. Much more accura te data

, ' ;hLaini-fl by high r c so luL iun Lransaii ss ion and ref l ec t i ITI müasuremet i r s ; en.ih" cd

ns to r t i solve the "anoinalies" and observe i or t;ic f i r s L Linie Lnc . sn r i acc 1 oxc j

LOII Stalls äs well äs the spir, n r b i t S p l i t t i n g Ö L the bulk excitur . scates.

A prt limir.ary Präsentation of Lhe r e f l ec t i on da ta ha s been g i v e n in R e f . ?'l.

As will be demonstrated i;i this papcr sui-.h sptictra are dilf icult to inter-

prct oue to the strongly varying optical canstautK in the excitonit- rcgion.

Mortiovcr a ccu ra t e energy positions for strong t rans i t ions can be o b t a i n o d

from r e f l e t - . L i o n ciata only via a Kramers-Kronig analysis . Uc tht ' . refure deve-

loped a cons i sLenL i n t ^ r p r a t ; : t i o n especia l ly in the ränge of Lhe n = l exci-

tons on the basis of ret l cc t - io i i and transmi ssion raeasuremeats. 1t shoiild be

notr-d here that , al though the very receiiL t heu reLLc . a l approaches '~ J uscd the

reflectance. daLa trom Ref . 23 without corrections, the general t :uiic: lusieins

in t'nese papers are not a f f ec t ed .

A f t e r a shorL des t - r ipt i or. of the experiraenLal arrangement (See I I ) Absorp-

tion and ref lect io: i sper.Lra are pre.sented for several t 'ilrti thiekr.esses,

(Sei: T I T ) . The spectra äs well äs der ived pararaeters and Lhe c :>rsfquences

for our presenL unders tanding cf the exe iton states are discubsed in

See IV.

11. Exp e r inie n La i Procedure

Our trausiaission and ref lec t ion esper imcnts have been perfurmed aL t he

Synchrotron r a d i a t i o n labora tory at the. DF.SY stcrage ring ÜÜElb. Thü

an ultrahigh-vai-uuin experimer.tal chamber (working pressure 5 x 10 J Torr

a f t c - r bak ing) equippf jd wi t l i a He-flow c ryosLa t , a ref l ec tometer and a ^as

hand l ing Sys t em for sample p r p p a r a r ^ n n , For the so l i d s!.ate exper iments

desc r ibed hern wc have choseii a medium wavelength r e so luL ion of 0. l 5 Ä

(••• 4 meV ac ]S eV) cver Lho whole spsc t ra l ränge (300 X - 3000 X ) . Wo note ,

L ha L t h i s r eso lu t ion in a h u n L '30 r i m e s bet ter L h a n the h a l f w i d t ' n of L l i e

sharpest sLrnr . t i t re observed in L: ie spoc t ra . The Instrument was cal ibraded

by r:ire gas absorpt ion l ines and provides a reproducibility of 0.1 A

(2 EieV at 17 c V ) .



The neon samples have beeil prepared by slow condensat icn of the- K a m p l e gas

(L'Air-Liquide, purity > 9 9 - 9 9 5 %) onto the cooled sample hulder . The gas

haruHing System was f u l ly bakeable and L he p u r i t y of the Ne was checket! with

a mass spectrometer. For ehe t r ansmiss ion measurements rhe Ne-gas was con-

desed onto a LiF Subs t ra te coated uith sodiun salic.ylate for convert ing the

VUV radi ; i t ion t ransmi t ted through the sample int o photons w i t h >. r u u g h l y

400Ü A. This long wave leng th r.-idiation was measured by a closed EMI 9804

pho tomul t ip l i e r . For the rei lectauce rneasureinents thin f i lms were prepared

in the same manne.r by condensing the gas on a flold coatexl LiF c rys ta l .

Far these measureuienls the angle oi inc idence was 7.5 . An. open 2(J-stage

electrostatic photomulti.pli.er (Jo lmstun MM2) served äs a detector. Üiie

majur drawhack of this technique to measure transmission 1s its s rns i -

tivity to luminescence light emitted by ttie sample which cannot be dis-

tinguishcd from the transmitted Üght. On the oLher hand lumirif isrenr.e d n o s n ' t

play a role in our re£lection gcoraetry with a solid angle of only 6 msterad

accepted by the open multiplier. By coniparir.g the. d.ita sets measured wi th

both tec.liniqu.es wc can est imate the iiifluence uf luminescünf.c. Tt turntd

out to become imporcant only for thick (d » 100 A) samples.

The Kubstra tP. temperatures for condensing the gas have been changed be-

tween 6 and 9 K in orde.r to test the induenc*? of Substrate temperaCure

on the spectra. Althongh we observed sliglit changes in the sper.tral fcatures

all c.nnclusions drawn below are independent of temperature e f f e c t s .

The measurements have been performed w i t h samples having d i f fe ren t thick-

nesses in order to stndy also the influence öl this parameter. In particu-

lar it was possible in this way to discriminate roughly between surlrace-arai

volume excitations. The thickneas of the f i lms could be determined in prin-

ciplc hy observing the changes of the interferece in. the transparent part

of the spectrum beluw the n - l exciton with increasing f i lm th ickness du-

riug condensacion. Für Ne this method gave very poor resul ts sinc:e the re-

f racr ive index is close to l i n that ränge of thsi spectrum1 7 . Furthermore the

Lechnique employed in the transmission cxperiments using a r.omparatively rough

sodium salii;ylate Subs t ra te prevented us f rom ohserving clear in terferences .

T hu s we can only give e.stii^ite.s for the various f i l m thicknesses.

A major consequenr.e of this is the f a c L that we had to r e f r a i n in tlie

prnsnTi t study irom deLermining uptical cons tan ts . We haue plot.ted for the

transmission experiments the opt ica l dcns i t y , that is - In T ( w ) / I o ( o 1 ) wi thout

correct ing for thc; rr.f l ecLanr.e, where l and 1Q are the transmitted and in-

t: i dent intensi t ies respect iyeley. Thus in the d i s c u s s i o n of our resu l t s

thr. emphasis is on e x c i t a t i o n energies, an the relative intensi t ies of

various spectral f ea tu res and on the line ahape ot the exr.iton hands,

whi lc thr op t i ca l constants could not be determined L u a b e L L e r a^curacy

than previously p o s s i b l e - ^ .

III . Resn l t s

A general view of the optic.al dens i ty of ^e recorded ät a temperature

of T = 6 K appears in Fig. 1. Compared to previous resul ts obtained w i t h

lower resolut ion ' f > * 5' -~ ' a much more detai led s t ruc tu re in the exLi tunic

reg iun is t-.learly rcsolvcd i n t h i s spect rum. Further i t is apparent that Ne

is a lmost 100 7, transparent in the spcctra] region above and below the f i r s t

exciton band. Spectra for t_he ränge of the n = ! exri tons at. aronnd 17 . ü cV

are shown in more detai l in Fig. 2 for a sequence of f i l m thicknesses where

d <d .<d<-d <d, . Für very thin f i l m s (d ) we observe one single peak A cen~

tered at 1 6 . 9 1 eV. For this f i lm thicknesa there does not appear any other

absorption f e a t u r e in the wliole spectral ränge 16 £ hv ^ 22 eV. We estimate

the thickness d tu ho «quäl to one mnnolayer or even less. Comparing the

intensit ies it iä ia teres t ing tu noLe that the peak A is qui te intense e .g .

wi th respeot to the Structure ubserved fn r d .



When ehe Lhickness of the f i l m s is increased the peak A di^appears and up to

l\s can clearly he discriminatc.d. The peak at 17 .15 eV which we have

denoted by S is intense for thin f i l™. For thicker samples it 's intensity

does not inctease äs rapid äs the maxiir.a denoccd by n = l { / 2 ) , n = l ( ' / ? )

and L ( ] 12> • ^e Peak denoted by L appears f i r s t äs a shoulder (d 2 , dß) a:id

f i n a l l y develops into a separate maximum for thicker samples.

Turning nn w t« the ref lectance data in the saroe spectral ränge (Fig. 3) we

can iden t i fy Lhe same four features in the. spectruin obtained for the

thickest sanple (d5). They appear almost at the same energies äs in Lhe ab-

sorption experiment. llowever, due to the high constar.L re f l ec tance of the

Au-substrate and the weak Ne-absorption outside the exc iLun bands the Situation

is more complicated and one obse.rves typical interferences tor the vacuum

- Ne-fi lm - Au-substrate combination. Tims it is important to follow Lhe

changes of the spectra w i t h increasing f i lm thickness from d j to d5 in order to

identify the structures correctly. For example, there appears a typical inter-

ference mininiuni between 16.5 eV and 17 eV preceeding the Cirs t exc.iton band .

Th i s minimuni disappears a lmosC completely for the thicker samples, whereas

c.g. the s L r u c L u r e denoted hy S persists for a l l t h i r k n r s s i ' K on. a strongly

varying background. I t ' s also interesting to observe how the r e f l e c L a n ^ e

band beLween 1 7 . 5 and 18 eV develops into a broad stop band- P i i d e w i l l et a i . 1 ^

have nleasured for this band a rü f l ec tance of alraost 6ü 7,, f ü r Ll i ic .k t i l m s wi th

d 'l 1000 X.

In Fig. 4 the optical dcns i ty as ur.ll äs the r e t ' l e r r a n c e spectra f ü r

a seqnence of f i lm thicknesses are displayed for Lhe ränge n > ', . The ass ign-

iricnt of Lhi? bands is given at rhe ho t tom of the f i g u r e - Agaiu ic is p o s s i h l e

to e s t u b l i s t i a uns^ Lo one t'orrespondence between the absorptior. aaxima and

the fea tures of the ref leciance spectra . As a l r e a d y notcd by P n d e w i 1 1 • e t a l . - -

one observes a sort of transmission B p c r t r a in a r e f l e r t i o n . g e c n i ^ L r y Icir t h i n

- 10 -

Ne f i lms on a highly r e f l ec t ing Subs t ra te . The r e f l e c t a n c e o£ the Au sub-

strate is a t tenuated by ueak r r a n s i t i o n s in Lhe rare gas f i l m which are ob-

served äs d i p f ; in the r e f l e r t a n r e specLruin (e .g . £or d. and d , ) . Üur new data

allow us to f o l l o w the rhanges wi th increasing ahsorpt ion of light in

the Ne f i l m in d e t a i l : ThiiK e .g . between d and d, the dips Lurn

iiLo small peaks un t i i f i n a l l y for d E u l l y developed re f l ec tance bands are
^

observed for the same energies. We note however that s t i l l Tor d, s t rong con-

t r ibu t ions frorn rhe Ne/A'j in ter face could bc ubserved in tlie highly trans-

parent region of Ne i.e. below 17 eV (see f ig . 3, d _ ) and between the

•n = l and 2-exc.itons f rom aboiir. 18.3 eV to 19.8 eV.

Finally in Fig. 5 the res \ i lLs öl a sur tace coverage-experiment are

presen ted . This experiment was pericrir.ed in order to identify experrmen-

tal ly su r face exciton States. Curve A rcprcsents tbe opt ical density of a

elean Nr.-sample in the ränge of the n = l excitor.5. Curve R reprcs£mts the

optical dens i ty of the same Ne sample coated with a thin Ar- f i lm. The ge.-

neral background is increased sinc.e Ar- bas a smooth but non neglegible ab-

sorp t ion in this reg ion 1 ' . The mosL s t r iking ohsnrvation however is the dis-

appL'.arencc of the structure S caused by the cnverlayer whi le the other featu-

res renain essent ial ly unclianged. The technique uöed here and t'ne results

and ccnclusions are s i m i l a r to the observations for Xe, Kr and Ar in previous

e x p e r i m c n t ü 1 " . Together wi th the depe:idence uf the absorpt ion upon f i l m thick-

ness äs discussed above we take this f inding äs strong evidente, tor the fac t

that the addi t ional niaxirauia S i s due to a surface exciton. The dilfercnce spec-

trinri ntiTTna l i zed t o an almost coiistaiit Ar-background ahso rp t ion outs ide the

He-exciLon band s shows, tha t the in tens i ty lost in the ränge öl tbe sur face

exci toi i due to the cover layer is alnost equal to the gain for the bulk exei-

tons. Exper iments w i th Xe and Kr eoverlayers gave eesent ia l ly the same results .

F u r u t i c r we note that the d isappearencc of Lhe surface-band can also be ob-

served in the: re.Mer.tanre speccra, a l t l iough d u e LIJ a d d i t i o n a l interference

et 'fects w i L h l i ghL r e f l e e t e d at the coverlayer - Ne i n L e r f a t i ü adirättedly

not in such a c lear i i i anner^ ' .



IVj^ Di•sc\i3sion

Several models iur the exciton states in solid Ne have been discussed

and results of several recent caLculat ions are availsble5 '6"1 ' ' ' ' in the

ÜLerature. In the fo l lowing we shall try to confror.t these p r e d i c t i n n ü

with the experimental results. A synopsis of the experimentally determined

excitation energies appears in table l, which also givcs impl ic i t ly our

assignnieiits. The. energies of Lhe variuus exciton sLaLes are con'.pared to

atomic ">J 2p -* 2p ns, ns' transition energies involved with the lowe.st

2p electron exc-.itation. In the fol lowing discussion we shall f i rs t deal

with the adsorbate / surface excitations and then turn to the bulk exci ton

A. Adsorbate state and surface excitons in solid neon

We assign the raaximum A observed oiily for mono- or submonulayers oi Ne Lu

an adsorbate resonance. The excitation energy of 1 6 . 9 1 eV is close to the

value for the 2p -*- 2p 3s, j = 1/2 state in the gas phase at 16.85 cV 2 Ö >

The disappearance of maxiimim A for thicker samples gives fur ther evidence

that the resonance is associated with excited states of adsorbed atoms or

of small Ne-clusters which exist prior to Lhe formalion o£ Lhin coherent

He-f i lma.

The behaviour of the surtace exciton state S observed at 1 7 . 1 5 eV in

transmission and 1 7 . 1 2 . eV in reflection is quite d i f fe ren t , in that it

can be ohserved for the fü l l sequence of f i lm thirkncsscs. Evidence that

this exciton state in confined to Lhe Ke-surface is based un Lhe fol lo-

wing oberservations: (i) The surface exciton is only observed under ul tra-

high-vacuum conditions. (ü) upon coating with a d i f fe rent rare gas f i l m

the surface exciton disappears (see Fig. 3) and (iii) f rom the thickness

dependence of the surface exciton peak (Fig. 2) where the c o n t r i b u t i n n of

the surface exciton remains almost constant, whereas the bulk peaks intrease

with increasing f i lm thir.kness, ue cstiiaaLe L h a L Lhe abacrption due to

aur faoe exe i t o n a is confined to uiie layer at the sample-vacuum boundary.

Such a loeal iza t ion has been experimentally demonstrated for the uther

EGS" r i .

For this new state in solid Ne inLrodur.ed hy the presence of the surface

we f i n d a FWHM of about 80 ineV to 300 meV dejmnding on the K a m p ] c preparation

and background subtractian for deconvolution. These halfwidths exceed consider-

abiy those for other RGS where 20 to 30 meV have been observed1 ( : . Twn

d i f f e r c n L reasons can be responsible for such a broadening: Either the sur-

face exciton is bruadend by Lhe aams^ mer.hanism which causes a broadening

of the bulk n = l -excitons in solid Me compared to oLher K.ÜÜ (see below) or

Lhis suriace peak oonsists uf more than one overlapping axciLation. As for the

second argument i t has been shown bot h experiaentally' J and LheoreLic-.ally • ' ] 3

thaL Lh tee L r a n K i L i o r s to surface s ta tes correspond to the two n - l bulk

excitons in RGS. üue to the sraall sp in -orb iL in t e rac t ion in K'e wr. expect

f rom an ex t rapola t ion of the Split t ings of surface excitons in Ar and Kr 1 3 to the

case of Hc Lhrcc states below the n = l ( ^ / 2 ) bulk exciton nonfined Lo an ener-

gy interval of less than 200 meV. Chandrasekharan and Buurscy recently

calculated Llie exciLaLion ennrgic.s for surface. excitons in solid H e 1 - . On

the basis of the molecular excited sLates derived rrom the f i r s t two a tomic

exc i t a t i ons and the van der Waals interactionG . In this local p icLure surface

excitons are introduced by the d i f fe ren t symmetry C, or C compared to the
W 3v

bulk 0 symmetry. Their ab initio ca lcula t ionsyie ld Lhree States at about 17.30 eV

with a Spli t t ing of about 150 meV beLween the f i rs t and third peak.

Taking into account a natural halfwidths of 80 meV ( 1 / 3 of the bulk widths äs

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 1 7 . 1 eV.



B. Eulk excitons

The exci tat ion energies for the bulk exciLonK ;is well äs derived pararaeters

arr. cu l lec ted in table I . Our assignments for Lhe b u l k ex r i ton s ta tes have

al ready been given in the f igures . Fol lowing previuus K L u d i e s - 8 l ; ~ > 2 C thcy

arc given in terns of the Uannier-Mott picture. For L he t 'irst time. t wo

serics are observed and denoted by / and / and considersble improve-

inenLs in the f ine s tructure öl L he spec.t.ra and the at-.curacy of Lhe data have

been possible. Thus we are able to preseiit a new eonvincing assignment for

the observed transit ions and extract improved values for the derived quan-

tities.

Values for band the gapx E and binding r.nergies B haue beeil evaluated
G

fo l lowing the tradit ional concept of a least square fit for the experimen-

tal data n ^ 2 on Lhe basis of the Wannier fo rmula (eq. 1) . In t h i s way

the values of E = 2 1 . 5 0 eV and 21.58 eV for the i = / and /. series
G L f-

respectively have been obtained. It has been p n i n t e d out recenLly that

this approach is inadequate for solid N e 3 ' ^ . Following Resca et al.° and Resta-1

2 2
we introduced in eq. l a quanLuni defect c! by replacing n by (n + 5) . Inst.ead

of u wo unknown quanti t ies E and B we now deal w i t h thrce., in^ludi:ig 6. In prin-
ij

ciple 6 is a funct ion of the main quantum mumbcr n 3 1 , but for non in te r -

a c t i n g series it is reasonable to assumc i n a q u a n t u m d e f e c t thenry a conaLan t o

Iliis is cor rnbnra ted by the. nuincriral va lues obLained In R e i s . 8,9 and by the

theore t ica l ana lys i s nf the aLomic da ta- ; . W i t h three excitation energies for

the exc i t uns n - 1 , 2 , 3 we are able to ex t rac t by mimerical methods the three

values denoted E , R ar.d 6 in r a h l e ]. Uc no tc nc.rc that t h i s m e t h n d ro-
G

sults iri a good fit for all_ excilons inciuding ihe n = l s tal . i fS. The inLru-

d u c t i c « of a quantum de fec t overccracs the öf te r , d iscussed problems of a t rans-

i t i«n hetween Wannier - l ike exc.i t a t i c n s and Frenkel - type c x c i t o n s w i t h

decreasing quantum nuraber . W i t h 21.'18 o V L h e ba:id gap ::u i n c i d e s wi th the

ionization lirait for the f r ee atoia. As for all Ll iese extrapolations the

acijuracy is considerably lower than for the exci tat ion energies involved.

Furthermore for the j = i- .spries we have on ly three K t a t e s Lei deterntine

three unknown quan t i t i e s and it. is diff icu.i t Lo accura te ly extract the value

for the n = l ( / •,) s ta tc : Tn Lransmiss ion it i& found at 17.50 eV for

t h i n f i l m s and 17.31! cV f u r thic.k ones a f t e r deconvolut ion of ehe strnng-

2

we obra ined 1 7 , 5 8 eV f n r n - \ / ^ ) but sio Kramers-Kro;iig analysis has been

performed Lo e - . a l e i u l a L e t h ^ absorpt ion rnaxima u i t h these d a t a . Due to these

reasctis the r e l i ab i ty uf E„ (j = / „ ) ! K r.tinsidt-.rcd to he l owrr than that
U 1.

3
of E (j = / ). Our va lue for the spin-orbit Spli t t ing of the Ne 2p s taLea

is L n e r e f u r c not L h c d i t i e r r - ncc of the two gap energies but the Sp l i t t i ng

of t n e 7i = 3 - cx r i tons whit-.h arc r.ul. a t l e c L e d by ext hange interaction

äs Lhe states w i t h lower n (see R e f . 5 ) . The value of 0.09 eV Cüim:ides w i th in

the experimentaL er ror of 0.01 eV wi th the Spli t t ing for the ionization

. . 2 2
l imits P. , / - , ar.d l 3 . / , i° the a t o m 1 ' ' . T h p extrapolated band g^P 01

( 2 1 . 5 8 .' 0.03) eV is s l i g h r l y less than L h e value 2 1 . 6 9 eV reporteii

previouH !y- • • . The ™st ubvious int ' luence of a quanLum de fec t 6 > o is

fuund for the binding energies which are increased by about 30 % .

In table 2 we conpare nur experimental r e su l t s with recent theorr.tir.al

predictions. G;:n^rally Liiere is good agrremeiit between theory a;id experiment.

Since the higher uumbers of the series are rather we l l deuc r ibed in a hydro-

gcnic l ike picture for L h e spread out states the gcod agreemcnt for

r. ~ 2 is not su rp r i s ing once the proper value für t has been obtained.



This tiolds a l so for a quanLum d e f e c t theory a.s l im g äs Lhe quan tum

dcf ect is sma!l rompared CO l . T h t', L igh t ly bound !owest r. = l levels

are siore d i f r i e u l t to üescribe and pcse ir.ore se r ioua problems.

A compleLe theoret ical analysi s of t he exe iLon K t a t es of so l id neun

has beeil presenUsd by Andreuni er a l . - , For the n = l exci to i : Lhe- m a i n

a p p r o x i m a t i n n was to assume thaL Lho e l ecc ron a:id L h ü hole are conf ined

to the Same uni t re l l (one site a p p r o x i m a L i n n ) . This s e rar. K j n s t i f i e d in

view of the sinal l Bohr radii of L he n = l excitons. The resul ts based

011 the integral equat ion approach incluii ing rhe band s t r u c L u r e appr.ar

in table 2. Whi le the theoreLic.al resu l t s for Uie n = | - f a i i i d i t i g energies

are in f a i r agreemcnr w i t h exper iu ienL, rhe ea lcu la ted i n L e p s i r y rat io

l (n = l , /-,} / l (n = l , ] / 2 > = ' : 5ü ia " o n K i d r r a b l y smaller L;ian

r.ho experimeiiLal one for whicli we roughly esr.iraate va lnp- ; be tueen l : 5

and l : !0. If we apply nur data to the theoretical depender.ce-! of Llie iiiLen-

sity ra t io and the Spli t t ing o£ Lhe n = l states (see Lahle 1) im r( = 2 ( J+D)M

where J, D and i are the short and loug rangt? exchange terms and the

spiii-urbit Splitting respetitivcly, we find for bot h ehe s p l i t t i n p , of

0 . 1 4 eV and Llie ra t io a value r = 1.2 - 1.8 while the calculations i;i T ie£. •:

yield r ; - 3 .7 . For the states n i 2 Andreoni et al.5 give an estiir.at^ for the

exc iLan inn cnergies and Lntens i ty ratlos 011 Lhe has i s nf the atomic values

and the e l füc t ive mass appr^ximt i t i on eq. (1) with a givei; B and r.orreet Ions

for electron-hole ext-.hanRe and sp in - t i rb i t Spl i t t ing . As for Lhe n = l - exci-

tons we observe in Lhe exps-riment quite d i f f e r n n t inter.sity ratios: Für the

n = 2 - excitons we e s t ima tp an experimeiiLal ra t iu I(n = 2, ' / ) / l(n = 2, /,,)

^ 1.2 (s. Fig. 4). Instead of -> = 0.8 ( f i g . 5 in R e f . 5) wc ob ta in experimen-

tally a smaller exchange in te racLiun n = 0.4. Obvioasly the exi-.hanf.-c interac-

tiun is considerably overüstimated in L h i ü theory. A similar observaLion has

Leen found for sol id Ar-" .

P and P s t a tes of neon — , Boursey et a l . £ calculated the L wo TI = l - exc i tuns

State.1; in the s o l i d . W i t h a parameter-free ca leu la t ion they obtained values

which are ouly 140 nieV higher in pncrgy than Lhose ohs^rve.d cxperimentally.

Resca snd Rodr iguez ' ca l cu l a t ed in the f r a m e w o r k uf Lhe inLcgral equation

approach the lowest exe i ton s ta tes . Wi th simple trial wave f u n c t i o n s

which liave the proper behavi nur f o r b o L l i the. EMA and a tomic l i m i L and a

par.imeter f ü r L h e extension of these envelope func t . iüns re la t ive to the

centra l c e l l r a d i i , they oht .ained a r easunable desr.r i p t i on for the Lra:i-

s iL ion Lroa a r. dLoz-ic Lo an EKA picture f o f the n = l excitons ir. Se, Ar,

Kr, Xe.

Remarkable progress in des;-ribing Lhs whole exciton series for all RGS

has heen madc- hy a quanLum d e f e c t Lheory developed by Resta and Resr.a

et a l . 8 ' 5 . In th is seroiempirical approach rhe known atomic binding ener-

g i e s rietermine the pot ."nt ia l i n s i d e rhe atoms in Lhe solid while outside a

stat ical ly screeiied Coulomb p o L e n L i a l is assumed. For the exciton t he t nie.

el ei:i_r;i:i mass is assnmed ins ide the ator; arid o u t s i d e an e f f e c t i v e mass.

Thus the close analogy between Rydberg s t a t e s in ra re gas atoms and exci-

tons in rare gas solids is directly exp l t i i t ed . The experiraental quantum

defect of 0.24 - 0.28 is somewhat smaller than the theoret ical one o f 0.33 in K e f . .

These differerLC.es in •'' are propably the reason why Lhe Lhet i reLical exci ta t ion

energies are too high at low quantum numbcrs. The atornic values for .3

are w i t h approximately 0.7 much hijher than those. for Lhe solide. An ex-

ter.sion o£ the quantun defeet approach to all RGS is foimd in R e f . 8.

The theory is essent ial Lhe saiue äs in Ref . 9 but for the fit of the

i^xpe-r i mental data Lhe effect ive mass -j is treated äs a parameter due to

the reason t hat an e f f ec t ive ir.ass at Lhe b u L L o m uf Lhe conduction band is in-

appropiate for loeal ized sLates 3 . VJe corapare in table 2 a lso Lhe various

B (ev) 2
e f f e k t i v e masses with ttie experimental value. LI = . ̂  ,„^ ^ *-Q wi tn



C. Line shape ancl longitudinal transverse S p l i t t i n g t u t Lhe n - l bu lk exci tons

The observed line shape for ehe n = l exeitous (Fig. 2 and 3} is qui tv com-

p l i ca ted and we can only hope to extract qua l i t a t ive Informat ion eonce-rninp,

th is po in t . This complicat ion of Lhe spüct rum is due to (i) the s t r o n g o v e r l a p p

of surface states with bulk exci tons, ( i i) the pröxiraiiy of the n = l ( /2) and

n = l ( ! / 2 ) bulk States (see abovc.) and (iii) the- appearance of the f e a t u r e

L QLI the high energy side of the band which we i d e n t i f y äs the exci ta t ion of

l o n g i t u d i n a l exci ton s t a tes (see b e l o w ) . Never theless large wid ths of

are obtaioed a f t e r decouvolut ion of L t i e peaks. l'hi s va lue hu s Lu hü

compared vith the ha l fwid tha for the n - 2 exei ton states ( roughly

100 meV) and the l ine. stiape of exc i t nn states in other RGS. For example,

the line shape analysis of bullt excitons of Ar, Kr and Xe yields Lo-

renLzians with halfwidtlis °. 80 meV • Thus according to Toyozawa's mu~

del 3 t *the weak exciton-phanon stiattering case is real ized for these Systems. In

contrast to ttiis the estimate of roughly 200 meV for the halfwidths in solid

Ne is in favour of lar.alized exciton states (strong sca t tc r ing case) where

motiüiial narrowing is not important. We note. that Lhe localized nature of the.

n = l excitons in solid Ne is also in aecord wi ih the current view of cxr.itoti

dynanics äs obtained from luminescence exper i raents~ L .

We interpret the maximura denoted hy L ( ' / 2 > at 1 7 . 7 5 eV (Fig. 2} äs the longi-

tudinal (LO) n = ' ( ' / 2 ) exciton which has its transvers counterpart (TO) at_

17.50 eV. Due to the saaller oscillator strength of the n = 1(^/2) bulk staLe

the longitudinal - transverse sclitt ine f o c this t ransi t ion is expected to

bb only 4 raeV . Bulk ex^itons in cub ic c.cystals are spl it by the long ränge

dipolr-dipole interacticm into lonRi tud ina l LO (wi th F paral le l to k, uhere

they show np ;is maxiaa in In- --. In f a r t in such exper imentü p e r t o r m e n d

for N ti Lhe energy loss peak asf ioe i aLed witli tiie n =• l «xi - i tor is has beer,

observed at 17 .74 cV and 1 7 . 7 5 eV i 6 ) J 1 ' . Tn op t ima l ( k . ^o ) normal inci-

dence transvii s s H; n exper iment s the Icngi tud i n.il exe i tous norisally do n; iL

coupJ e L D Lhe incident t ransverse eler. tromagnet ic l ield . Howcvtr in ref lec t ion

geoBietry0 and f o r rough surf a ce s " ' " o p t i c a l exci ta t ion of longitudinal

nodes bccomes possible. T h t ; inr . rease of Lhe longi tud ina l peak w i t h

ir ; - . reaKi: ig f i l m Llii;:kness (t1 ig. 2) i s niost probably due t o an i ncreüsüt i

surlace roughness for these f i lms .

and 18.0 eV in the rel iecLance f rom th i ck f i 1ms w h i c h y i e l d s h< j '-^ 1 7 . 5 üV

S p l i t t i n g in solid Ne is in very goi>d ügreeraeiit wi th the va lue s r.ak-u-

läLed by Andreon i et al'1 and by Boursey et a l 1 5 (sec table 3 . ) - l'or solid

Ar and Kr Andreoni et a l . " ^ proposcd an explantat ion for the dip j_n Lhe

reflection stop band h c t w ü G n Lhe Lransverse and longi tndinal excitat ion

in ternK of spatial d ibpe r s ion and a dead layer for bulk exciton.1! at Lhe

suriace. However the existancc. of such a laycr ul sonie ten A is s t i l l un open

quest ion. We note in passirg that we have s tudied the excitat ion of the longi-

tndinal modKS in nore detai l in t r ans ra i s s ion exper iments at nonnorraal incidence.

lor L l i i u f i lms of solid K r " 1 . Tn this case the S i t u a t i o n is c u n c e p t u a l l y

more f a v o u r a b l e sinc.e the LWO ( /„) and ( / _ ) n = l hu lk exciton states

do not uve r l app and carry roughly the same oacillator Strengths.

not overlapp and carry roughly the same oscillator s t rength .





Energy p o s i t i o n s of exci toas in sclid neo:i and derived quan-

t i t i e s . All energies are given in eV, The accuracy is better

thau O . ü l eV Eor peak pos i t ions and 0.03 eV for the derived

values unless otherwise noted in text. K,, and 3 are er.ergyij

gaps and binrl ing energies derived with the Wannier f o r m u l n ;

E and B the sarac values a f t e r introdiir.ing a quanLur.i
b

d e f b ^ L i1.. A. are L h t1, spl i L L i n g s heLween j = /„ and /.. States.

The value in coluran E„ is Ltie Spin orbi t Spli t t ing of the
(y

Ne 2p - ]eve ls . LT i s the l o n g i t u d i n a l t r a n K v e r s o sp l i r t i n g .

Transmissimi and rr i l w.Llun d;ir:i ;irc dr.no t cd hy T and R riis-

pei:Livei.y w b i l e G denüLes v a l u e s f ü r gaseuus Ne Laker, f r o m MüüRt ' s

tables (Ref . 2 8 ) . The peak near 17 .8 eV is ascribed to the esci-

tation of a Icngi tudinal exct ton which l eads to the ]ongi tudi 'na l

transverse Sp l i t t i ng in the last row. The prak ;it 1 6 . 1 9 t;V d(mo-

t ed by an as tc r ix is r m l y ohserx'ed for extreme L hin Illins liaving

thicknesseK in Ll ie urder üf ur below oiie monolayer. For

n = l (j = 1 / 2 ) and L ( l / 2 ) a d i f f e r ence in energy pos i t ions between

ref lect ioi i and transmissicn is observed due to the high csc i l l a tor

strength of that t ransi t ioc.



and u is ehe e f f e c t i v e mass . The n t he r n o r a t i o n s are the same äs in

l . A l l energ ies a re i n eV.

.1

[1 = 1

2

3

4

5

Ec

Bl

/,
so

6

j

Experiment

presenL work

% '/ 2

1 7 . 36

17 .50

20.25

20.36

20.94

21 .02

2 1 . 1 9

21 .29

21 .32

21 .58

21 .62

i. 22

4 . 1 2

0.09

0.28

0.24

0.8

0 .7

Iheory

Ref . a

19.98

20.08

20 .93

2 l , 1 3

2 1 . 2 5

2 1 . 3 / t

2 1 . 4 0

2l .50

2l. hl

2 l . 7 7

4 . 1 6

3.81

0. 10

0.8

R e f . h

17.50

1 7 , 6 3

R e f . r

1 7 . 6 5

1 7 . 7 5

R e f . d

1 7 . 7 5

1 7 . 8 5

20.32

2 0 . 4 2

20.94

2 1 . 0 4

21 . 19

21 . 29

21 .31

2 1 . 4 1

2 1 . - J 5

2 1 . 6 5

0. 10

0.35

U. 35

0.8

R e f . f .

17 .58

1 7 . 7 9

20.24

2 0 . 3 5

20 .91

2 1 . 0 3

2 1 . 1 9

2 1 . 3 1

2 i . 33

21 .45

21 .61

21 .73

0. 12

«0 .5

«0.5

0.97

(a) W. ATidreon i , F. Perrot and F. Bassatii , Phys. Rrv . R j_4_, 3589 ( 1 9 7 6 ) .

(b) H. Eoursey, M. -C . Cascex and V. Ct iandrasekharan, Phys. Rev. B 16, 2858 ( 1 9 7 7 )

(c) L. Resca and S. R:»driguez, Phys. Rev. B 1 7 , 3334 ( 1 9 7 8 )

(d) R. Resta, phys. stat. sol. (h) f ih , 627 ( 1 9 7 8 ) ; gap energ iüK ;irc ohLain i fd

by a fit of t he experimental data R e L . 2'i (see also R e f . 2?) ancl *- "-s the

atomie value



Table 3:

Comparison between experimental and calculated energies for the loiigi-

tudinal-transverse Splitt ing for the n = l excitons in solid neon,

J

n = 1

n = 1

Exper iment

Optical
exeitation (a)

3/ ' /
''i !2

-

0,25

electron
energy loss (b)

3 l
2 2

-

0 .25

Thü.nry

R e f . (c)

3/ ' /
'2 '2

0.004

0 . 2 3 Z

Ref . (d)

3 1
2 2

0.236

0.252

(a) prescnt work

(b) £rum electron energy loss Experiments taking the d i f fe rence in

peak poeitions from tlie maximum in the loss spectrum to the maximum

of c2

J. Daniels and P. Krüger, phys. stat . sol. b 4JJ, 659 ( 1 9 7 1 )

L. Schmidt, Phys. Leiters A 36, 87 ( 1 9 7 1 )

(c) W. Andreoni, F. Perrot arid F. bassani, Phys, Rev, B K, 3589 (1976)

(d) V. Chandrasekharan and E. Roursey, preprint , submitted to Phys. Rev. T!
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Figure Captions:

Fig. l Optical denslty (- In I/lJ o£ solid neun in Lhe excitonii;

ränge of the apectrum. The main f eaLures can be grouped into

two series split by spin orbit interactioti which c.onverge to the

bandgap. For the assignment see text,

Fig. 2 A sequence of spcctra (- In I / I ) for solid neon in the ränge

oi the f i rs t excituns f ü r increasing f i lm thicknesses d ( inser t )

to d , . For the assignment of Lhe various peaks or shoulders see

text. Note that d j to d- are d i f f e r e ü t f rom the va lues denoted

by the same symbols in the other f igures ,

Fig. 3 A sequence of rerlectance spectra of solid neoii in Lhe ränge ui Lhe

f i rs t excitons £or increasing f i lm thicknesses d to d . The assign-

ment of the various fea tu res is the same äs in Figs. l and 2 (see

tex t ) . Kote that d to d are d i f f c r e n t f rom the. values denoted in

by same Symbols in the other l igures.

Fig. 4 Optical density (- In I /IQ) of solid neon in the ränge of the

higher excitons n > l (uppr.r part) and a s^quenr.c of re t l cctant-a

spe.ctra in the same ränge f ü r 'ini:rt:asin§ f i l m thicknesses d to d

(lower par t ) . The assignment of the varioua fea tures is the same äs

in Figs. 1,2 and 3 (see t ex t ) . Note thaL d to d. are d i f f e r ^ n t f rom

the values denoted by the same Symbols in Lhe oLhe r i igures .

Fig. 5 Results for a surface r.ovetage experiment for solid neon in the

ränge of the n = l ext:iton. Curve A is the opt ical densi ty (- In I/I0)

of a clean neon sample. Upon evaparat ion nf a th in Ar coverlayer the

structure denoted by R disappears whereas Lhe band shape of the

remaining peak remains unchanged. In the lower part the d i f fe ren t

spectrum B-A is showii and the smooth and structurless Ar back-

ground is indicated by the broken line.
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