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AHSTRACT

This review is concerned with tlie electronic stmeture and tlie

excited-state nonradiative relaxation pht-nomena in Condensed rare

gases. We aliall coneider pure rare gas eolids, solid rare gas

alloya, Bolid two-component mixturea, such äs metal rare gas solids,

pure rare gas liquide and liquid alloys. We start from tlie experi-

mental point of view considering tlie techniques utilized to probe llie

optical constanta, trans ient absorption, the energy and t ime resolved

luminescence äs well äs photoelectron yield and energy distribution.

We then proceed to survey tlie electronic structure of valetice and

conduction bands and excitonic states in pure solid rare gases,

empliasizing recent new experimental and theoretical rt-sults inr btilk

excitatione and for surface excitons. This i s Eollowed by a review

of electronic excitations, rare gaa alloys and liquid rare gases. Nfxt,

ue extend the scope of disordered materials to consider inetal rare g;is

solid mixtures and gain infonnation i:oncerning electronic structuro,

transport proper tiea and metal-nonmetal transitions . The information

about the electtonic structure provides the basic input data required

for the elucidation af excited state dynamics in Condensed rare g;ises.

We discusB tlie experjinental information obtained from liuuinescence and

photoemissiou etudies and the availahle tlieoretical framework pertaiaing

to the micruacopic relaxation processes in solid and liquid rare gases.

We have considered a variety of dynamic processes including exciton

trapping, vibcational relaxation, electronic relaxation, electronic

energy migration via exciton states, electronic energy transfer betusen

localized states, autoionization and electron-hole recombination.

Finally, electron transport propert ies and electron-holc pair cre.it i on

proceases for electrons with kinetic energies of some eV's up lo tlie HeV

region are treated and discussed in terms of the electronic structure and

the dynamical proceases involved. Tliis review will survey the present

"state of art" in the understanding of itie electronic structure oJ Con-

densed rare gases witli an ernpliasis on the effects of structural aml

compoai tional disorder on tlie electrnnic properties and will be concerned

with the microscopic aepects uf excited-state enerpy cojiversion, storagt-

and disposal in tlieae materials.
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l. Introduction

üur current understanding of the electronic structure of pure rare gas

solids (RGS) is rather complete. An extensive review of tlie experiinenLal

work which led to the elucidation of tlie dielectric and optical proper-

ties of RGS with an emphasis on tlie spectta in llie vacuum ultraviolet

(VUV) and Soft X-ray region lias been provided by SONNTAG (1977) in

Chapter 17 of Volume II, while a review of tlie theoretical calculations

of electronic states in pure RGS tias been presented by RÜSSI.ER (1976) in

Chapter 8 of Volume l of this book.

During the last decade these experimental and tlieoretical et for t s liave

been considerably extended to investigate the mutual interdepeiidence of

the geometfic, i.e. structural and the electronic propurties. Furlhermore,

rigourous attempta have been made in order to understand tlie excited state

relaxation phenomena in Condensed rare gases. Pure RGS, solid alloys,

Condensed rare gases including solid two-component mixtureS, pure liquids

and liquid alloyo provide useful Information concerning tlie effects of the

Btate of aggregation and dieorder on the electronic strncture and, in

particular, to establish the influence of structural and compositional

changes on the electronic properties. Structural, positional-type disorder

is exhibited in liquids, in glasses and in structurally deformcd solids.

Compositional dieorder prevaila in binary mixtures. The effects of disorder

on the electronic structure are characterized by some universal featuces

(ECONOHOU et al., 1974, KRAMER 1976) which are drastically different from

tlie electronic states of ideally ordercd solids (HÜTT and DAV1S, 1972). It

turna out that rare gas solids, liquids and alloys can be considcred äs

prototype materials to explore electronic etructure on a iiiuch deeper level

than originally anticipated. For an investigation of the static electronic

properties and the influence of structural changes on the electronic states,

the closed shell electron configuration and the weak dispersion forces in

the ground state are of major importance. Comparative studies on rare gas

alloys in gaseous, liquid and solid phase provide a wealth of infornnition

concerning electronic states of disordered insulators. In addition, nietat-

rare gas solid mixtures yield insight into the challenging problems of

transport properties and llie metal-nonmetal transition in disordered materials

(MOTT1974).
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One major themu of this cliapter addresaes these problems with an emphasis

on the effecta of tlie statt of aggregation and compositional disorder on

the electronic properlies. Tlie diverse Information concerning the static

feüturcs of elecLronic struc tiire ptovides ehe basic input Information for

the underStanding of dynamic processes i n ordered and digorJered Condensed

rare gaeee. In fact, the static Information and the dynamic processes are

complernentary a»d cannot be disentangled, aa the understanding of the

electronic structure provides a prerequisite for the elucidation of dynamic

cel.T.xat ion plienomena.

lhe second major theme of the present chapter is concerned with the diverse

and iiiteresting problems of excited state dynamics in Condensed rare gases

confiidering the microscopic aspects of energy convereion, storage and

diepoeal in these malerials. The fate of electronically excited statea in

ordered and disord^red Condensed rare gases involvea a variety of nonradiative

channels, auch aa exciton seiftrapping, electconic relaxation, vibrational

velaxdtioii, energy tcansfet via exciton states, electronic energy transfer

between localized stales atid autoionization, just to mention a few examples.

There has been reinarkable progress in the experimental investigation of theae

varioua pathways of nonradiative energy diaaipation in Condensed rare gases.

This experimental Information cstablished general trends and rulea wbich can

be nsed äs teeting ground for theoreticaL ideas.

Apart from the basic intrinsic iuterest in the electronic structure and in

the general concepta and merlianisms governing radiationlesa transitions and

dynamic processee, rare gas aolids, liquida and alloya have attracted interest

in otlier areas of science and technology. liiere has been important progreas

in matrix isolation apectroscopy (aee e.g. PIMENTEL 1958, McCARTHY and

ROBINSON 1959, HKYRR 1971) anti cryochemi stry in rare gas matricea (RGM)

(HOSKOWITZ and 02IN 1976). Aa a scientific and technological application

we mention the progreas in high pouer VIJV excimer lasers based on excited rare

gas molecules and rare gas halogen compounds (see e.g. RKODES 1979). To ptovide

another exaoiple of technical relevanre we recall tliat doped rare gas liquida

play an important role in the recent development of new high energy particle

delectors (aee e.g. WKISKR 1979). For all theae developments a detailed under-

standing of the elecIronie Ktructure and dynamic processes ia reqtiired.
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What are the relevant excited states and what are the important decay

mectianisms in RGS? To answer this qnestion we have sketchc-d in Fig. l

the energy regions for the basic excitations in molccular soliils and tlie

ouset of decay channela. Phonon, vibrational and libratiunal excitations

mark the louer limit at around 0.01 eV. Investigation of the spectral

ränge ie for example one of tlie major domains of matrix iaotation spectrosi_opy.

For pure RGS due to their simple structure these excitatiuns are not relevant.

The elementary excitations at higher energies involve valence eleutrouic

excitations which in RGS result in Frenkel type excitations (for the n - l

states) aud locaiized impurity states, Mannier excitons and Wanni er impurity

Etatee (£or the n ̂  2 states), interband transitions and impurity ionization

states. The dynamic processes involve electronic energy transfer betwecn

the exciton states in the energy ränge 5-20 eV, exciton diffuaion, eleclronic

relaxation of exciton states, exciton trapping with excimer formation,

electron-hole recombination in the energy ränge above the band pap energy E^,

autoionization processes of core excited statea and Charge traiiüfer processcs

involving ionic rare gas atoms in the energy ränge up to several thonsnnd eVs.

In order to provide an estiamte for the orders of magnitude of the enurgies

involved we liave cotlected in Table l the electron binding energies für a l l

rare gases.

To be more specific we have sketched in Figs. 2, 3 and 4 the valence states

involved and the decay processes in aome detail. The optical absorption

spectra of pure and lightly doped solid and liquidrare gases can be analyzed

in terms of stable exciton or impurity states. A schcmatic scheine of the

energy levels involved appears in Fig. 2 where we have depicted the case uf a

Xe impurity in an Ar matrix. The relative siraplicity of these exciton and

impurity states makes it possible to gain detailed information ;ibout the energy

levele which i s of pr ioie importance for a subsequetit di scussion of t he dynamic a l

processes. The sources of experimental Information concerning tlie energy

levels are:

(a) Identification of Wannier exciton series in pure mateiials and uf

excitonic atomic or molecular impurity states in doped insulaturs by ab-

sorption spectroscopy, The Wannier series converge to the bottnm of the

conduction band. The lowest exciton (n = I) is of the intermedinte type

(between Wannier and Frenkel), but can be described by a n = l Wannier statt-

subjected to a l arge central cell correction.
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-ĉCD
vAD
O(Brr11oBOQ•<Oco
.

B
l

3<wroM0
0

5̂
^Qrr3
-

AturtO3tui—2rtronôrrtu1—y
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2. Experiment al Aspecta

ExperiDicntal techniques developed for Ehe investigatlon of pure RGS have

also beeti adopted in niany cases to rare gaa alloys and liquide. In general,

the teclmiques describtd by SONNTAG (1977) can also be applied to these

Systems, but tlie different, nure complicated nature of the samples requires

several nudifications in the preparation. Nou a point has been reached

wliere niire attentlon has to be paid to the characterisation of the samples.

Improvements concerniiig these problemö are just emerging: for instance,

data obtaiaed on thi» polycrystalline filins are compared to those obtained

on crystals, surf nee states and surface quenching processes are investigated,

the influence of phase transitions is studied on luminescence spectra, and

morc experience has been gained concevning anneallng effects and sample

temperature. Parallel to these developroents ue have observed recently a

tremendons improvcment of the basic spectroscopic techniques, sucli äs high

resolution VUV-spcctroscopy, energy and time resolved luminescence

specfroscopy and the application of photoelectron spectroscopy to insulators,

and in parlirular to ÜCS and RCM's.

in this section ue illustrate with a Eew typical examples sample preparation

teclmiques (for more references, see e.g. MEYEK, 1971) and the many spectro-

suopic techniques (for more references see e.g. SAMSON (1967), CARDONA and

LEV (1978, 1979) and 1.11MB (1979)).

2. t Sample Freparalioii_ aiid Structure

A general review of crystal gruwth and crystal defecta has been given by

VENABUS and SMIll! (1977) in Chapter 10 Vol. II oE this book. Tlie wealtli of

details and references is considered 98 a background wliich will not be clted

licre agnin. Also vie will not repeat the discussion of problems of crystal

structure related to optical luvestLgations äs discusaed in Chapter 17 Vol. 1t

of this book by SONNTAG (1977).

Liquid rare gases are prepared in cells. An example for a high pressure

absorption cell is shown in Fig. 5. On a larger scale^ liquid rare gases are

uscd in lonization chantbers for high energy physics. Tlie proportional increase

of the aiiKiunt of charge with particle energy yields a high energy resolution

which has been applied in liquid rare gas particle dctcctors. The high

electron mobility assures a fast response. As an example for such a device,

a shower counter filled with Argon for high energy particle detection at

the e+ e- storage ring PETRA in Hamburg is shown in Fig, 6. For these

applications the purity of the gases is crucial. Smallest admixtures of ü

even below the ppm level capture electrons quite effectively.

Commonly, for spectroscopic investlgations, RGS's are Condensed äs thin

filma onto a cooled Substrate. Rare gas alloys are usually prepared by mixing

the constituents in the gas pliase with appropriate partial pressures and

depositing them in situ on a cryostat in the form of a lhin film. In this

kind of preparation, care has to be taken to work at extreme low base pressures

in the gas handling System and U11V experimental vessel (in the ränge nf

10 Torr or better). Only UUV bakeable stainless steel Systems satisfy

these conditions (see e.g. HARHSEN et al.,1974; 3AILE,1978). The conc.;nlratimi

in the sample may differ fron the gas phase composition due to demixing during

the transfer froia the storage vessel to the Substrate (see for example M\NH

and BEHKENS, 1978) and due to different aticking coefficients for both

componenta on the cold Substrate.

The thickness of the film, lypical some tenth of a nm iip to s o nie hundred um,

can be determined by monitoring the sequence of iuterference fringes uhserved

for the light reflected from tlie sample during evaporation (BAI.DINI, 1965).

Either laser Light or, in order to get higher contrast and higher accuracy

for film tliicknesses in the A region-VUV light - but still in the transparent

region of the sample -, is used (IIARMSEN, 1975). Ue mention tliat rare gas

metal uixtures have to be prepared in a different way. Bare gas and nietal

vapour are deposited simultaneously from a gas nozzle and fnun a i;ietal furriai.« on

a Substrate, wliich has to be cold enough to avoid clustering of the melal atone.

The concentrat ion is iterived by measuring both dt-position rates indept-ndentl y.

Clustering is a main difficulty for the preparation of these niixtures (see

e.g. Vol. 82 of Ber. Bunsenges. Phys. Chem. 1978). COUFAI. et al. (1978) deiT.ni-

etrated for Ar : K ralxtures a new possibility liy converting In an Ar sample

4l .
some atoms to K by i-activation,

Vapor deposition of thin films is used because of its simplicity and bccause

some spectroscopic techniques require thin films äs samples: in absorptioii

measurenients a sufficiently high transmission of light is needfd, in photo-

electron emi säion experiment s charging hau to be avoided and in l IIP study of



su i face s t a t e s tlie bulk background has to be reduced. Further thin films

are requi red for the investigation of those transport properties where small

pene t ra t ion depth are involved, such äs the electron mean f ree path and the

ränge of energy t ransfer of excttons to Substrate and surface layers. In

tliese exper iments the thickness dependence of the signal gives addi t ional

I n f o r m a t i o n . F i n a l l y , for experiments which are sensitive to t rapping si tes,

t l i i n f i l m s are in some cases favorable. The structure of films and its

dependence on the preparat ion condit ions has been investigated and the

ep i t ax ia l growth of s ingle-crys ta l l ine f i lms has been demonstrated (see e.g.

Cliapter 10 V o l . II of this book). Usua l ly th in filnis have a polycryatall ine

s t ruc tu re . For pure polycrys ta l l ine RG-films an adraixture of hcp structure

has been observed in addition to the expected fcc s t ructure (SONNENBLICK

et a l . , 1977) .

We note that in spectroscopic investigations on thin filras a de f in i t e correlat-

ion with ttie structure of the samples is generally raissing. In a few cases the

i n f l u e n c e of preparat ion conditions and of annealing has been discussed.

SCIIDLZE and KOLB (1974) have studied changes of the density o and refract ive

index n of solid f i l m s of rare gases on a raetal tnirror Subst ra te aa a func t ion

of the condensat ion condit ions such äs temperature, growth rate and layer

thickness. For condensat ion temperatures above a value characterist ic for each

RGS tliese authors obtained results for Q and n in agreentent wi th those given

in the l i t e ra tu re . Below this temperature an approximately linear decrease of

C ;md n w i t h t empera tnre was found.

Tor doped saiuples, s tructure invest igat ions are available showing for exaraple

t h a t A r / K r and Kr/Xe can be prepared äs homogenious polycrystall ine filins

w i t h fcc s t ructure up to large concentrations (CURZOH and HASCAL 1969,

KUVALEUKO et al. 1972 and Capt. 10 Vol. II of tliis book). ITie concentration

dependence of the l a t t i ce parameter in subst i tut ional solid So lu t ions of RGS

is in ßtiod agreentent witli the mean potent i al model (PKIGOGINE, 1957). In most

of the opt ical inves t iga t ions the actual s t ruc ture of the samples is not

reported. This lack of In fo rmat ion is even more severe for doped than for

pure aaniples because here local dis tort ions due to the guest atoma are

a f u r t h e r point of concern. The size of the dopand determines if one or more

mütr ix atoms in the la t t ice are replaced. Further it determines also the degree

of rearrangement in the surroimding mat r ix atoms. In addit ion, c lus ter ing and

accn imi l a t i on of c rys ta l defects at tlie site ofa dopand may be important for the

e x p l a t i ü t i o n of spectroscopic results. Some aspects l i k e changes in selection

_ u _

rules and Spli t t ings are dominant in spectra of mctal atoms and can hei p to

classify at least tlie local symmetry. Also rate constants and pathways of

relaxation processes will be influenced by loca] plionons (LUCUHER and M I C K I . 1 T Z ,

1978).

Tlie growth of large RGS single crys ta ls by m o d i f i e d B K I O G E M A N methods is w e l l

known (IIINGSAMMER and LtlSCHNEH, 1968). The domina t ing a t ab l e s t ructure of RGS

crystals is the fcc latt ice. For d i f f e r en t growtl i condit ions the coexistence

of fcc and hcp phase and the s t ab i l i s a t i on of tlie hcp phase by stress and

i m p u r i t i e s (0 , N-, CO) has been analysed (Chapt. 10 of Vol . II of t l i is book

and KOWALENKO et al. 1975). In Fig. 7 a device to grow f ree s t a n d i n g RllS poly-

cryetals for luiuinescence experiments (SCIIUBERTII and CRF.UZBURG, 1975) is shown.

A clear relat ion between crystal s t ruc tu re and spectroscopic data is e v i d e n t

in x-ray induced VUV luminescence (SGHUBERTH et al. 1976) . A strong increase

in luminescence eff ic iency of Ne crystals at 10.5 K is caused by a par t ica l

phase transition frotn fcc to hcp in polycrystal l ine samples. This phase

t ransi t ion has been indent i f ied by Ramann scat ter ing exper iments . The op t i ca l p lmn-

ons in the hcp phase wi l l enliance the formation of the relaxed emiss ion centers

a f t e r x-ray exci ta t ion by d i s s ipa t i ng more energy per pliomm for small wave

vectors than the acoustical plionons in the fcc phase (SCHURERTH and C R E U Z B U R C ,

1975). A s imi la r explanation for in tens i ty clianges in Ar, Kr and Xe poly-

crystals lias been given by HEUHllLLER (1978) and lias bcL'n supported by the

observation of correlated changes in birefr ingance.

2 .2 Spectroscopic Techniques

In this section we f i r s t deal w i t h the various sources for exc i t a l i on . Hcre

we can d is t inguish between broad band or energy selective exc i ta t ion and

pulsed or continuous excitation. High energy particles which are frequently

used äs excitation sourcea, deposit their energy via a broad spectrum of

energy loss processes. The fo l lowing sources have been used to s tudy luiiiin-

escence emission: (i) a-particles (e.g. JOR1NER et al. (1965) , BRÜUMANN et al

(1976) ) , ( i i ) electrons (e .g . BASOV et a l . ( !970) , CJOLETTI and 1IONNOT ( 1 9 7 8 ) ,

IIUBER et al. ( 1 9 7 4 ) , PACKARD et al. (1970), FUGÜt, et al. ( 1 9 7 4 ) , STOCKTON

et al. (1970), SURKO et al. (1970), KETO et al. ( 1 9 7 4 ) ) and (üi) x-rays

(e.g, SCHUBERT!! et al. (1975), NANBA et al . ( 1 9 7 4 ) ) . An exampl.e of a set-up

for exc i ta t ion of luminescence in l iquid He by f a s t electrons is shown in
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Fig. 8 (FITZSU1MONS, 1973). For t ime resolved luminescence spectroscopy

eloctron beams can be piilsed in a convenient way (IIAIIN et al. ( 1 9 7 7 ) , KINK

et al. ( 1 9 7 7 ) , COLETTI and HANUS (1977». Also pulsed electric f i e l d discharge

i n RGB c ry s t a l s lias boen used (SCHÜRNER, 1977) . Tlie s tat is t ical time s t ructurc
2O7 . 2 1 0 9o 90

of electrons and a - p a r t i c l e a of B i , Po, Sr, Y sources have been

e x p l o i t f d für s ta t ic and time dependent luminescence eraission spectroscopy

(KUBOTA et al. ( 1 9 7 7 ) , CAKVALHO and KLEIN (1978». In this way also electron-

liole pa i r prodnct ion rates have been analyzed in liquid rare gases (TAKA1IASKI

et al . ( 1 9 7 5 ) ) .

The higl i inteiislties whicli are raLiier easily obtained are the major advantage

of bioad band excitat ion w i t h higli cnergy part icles or jc-rays compared to

n e l e c t i v e exci ta t ion w i t l i l ig l i t . Therefore high resolution luraineacence

s lud i es and Lhe seatch for weatt emission lines lias been the domain of broad

band e x c i t a t i u n .

Also t ransient absorption spectroscopy (SUEMüTO and KANZAKI (1979) , KETO et al.

( 1 9 7 4 ) ) requires the high currents whicli can be de live red frorn pulsed electron

beams. In these experiments a su f f i c i en t higli density of excited states ia
-g

prepared by a h igh energetic (=* 5OÜ keV) and sliort ( « 5 x 10 s) electron

pulse- The absorpt ion speetruro for t ransi t ions f r o m e-beam excited atates

Lu higher l y i n g excited s tü tes is measured using a l igl i t f lash whicli is

ru r r e l a t ed in t ime to the excitation pulse (Fig. 9).

In general, energy se lect ive excitation ia raore desirable compared to broad

band exc i t a t i on , because tlie in i t ia l ly excited state can be specif ied.

Euergy se l ec t ive exc i t a t ion needs liglit sources in Lhe VUV. Tlie aource should

be strong and also tnnable to allow a f ree choise of tlie primary excited state.

Absorpt ion, photoelectron yield (Chapter 17 Vol. II in this book) and lumines-

cence s tudies tiave used monochrouiatized l ight f r o m conventional discharge and

f l a s h lamps ( D A N I L V C I I K V et a l . , 1970. HAGASAVA and NANBA, 1974). Tlie experi-

mciita are hampered by the weak in t ens i ty in the continiiüai, the superimposed

l incs and by problems w i t l i sui table winduw maLei i als. Synchrotron radiat ion

(soc e.f ;- KUN2, 1979) brougli t a niajor break tlirougb w i t h tremendous improve-

nmii ts in absorpt ion, r e f l o c t i o i i and photoelectron y ie ld spectroscopy. It made

poüsible a new genera t ion of pliotoelectron energy dis tr ibut ion experiments and

luminescence emiss ion exper imen t s f r o m selected primary s tates. Tlie fu l l owing

advantagos of synchnilron r a d i a t i o n have been exploited for tlie inves t iga t ion

of RGS: (i) the intense continuum from the visiblt to the x-r.-iy region,

( i i ) the tirae e t rucLure providing shor t l igh t pul Bes of the order of 100 ps

with high repetition rates of l Mhz up to 500 Mhz and ( i Ü ) the low prcssure
-9

in tlie source (10 Torr) whicli f ac i l i t a t e s the Operat ion of the exper iment

ander UI1V conditians.

The intensity of tlie monuchromatized (üX = |A) VUV l i g h t i m p i n g i n g onto the

sample is sliown in Fig. 10 (HAHN et al . , 1978). Ttie time d i s t r i b u t i o n of

the liglit at the storage ring LKJRIS is given in ehe lower panel Fig. 10.

Tlie repet i t ion rate of the pulses depends on the mode of Operat ion of the

storage r ing. Due to the detectors and electronics, the measured pulse w i d t h

in actual set-upg ia broadeneü towO.4 na . Ui th dedicati-'d storage rings and

more sophisticated t iming teclmiques a time resolution of s o nie ps lins been

obtained and t i nie reaolutions in the subpicosecond regime are poss ib le

(SCIIWENTNER et a l . , 1979, RHEN, 1980).

Several experimental set-upa at Synchrotron radiation sourcea have bei?n i.eal-

ized to exploit these properties and to provide äs de ta i l ed infoni ta t ion äs

possible by spec i fy ing tlie primary excited states and by n n a l y z i n g secondaty

proceasea. For this purpose op t i ca l spectroscopy t ias been combined wi lh p h o t u -

electron and/or luintnescence spectrostopy.

Absorption and reflection experiments under extreme UIIV cundi t iou have reachcd

a level of sophistication which allows lineshape analysis of exci ton bands

with high resolution (SAILE, 1976, and SAII.E et al., 1976). In addition,

surface and bulk exciton states in thin f i lms of va r i ab le thicknesses

have been investigated with a setup for simultaneous ref lect ion and trans-

mlsaion measurements which is attached to a liigh reso lu t ion (AX >= 0.03 A)

3 m normal incidence monochromator at the storage r ing DORIS (SAILE et a l . ,

1976). Becauae of the high and stable lighl f lux of this iUS miment it is

poasible e.g. to separate the weak absorption of surface states from the

bulk absorption background. Recent ly a two-photou abso rp t ion exper iment

combining laser and Synchrotron light f lashes has been rcported (SAILE et a l . ,

1980).

Luminescence spectroscopy in Rt;S, e x p l o i t i n g S y n c h r o t r o n r ad i ,-it i un , I I H K ln-.'ii

performed at the Synchrotron DESY (ßROUMANN et a l . , 1 9 7 4 ) , at tlie slorage

r ing DORIS (BRODHAHN et al. , 1976, MAHN et a l . , 1978), at the storage r ing
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SPEAR (MONAHAN et al., 1976, 1978) and at tlie synclirotron NINA (DASHAIN

et al . , 1977). Pliotoeluctron yie ld from RGS has been studied at the Synchrotron

DESY (SCHHENTNER et a l . , 1973) and at the Synchrotron NINA (HASNAIN et al.,

1 9 7 7 ) . Photoelectron euergy distribution raeasurements from RGS and matrices

have been ca r r i edou ta t DESY by SCHWENTNER (1974) and SCHWENTNER et al. (1974) .

In Fig. I I the set up using a comhinatitm of retarding f ie ld and electrostat ic

lenses äs an electron energy analyzer in connection with a 1.0 m vertical

Wadsworth monochromalor is shoun. Simultaneously, the absolute sample

ref lec t iv i ty and the absolute photoelectric yield can be recorded wi th this

Ins t rument .

The experimental arrangement £or siraultaneous measurements of the tef lect ion,

transmission, luminescence excitation and photoemission yield spectra at the

Synchrotron Radiat ion Faci l i ty at Daresbury Laboratory is shown in Fig. 12

(HASNAIN et a l . , 1977).

Photoluminescence experiments in which the primary excitation energy can be

selected and where the emission spectra are dispersed by a second monochro-

n u t s i r have been carried out at the storage ring DORIS (Fig. 3) (11A11N et al.,

1978). Fur ther this set-up allows the analysis of decay curves of the emission

bands in a single photon counting mode (Fig. 13). For long lifit imes and

for alignment purposes a plused electron gun (not shown in Fig. 13)has been

integrated.
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3. Electronic Structure of Valence and Conjuction BanJs__aiid

ExcijQiiic Statea

Much information on the band Structure of RCS tms beeil inferred from

optical data and photoemission experitnents. Tlie inte reu t in the band

structure ia largely inotivated by two aspects. First, RGS are proto-

type materialB for the large class of Van der Uaals crystals. In tliis

respect comparison of experimental data with state-of-the-art ab initio

band structure calcuLations plays a inajor role. Secondly, an accurnte

description of the band strucLure äs well äs tlie excitonic stntea with-

in the band gap of pure RGS ia basic for tlie discussion «f impuriiy

states, the more complex electronic structure of metal rare gas mixtures

and the dynatuical processes. Per t inen t inf ocmat i im about the dieleirtric

and optical properties of pure RGS äs obtained by optical absorption-,

reflection- and energy loss spectroscopy äs well äs by pliotoemission

haa been collected and discussed by SONNTAG (1977). The theoretical

concepts including band structure calculations and the tlieory of exci-

tons in RGS has been sununarized by RüSSLER (1976). The main emphasis

in our discussion will be on some new cxperimental and theoretical de-

velopments concerning the band structure (section 3.1) and tlie excitonic

states (section 3.2). Within section 3.2 we shall also discuss the

recent observations of surface excitons and our current uuderstaiiding

of this plienomenon. Finally, we shall focus our diecusaian on results

for dilute and concentrated rare gas alloys (section 3.3).

3.l Band Structure of Pure Rare Gas Sulids

ti j i - i the past few years there lias bceu a steady increase of mir

Knowledge concerning the band structure (e.g. determination of band

gaps, spin orbit Splittings) mainly baaed on the analysis of optical

spectra. Sinee the optical spectra are dominaied by excitonic excita-

tions little Information was available about the dispersion of Lhe bands,

tlieir widths and the absolute position of tho energy levels. Tlius a

detailed comparison with the nuiny available partly conflicting band

structure calculatious was more an indirect procodure.



Phutoclectron spectroscopy (see e,g. SP1CER \9t,'J, SHIRLEY 1972,

EASTMAN 1974 , CARIXWA and I,EY 1978) has become tlie most powerful

tec lmique Co probe tat the densi ty and diepcrsioii of t he valence

band s and core Leve l s. In measureroents of tlie plio toelectron energy

dis l r ibu t iun curves (lil)C's) llie sample is i l l umina ted wich monochro-

mst ic , o r <is ntonoenerget ic äs possible, l i gilt and t hose exe ited

e l e c t r u u s u l i ich ,ire emi t t ed int« vacuum are aualyzed according to

t hei r ene rgy and /o r äug 11. In pholoeniiseion yield experiments all

elt;ctrons are collfdei! by an appropria te grid and tlie photocurrent

is mtiasured äs a f n u c t i - o n of the energy of tlie exciting l ight .

Kor tlie f ö l l uv ing d i s c u a s i o n , in part icutar tlie comparison of band

s t tueture c a l c u l a t i o n s wi t l i experi iuentally determined EDC'a t he

wUely used pheiiomtinological tliree atep utodel (BERCLUND and SPICER 1964)

is nsed. M i t b i n t h i s müde l tlie tliree niain ateps are (i) absorption of

pliotixis and uxc i tat ioii above t he band gap, (i i) transpott of electtons

f r o m tlie pui i i t ot exu i La t i im including poss ib le ecatterlng events

w U h i n L im sample ;md (iii) escape of electroue into vacuum and detection.

Rate gas suliils haue t he advantage tliat t he escape depth of photuelecLrous

is tat i ier Large f ü r a wide ränge of energies beluw the electron exclton

s c a L L t r i n g oiiset (y^e sec t ion 7) . Consequenlly, tlie EDC'a are goverued

L a r y e l y by Ll ie e n u i g y d i s t r i b u t i o n at Ihe site of excitat icm. The absorbed

photons excite electrons f t om occupied states of tlie valence bands into

niiipty cond i i cL ion band sLates . As s um i ng ve r t i ca l t tansi t ions vi th Ak « 0

llit: e i iürgy dist r i I H I L ion N ( E , l iv) is given by

v > l 3 l lL, liy) = c»!ist _.., jd k IM | ( 3 . 1 )
V , C

l lere M is the m . i t r i x elemeni of the t ransi t ion p t o b a f a i l i t y , E Ihe

energy o£ t l ie va le iue band s ta tea , E the energy of the f i n a l etatea and

K the energy of t l ie u x c i t e d e lec t rona . The f i r a t Ö - func t ion guarantees

unergy c n n s e r v a t i u u t a k i n g i iuo account tlie moraentiim conservation.
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The second & -function reflects tlie choice of tlie energy of the

electrons considered, The snmination is over all valence and con-

duction band fitates and the volume of integration i s the

Brillouin Zone (BZ).

Kor a comparison with expetiment the niatrix elemeiits are assumed

to be constant leading to the eimplified expressiou

N(E, h«) = const ^ d3k 6 <E,.(k) - E.,(k) - hv) 6 (K.(k)-E) (3.2)
i r ^ J ' ^ ^ V — L

BZ

This equation neglecting the influence of eleutron scattering

is frequently used fot a discussion of the EDC's.

Due to the experimental dif f iculties entounteted in photut-niLssion

experiments, when applied to insulatore, and <lue to the f,<:iieraL diffi~

culty of working at very low teraperaturea only a few photoemi ssion

experiments have been performed on RtlS. In most of these experinicnta

Synchrotron radiation has been used äs a soutce ot excitation. Thure

have been a couple of pliotoeuiission yield experiments repotted for

pure RGS (ü'BRION and TEEGARUEN 1966, SCHWENTHKR et al. I97J, UE'HI«

et al. 1974, KOCH et al. I974a , KOCH et al. (974b, OPHIR et al . 1975,

STEINBERGER et al. 1974, PI1DEW1LL et al. 1976). l'hotoel uctrou ener^y

distribution studies were carried out al Deutsche« El ekt ninen-Synclitot ron

DESY since 1974. In a series of papers SCHWENTNER and hie colleagties

(SCHWENTNER 1974, SCHWENTNER et al. 1974, SCIIWENTNER et al. 1975,

SCHWENTNER and KOCH 1976, SCHWENTNER 1976, NltRNHKRUF.K 1977, KOCH et al.

1978) have roeasured EUC's £or Ne, Ar, Kr and Xe for a number t>f photon

energies. Ttie experimental set up used in ttieae exper iments das bot n

iliscussed ia section 2. (see Fig. II). On the basis of theae expcrimeiits

detailed cuDiparisuns uith predictions of band sirncture i alunlations for

the various parametei a have become poest ble.
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In b r i e f , i t tu r i i t 'd out tliat a l though the general fea tu res of the

valence bands a ru p r e d i c t e d correctly by the c a l c u l a t i o n s , a lmost

a l l a v a i l a b l e band s t ruc tu re ca lcu la t ions f a i l e d Lo p iedict qnant i -

t ; i t i v e l y f ea tu res other than tlie spin orbit S p l i t t i n g ( A E ) . In

o rdo r tu i l l u s t r . i t e t l i i s S i t u a t i o n a comparison of some repreaenta-

l i v e EDC's Laken f r u m SCI lWENTNER's work ( 1 9 7 4 ) w i th calculated valence

b;nnls are shown i 11 Fig. 14. Tlieoretical resul te £or tlie He 2p derived

va lence bauds are taken f rom the work uf RÖSSI.ER (1970) using the

KKR-meÜiod, K1INZ and H1CK1S1I( 1973) and DACENS and TERROT ( 1 9 7 2 ) . For

the 3p-derived valence bands of solid Ar resu l t s froni MPARI and FOWLBR

(1970) , I . l l 'ARl ( 1 9 7 2 ) , KNOX and BASSANI ( 1 9 6 1 ) and MATTilEISf 1964)

are d iap!ayed . I n the l ieavier RGS the wid th of llie valence hands (U )

increases cons ide rab ly . For Kr calculated valence bände according to

RÜSSI.ER (1970 ) , K U N Z and MICK1SH ( 1 9 7 3 ) , FOWLER (1963) and LIPARI (1970)

are showii together w i th the expe r imen ta l ly determined EDC. F inal ly , fo r

tlie Xe 5p derived Lands cumparison is made uith the calculated valence

bands according to RÜSSI.ER ( 1 9 7 0 ) and REILLY ( 1 9 6 7 ) . In tlie uppermoat

pd i ie l for Xe a quant i ta t ive estimate based on tlie experimental ly observed

valence fe . i tnres (SCHWENTNER 1 9 7 4 ) is inc luded . Some of the re levant para-

[in'Lers d i a r a c t e r i z i n g the band s t ruc lure have been compiled in Table 3.

R t ' H u l t s for s l i g l i L l y doped RL'S wli ic l i we ehal l d iacuss below are also given.

I n s p c c t i o n of Fig . 14 shows t l ia t the general fea tures of the valence

bantls cumnion Inr all rare gas solids are (i) a spin orbit S p l i t t i n g

of the ii |> 3/2 and np 1/2 States in the center of tlie Bri l louin Zone,

( i i ) a k. depeiident dispersion to lower energies in go ing f rom l' to the

b o r d e r of the B r i l l o u i n Zone, ,-ind ( iü) a S p l i t t i n g of the np 3/2 bancls,

uhich ;ire degeiierate at l ' , in to two eubbands. A graphical summary of

tlie paraiiieLers dt'üuced f r o m experiniental data ad displayed in Fig. 14.

appcars in Fig . 15, p l o t t e d versus tlie energy gaps E . It is inEeres t ing
O

tu nute tlint t l i t re is a nice co r r e l a t ion and l inear dependence of all

p . i r ame te r s on th i s scale. A mure extensive and quant i ta t ive coraparison

w i t h the p r c d i c t i n n s for the to ta l w i d t h and the s t ruc ture of the valence

bands ha s been given by SCHWENTNIIR (1974), SCIIWÜNTNER et a. (1975) and

K l ' H Z et a l . (1975) . These compar isona liave been s i g n i f i c a n t in tliat they

suppor t the iJoa tliat tlie valence states of the RCS are band l ike w i t h

- 1 7 -

a k-dependence of the hands strenger than predicted by niost c^ilcula-

tions (see also Lhe discnssion in section 3.3).

At tlie end of this section it is approprtate to discuss some limits

of the band roodel. On first sight the fact tliat most of the band

structure calculations are only moderately succeasful in a (|iiiiutt~

tative description is surprising, in particular in view of the success

of band structure calculations in intcrpreting EDC's from metals and

semiconductors (see e.g. GROHMAS 1975, CARUONA and LEY 1978). We note

that the above compariaon involves experimental exuited statt eigen-

valuea versus calculated grouud state single-particlu energies; such

comparisons always involve questions concerning reiaxation eflects

which accorapany electronic excitations. Thus an atomic like approach

with narrow np - bands subjected to the local symmetry of the valence

hole migilt be rnore appropriate, Although this question ha s not yet bccn

answered in a decisive way we draw attention (o several observatijns and

conEiderat ions which are relevant for tlie discnssion.

(i) NÜRNBERGER et al. 1977 have studied the gradual b.ind fonnation for

Xe-Ar alloys for concentrationa ranging from 0 to 100 2 by photoemission

apectroscopy. These authors have been able to describe their resnlts hy

concentration depeudent tigh-binding band 3trncture. Ratlier high uon-

centrations of Xe or Ar have been necessary in order Lü reac.li tlie f u l l y

developed Xe or Ar bands respectively. We slull discuss these experiinents

which support a band st ructute model in more detail in sectiun 3.3.

(ü) Evidence for a gradual transition from n n atomic to a so l id state

Situation emergea from reeent photoeinission experimenty on Xe-, Kr- and

Ar-clusters in the gaseous phase by DEIIMER and DEHMER 1978 a.b. In these

experiinents a lle I line source together with a lieini spherical pltuto-

electron analyzer gave a reaolution of 20 meU. Diiners and henvier clusters

were produced by a supersonic molecular beam source. The results for a



nozzle sLagn.itimi pressureof 6.76 aira. appear in Fig. 16 togeLlier

wiili Lhe EDC's of atoiuic Xe (TURNER et al. I97O) and Xe in Ne matrix

respectively (SCHWENINER eL al. 1975). Altliough t he exact mass distri-

buL 1011 of L he düster s i s unkiinwn the super sonic beam experiment B showtd

quäl it.itively how t he pliotoelectron spectrura thaiiges SB t he average

2 2
c l List t: r size is increascd. In additioii t o tlie a tonne P. /, <*nd P-, /-)

band s observtid <it low presaures and i» t he matrix spec t ra several peaks

due tu the diiners (marked by D in Fig.16) are clearly visible and very

bruail L'iuissioii feaLures are nbserved «sven at lowet ionizatlon potentials.

These broader teatures have Leen assigued tu beavier clustersj tliey

incrujse willi proüsuro inlative to Llie dimer peaks. Höre detailed studi es

iif l.liis kind promise tu provide a wealth of Information on tbe energy

lewol structure of cluster species.

(ii i ) Für l he u we nie» t ion recent plit» t Demission experiments of Xe over-

laytrs on metal snrlaees giving evidence for ligand field Splitting and

strong dispersion effccLs. Surface crysLaL field effects have been

ubtained by UACIAWSKI and HERBST (1975) in photoemission experiments

lor Xo physidorbed oci a W(IOO) surface. The EIMJ for hu • 21.2 eV

revc;ilod iwo 5p levels. Tbe spiu orbit Splitting of the two levels

and their Mitensity r.iLtu was close to the gas phase. A siguificauL

broiukiiiing of Lhe 5p 3/2 peak witli respect to the 5p 1/2 was observed.

It hns boen interpreted äs an uuresolved doublet resulting from a

splitLing of Lhe Xü 5p 3/2 states in tbe tungsLen-surfao.e cryatal field

(HKRHSi 1977, MATTHEW and DEVbY 1976) ae weil äs ANTON1EWICZ (1977) have

pointi'd out, however, that Lliis modt;! requires an unreasonable large

positive charj;« °n tlic mctal surface atoms.

(iv) Ajigular resolved pliotoemission sptctroscopy i s capable to provide

innre insigliL into the naiure of the Splitting and the dispersion of bands

(sei; e.g. SMITH 1978). Such experiuents still need to be done for bulk

HCS. Anj;Lilar rosulvtrd pliotoemibsion from physisorhed Xe on Pd (ICH)) sur-

fatd l>y SCHEFFLER CL al. (1978) showed an additional broadening of the

5p , pe.ik witli iitcre.-ising covtrage. SCHEFFLF.R et al. (1978) concluded

that tlie Splitting can only be due to tlte ligaLid fitld of [he tuo

diiriensional Xe-latliee. t'urthermore, they wtre ablü tu obsi'ivu the

strong dispersion of botli the 5p . and tlic split 5p . Level. In

view of the density of states discussed ahovc (Fif;. 14) we expect

that this dispersion can also be observed for bulk rare gas siiiplü

crystals in angle resolved experiments.

3.2 Excitons in Hurt Rare Gas Solids

The optical specLra of pure and sliglitly dopcd KfJS, in pailicular

the rieh exciton Slructure at the onset of interband transitiuns

(see Figa. 17-20), have attracted rauch inLerest from both Lhtoreti-

cians and experimeiiialials. Since the dielectric screcnin^ in thusü

large band gap insnlators i s weak one can expect to study the l imi t s

of the single particle model. Tbe donünance uf exe i tun statea in tlie

optical spectra already Signals the itnportance of elcctron-liole

correlation effects. Concerning the experimental devclopmciit we mny

distinguish several stages; (i) The first systematic experiments

in tbe VUV by SQINEl'P and ÜRESSLER (196ü) and the following detailed

investigations by HAI.D1HI (1962), HAI.DIN1 and KNOX (1963) and BALDINI

(1965) and othera have led to a fairly detailed descriptiun of the

excitons in Xe, Kr and Ar. (ii) Hith the possibilitiea nffered by

Synchrotron radiat ion the restrictions concerniug the lighl source

became weaker and roore detailed reeults inclnding Nu became avail.ible

for the valeuce band excitations (see e.G. UAENSLl, et al. I9(>9c,

HAENSEL et al. l97üc,!97Od, BOURSEY et al. 1970, SCHARHl'.R and WEIIBER

1971, STEIKBERCER and ASAF 1973, PUDEWILL et al. I976a, I97(, h). ()C

particular importanue during Lhis stage of developmcnt was also llie

elucidation of eure level excitons (see Fig. 2l) l'tir all fotir RCS

(11AENSEL et al. 1969a, I969b, 1970a, I970b, 1971, 1973). Tlie spec l IM

available np Lo early 1977 have been critically ri;viüued and sumin.i-

rized by SONNTAG (1977). (iii) Presently we observu n tliird st.agii in

the euperimental development associated w i t l i the usu of lugli resolti-

tion spectroscopy in the VUV by exploiting the possihili t i es ot a

stocage ring äs an exlremely stable and inLt'nse r.idiatiun source

(SA1LE 1976. SAII.E et al. 1976b, SAII.E et al. 1977a and SAIl.tl and KDCll

I978a, 1980). One of the main surprises of Ihese experiments was tlie

imainbiguüus Identification of surface excitons in RllK which Lriggercd

a ntimber of theoretiial speculat ions abont the nature o[ tlitist; staLes.



C o i L c o m i t a n t wi th t liest; dcvulopmeiits remarkable theoret ical progress

h n s been m.uie in endet to provide an adäquate desc r ip t ion of exciton

s t J tes in RIJS .

3 . 2 . 1 Sujue Remarks on Recent Calciilationa

lliti theory of excitons dates back to the thir t ies when in the funda-

menta l papors by FRENKEL ( I 9 3 1 a , 1 9 3 l b , 1936), PEIERI.S (1932) and

W A M N 1 E R (1937) the basic concepta have been fo rmula t ed . Today excitons

p l a y a ma jo r role in the descript ion of excited electronic states of

<ilntost e v e t y type of su l ids and excellent t reatments of the general

thcory of exci tons art ava i lab le (see e.g. DAVYUOV 1962; KNOX 1963;

i H C K and JORTIIER J PIllM'CHT and CHO).

F»r RGS the exc i t a l iu» energies E of tlie exciton banda bave been mainly

descr ibed in terms of a hydrogenic Wannier-Mott tixciton model based on

Ihe e f f e c t i v e mass approx imat iun and expressed in tlie wel l known form

(3.3)

w i t h the E, gap energy, B b ind ing energy of the f i r s t exciton and n

p r i n c i p l e quan tnm number . ß is g iven by

4

(3.4)

w l i ü r e e. i a tlie s ta t ic d i e l ec t r i c constant and ;i tlie reduced

e f f e c t i v e mass of the exciton

(3 .5)

wit.li m and KL äs effiictive mass of tlie electron and hole respectivel y.

ihis simple modul has been applicd successfully for describing tlie

n > 2 States in pure R(!S and for the description of excitations from

deep impurity levuls in RGS. Eqnation (3.3) is also frequently used to

obtai» the energy gap E and tlie binding energy B of Llie first exciton

and hence the effoctive mass |i.

For the f i rst ext-i ton one obscrves a def ec t A, def incd äs the di f ferenc.e

between the experimental and the effective mass apprnxination (EMA)

values:

pn=l _ n=l
expt EMA (3.6)

Tliia defect ü reaches values of up to l eV. Coneiderühle effort lias Leen

exerted to solve the problem foc these so called interincdiate excitons,

where neitlier the Uannier model, nor tlie Frenkel pic tnre (appropr iat e

for tightly bouud exe i tuns) have given satislactury rosults.

Ute basic reason for the failure of the Uannier inodet is Llie spjtial

localization of the electron and hole for the n=l st.ite. This is evident

from 'fable 4 wliere we tioinuare the radii (r„ . = 0.3^9 A) c.ileulateJ from
Bolir

Bohr

with the nearest neiglibour distances r in R C S ' s . Siuce in a l l casea
K

r >r the destription nsing a screening öl the Cmilomb forcesK nte J
between electron and hole by a Btatic dielectric constant becoraes

problemat ic . D i f f e r e n t theoret ical approaches liave bet-n persucd in

order to shed some l ig l i t on this problem:

(i) Itased on a band s t rnc ture model and a s suming a l<n:a l izat ion of ilie

electron and hole in the same im it cell AHDREON1 et ü l . ( 1 9 7 5 , 1976)

applied an integral equat ion method to c a l c u l a t e the eiicrgy pusi t ions ,

osc i l la tor strengths and the longi tud in . i l (LÜ) - t ransverse (Tu)

S p l i t t i n g s of the f i r s t exci tons in solid Ar (ANDRKOHl et a l . 1 9 7 5 )

and Ne (ANDREONI et al. 1976). The rnain drawb.ick of th i s t l ieory is

it s l Imi ta t ion to states wi th electron and hole couf ined to t h e same

im i t cel l. An exlension t o states w i t h n > l seems t o bu conipl ic.itt.-d

w i th in an ab i n i t i o c a l c u l a t i o n .



(ii) Sterling from tliL- corresponditig acomic transitions 2p * 2p ns,

ns' in He 110URSEY et al. (1977) calculated tlie n = l excitona in sulid

Ni- on the basie öl the potent ial curves of ttie molecular excited

states. This theury works very well for the n=| stütes but is inade-

quate foi ehe higher transitions.

(iii) RKSCA et al. (l 978b)described t h*-' energy positions of the n-1

txcitons für all tour rare gas solide withiu the framework of au inte-

gral equatioLi approach (ANURtüNI et al. 1975, 1976). In this theory

Lltu excilütion energy is fixed between the atomic value and the E HA

rcsuLt by a parameter ^/p with an effeetive exciton radius p and

ctntral teil raüiiis r> _ _ . Exploitiiig the close connection between rare

güS aLoms and solids, RESCA et al. (I978a, )978c) extended the cuncept

iif a quaiitnm defect to the excitonic series. As in atomic theory the

spi'ice is divided int o a sphere around ehe nucleus and the space outside.

By parumcLriziiig tlie putential itiside the atom with the help of the known

atomic txLitatiun energies and introducing for the solid the screening

of tliu Ciiiilomh interaction ouiside the atocn RESCA et al. (I978a, I978c);

RßS'l'A (1978) ohtained agreemetit with the experiraental values for the

whole exLitonic aeries for all rare gas solids. In this cuncept the

uiiknown cftectivo masses of the excitons servc äs parameters. Thie des-

cription providüs Dhe transition from a Frenkel to a Wannier-Mott pic-

tnre. ün ihc othur band this approach iß semieuipirical in t hat it uses

tlie well known atomic energies and trcats the effective masses aa para-

meters. It yields energy levels but no oscülator strengclis or longi-

Lniliiial-t Fiinsverüe spl iltinga.

Willi tliu recent observatiuri of eurface excilon states in Ar, Kr and Xe

and new strucLun-s in s»me of the bulk exciton bands a new challenge has

beeil put forward Lo further investigate these atates theoretically.

Savcral models h.ive beun develaped to Interpret surlace excitons in

r;Jff gaa sulids :

(i) The energy shifts and Splittings in environments witli ditfetcut

symnetry liave been treated by MOLFF (1977) staning from tlie coire-

Bponding atomic exei tat ions. The calculated Splittings for loealized

excitations at the surface of Ar and Kr compare favonrably witli tlie

experimental resulta (SAILE and WOLFF 1977b).

(ii) In tlie same apirit CHANDRASEKHARAN and BOURSF.Y (1978) extcndüd

their picture described above to excications in the (100)- and (III)-

suff ace planes and ohtained good agreement for the exe i La l ion encrgi t-s

of surface excitons in all rare gas solids.

(iii) UEBA and ICHIHURA (1976) cstablished conditimis fnr tlie L'iitrgica

of eurface excitons relative to the bulk states by a loealized pertur-

baiiun method. In tbis approach the excitation energies äs well äs the

D.ivydov Splitting are determined by two quantities - the L-nvironment

shift tern and the exciton tranefer term. In an appl it-at ion to Ar,

Kr and Xe UEBA (1977) related the observed Splittings of the surface

excitons to the spln orbit Splitting of ttie valence bands,

3.2.2 Volume and Surfate Excitons - Recent Experimental Kesults

As far äs the accurate determination of optical cunstants are enncerned

only a few papers such äs the communication by ilASNAIN i?t al. (1978)

on Kr have appeared which are not covered by the revit-w of SONNTAC (1977).

In tliia section we want to sumaarize the ret-ent new experimental results

for vulume and aurface excitons obtained by SAILE et al. (1976, I978a,b)

and tlie i r connection to the recent theoret ic a l devfclopmt-'nt s äs üunucHr iiL-d

in tlie previous Beet ion.

Tranamiss ion and reElec t ion spect r a of aol id neon in t h t1 v,ilem:«i-L'xc il nn

tauge (lb<lw<_22 eV) h.ive been carefully reinvesi i gated hy SAH,E and KOCH

(1978). An overview of the absorption spectrum £01 thin filmt, nf aiilid Nu

appears in Fig. 18. The reaults of a coverage exper imi'nt art shciwn for thfc

ränge of the n=l excitons in Lhe insert. Using highly iwmtichfotMiized

(AE = 4 meV) Synchrotron radiation with a rosolutinu ;ibont iO tiniL-s belter

tlian the half width of the sharpest spectral features, tliuse expt-riments
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revealud a mimber of iitw fcatnres. Consequently inf ormat ion l roro t he

excitoii liiifc slupes could be extracted and more precise energy values

Llian previoiisly possible could also be obtained. Tlie results of this

üLudy may bc siinuiiar ized äs follows (see also Tables 5 and 6):

(a) for muiio- or submoiiolayers of Ne evidence for an adsorbate induced

resonance was found. The exe itation energy of 16,91 eV of thia resonance,

wbicli disappenrs for thicker samplea, ia close to Llie value for the

2p -> 2p 3s, j = 1/2 sLaLe in the gas phase at 16.85 eV.

(b) As for Ar, Kr and Xe surface excitons were observed. The beliaviour

of tlie surface exciton state ac 17.15 eV wae found to be different froni

Diät of die resonance mentioned above in tbot it can be observed foc a

füll seijuence of film thicknesses. Kvidence Chat this exe i ton atate ia

confined to the Ne-surface ia based UH the following observations:

(i) The aurface exciton is only obaerved under ultrahigh-vacuum con-

ditions. (ü) Upon coating with a different rare gas film the surface

exciton disappears (see the iusert in Fig. 18) and (iii) from the thick-

ness (iepcndence of the surface exciton peak, where the cuntribution of

Lhe surlace exciton rcmains alnxDSt constanL uhereaa the bulk peaks

ini^re.isü with i ncrcasiiig film thickness, it was estimated t ha t the

/ibsocpliun due to the surface exciton is confined to about one layer

.•it the vacaum-sample boundary.

Vor tlie surfaue states a füll width at half maximupi (FUI1H) of about

80 ine V Lo 300 HieV waa found depending on sample preparation and background

sulistrauL ion für dccouvolution. These halfwidths exceed considerably those for

stirfacL- states in other RCS where 20 to 30 meV have been observed (SAII.t, et al.

llJ7bb). Different reasons can be responaible for such broadening: either

the surf.ice exciton is broadened by the saine tnechanism wliich causes a

broadening of Llie bulk n=l exciluns in solid He (see beluw) or this surface

peak consisLs of several overlapping excitations. This latter explanation

was found to be val id. 1t lins been shown bot h experimenL.il l y (SAI1.E et a l.

I976b) and theoreticdl ly (SAII.K aiul WOLFF I977b; CI1ANDRASEKI1ARAN and

HOURStY 1978) t.hat three transitions to surface; elates correspond to the

Lwo n=l bulk excitons in Rt;S. Due to the small spin-urbit ini.trattion

in Ne we expcct frora an extrapolation of tlie Splittings of surface ex-

citons in Ar and Kr to the case of Ne throe states bclow the n=l (3/2)

bulk exciton confined to an energy interval of less thau 200 ineV. In

the niolecular type calculation by CHANDHASLKIIARAN and BOURSEY (1978)

aurface excitons are introduced by the different surface synnnctry

C. or C compared to the bulk 0 synimetry. These ab initio calculaLions

yield three stutes at about 17.30 eV with a Splitting of about l5ü meV

betucen the first and third peak. Taking into account a iiat»ral half-

width of 80 meV for the surface excitons (1/3 of the bulk widihs äs for

the lighter rare gas solids) this result is conaistenl vilh the experi-

luental observation of one rather broad slructure at 17.1 eV.

(c) Extensive Information has been obtaincd for the bulk exciton siates

in Ne. For the first time the spin orbit Splitting of the j=3/2 and

j=l/2 states was resolved and rlius the nwin features of the apectrum can

be grouped into two series split by spin orbit interactiun wliich converge

to the band gap. The preci.se values obtaiued, a a wel l a s der ived quant i-

tiea appear in Table 5. The value of 90 nieV for the spin orbit Splitting

o£ the valence band maxima at the j'-point in tlie Brillouin Zone is close

t o tlie gas phase result. Für t her, using the quant um de t ec t formal i sin

where in e.q.(3.3) a quantum defect 6 is introdui-ed by repliiciiij; n
2

by (n*6) (RESCA et al. I978a,b,c) a new value lor the b.uid gap of

21,58 eV for solid Ne has been. deturmined.

In Table 5 the experimenta l results are compared with rtrcent Üiuoret ical

predictions. Generally there is good agreement hetwecn theory and expe-

riment. Since the higher numbers of the series are ratlicr well descrihed

in a hydrogenic like pitture the good agreement for n > 2 is not sur-

prising once the proper value for E haa been obtaineJ. This holds also
(j

for a quantum defect tlieory äs long äs the quantum deft-ct ia «malt.

The tightly bound lowest n=l levels are more di f f icull lo dose r ibc and

pose more serious problems.
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A cinnplete thcoret ical analysis nl tlie excituii scates of solid neun

[ias beeil presented by ANDREONl et al. (1976) (fable 5). For tlie n«l

exciton the mal n approximation was to assume Lliat ehe electron and

Lbe hole are confinud to tlie same uiiic ceLl (one eice approximat ion).

Tliis setins justilied in view of the sinall Bohr radii of die n*! excitons

(lalle 'i). While these theoretical cesulte for the n-l binding energies

arü in fair agreemtfiit wiüi experlment, the calculated inteusity racio

I (n=l, 3/2) / I (n-l, 1/2) = 1:50 is considerably amaller thaa the

experimental one (buiween 1:5 and 1:10). Using tlie experimental data

fot an estimnte of tlie exe hange interaction one arrives at amall er

values für this (juantity tlian predicted (SAILE and KOCH 1979). For tlie

states n >_ 2 AHDKEONI et al. (1976) give also values for the excitation

energies and iiitonüi ty ralioö on the paais of the atomic data and the

effective m.i.s s approximation with a given B and corrections for electron-

!mle cxchange and spin-urbit Splitting. As for tlie n=l excitons one

uliserves expur inienl.il ly also in t hie case quite different intensity ratlos.

Übviously l he exchange inLeractioii i s uonaiderably overestimated in tliia

th«ury, an ubservation wliich is also suppurted by the analysis of the

solid Ar d;jLa (SAII.E 1976).

(d) Kinally fi)L tlie n=l excitons uf solid He the excitatiou of longitu-

dinal modcs hae heun o(>served by SAILE and KOCH (1978) in hoch transmission

and teflectiun experiineuLs (shoulder denoted by I, (1/2) in Fig. 18). This

assiijjninent is supported by the results of electron energy loss experinients

(r.eü SONHTAC; 1977) and fay the obsetvacion of the broad "quasi"-stop band

betwpcn 17.5 tV and 10.0 uV in the reflectance fcora thick Ne-films

(l-lUltyilJ. et al. I976a) whitli yields hv % 17.5 eV and liv A, 17.8 eV.

Tln.- mimcrical valne of 0.2") eV wliich was deduced für the LO-TO Splitting

by SAM.E and KOCII (iy?8) i'or solid Ne is in very good agreement with the

valuisü calculated by ANDRtUNI et al. (1976) of 0.232 eV and by

CHANURASEKMARAN and BOURSEY (1978) wlio caltulated 0.252 eV.

Now we turn to the discussion ot volume and surface excitons in

the heavier RG5. The exe i tonic ränge of L he alisorpt ion spuct r a

(see Fig. 17) with onsets above 8 eV (Xe), 10 eV (Kr) and 1 1 . 5 uV

(Ar) are characterized by sharp intense exe i ton bands uh icli,

vhen studied witli öufficient resolution (SAII.E 1976 and SAlLt et al.

1976, 1977, I978a,b), reveal considerable structure and a wealth of

new information. For thin fi 1ms of Ar, Kr and Xe, spectia covering

the firsL exciton States are displayed in Fig. |9. Knei'gy positions

for all etructures including the resulLs für Ne discussed abuve are

compiled in Table 6. Derived Parameters such äs the band gaps, spin

orbit Splittings and binding energies have bcen included in Tahlü 3.

The additional sharp peaks and shoulders 200 - 500 nieV beluw the bnlk

exciton peaka with lialfwidths of the order of 30 nie V have been inter-

preted äs surface excitons by experiments with overlayers and hy

tliei r Lhickness dependence in transmission (SAILE 1976, SAILE et al.

I976a,b, SAILE et al. 1977a). In the upper part of I-'ig. 19 tlie rcsiilts

for thin films of Ar are prcsented. For tlie clean sample the absorp-

tion spectrura eltows at energies roughly IOO - 6(10 moV lielow Lbe n = l

volume excitons three additional features and -\ 50O meV below the

n=2 exciton two additional peaks which disappear upun covecagc nf the

Ar film with a Kr-overlayer.

For Kr thö results shown in the middlc part of l-'ig. 19 are analogous:

Uith an Ar overlayet the addit ional maxima below tlie n = l and n-1 '

bulk excitona disappear. Removal of thu overlayer by gently lieating

the sample makes tlie surface exe itons reappear again, The di f terence

Spectrum of the absorption for a clean sample minus the absnrption öl

the same Kr-fiLm witli an Ar overlayer (also sbowii in t'ig. 19) deiuon-

strates t ha t rongh) y the same amount by oscitlator strengt)] associateil

with the surface excitona is gauied by tlie vnlunic cxuiLuns npon cuvura^e.

II i s also interest ing t o point out t ha t the t ransmi ss inn in L he sur t .tct*

excitona remains cunstant with thickness äs h.is been shown by eurefn l

studies of the thickness dependence of tlie optical absurptiun uf Ar

and Kr (SAI1.K 1976).



Finally in the l o wo r part «t Fig. 19 tlie results for solid Xe in Lite

excitonic part are displayed. Für tliis sample with a film thickness

of rt;J8 X the n=J volume exe i ton 1s missing sinne its diameter d -

= 57 X exceeds already the sample thickness. The position of this

excitmi found for Lhicker samples is, however, marked in tlie fignre.

Tlie mo s L iiiiporL.mi point is the double structure of tlie n = l exciton

whicli in dispUyed fot a film with d = 21 S in tlie insert on an expanded

scale. On i he low tniergy tale of the hnown n=l volume excitons a sharp

(FUHM 20 - 50 meV) maximum is found at 8.2 eV which again has heen

identified äs a surface exciton.

SA11.E et al. (1977) liave performed a Üne shape analysis for the

n=l biilk and surface exciton for sulid Xe. Tlie i r studies have stiowit

tliat reasonal>) i- fits can unly be übtained witli Lorentzians. For Llie Xe

spectrum displayed in Fig. 19 (lower part) Lhey found halfwidthe of

20 niüV for tlie surEace üxciton and 80 meV for the bulk part. The result

of this fit is sliown in the insert. Accordiiig tu TOYOZAUA's model (1974)

(see sect ion 6) this result indicates tliat we are dealing uith the case

of weak exciton - phonon scattering. The deriucü scaLtering times are
-14

in the ocder of several 10 sec. 1t 18 inlerestmg to contrast tlus

reaull für Xe with tlie estimate of 200 meV for the halfwidths in solid

Ne (SAII.E and KOCH 1978). The latter value is inditative for the aLrong

scatterinjj caae and Localized exciton states. The localized nature o£

the n=l ennitons in solid Ne is also in accord uith the current view of

exciton dynamics äs obtaiiied from luiiiinesconce Experiments.

We Laue alreaiiy inuntioned at several points tlie occurance of longitu-

diii.il excitons in KCS. Bnlk excitons in cnbic crystala are split by the

Lonj; nmge dipole-dipole interact ion into lorigitudinal (1,0) (with E

par.illel tn k, wlit-ce E is electric field vecior and k the monentum of

the exciton) and trausvers (TO) (H perpendiuuLar to k) excitons. Obser-

v .it i »n of longi tudinal bnlk exe i t uns i s usual ly rest ricted to electron

enerjjy loss spect ruscopy uliere thty show up aa niaxinia in Lm— (see e.g.

RAETIJliR 1965, 1974, 1980). In optical (k%0) normal incidence transmission

experimeuts tlie longitudinal excitons normally do not touple to ihe

incident transverse electromagiietic field. Huwever, in reflectiun

geomctry and for rough surfaces (e.g. FILINSKl 1972 and HALKAHSKl 1972)

optical exe i tat ion of longi tudinal modes becom^a posaibl u . The snmttwiry o f

LO-TO Splittings in Table 7 has been obtained from the widtlis of tlie

quasimetöllic reflection bände in reflectance spectra from thick fi 1ms

and from tlie analysis of optical transmission data from tliin rare gas

filins. From these two sources a consistent set of LO~TÜ Splitting einer-

ges. In the case of Ne the TO-LO Splitting has been thcoretically

calculatt;d (Table 7). The result is in favourable agfeeuiüiit with the

experiraent. In principe oiie could obtain the Splitting also from tlie

difference in the peak positions in (...-spectra (optical data) comp.ired

to peak positions in electron energy loss spertra. lusper.t ion of table

IV, V, VI and VII in SONNTAGS review (1977), where the available expei'i-

mental data have been compiled, shows tliat the scatter in the experimentell

data ie still too large for that purpose.

This general agreement and obvious explanation for pari of the extra

structures in the bulk exciton bands ubserved under certaLn exuerimmital

conditions is qnite sätiöfactory in view of the long dcli.ites about Diese

additional bands. To ftirther substantiate this point'SAILK et al. I9t*0

have studied the transmission of thin Kr films under non-normal incidence

(Fig. 20). In the upper part the spectrum for normal incidence. shows

the n=| and n=|' TO-bulk excitons äs well äs the surface excitons denoted

by S. For the n=l exciton there is some additional featnre barely dis-

cernible at around 10.3 eV. Upun tilting tlie sample by 7'3 degree this

feature gains intensity and develops into a separate peak and a ntw maxi-

tnura associated with the n=l ' peak appears. Tliese two maxiina are assigned

to the LO-bulk excitons. Kor restralilenbands in tlie i rü rarcd it has been

sliown by BERREMAN (1967) tliat this effect can be derivt-d from a dielectric

theory by solving Maxwell's equations with appropriate bmmdary conditions

for slight surface ronghneas.

It is worthwhilt to point out here tliat this effect is iudepenüent of

other types of anoraalies tliat may arise from di [ furences betwet-n dielei--

tric properties in the bulk o[ the material and those near the surf,n;e.



- 30 -

Such d i f t e r e n c e s have been propused by ANDHEüN l et al. (1978) in order

t u e x p l . i i n tlie dip in the ro l l e s t i un stop band between lim and nw

in tenns D l spat i ;il d i s p e r s i o u nnd a dead layer f ü r b u l k exc i tona aL tlie

s u r i ac v .

3 . 2 . 3 Core Exe i L eil ExcitunS

SONNTAG ( 1 9 7 7 ) has reviewed Lhe exper imenta l evidence fo r core exci ted

exc iLons for pure K(JS in de (.a i l and a i nee nu new experiruental mater ial

li.is appcarod s i DU t: L hat. t i ine. we ref er t o liis cliapter and give only a

lew coiiimi'iiLS liere.

An I n t e r p r e t a t i o n of tlie f i n e sLruc tu re uf the oiiset of cransi t iona

Ironi inner b h e l l s (F ig . 2l) is possible in cerms of tlie jo int dens i t y

i > F s ta t tu wliere t l io valence bitnd den s i t y of s totes has LO be replaced

by d i H p i ; r s i u n l e s a .jure scates . Tliis appruach has been described by

RtiSSLER ( I 9 7 t i ) , Tims die upl ical func t ion is m e r e l y a superposit Ion of

the iioiiilui:tiün band dcnsity uf statea witli tlie apin-orbit Splitting

ninl degt ' i ioracy uf L he core Isvtls taken in to aceount (e.g. RÖSSLER 1 9 7 1 ,

K I I H Z and M I C K I S 1 I 1 9 7 3 ) . In p r i n c i p l e a detionvolut ion of the opi ica l

ab so rp L i oii spcclra in to the weig l iLcd coii tr ibut ion f rom spi t i orbit spl i t

uore levt i ls s hon l d y ie ld L ho densi ty of cunduct iiui band statea. It turned

o u t , l i i iuever, t l iai tliis aiiople one e l ec t run approach appEied to the

nva i l ab l t : da ta dues not givu m t a n i n g f u l resnlts (SATLE e t a l . 1 9 7 7 ) .

We iiiL-nt ioti a tew o t l i e r Lhe i i r e t i caL c a I c u l a t i o n s wl i ic l i recently tonk

np Lhe problem. Al .TAKEU.L et ;il. ( 1 9 7 5 ) caleulatcd the core excitons

nl the onseL o[ the 2p sof t x-ruy tlirsshüld f u r solid Ar. The binding

entrgits ,-ind re la t ivt t r a n s i t i o n ampl i tndes for ttit? lowest a l lowed

exeiton atates werc cninputed by fo rmula t ing tlie problem in terms of

Wann ie r f i inc t luus i > f the cni iduc t ioii b.inds and so lv ing t hü resul t ing

i n t e g r a l e<iua t ion in t l ie cme s i te approxiuiation a l r eady applied anccess-

l ' n l l y to the f u n d a m e n t a l exi: i ton s p ü e t r u m of Ar (ANDREON1 et al . 1975) .

'l'he r e s n l t a o b i a i n e i l a l l o w tu I n e a t e the onset of interband t r ans i t i ons

.it tu» energy a f e w L-V dbovt previotis t t ieore t ica l de te rmina t iuns .

Therefore, tlie sliarp f i n e s t rue tn re at t l ie onset of a b s o r p t i o n

previoualy in te rpre ted in terms of eondin:tiun band d e n s i t y of

states wae a t t r i b u t e d to discrete exc i tun ic i r f i n s i t inns. Tliis

In te rpre ta t ion liad a l r eady been e t r o n g l y suggested tiy the cluse

analugy of Lhe opt ical absorpt ion wi th ehe a towic n b s o r p t i o n in

this ränge (1IAHNSEL et al. 1969). Using tlie same npproach üRDSSU

et al. (1978) reexamined the core exe i um speetr.i t rom 3d l e v u l s

of Kr and 4d levels of Xe, botli in tl ie i sola ted atonis «Tntt in Lhe

c rys ta l and found Support of the e a r l i e r i n t e r p r e t a t I o n of thcsu

reeoncances äs due to Is, 2p and 3p-like extitons.

Final ly, we mention the work by RESCA et al. ( I 9 7 S ) ex t eud ing the

theory for valence excitons (RESCA I97öa,e) to tlie c a l c n l a t i o n

of core excitons at the onset of Kr 3d t rans i t ions , and Xc '.d t ra i i -

sitions, and for sol id Ne and Ar at the 2a and 2p, 3s onset r t - ' speu-

t i ve ly . The paper by BARON1 et al. ( 1979) dealcs w i t h the Ar 1p

core excitons wi th in the envelope func t ion f o r m a l i s i i i .



3.3 Rare (las Alloys

Mi ttiis aection we deal with impurity excited atates in Liie low concentration

li m i t . We discuss also tlie few experimental reaults available for concentrated

rar« gas alloys. In Die discusaion, we confine ourselves to rare gas gueat

atums. Tims we are concerned with deep impurity states wliose binding energies

arc cnmparable to the band gap of the host crystal. Host o£ the Information

abmit the energy levels lias been obtained by absorption spectroscopy, but we

sliall use also Information obtained from photoemission and luminescence experi-

muiits. We slial L find this Information instrumental t o the f ollowing di ecuasion

of the electron affinily (VQ) scale äs well äs for an understanding of the

dynaniical processes discussed in later sectione of thie review.

3.3.1 Decp diluLe impurities in tare gas solids

For dilute rare gas alloys the pertinent experimental data tiave been summarized

and discussed in detail by JORTNER (1974). Here we ehall only discuss a few

specific exarnples and point out the salient features. Rare gas guest atoms in

a rare gas matrix are the best known examplea of deep impurity states in insu-

lators. For a scheniatic description of the energy levels we refer to Fig. 2.

These Systems were first studied in absorption experiments by BALDINI and KNOX

(1963) (Xe in Ar) and by BALDINI (1965) (Ar, Kr and Xe in Ne; Kr and Xe in Ar;

and Xe in Kr). From the more extensive later investigalions we mention the

work by CKDANKEN et al. (1973) (Xe in Ne, Ar and Kr and C6>I6, C2ti/t and CH3T in

Ne, Ar, Kr and Xe) and by FUDEUILL et al. (1976) using Synchrotron radiation

(Ar, Kr and Xe in Ne).

One of the most i n f o r m a t i v e r e su l t s for the Systems Xe, Kr and Ar in a Ne

m a t r i x i s i l lus t ra ted in F i g . 22 (PUDEW11.L et al. 1976). Long impur i ty Wann i er

ecriea containing up to f ive l inea are observed. In each caee two series can

be assigned, spl i t by spin o r b i t interaction and converging to the bottotn of

tlie coiidnction band of the host mat r ix . For n - 2 the energies of the series

nicnihers are almost p e r f e c t l y described by a Wann i er formula (eq. 3) where now

En, EQ and Et are replaced by the corresponding values for the impuri ty :

(3-8)
n2

Tlie excell(;nt fit of the excitalion energies to tliis formula Ja demonstrated
2

jjraphicdl ly in Fig. 23 where E * is plotted versus l/n . Thus, from the con-

vergence of thcae series tlie gap energies EQ of tlie impurity states äs well äs

the spin orbit Splitting of the guest atoms in the Ne matrix can be derived
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with an accuracy of Ü.2 eV. A suironary of the resulting energy scheine s

together with tlie aasignments is presented in Table 8. Tlus table include1

also results for the heavier rare gas matrices Ar, Kr and Xe and recent

values deduced from luminescence excitation spectra (HAHN and SCHWENTNER, 1980).

We note in passing tliat in the System Xe in Ne the observation of two series

including also higher members enabled PUDEWI1.L et al, (1976) to give a more

aatiefactory assignment for the impurity exeiton series, with the n " l (3/2)

exciton at 9.06 eV and the n •= l (1/2) exciton at 10.05 eV and the n = 2

excitons at 11.32 eV (3/2) and 12.59 eV (1/2) respectively, thus avoiding some

Problems with the earlier interpretatlons by BALDINI (1965) and RAZ et al. (1971)
l

PANTOS et al. (1977) and 1IAHN et al. (1980) liave assigned für t her structures

in these spectra to nd-final states. llowever, some of the spectral features

(see Table 8) remain unexplained,

As shown in Fig. 23 the term values Tnl • EQ - En coincide with those for pure

Ne. Deviations are observed only for the n ° l excitations where tlie electron

and hole are fairly localizcd. It follows tliat the binding energies B

determined from excitons n*• 2 excited at the guest atoms reflect the properties

of pure Ne and are independent of the individual impurity. Tliis observation

very strongly Supports the Interpretation of the impurity excited states for

n * 2 in terms of a Wannier model. In Table 3 we reproduce the values for EQ

and EQ and the binding energy B, respectively, the spin orbit Splitting of tlie

impurity levels ÖEgQ and the central cell correction £or the n = l states.

Within the effective mass approximation the binding energy B (eq. 3.3 - 3.5)

depends only on tlie dielectric constant e and the effective mass m . For excitons

with radii larger than the neareat neighbor distance (n - 2) and at the low

concentrations employed e of pure Ne may be used for tlie calculation of 6 . In

this case electrons excited at the guest atom move in the conduction bands of the

host, leading to a common value of me, whereas the hole will be bound to the

guest atom (m̂ o »). PIIÜKWILL et al . (1976) obtained an upper l i mit of B* - 5.8 eV

taking typical values for me from band structure calculations (KUNZ and MICKISH,

1973) and a B value of B = 5.24 eV for pure Ne from their experiment with

l/m|, * ü. In order to determine B from the experiment one can use n = 2, n = 3

and n = 4 oE the r (3/2) exciton series of Ar in Ne and Kr in Ne. One obtains

II =5.27 eV and B - 5.32 eV (Table 3). The experimental accuracy
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for the entrgy positions ie approxiuiately 0,05 eV at 20 eV and reeults in

an uncertainLy of 0.5 eV for the B valuea, Thus, the predictions of the

Wann i er niodel £or the binding energies of n * 2 excitons of diese deep

impurity states in solid Ne are in good agreement uith the experiment.

Turning now to the energy of tlie n " l excitons we observe that the overlap

of the lowest excited states wich the medium is not sufficiently large to

tnake the approximations valid which are used in the Wannier scheine. The

Central cell correction A determined from the experiments appear in Table 3.

The calculated relationsliip between ü and B shows a monotonic increase o£ A

With binding energy (IIERMANSON and PHILLIPS, 1966), In fact, GEDANKEN et al,

(1972, 1973) were ;iblc to describe their experimental results by a linear

relationship fi" a + [SB where the constantg a and 6 ace determined by the

inipuriLy. It 1s interesting to note that this linear relationship apparently

holds ooly for a ränge of small B values up to roughly B = 2.5 eV. The A

value for Xe in NR (see Table 3) is coneiderably too low to Fit into the

linear dependence. Finally, we note that similar äs for the pure ma terials

tlie (juantum defect theory ha6 also been applied for the impurity exciton states

yielding a nice fit to the experimental data (RESCA and RESTA, 1979).

Hext we have to consider the linewidth of the intermediate and Wannier type

atomic impurity excitations. Compared to the linewidth o£ the free gas atom

these apparent absorption bands are considerably broadened (see Table 8).

To illustrate one broadening mechanism we reproduce in Fig. 2k the change of

the lineshape with concentration in a "raodified absorption" experiment for tlie

n = l (3/2) and (1/2) states of a Xe impurity in Ne (PUDEWILL et al., 1976).

Willi higher concentration of the guest atoms the line profile becoroes broader,

and a Splitting of the band into two distinct subhands is observed for the

(3/2) n -= l band for Xe in Ne at a concentration of 1Z (Fig. 24). This

observalion strongly suggests that for most of the impurity spectra broadening

of the absorption bände due to formation of clustere of the impurity atoms

Starts already at fairly low impurity concentration aronnd U.

As the work by HANBA et al (1974) on Xe in Ar matrices has shown, the study

of the intensity Variation of different bands with concentration in the luw

concentratiun regime is helpful for distinguishing between monomer and dimer

absorption bands. Kor Xe in Ar BALD1N! had observed a aniall shoulder on the

low energy side of the n = l Xe impurity absorption band (see also the low

conceiitration curue in Fig. 25) vihich is similar to tlie extra band appearing

in the Xe/Ne mixture diecussed above (PUDEWILL et al. I97b). Tlit- origin

of this band was not clear until NANBA et al. (1974) inveatigated in

detail the intensity Variation of this band at about 9.03 EV. U li.is a

quadratic dependence on the Xe concentration over the ranj;e 0 - 22 molar

fraction of Xe, if one assumes that the n - l Xe impurily s träte lidä a

linear intensity Variation. Tlius, it was concluded that ' he band at 9.<>!) cV

is due to Xe dimer8 in the Ar matrix. We shall return to Lliese cxperimunls

in the next section.

For a diacuasion of the lineehapes the following line broadening mechanisin,

discusaed in more detail in Section 6, should be considered:

(1) Inhotuogeneous broadening due to distribution of diffurent trapping

altes. This broadening effect results in a Gaussian line shape. 1t appears

that in well annealed samples of the molecular solids cunsidered here this

effect is small.

(2) Electron-phonon interactlon which originales froai the displacements ut

the medium normal raodea and from changes in the vibrationnl frequencies

between the ground and the excited state. This probiere c<m be bandl cd by

multiphonon theory. For weak electron-phonon coupling a zero phonon line

will be exhibited, followed by multiphonon transition on the high cnergy side,

while for strong electron-phonon interaction a Gaussian l ino shape will result.

Experimentally, the zero phonon line has never been observed for rare gas

impuritiea in rare gas matrices. For a molecular inpurity, for example, N^

in Ne, GÜRTLER and KOCH (1980) were able to resolve a detailed fine Btructure

in most of the Nj absorption bands which thuy could assign lo a zero phonon

line, librational modes of the Nj molecule and a selective coupling (depending

o» the symmetry of the excited state) to phonon modes of Hie Ne lattice,

(3) Electronic relaxation between a high Wannier state to lower n slatea.

This electron-phouon relaxation process results in a l^orenlzian contribuLion

of the l ine shape.

For the loweat extravalence atomic impurity excitalion ouly mccliani sin (2) is

important, while for the higher Wannier states mechanisms (2) and (3) prevail,

Provided that the electronic~nuclear coupling is strong we expect a Gaussiaii

line shape for the n = l excitation (KUBO and TOYAZAWA, 1955; MARK1IAM,



The observation of Hannier impurity states is not limited to rare gas host

roatriceß. GKDANKEN et al. (1973) have observed these states for a Xe im-

purity in solid ll^. "2 and CF4- These solids are transparent up to

relatively high energies (13.7 eV for CF^ and 11.8 eV for solid H2 and D2).

From a theoretical point of view the observation of a Wannier series

indicates that the conduction band is free electron like in these solids.

Recent theoretical calculations seem to confirm this point for solid t̂ . 1t

is interesting to note that in pure solid CF$ (GEDANKEN 1973) and in pure II2

and D2 (GEDANKEN et al. 1973) the corresponding high Wannier exciton states

are smeared out due to line broadening which exceeds the vibrational spacing.

3.3.2 Conc_ent_ra_t ed_ Rare Gas Alloys

A challenging problera in the theoretical study of mixed molecular crystals

involves the understanding of the band structure and the optical proper-

ties of heavily doped molecular crystala. Two limiting casea for the

different types of mixed crystal Systems may be distingnished (ONODEKA and

TOYOZAWA, 1968, HOSHEN and JORTNER, 1972): (i) in the case of the persistence

type mixed crystals the energies of the electronic states of Lhe two con-

stituents remain almost unchanged against the change in composition. Thus,

although the mixed crystal itself is homogeneous, tlie electronic properties

cocresponding to the two constitutent substances persist. (ii) The sei-ond

class of mixed crystals is usually called amalgamation type. In this case,

only one set of electronic statejis obeerved for the mixed nioJecular cryetal

which is characteristic for the new tnaterial wliere tlie two substances are

completely amalgamated to yield another neu crystal.

Examplea for the persistence type of mixed crystals are provided by excitona

in halogen substituted alkali halides, e.g. Kßr - KC1 and for the amalgamation

type by excitons in alkali substituted alkali halides. 'Ihe phenuiuenologica l

parameter which determineS to which type a given mixed ctystal belongs, is Lhe

ratio oC the difference in the energies of two neighboring valetice bands of t in;

two individual components to the uidtli of these band s (ONÜDi:KA and TOYOZAWA,

1968). Wlien tliis ratio is large two energy banda persist. In llie opposite

linit, when the band width is very large, the tv/o bands merge into a single

band characteristic for the amalgamation type Systems.

Only a few Systems of concentrated rare gas so l ids have lieen luvestigated so

far; NAGASAWA et al. (1972) have measured the optimal absorption of Ar-Xe

solid aolutions in the photon energy ränge 8 eV up to II eV, i.e. the ränge of

Xe 5p excitations, whereas HAKNSEL et al. (1973) investigated the optical

properties of rare gas mixtures in tlie photon energy ränge 4l) - 26l) eV, i.e.

in the tegion of Ne 2e, Af 2p, Kr 3d and Xe 4d transitions. in addition lo

these optical investigations NÜRNBERGER et al. (1977) have studied the band

formation in Xe-Ar alloys by photoelectron spectroscopy.

In Fig. 25 we reproduce tlie absorption spectrum Eor Xe in Ar in the conccnlration

ränge of 0 - 100 molZ Xe (NAGASAWA et al., 1972). For low impurity concentratioiiB

the hydrogen-like f(3/2) Xe impurity series with terms n = l np to n « ̂



dominates tlie spectrum. Additional ly , a ahoulder at about 9.03 eV is

observed which grows int o a diatinct separate peak in the l roolZ spectruw.

It lias been ascribed to Xe-dimer absorpt ion (see previous section) . A

gradual change of tlie spectrum starts at concentrations above l molZ Xe.

The maxima of the Wann i er seriee are broadened and a uew broad maximum

appe.irs 011 the low energy side of tbe n * l peak. When t he concentration

of Xc increases tu about 15 molZ, the spectrum undergoea severe change s and

becomes similar tu the apectrum of undoped solid Xe. The positions of the

resolved Strukturen connect smoothly to tlioae of pure Xe. This observation

suggests t.liaL tlie impi.iri.ty Uannier exciton changes gradually from a localized

nuture to the band one at higher conceatrations up to solid Xe. Further,

this observation is cousiatcnt with the many optical studiea of valence

excitona for alkali halide aolid Solutions. The concentration dependence of

impurity abaorption spectrum was discussed tlieoretically by CHO and TÜYOZAWA

The study of the abaorption spectra of solid Solutions of rare gaaes in the

extreme ultraviolet by HAENSEL et al . (1973) was nndertaken to check experi-

ineiLtally the Interpretation given for the core level speclra of pure RGS.

Selected results for Xc in Kr and Xe in Ar in the ränge of the Xe 4d excitation

appear in Figs. 26 and 27. In most cases a continiious shift of the energetic

Position of Lhe ahaorption peaks of the pure RGS npon additioa of auother rare

gas or of N2 was observed, thus indicating a dilute mixiug of both componeata

over the whole ränge of concentrations . •

As mentiiined in Section 3.2.3, the core excited spectra of pure RGS show

excitonic aa well äs density of state effects. For instance the features B and

C in Figs. 26 and 27 have been interpreted äs core excited Frenkel type excitons.

Hy comparing the experimental spectra with the calculated curvea for the joint

density of states (KÖSSLER 1971), HAENSEL et al. concluded that these Frenkel

excitims in Kr 3d and Xe 4d are above the interhand transition threshold. This

conclusion is aupported by the fact that ihe oseillator strength of these

excitons in Kr and Xe is smaller than that of the cocresponding gas lines owing

tu interactions with the underlying continuum. Tlie concept underlying the

analyais of core excited optical spectra in terms of the conduction band density

of states has bcen described in Section 3.2.3. In their discussion of the

effeut of density of stutes on tlie spectra of rare gas mixtures, HAENSEL et al.

(197)) used the knuwn deiisily of states in the pure cryatals. For Xe - Kr aa

an example (Fig. 26 ) we note that the structurea I), E, t', C and H

and their spin orbit partners shift with changing composition but do

not split. They may be cla&sified äs almagamation type structures

(ONODERA and TOYOZAWA, 196B). Tlius the pure Xe gpectrum in the lowest

part of Fig. 26 should change raore and more and become finally the pure

Kr spectrum in the upper curve of Fig. 26, a epectruin whicli is to he

understood in terma of the denaity-of-states of the Kr conduction bands,

of course, weighted by the spin orbit Splitting of the Xe 4d i n i t i a l sl;iU-s.

A rigorous discusaion of theoretical and experimental results is aggravntcd by

the absence of density of states calculations for the mixed crystals.

However, a compariaon of the maximum ahifts of the observed features with

calculated maximum stufte of the five lowest conduction bands of Kr

(IIAENSEL et al. 1973) Supports the Interpretation of the pure KCS spectra

aa due to density of atatea atructures.

The Xe - Ar mixtures (Fig. 27) äs well aa Kr - Ar mixlurea exhibit also a

widening of the spectra with increasing admixtures of the lighter rare gas.

In contrast to thia the conduction band density-of-states does not follow

this trend üben going from Xe or Kr to Ar. For example the first and second

density of states maxima äs calculated by RÖSSLER (1971) are at lower energy

in Ar than in Xe or Kr, and the concept which led to a sound Interpretation

of the Xe - Kr spectra did aot work here with the satne auccess. Thus, we

conclude again that the original hopes cherished for core excited spectra

aa being a tool to map out conduction band density of states, did not nuiierialize.

On the other band, these results stress once roore the importance of niatrix

e lernen t and relaxation effects in optical spectra which are beyond the .simple

one electron picture employed.

Höre ins igt) t into the band formatier) in rare gas alloy Systems can be expected

from photoelectron spectroscopy. In Figs. 28, 29 and 30 the results of Buch

a study on Xe - Ar alloys are shown (NÜRNBERGER et al. 1977). In Fig. 28

photoelectron energy distribution cnrves for com-eiitrattons ranging from

0 - 1002 are displayed measured by excitation with Synchrotron radialion at

hu = 13.8 eV, 16.5 eV and 18,0 eV. With increasing Xe conrentrations the

gradual formation of Xe valence bands starting from the alomic Xe 5p]/2 and

Xe 5pj/2 atates is observed, SimilarLy, with Ar the 3p stales are broadened

with increasing Ar concentration. The width of the energy bands is cotnparabl i:

to their Separation. Nevertheless, the energy bands corresponding to the two
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individual const i tuents are uell aeparated and persist through all con-

centrations. H was noted by NÜRNBERGER et al . (1977) that rather high

cuncentrations of Xe or Ar are necessary in order to reach die fully

developed Xe or Ar valence bände, respectively .

The coucentratio» dependence öl the band uidth ha s been compared to

concentration depiMident band atructure calculations . The reaults are displayed

in Figs. 29 and 30. For sitnplicity NÜRNBERGER et al. (1977) used band atructure

cülculations in tlie tightbinding a diene (SLA.TER and KÜSTER 1954). Tlie parameters

VV<>> PPn and tHe spin orbit Splitting üEgQ needed for tlie catculation liave

been determined from the pliotoelectron energy distribution curvea of pure Xe

l,y BÖSSLER (1977) to be ppo » +0.33, pp„ - -0.038 and ÖESO = 1.37 eV. Tlie

cli.-mge of ppa and ppn with concentration due to tlie reduced overlap integral

of tlie wave functian ha s been represented by an exponential decrease with

increasing nie an Separation of tlie Xe atoms uaing the nearest neighbor diatance

in solid Xe d0 multiplied by a äs a reference Icngth, The mean Separation has

bcen correlated with the concentration. In Fig. 29 a coraparison of the

nieasured valeace bandwidth with calculated bandwidths is shown using a äs a

free paranieter. For ehe calculated bandwidth the energy difference between P

and X has been used because this is tlie largest witlth of the bands in the tight-

binding approacli given the above parameters. Kor both the Xe and Ar valence

states a value of a - 2 agrees satisfactorily with the experjmentally determined

concentration dependence (Fig. 29).

In Fig. 30 the valence bands along the directlon from the center of the

Krillonin zonc F to tlie X point at the boundary are compared with the measured

EDC's for Xe (npper part) and Ar (lower part) at three concentrations using

a = 2 für the calculation. Tlie common feature in Fig. 30 for the three photon

energiea is the appearance of two maxima which correlate quite well with the

niaxima of the density of states of the lower valence band and of the center of

tlie deneity of atates of the eplit upper valence bands. The maximum of the

density of states is expected to lie at tlie flat region neat the X point. The

relative shift of the niaxima with reduced Xe concentration is well reproduced

by the Position of the upper and lower bands at X, Changes in the KüC'a with

phoLon energy are attributed to structures in the final states. According to

Fig. 30 auch clianges are only significant for pure Xe.

This oleervation can be taken äs a liint tliat the conduction band states are

dj sturbed by a relatively sniall concentration of guest atoms.

Siniilar tendencies were fuund for the Ar valence bands but the smallc-r

spin-orbit Splitting yields a less clear cut caae for the Separation of

the different contributiong.

Finally, we raention the calculation by PAR1NELLO et al. (1977) who have

atlributed the considerable difference between the calculated bandwidth

for Xe and the width of the valence bands obaerved in pliotoelectron spectra

to different celaxation encrgies of the relaxed hol es for the Xe Sp-jM and

Xe 5pj/2 valence atates.

On the basie of a two-band Koster-Slater niodel the folluwing qualitative

predictions for doped rare gas samples have been made by PAR1NELLO et al.

(1977): 1) For heavy rare gas atoms (Xe) in l ight rare gas malrices (Ar) na

bound state ia expected but at higher concentrations of the henvy atoms (Xe)

the 3/2 atate should shtft to higher encrgies äs observed in the experiment

by NÜRNBERGER et al. (1977). 2) On the other hand, a strong bound state

is expected for the case of light impurities (Ar) in a nutrix of heavy atoms

(Xe), Therefore at small Ar concontratlons in Xe a large apparent spin orbit

Splitting is predicted. llowever, taking a width for the Ar states comparable

with that of the Xe states in Ar, a Splitting mucli larger than the real

spin-orbit aplitting of 0.2 eV does not fit the experimental results.

In sunanary, there seems to be an inconsistency in so far äs absorptiun

experimenta favor an amalgatnation type classification of rare gas alloys

whereas EDC tneasurements suggest a persistent type inodel. Both results can,

however, be reconciled if we recall that the photoemiesiou experimenta sample

mainly the initial etate density of states, which is persistent (Fig. 28),

The absorption bands on tlie other hand are determined by both tlie initial

and final etates where the latter may introduce amalgamation type character.



- t, i -

4. Rxcitona in Rar_e Cas Ligiiids

The central fratures of bound one-electron excitations in pure RGS

and in dilute rare gas alloys are characterized by Frenkel type

exciton states, Wannier type excitons, or impurity States converging

to the bottom of the conduction band (see previons section). Aa

we have secn, t hü tfieoretical treatment of such bound excited States

involves essentially the translational synnietry of the crystal lattice

(e.g. KHOX 1962, PHILLIPS 1966, RICE and JORTNER, 1967). These solid

statc coneepts break down when excitons and impurity atatea with extended

eiectrnn orbi ts are considtired in the liquid phase, The following

general i|uestions arise in relation to bound excited electronic States

of simple dense fluids:

(i) Do exe i ton st at es "exi st" in l iquids, how shonld auch states be

described, and wbat physical Information can be gathered from the optical

speitrum? Höre specifically, can tightly bound excited etates of a

liquid be described in terms of a disperaion relation appropriate for the

disordered System? Such Frenkel type etatea have a unique parentage

the States of the constituents and will thus be definitely experinientally

observed. Can Hannier-Mott type exe i ton and impurity states be experimentally

obüerved in a liquid? Furthermore, if Wannier statea exist in a liquid, it

is interesting to inquire what is the relation between these liquid

electron-liole pair states and the conduction band states in the disordered

System.

(ü) How do interatomic interactions affect the spectrum of the stationary

states7 Slndies of the density and temperature dependence of optical spectra

from pure and döpeü liquids may stied some light on this question.

Theoretically, it was suggested by RICE and JORTNER (JQ66) and hy RICE, NICOLIS

and JORTNKR (1968) that large radius Wannier type exciton etates are amenable

to experimental obst'ivation in a dense fluid where electron-medium inter-

action is sufficiently weak. Extensive theocetical studies of Frenkel-type

tightly bound exciton states in liquids were performed by RICE and coworkers

(PDriKl.AWSKI and RICE, 1967; NICOLIS and RICE, 1967; FISCHER and RICE, 1968).

Pure rare gas liquids and impurities in rare gas liquids provide suitable

uandidates for the atudy of excitons in liquids and are of interest in relation

to the above tnentioned getieral problems äs well äs for the investigat ion

of ionization processes in simple liquids (see e.g. SCHMIDT 1975,

TAUCHER! 1975, JORTNER and GAATHON, 1977). For liquid Ar and Kr electron

mobility data (SCHNYDERS, RICE and MEYER, 1966; MILLER, MÖWE and SPEAR,

1968) indicate that the electron-atora interaction is sufficiently weak and

that the tranaport properties of an excess electron can be quite well

described in terms of disorder scattering of a nearly free elertron. Aliho

transport properties do not give conclusive evidence abont the detail s of

tlie density of conductioa band states in a disordered System (see e.p.

EDUARDS, 1965), it appears that a reasonable working hypothesis is tliat

the conduction band states in liquid rare gases can be taken äs free

electron-like or nearly so.

Furthermore, in rate gaa liquids, the weak electron-atom coupltng (l.EKNER,

1967; COIIEN and I.EKNER, 1967; Sl'RINGETr, JORTNER and COHEN, 1968) Jnsures

that the l ine widths of the Wannier states will not Sie excessive.

Quantitative experimental information concerning Wannier exciton States in

liquid rare gases is still meager and only a few groups have tackled ttiis

Problem so far. A euramary of the optical absorption and reflection Experiments

performed so far on both the pure liquids and impurities in rare gas liquids

appeara in Table 9. The considerable ainount of theoretical and experimental

information conceming atoraic and raolecular type states in liquid He, Kr,

Ar and He and espetially in liquid He will be considered in Suction 6 wliere

we shall diacuss results from transient absorption and lumini-scence experiments.

In this sectlon, ve focus our attention on excitons in pure liquid Xe, Xe

impurity states in liquid Kr, Ar and He and in particul.tr on the density de-

pendence of these states studied by optical absorption and reflection

(neasurements. Further, we discues one example for molecular impurity states

in liquid rare gases. Finally, tlie electron affinities derived from the ex-

perimental data for solid and liquid rare gases are compared with caUnlated

V0-values.

Already a cursory examinat ion of Table 9 shows that, except for a jirel iniinary

reflection experiment on liquid He by SURKO et al. (1970), all tlie experimental

data are restricted due to obvious experimental reasons to energies below

10 eV and hence only liquid Xe and Xe impurity states äs well äs molecular im-

purity states in liquid rare gases have been stndied so far by simple optical



e x p e r i m e n t s . Clcar ly , s tudies of Wannier states of lighter rare gas

l i q u i d s , though e x p e r i m e n t a l l y qu i t e d i f f i c u l t , would be of great value.

4. in Pure L iquid Rare Gases

BEAGI.EIIOl.F, (1965) repor ted the f i r s t oplical experiment on rare gas l iqu ida

in the V U V . R e f l e e t i o n meaaurements on Xe in a LiF-windowed cell were

[ ler formftd in tl ie region 7.8 - 11,0 eV covering tlie ränge of the Wannier

type o x r i t o n Ünes observed for solid Xe. The main n - l (6p 3/2)

exciton l ine at anmnd 8.4 eV in sol id Xe was found to e h i f t Lo lower

energies and to broaden aa tlie temperature waa raised becoraing q u i t e marked-

ly w i d e r in the l i qu id . Höre Impor t an t was the observat ion of a weak and

nnresolved band around 9.0 eV in tlie l iqu id , uhich was taken äs evidence for

the f a u t that W a n n i e r states n ^ 2 do exist in the l i q u i d phase, however,

äs expecled, in a much broadened f o r m .

O p t i c a l spectra of pure l iqu id Xe have subsequently been studied in detail

by STEiWBFRGKR and coworkera (see Table 9). In a careful study by STEIN-

BERGEK and ASAF (1973) speclra of solid and l iqu id Xe covering the ränge

7.75 eV to 10.3 eV have been obta ined at teniperatures bctween 6 K and 160 K.

llirongliout the temperature ränge, the peak positions of the n - l (3/2) and

n = l ( 1 / 2 ) exr i tons äs we l l äs the n = 2 and n * 3 (3 /2) Uann ie r excitons

were fomid to s t i i f t to lower energies w i t h increasing tempera ture . STE1HBERGER

and ASAF i n f e r r e d from the l inear s tu f t of the peak posi t ions äs a funct ion

of d e n s i t y that these s h i f t s are caused mainly by the change of energy band

edges w i t l i t he r mal expanaion. In pa r t i cu l a r , the experimental points for the

l i q u i d t i t these l inear f u n c t i o n s v e r y w e l l .

Pl io toc jonduct iv i ty in l iquid Xe haa been s tudied by ROBERTS and HILSON ( 1 9 7 3 )

and ASAF and STEINBERGEf i (1974) . The later authors found in p l in toconduct iv i ty

e x c i t a t i o n spectra a threst iotd of 9.20 eV and a dip at 9.45 eV very near the

peak of ihe comppting n = l ( P l / l ) exciton t rans i t ion . From these results a

band gap E = 9.22-0.01 eV was determined for l iquid Xenon. This value is

v e r y ne.ir the es t imate (9.24 eV) based on the dens i ty change upon melt ing.

C o m l i i n i n g ehe va lue for EQ w i t h the measured exc i ta t ion energy of the

n = 2 "(3/2) exci ton yie lded an exciton b inding energy B = 1.08 eV (see

eq. 3.3) and an e f f e c t i v e exciton reduced masa M = 0,27 (in u n i t s of electron

mass) (see eq. 3 . 5 ) .
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Tlie influence of the density on the optical spectra was furtber studied

for pure liquid Xe in tlie densiLy ränge from near the critical point to

the triple point by LAPORTF, and STE1NBERGER (1977). The experiment

covered the spectral ränge from 7.5 to 10.8 eV that is the atomic transitions

in Xe which are observed at wavelengtha above the Mgl^ cntoff: 8.44 cV

(1469 X), 9.57 eV (1295 X) and 10.4 eV (1192 3). For eacli atomic Hne,

two bands have been observed: one broadened and somewhat red-shifteil band

corresponding to the atomic transition, and another distinct band

corresponding in position to that of the exciton observed in the triple

point liquid. These greatly broadened excitonic bands were observed in the

liquid near tlie triple point at 8.12 eV (1526 8), 9.35 eV (1326 8) and

10.34 eV (1199 A) where the values are those of the reflectivity maxinia.

As an example, we present in Fig. 3l the evolution of the 8.33 eV excitonic

band with increasing density, Fig. 3l represents the reflectivity spectra

of a Xe/MgF2 Interface at several densities near the critical point äs well

äs near the triple point. The gradual rise of the excitonic band at 8.33 eV

at the expense of the perturbcd atomic band at 8.12 eV ia evident. 1-APORTE

and STEINBERGEß (1977) perfonned also a dispersion analysis for the two

P bands. They assumed Lorentzians tor £ . and £2 in order to obtain via a

fit to the experimental reflectivity data tlie optical constauts f, , £;>, n

and k äs a function of photon energy (see the solid curve in Fig. 3l)i They

interpreted their results äs evidence for exciton transitions appcaring in

momentary clusters of the fluid.

The only other piece of Information concerning optical spectra of excitons

in pure rare gas liquide pertains to liquid He. llcre the free exciton states

are less well known. They can be derived from the one available reflection

spectrum taken by SURKO et al. (1969). It sbows two maxima, a strong one at

21.4 eV (580 A) corresponding to the strongly allowcd transition to the 2 p P

state (at 584 A in the gas) and a very weak one at 20.8 eV (Ü97 A) correspond-

ing to the forhidden 2s S transition (at A in the gas).

4.2 Xe Impurity States in Liquid Gases

The identification of "high" n = 2 Wannier type exciton states in liquid rare

gases rests on a comparison (perhaps somewhat oversimplified) of the absorpt-

ion bands with the optical properties of the correspondinj; solid. In order

to establish the nature of Wannier states in dense simple fluids, it is of

interest to obtain a continuous description of the electronic excitations of

B guest atom or molecule in a host fluid where the fluid density ia varied over



a broad density ränge. In tliis context, three types of electronic transit-

ions of tlic guest atom sliould be ronsidered:

(!) Intravalence excitations. Studies of specttal perturbations of such

Cransil i uns by foreign gases at low and moderate densities reveal (see e.g,

ROßlN et al. 1956, GRANIER 1969): (a) Small red or blue spectral shifts and

line brwadening, (b) t he appearance of "red" or "blue" satellites due to the

Formation of a van der Haals diatomic molecule äs well äs (c) symmetry

bieaking effecta, i.e. appearance of aymmetry forbidden traneitions. At

high fluid denaities features (a) and (c) are expected to prevail while the

spectral satellites and reßonance line will merge into a aingle broad band.

(2) ].ow extravalence excitations. These transitions are accompanied by a

cliange na = l in the principal atomic quantum number na. Tlie features of

such transitions (e.g, the 5p »5p 6s transition in Xe) of rare gas atoms

are: (a) Spertral shifts to the red at low denaity and to the blue at high

density and line broadenitig (RUPIN et al. 1967, MESSING et al. I977a-e);

(b) Appearance of "blue" spectral satellites, originating from continunra-con-

t i numn and boiind-continuiim transilions between the d i atomic adiabat ic potential

surfüces of the guest-host pair (URANIER et al., 1967, CASTEX 1974) and

(t) Induction of symraetry-forbidden transitions. At higher densities of the

host fluid largü hlue-shifts are exhibited, the satellites are smeared out by

ovcrlapping the resonance line, wtiile the synmetry hreaking effect (c) is

also operative. Apart from quantitative differences regarding the large magni-

tude of spectrül blue-shift s, the gross features of the lowest extravalence

transitions of rare gases are quäl itatively similar to those of intravalence

cxcirations.

(3) High extravaleiice exe itations. Such transitions are characterized by

na = 2. Only vetry little is known concerning speclral perturbatioiis of auch

transitions at moderate and at higli densities of the host fluid and questions

arise, such äs: Uliat are the speclral shifts of higher atomic Rydberg atates

at low and at moderate deuailies of the host fluid? Or, can one define a

criticfil density of the host fluid wliere these high extravalence excitations

disappe.ar heing replaccd by the U.innier type states of the dense medium? Or

alteniatively, do tliey converge to the n = 2 Wannier States?

In an attempt to understand these pruhlems, MFSS1NG et al. (I977.i) liave

conducted an extensive experimental study of the absorpt ion spec trum in

tlie energy ränge 8.3 eV to 10.8 eV of Xe guest atoms perturbüd by Ar, Ne

and He over a density ränge of the host from the atomic limit to the l i q u i d

density. The VUV absorption spectra of Xe with an initial impurity con-

centration of 0.5 to l ppro in Ar, Ne and He have been studied uslng the

absorption cell äs described in Fig. 5. We shall disuuss höre äs an example

the results obtained for the Xe/Ar System.

In Figs. 32 and 33 the experimental results for the absorption spertra of

Xe in liquid Ar are ahown at low and at intermediate densities (p = U - 0.6 g ein

Fig. 32) and at high Ar densities (Fig. 33) respectively. Tlie following

electronic excitations of the guest Xe atom were observed in the spec tral ränge

from 9.5 eV (I3OO X) to 10.8 eV (1150 X) in order of increasing energy. Tlie

transition energies are given in the atomic limit using Moore 's notation

(MOORE 1958) :

Transition (I) to 6s'[l/2]j - l(5p5 |2Pi/2l 6s> at 9-57 eV (|296 ̂ >

Tranaition (II) to 5d [l /2l J = l (5p |2P3/2^ 5d) at 9.92 eV (1250 8)

Transition (III) to 5d [5/2]j- 3f5P52p 5d) ac 10-25 e
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which is synmetry-forbidden in the atomic limit. (CASTEX 1974).

Transition (IV) to 5d [3/2~] J - l (5p5 {2f3/2] 5d) at 10.40 eV (1192 X)

5 2 \) at 10.60 eV ( l 1 7O X) .Transition (V) to 7 s [3/2] J - l (5p

Transitions (I) - (IV) correspond to the low extravalence excitations witli

ftfia " l, while transition (V) originates from the second niemberuna =• 2 of

a Rydberg series which Starts with the first reaonance line 6s [_3/2_JJ =

l (5p { p3/2)6s) at 8-'1'h eV ('470 8). The following mcdiinn effects have

been observed at low and moderate densities (Fig. 32).

-3
1. Satellite bands. In the density ränge 0.1 - 0.4 g cm a sinßle bluu

satellite band accompanies each of the transitions (1) and (IV). The inteusity

of these blue satellites increases with increasing density until al Ar

density K 0.6 g cm they merge together with the correspunding rescmance line

into a single band.

2. Synmetry breaking effecls, The transition (111) to a J = 3 staLe is

synmetry-forbidden in the atomic limit, äs is evident from Fig. 32, being

induced by the host fluid.
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No other synanetry-Eorbidden, pressure-induced trausitiong wete observed

in the apectral region 9.5 eV to 10.8 eV with the possible exception of

the broad structureless absorption exlübited around 9.6 eV to 9.8 eV

which may originate from presaure induced transitions to states of the

5p5 6p conEiguration (CASTEX 1974).

3, Medium-induced shifts of the lowestjlna = l extravalence excitations.

Tliese shifts are summarized in Fig. 34. The Xe resonance lines 6 s £ 3/2J

(not shown in Fig. 32) and 6s1 fl/2] (Transition 1) are weakly red-shifted

at low densities, exhibiting a large blue-shift at higher densities. A

similar behavior is observed Eor transition (IV). These features have been

explained in terms of a strongly repulsive Xe-Ar interaction potential in

the excited state (MESSING et al. 1976). In contrast, transition (II)

exhibits only a small red-shift througliout ehe low and the intermediate

density region.

4. Medium induced shifts of the hig]ier/Jna = 2 extravalence excitation.

The spectral shift of transition (V) to the 7 s [3/2J state drastically

differs froni thoae revealed by the 6s 3/2 and 6 s' (j/2j! transitions. While

the latter lou extravalence excitations extiibit predominantly a large

spectral blue shift (Figs. 32, 34), the former "high" extravnlence transition

reveals an apprciable spectral red-shift, even at high densities, overlapping

the blue-shifted band (IV) at a density of^O.4 g cm and appearing äs a low
_i

energy shonlder of band (IV) at a density of * 0.6 g cm .

In the high density ränge (Fig. 33) the first transition at «9.7 eV (1265 A

to 1290 8) was assigned by MESSING et al. )977a to an excitation of the

6s1 [l/2j state (transitinn I) and tlie third main transition at ft 10.5 eV

(U7fj S to 1190 X) to the 5d [3/2J state (transition IV). Theae transitions

exhibit large blue-shifts (Fig. 34) at high densities. The nost interesting

feature of the spectra in Fig. 33 is the absorption band at 9.9 eV to 10.2 eV.

Thia second band centered at 10.12 eV (1225 S) in the high density fluid was

assigned by MESSING et al. (I977a) to an n = 2 Wannier state, because it is

dose in energy to the n - 2 Wannier impurity state in solid Xe/Ar alloys

which peaks at 9.95 eV (1246 X) (BALÖINI, 1965). As MESSING et al. (I977a)

poinced out, this is only a qualitative argument in favor of the n «= 2 Wannier

exciton asaignment, and they therefore also considered alternative assign-

metits. They pointed out that the absorption intensity around 10. l eV in the

Xe/Ar system at high (>7 x 10 atoras A ) densities is anomalously

enhanced indicating the appearance of a new absorption band at these

densitiea. This behavior is unique to the Xe/Ar System and was not

observed Eor Xe/Ne and Xe/He in the same ränge oE atomic densities. It

was taken äs a strong support for the n = 2 exciton assignment. The

assignmenta are summarized in the correlation diagram in Fig. 35.

The assignment of the n = 2 f3/2j Wannier impurity state of Xe in liquid

Ar at 10.12 eV enables one to draw an energy correlation diagram which

relates the high extravalence atomic excitations and the "high" Wannier

states (Fig. 35).

With the n - 2 exciton, the ionisation energy and Polarisation energies for

the electrons and Xe ions (hole states) for Xe in liquid Ar have been

estimated (see Table 10) (RAZ and JORTNER 1970; MESSING et al. I977a)

(see Table 10). Furthermore, MESSING and JORTNER (1977c) have discussed

the denaity dependence of the polarization energy P. of Xe in Ar.

4.3 Molecular Impurity SCates in Liquid Rare Gases

The observation of intermediate and Wannier type atomic impurity states in

RGS and liquids implies that analogous molecwlar exe i tations should be

antenable to experimental observation. There have been extensive expeiimental

spectroscopic studies of such high-energy electronic excitations of molecular

impurities in solid rare gases, which have been reviewed by JORTNER (1974),

In this section, we shall discuss only one of the few examples (Table 9)

for a molecular impurity in liquid rare gases, namely the perturbation

of molecular extravalence excitations of tnethyl iodide in liquid Ar and

Kr äs reported by MESSING et al. (1977d). -,

'-_0f considerable interest are such

electronic excitations in a dense fluid where the excited states oE the

ntolecular impurity can be roughly classified into three categories anaLogous

to the otomic impurity states:

(A) Intravalence molecular excitations. Most of such valence excitations

from a bonding orbital to a nonbonding orbital can be adequately described

in terms of the tight binding scheme.

(B) Low molecular extravalence excitations. These correspond in the low

pressure limit to the IowesC Rydberg States of the molecule, which are



charac terizeö by a change^n = l of t he p r inc jpa l quantum number.

(C) Wann i er s ta t t e . Wannier- type molecular i tnpuri ty s tates were identi fied

for C l l - j l , C2H(i and CfeH6 in so l id rare gases, (KATZ et al., 1969 and GEDANKEN

et a l . , 1972 , 1 9 7 ) , JORTNER 1974) and evidence for these h i g h l y excited

s ta tes in a l i q u i d was obtained for CHjI in l i q u i d Kr by GEDANKEN et al.

(1973.;) .

The d e t a i l e d experiments öl MESSING et al. ( I 9 7 7 J ) on molecular impurit ies

in l i i |u id Ar and Kr in the spectral ränge frora 6.2 eV (2000 X) to 10.3 eV

(1200 A) were p e r f o r m e d over a broad densi ty ränge of tlie host l iquid f r o m

the low pressure l i m i t ("isolated molecule") up to the l iquid densi ty . Three

smal l organic molecu les , met l iy l - iodide, carbon d i s u l f i d e and formaldehyde

wert> i n v e s t i g a t c d . The absorpt ion spectra of CII-jJ in Ar in the low eneigy

ränge ace d isp layed in F ig . 36. Cl l - j l 1s a s u i t a b l e and intere&ting molecular

sys lem to study because of two reasons. Firs t , the lowest extravalence excitat-

ions of th is mo lecu l e in the gas pliase are isoelectronic w i th the Xe atomic

S0 * f . and S Q * " P | t ransi t ions . The f i r s t Rydberg t ransi t ions of the

i s o l a t f d C H ^ l molecule or ig ina le f rom the todine np>- (5p) nonbonding orbi tal

( l 'RICt , 1936; H E R Z B E K G , 1966; BOSIII and SALAHUB, 1972; and TSAI and BAER, 1974) .

Only the lowest broad and s t ructureless absorpt ion band located at 4.8 eV 1s

assigned tu an i n t r a v a l e n c e npT —#-<P t r a n s i t i o n (ROBIN 1974) . Host of the

abso rp t ion bands uere assigned to three Rydberg series of d i f f e r e n t synmetry

converging tt> the same ionisat ion l im i t . Each of the Rydberg series ie fu r the r

spl i t in to two compunents because of the strong spin-orbit coupling wlthin the
• • + 2 2

pos i t i ve hole wtien the CH-jI ion core is left in either E . or E. n s ta te .

Secoud in view of the low gas phase ionisation potent ia ls of this molecule,

IgaJ = 9 .49 eV, IgJ„ - 10.11 eV (e.g. POTTS et a l . , 1970), the Wannier series

in I t i e m a t r i x or l i q u i d should he located at moderately low energies amenable

t o ex|>er i m e n t a l observat ion.

Tlic r e s u l t s oF the spcc-troscopic s tudy of CH-jt in l iqu id Ar and Kr by MESSING

et al. ( I 9 7 7 a ) can be summarized äs fo l lows:

(1) Medium induced spectral s h i f t s can provide a diagnostic tool for the

di st jm ' t i on bctvitPii Rydberg type and valence exci tat ions (see also the dis-

cuss io i» of th is method by RüBIH ( 1 9 7 4 ) ) . The tnagni tude of the blue spectra l

s h i f t s decreases in Lhe f o l l o w i n g order: (a) The largest blue spectral a l i i f t s

are e x h i b i t e d for the lowest n a l Rydherg t r ans i t i ons of an B or p exc i t rd -

s l a t c i 'unf i g u r a t i t m , (h) the b lue s h i f t for an n = l type conf iguration is

e l igh t ly lowet, (c) mixed type valence-Rydherg t r a n s i t i o n s oxhibit evt-n

a smaller blue sh i f t and (d) the lowest spectral s h i f t is revealed by a pure

valence t r ans i t ion .

(2) Medium e f f e c t s on l arge radius n > l Rydberg t r a n s i t i o n s can hi_- fo l lowei l

only at moderate densit ies where these high extravalence i i iolemlar e x c i t a t i o n i

can be unambiguoualy i d e n t i f i e d . In general, theee high excitat ions in

f l u i d Ar exhibit a red sh i f t which increases with increasing dens i ty , being larger

for higher term values. This trend implies that in th is f l u i d where V(| < 0

the impur i ty ionizat ion potent ial E,,(p) decreases wi th i n c r e a s i n g d e n s i t y c .
o *

(3) The impurity absorption spectrunt at high fluid density is chnracterized

by a small number o£ broad bands, some of thera quite distinct and intense,

s o ine of them are diffuse and some appear äs ̂ loulders or hunips. Only those im-

purity statea originating front the lowest Rydberg transitions (n = I) of

different symmetries are ainenable to a reliable assignment äs they develop

continuously from the "isolated" molecule spettrura (see Fig. 33). This definite

molecular parenthood justifies the classification of the latter t rans i tions äs

intermediate atates. Some of these intermediate states are accompanied by a

vibrational structure persisting up to the highest density (e.g., the n = l

impurity states of CH-jI in Ar at 6.16 eV (2012 8) (Fig. 33). The relation üf

these lowest extravalence impurity excitations to the molecular states leads tu the

conclusion tliat Lietir Splitting of the n * l states (the Splitting of statea

belonging to s, p, d excited-state confignrations) persists up to the liquid

density, in contrast to the conventional Interpretation of the analoguous solid

matrix spectra.

(4) Several impurity absorption bands at high fluid density were interpretrd

in terms of large radius nfc 2 impurity states. Tn particular, experimental

evidence was obtained for the appearance of an n = 2 impurity state in the

Epectrum of CH,I in Ar, In the spectra of C$2 and l^CO there is a tendency of

the molecular n - 2 Rydberg transitions originating from different series to

converge into a single band in the high density fluid. The siguif i c:.mce of this

observation is that the l.ielir Splitting für n = 2 states gradually disappears,

being vanishingly small in the liquid, äs appropriate fi>r a hydrop.cnic series of

impurity states in a dense medium.

In an accompanying study, MESSING et al. (1977b) liave also stndied tlie medium

effects on the vibrational structure of tlie low extravalence (Rydberg) excitations

of CHiI and of lUCO in liquid Ar. The statistical theory was utilized for model

calculations of the l ine shape of the mediura-perturbeii molecular transitions.



1t was conclndec] f r o m these s tud iea tliat inJepenilent asymmetric broadening

of i n J i v i d u a l v i b t o n i c componenta accounts for the modi f i ca t ion of t he apparent

i n t e n s i t y t l i s t r i b u t i o n w i th increas ing dens i ty of the host f l u id .

4.4 E l e c t r o n A f t i n i t i e s Eor Sol id and Liquid Rare Gases

The combt nat iun öl spectroscopic and photoeniission data results in a

r f l i a b l e VQ {= - fc^) scale fo r solid rare g^ses. In Table 10 we compare these

V va lu i t s obtained for pure and doped RGS w i t h the experimental data for l i qu id

rare gases d e t e r m i n e d by TAUCHERT ( 1 9 7 5 ) and TAUCHER! et a l . ( 1 9 7 7 ) . Negat ive

V0 v a l u e s mean that energy is relcased by h r i n g i n g an electron f rom the vacuum

into the sol id.

In teres t in Vo va lues ar ises from var ious p rob lema of electron transport in

sol ids and l iqu ids . According to the s imple SJC theory (SPRINGET! et al. 1968),

tiie roagtiitudi: of Vo determines whether an extended or a localized s ta te of the

electron in the l iquid is energe t i ca l ly the most favotable one. It ts apparent

f rom Table IU tha t in all cases VQ in the solid is higher than in the correspond-

ing l iqu id , ind ica t ing that in the former case the contr ibution of sliort-range

repuls ive interaet ions is somewhat h igher . In l iquid He the electron medium

in te rac t ion i s repulsive and the local ized bubble s t a t e i s ene rge t i ca l ly

favored . Tlie no t ion of repulsive e-lle interaction is in agreement wi th the VQ

v a l u e (SOMMER, 1964). The posi t ive V0 values for solid and liquid Ne predicts

accurding to the SJC model localized electron states to be stable wbich is

corroborated by the experimentally observed low electron mobilities. Experimentally

in l i q u i d Argon, Krypton and Xenon high e lec t ron mobili t ies were observed

(HILLER et a l . , 1968) and the reported value for l iquid Argon (LECKNER et al. ,

1967) f avor s the extended electron state. These observeations are consistent

w i t h the negative V0 valuea determined by TAUCHER! et al . (1977) for these

m a l e r i a l g .

1t is of interest to confront the experimental Vo data wi th the prediction of

the s imple SJC theory (SPRINGET! et a l , 1968). As is well known, the energy of

the c o n d u c t i o n band min imum for the excess electron consists of two con t r ibu t ions ,

the background polar izat ion potent ia l U and the k ine t ic energy term T ar is ing

from m u l t i p l e scat ter ing f r o m nearest ne ighbors , so that VQ = T + !!_, The

SJC model provides a s i m p l e recipe for the est imate of U inc luding the screened

p o l a r i z a t i o n f ie ld of the snrrounding a toms and for the evaluation of T by the

Uigner-Sei tz approximal ion . Table 10 summarizes the resul ts of such ca l cu la t ions ,

whvre the sca t te r ing l e n g t h a of the llartree-Fock a tomic f i e l d for He and Ne was.
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taken [rom theoretical scattering data (SPRINGET! et al., l%8), while f<ir

Ar, Kr and Xe the value of a waa adjusted to fit the liquid V0 value. These

semiquantitative theoretical estimatea of VQ are fraiight with difficultins

äs Table 10 emphasizes how much smaller V0 is than the T an«! the U terms.

These theoretical estimates clearly indicate that the increase of T in the

solid is somewhat higher than the corresponding decrease in U ; howtver, the

SJC model underestimates the relative increase of the short-range repulsive

interactions in the solid äs ia apparent from the resnlt for Ar. Tlius, this

semiquantitative approach of the SJC model should not be considered äs an

ultimate theory and further theoretical work in this field is rcquired.

The density dependence of VQ for liquid Ar has been discussed hy MESSIHU and

JOR!NER (I977c). They reported on calculations of the adiahatic electroslalic

polarization energy Pt of Xe in fluid Ar over a density ränge from 0,1 to

1.4 g cm . In a phenoraenological description Pt ia connecred to VQ by the

impurity ionization energy E of an atom or molecule in a dense fluid and the

gas phase impurity Ionisation energy Igas via Ê  = Igag 4 P+ + V0 (see e.g.

RAZ and .JORTNER, 1969). !he density dependence of P+ can be (|iiite well

approximated (within 10%) by the Born charging energy with the effective

ionic radius being identified with the effective hard-core diameter für the

(neutral) solute-solvent Separation. !he theoretical density dependence of

V0 in liquid Ar äs calculated by JAHNKE et al. (1972) was found to be

practically independent of the density over a ränge fromy = 0.28 g cm to

5 = 1,43 g cm , the average value being V0 = - 0.5 eV. As an lipper limit

for V0 in liquid Ar, MESSING and JORTNER (I977c) estimatcd a value of - O.2 eV

based on their calculation of P+ and spectroscopic data. Tliis value is in

even better agreement with the experimental value of V0 = - 0.22 - 0.02 eV

at y = 1.4 g cm" detertnined by TAUCHER! and SCHMIDT (1975). Köre

interestingly we note that VQ was found to be practically constant over a wide

density ränge in accord with the theoretical calculation of JAHNKE et al. (1972)

Tlie weak density dependence of VQ in liquid Ar over a broad density ränge is

in contrast to the pronounced increase of VQ from -0.2 eV in liquid Ar to + 0.3

in solid Ar (Table 10),

Finally, we mention in this context again the photoeleclron spectra of heavier

Xe clusters by DEIIMER and DKHHER (I978a, I978b) whii:h we briefly discussed in

See tion 3.1. These spectra sliow quäl i tatively how the ionization potential

and thua the derived pararaeters change äs the average düster tüze is increased,



Ihn threshold cnergy for photoemission of solid Xe is 9.7 to 9.8 eV, äs

ctimpared to the ionisation potential of Xe; of It.127 eV, The liighest

pressure spectrum (Fig. 16) das a threshold energy of « 10.5 eV which

already is considerably below the Ionisation of the dJmer, Further ex-

periments along these lines promise to provide a wealth of Information

on the energy level structure of species whtch are in the transition

r cgi 011 lietueen the gas and sol id pliases.

5. Hetal-Rare Gas Hixtures

Matrix Isolation techniques (e.g. PIHEH1KL 1958, 1978, McCARTHY and

ROBINSON 1959, MEYER 1971) utilize rare-gas piatrices (R(iM'a) äs inert

host aolids for the trapping of a variety of metastable atoms and

molecular species. During the last few years extensive stndies were

repocted £or binary mixtures of metals (M) and RGSs, explored ouor llie

entire composition ränge, with the metal atomic fraction (X) being

varied in the ränge X » 0 - 1.0. These Systems are of interest, bccauae

of several reaaons:

(1) Matrix Isolation at moderate metal concentrations (X = 0.01 - O.05)

resulta in the production of interesting weakly bound diatomic M2 or UM1

homonuclear and heteronuclear ntolecules (e.g. OZ1N 1977, MILLER et al.

1977, LEUTLOFF and KOLB 1979, DANOR et al. 1979).

(2) Matrix Isolation at higher metal concentrations (X - 0.02 - 0.1)

reaults in the stabilization of clusters of metal atoms Mn with n •= 3 - 5

tcapped in solid rare gases (e.g. SCHULZE et al. 1978, DZ IN and HUBES 1976;

MOSKOVITZ and SCHULZE 1977, WELKER 1978, WELKKR and MARIIN 1979, DAHOR et

al. 1979) which are of considerable fundamental inlerest in the fields of

nucleation, chemisorption and catalyeis.

These two points pertain to interesting but still rather coiwetitional

exteneions of the traditional niatrix Isolation techniquts. Even inore in-

teresting phenomena are exhibited at high metal concentrationa:

(3) At concentrations X > 0.l metal - RGS mixtures provide iimdel Systems

for disordered atnorphous semiconductors (HOTT and DAVIS, 1972).

(4) A vell dispersed metal RGS mixture at even higher X can he considcred

äs an expanded metal wtiere the rare gas atoms serve äs "spacors" which

keep the inetal atoms apart. With increaaing X the two-rnnipoiiciit mixture

will imdergo a metal-nonmetal transition (MNMT) (HOTT, 197^, FRIEDHANH

and TUNSTALL, 1978) from a zero conductivity System to a finile conductivity

System. Metal-RGS Systems are prototypes for the exjierimcutal and theorctical

BtudieB of the nature of the MNMT indnced by composition chatiges in a die-

ordercd ntaterial.
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(5) At li igh metal conceii trations above the metal compositlon which marka

the MHHT ihe t r anspo r t and optical propert ies of metal - RGS mix tu res

provide inf orniatioii o n tlie electronic s t ructure and transport in diaordered

mein l s (e.g. HÜTT 1974 , CATE et al. 1970, EVEN and JORTHER 1 9 7 2 , COHEN and

J D R T N L R 1974) .

From tlie f o r e g u i n g discussion it ia apparent t l iaC atudies of metal - RGS

m i x t u r e s can y i e l d d i rec t Informat ion regarding the e lectronic States,

t ransport proper t ies and MNMTs in disordered mater ia ls , a f i e l d of research

wliich lias been of considerable recent theoretical and experimental interes t

(MUTT and I I A V I S 1972, HOTT 1974) . In uietal-RGS mixtures botli structural

disorder and cumposi t iona l disorder can prevai l . The characteriatic

s l ructura l f e a t u r e s of l he dens i ty uf states f u n c t i o n ot the p e r f e c t latt ice

w i l l be reduced and disappear in diaorüered Systems and, in par t icular , the

vnn llove s ingular i t ies w i l l be smeared out. Gaps in the dens i ty of atates of

tlie pe r fec t c rys ta t may be f i l l ed up w i t h a f i n i t e densi ty of states, and

sharp band edges are smeared out to fo rm band tai ls (HOTT 1967, COHEN et al.

1969). Ilowever, the concept of dens i ty of states is still u a e f u l and

appl icable f ü r disurdered materials . The dena i ty of states in such disordered

Systems ia characterized by a mixed d i s t r i b u t l o n of localized states and of

extended states. The localized electronic s tates which are specified by an

envelope wavefunc t ion wliich decays exponential ly at large distances are

associated wi th f i n i t e a tom dusters. On the other hand, extended electronic

states, wliere the envelope wavefunc t ion i s plane wave-1ike, extend to inf ini ty ,

so that for a binary disordered mater ia l these states are associated w i t h an

i n f i n i t e düster . 1t lias been argued that ttiere ia no coexistence of localized

and extended states at the aame energy (HOTT 1967, COHEN et a l , , 1969).

I h e r e f o r e , tl iere exist a f i n i t e number of wel l defined energiea which segregate

bt ' tween loca l i zed and extended statea. Since at zero tempecature the localized

e ta tes do not con t r ibu te to d.c. e lec t ronic t r anspor t , these energies separating

loca l i zed and nonlocal ized states are referred to äs mobi l i ty edgea. The

t ranspor t and opt ical properties of disordered ma te r i a l a stem from the baaic

di f t ' e rences between extended and localized atales .

Tlie nature of the electronic States of disordered mater ia ls is determined

not only by tlie general charac ter ia t i es of disorder but dominated by tlie

mitroscopic. a t r u c t n r e of these solide. In RGS m i x t u r e s at low X local ized

states corresponding to s ing le atoms, diatomic molecules and amall c lustera
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will be exhibited. The cardinal questiün ie whether the distribution

of tlie metal atoms is statistical or whether preferential clustering

o£ the metal atoms occurs. Obviotisly the experimental prepnration

conditiona of the aample have a profound influence 011 its microscopic

structure which is affected by the nature of the Substrate, depositinn

temperature, deposition rate, the kinetic energy of the metal atums,

sucface diffuaion etc. Two general classea of disordered two-component

materials can be dislinguislied (Fig. 37) in this context:

(1) Microscopically inhomogeneoua metal-RGS mixtures. llere clustering

is preferential, At low metal concentrationa it can happen that a single

metal atom cannot be mattix-isolated äs efficient snrface diffusiou prefers

the production of M2 diatomics, äs iß the case for Be (MILLER et al. 1977).

At higher metal concentration the material consists of mptallic cluaters,

i.e. microclustera, embedded in the insulator. At even higher metal con-

centrations the inhomogeneoua metal RGS mixture becomes metallic, ils

propertiea are expected to be analogons to those of granulär metdls (ABELES

et al. 1975).

(2) Hicroscopically homogeneous metal-RGS mixtures. In such randumly sub-

Btituted material only statiatical clustering of melal atoms exists. When

increaaing tlie metal concentration, statistical clusters of increaeing size

will be formed; while at even higher X the liomogeneous disordered material

will become metallic.

Tlie Information currently available regarding the micruscopic structure of

metal-RGS is meager. A preliminary study uslng electron diffraction

techniques was reported by QUIHN and WR1GIIT (1976). Tlius, the available

Information regarding the microacopic structure is still indirekt. 1t is

derived from the optical and transport datu. Figure "58 presents a scheine

for the diverse structural and electronic features of metal RGS mixtures over

the entire composition ränge which will provide guideliues fnr the subsequent

discussion of these Systems.



5. l Sing 11; Met a t Atoms

Tlie pioneering studies of llic electronic spectta ot single Biet a l atoma in

RGS were conducted for Na and Hg by McCARTHY and ROBINSON (1959). Since

tlien more Chan 40 metal atom Systems have been studied (wee e.g. ttie

reviews by MEYER 1971, GRUEN 1976, MEYER 1978). A summary of the individual

atomic Systems studied by optical spectroscopy (e.g. McCARTHY and ROBINSON

1959, WLY1IMAN and PII'KIN 1964, MEYER 1965, KUPFKRMAN and PIFKIN 1968,

ANDREWS aud P1MENTEI. 1967, BA1.YEAEVA et al. 1969) and by ESR techniquee

(CUUFA1. et al., I974a, b, c) is presented in Fig. 39. In vlew of the ex-

tensive rtviews available, ue sliall restcict ourselvea to a brief aelective

survey uf tlie energetics and raicroscopic structure of the single atom H

cenLers in RCS which are pertinent for the aubsequent discussion.

Conaidering abaorption spectroscopy two general featurea should be noted;

First, iii all cases the optical absorptiou is exhibited in the proximity of

tlie lowcst etectronic excitationa of the free atom. The proper theoretical

treatment for these excitatiüns should rest on tlie tight binding picture

considering small matrix perturbation of the free-atomic levels. Tliis

approacli is similar to the currently fashionable description of the loweet

electronic excitalions in pure RGS and rare gaa alloys (Section 3). Second,

there is nu definite evideuce currently available conceruing higher energy

Wannier type excitalions of the H center, analogous to thüse observed for

rare gas impurity a t »ras in RCS. Twenty years ago, an abaorption of Na in Ac

al 3300 X was reporLcd (McCARTHY and ROBINSON 1959) whicli was aasigned to

a 3s -' 4p atomic transition. It may be viewed äs a n = 2 Uannier state.

Such Hannier impurity states will be of interest for determining the iouization

energy uf tlie H center aud in connection with noiiradiative processes between

the higb energy buund states of tliis center.

Hext, we would like to emphasize that while the general spectroacopic

asaignment of tlie observed optical speetra of the M center is etraightforward,

tlie Interpretation of the details of the structure of these absorptioii

spectra are not yel nnderstood. Tlie optical absorption spectra of the M centet

reveal broad lines whicli exhibit fine structure. A characteristic example

is shown in Fig. 40 for the spectra of Na in RGSa (BALLING et al. 1978).

Those spei.tra i»f alkali atoma in RGS reveal two triplets labelled A and B

and one or two additional banda (MEYER 1978). Qualitat ively similar effefls

of bcoadening and Splitting are exhibited in many M centers. Tlie following

effecta should be considered for an Interpretation: (i) Line broadtning

of individual apectral featurea, i.e. a single componecit of an alk.ili triplut

may originate either from intrinsic phonon broadening or from inhoniogeneoiia

broadening due to statiatical Gauasian distrihution of trapping aites. (ii)

Site Splitting; different trapping sites, e.g, substitutional and inter-

etitiai are expected to exhibit different spcctral shifts and thns to be

characterized by different excitatioii energiea. (iii) Matrix spectral shifts

exhibited within each individual trapping site. These can be cunventionally

attributed to atiort ränge repulsive overlap interactiona and Co lotig ränge

attractive dispereive coupling. (iv) Crystal field Splitting effocts within

each individual center which are determined by the local sytrauetry (WEYliMAN

and PIPKIH 1964). (v) Ja Im Teller coupling effects originating from tliu

coupling o£ a degenerate Vibration (ENGLMAN 1974). (vi) Spin-orbit coupling

effecta which may be modified by overlap non-orthogonality eftects (NAGEL

and SONNTAG 1978).

The effects of inhotnogeneous broadening and of site Splitting have to be

sorted out before the intrinsic electronic effects (iii) - (vi) which are all

of comparable magnitude aa well äs ttie effect of phonon broadening within a

eingle well defined center can be aubaequently considered. The tcchniques of

laser induced Cluoreacence line narrowing (POWELL 1978) can be iitilized to

diacriminate between the effecta of inhomogeneouä and homogencous broadening.

BALLING et al, (1976) have applied theae methoda to the H centers uf alkali

atome in RGS obtaining definite Identification and characterization of individual

trapping sites.

By fluoreacence epectroscupy of the M center (BALYAEVA et al. 1973, BALLINi:

et al. 1978, LEDTLOFF and KOLB 1979) excited state potontial surfaces,

relaxation proceeses and photochemically induced diffusion proceases (Ü/1H

and IHJBER 1978, OZIN 1978) have been etudied. Consider first the relevant

energetics. Wliile the attractive interaction between a ground state gueat

atom and the hoat is of the weak van der Waals type, the pair interaction

between the rare gas and the excited metal atom can lead in many cases to

quite a atable molecule H K which can be called a heteronuclear «'xcitiwr. For

2
example, the diasociation energy of the Na ( V-,,-, , y?) Ar diatomic iiiolecule ia

400 cm~' (SHALLEY et al. 1977 and BAYLIS 1969) (Fig.4l). Trapping of an 11



atom to form a heteronuclear excimer bears a dose analogy to the formation

of liomoniiclear exciniers via excitation trappiug in pure RGSs (Section 6),

Provided tlie excimer iß etable and that vibrational relaxation to form tlie

M rare gas diatomic roolecule is fast on the time scale of the radiative
tf

decay of M , one expects the emission spectra of many H centers to be characte-

rized by broad structureless exciraer emission bands. This expectation is borne

out by the emission spectra of Na in Ar, Kr and Xe (BALLING et al. 1978)

reproduced in Fig. 42, and of Ag in Kr and Xe (I.EUTLOFF and KOLB 1979) which

indeed exhiblt broad emission bands revealing targe (~30OO cm for Na and

=8000 cm for Ag) Stokcs slüfts characteristic of excimer emission. The

formation of H rare gas excimers requires that from the energetic point of

view this molecule is stable while the dynamic point of view requires that

vibrationaL relaxation is effective. A vlolation of the energetic coadition is

encountered for Au centers in Kr and in Xe which are characterized by a very

narrow emission line (LEUTLOFF and KOLB 1979). It was assigned to an atomic
9 2

type Emission from a d e configuration which does not form an excimer, The

emission spectrum of Ag in Ar at low temperatures reveals a sharp "atomic"

line whose iiitensity dimiiüshes with increasing temperature (LEUTLOFF and
9 2

KOLB 1979). Agaiii this sli.irp line was assigned to emission from a d s state.

However, this proposal does not explain the remarkable temperature dependence.

An alternative Interpretation can involve violation of the dynamic condition

at low temperatures, so that vibrational relaxation is competing with

radiative decay of the atom while at higher temperatures activated vibrational

relaxation is effective in producing the excimer.

In Systems where the energetic and dynamic condit ione for excimer formation
*

are satisfied, the strongly repulsive ground state of the M rare gas excimer

conLributes snbstantially to the red Stokes shift. Tlius, äs a consequence of

the excimer emission the translational energy o[ the H-rare gas pair is locally

dissipated. Such an energy dissipation process results in local heating of

the mairix which will enhance the diffusion of the metal atom. Tlie photoinduced

bulk diffusion of atoms in RGS (OZIN and I1UBER 1978) originales from this local

heating effect. 1t is worlhwhile to point out that the same considerations

apply to pure RGSs where excimer radiative decay to the repuleive ground state

(Section 6) can result in appreciable local heating and possibly to photo-

induced bulk seif diffusion in RGS.
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Spectroscopic studies provide an important diagnostic tool to probe the

microscopic Btructure of tlie material. From the concentration dependence

of absorption bands Information whether the material is microscopically

homogeneouB or whether preferential clustering occurs can be derived. In

Figure 43 (DANOR et al. 1979) the cotnposition dependence of the absorption

intensity of a single Hg atom in solid Xe is shown for the 4.85 eV peak,

which corresponds to the SQ -+ P transition. The concentration (X)

dependence can be accounted for in terms of the probability P|(X) of finding

a aingle Hg atom

P,(X) = X(|-X)Z (5.1)

where z ia tba coordination number. The Ilg/Xe experimcntal data of Fig.43

(DANOR et al, 1979) can be deacribed by thie relatioti with z = 10 - 12,

äs appropriate for an amorphous rare gas solid. These experimental data

demonstrate that for this system up to X = 0.20 the distribution of the M

centers is statlstical.

5. 2 D i a tomi c__ He_E a l Ho l e c u l es

The study of homonucleai: and heteronuclear diatomic metal molecules in RGS

is expected to provide a wealth of new Spectroscopic Information complemen-

tary to that available (HERZBERG 1966) for the spectra of diatomic molecules

in the gas phase. The Interpretation of the spectra of such diatomic

molecules in RGS cests on two types of criteria. First, the vibrational

structure (e.g. MILLER et al. 1977) ia useü and matrix bands are compared

to the spectra in the gas phase (e.g. DANOR et al. 1979). Second, one can use

a compositional criterion. For materials where the distribution of the metal

atoms is statistical the intensity of the absorption band corresponding to
2

a homonuclear dinier is proportional to X at moderately low values of X.

Figures 44, 45 and 46 show the concentration dependence of the absorption

spectra of Li and Na in Ar (WELKER and MARTIN 1979) and nf Hg in Xe (DANOR

et al. 1979) which at moderate X - 0.02 - 0.10 metal concentration exhiblt

M2 absorption banda. An unambiguous identification of the H2 baads is

crucial. In Fig. 47 an example for the Spectroscopic criterion is shown for

llg in Xe (DANOR et al. 1959) where the transitions in the ränge 4.7 - 5.3 eV

are identified. The application of the compositional criterion for the idcnti-

fication is demünatrated in Fig. 48 for Hg2 (DANOR et al. 1979) and in Fig. 49

for Na2 in Xe (WELKER and MARTIN 1979).



The absorption bands of H2 moleculea in RGS fall into two distinct classes:

(I) unstructured bands äs 13 the case for the epectra of alkali dimers

(Figs. 44 , 45) and of . Itgj (Fig. 46) and (2) structured bands which exhibit

well defined vibrational structure, äs is the Situation for ciatrix isolated

alkaline earth melal diatomic molecules (e.g. MILLER et al. 1977). A typical

example is reproduced in Fig. 50 for Ca,~- Characteristic vibrational fre-

quencies are 474 cm for V>e-2> '̂ 0 cm ror ̂ 82' ' ' ' cm ^or Ca2 anc^ ̂  cm

for Sr2 all recorded in Ar (MILLER et al. 1979). The natute of the matrix

exerts small apectral alüfts and small modif icatiorß of the vibrational fre-

quency. These general fealures of the absorption spectra can be rationalized

in terms of different potential energy curves for tlie ground and excited

state (Fig. 5l). When tlie ground state is characterized by well defined

minima due to valence forces aB is the case for alkali diatomic molecules the

excited state can be eitlier strongly bound {case (a)) or weakly bound or eveu

repulaive (case (b)), The unstructured spectra of the alkali molecules correepond

to case (b). For many cases tlie ground state potential curves are shallow

and only stabilized by weak van der Waals forces, äs is the Situation for

alkali earth atoms and for Hg. Again, the excited state can be either shallow

(case (c)) or deep (case (d)). For case (c) a well defined vibrational

structure will be exliibited provided that the minima of the two potential

curves are not too far displaced, aa is the case for the alkaline earth

diatomics. On the other band, when in case (c) the minima of the two curves

are well displaced (e.g. for some transitions of Hg2 , Fig. 46) an unstructured

peak is observed. For case (d) only an unstruct-ured peak is expected.

5. 3 Mi nie luster a

Molecular aggregates Mn (n = 3 - 5) containing a few metal atoma were tecently

identified by optical spectroscopy in RGS (SCHULZE et al. 1978, DANOR 1979,

WELKER and MARTIN 1979). The identif ication of these speciee on the basis of

the order of their appearance (OZIN and HUBER 1968) wi th increasing X is not

reliable (WELKE« and MAKT1N 1979). The compusitional criterion for the assign-

ment of absorption peaks (SCHULZE et al.1978, WELKER and MARTIN 1979) and of

continuous absorption in a certain energy ränge (DANOR et al. 1979) to specific

Mj, clustera is niore reliable. The application of this composi tional criterion

to the Identification of Na^ and of Hg3 and «£4-5 is presented in Figures 49

and 48, respectively. The list of well identified clustera ts rather short.

These include Ag3 and Ag4 (SCHULZE et al., 1978), Na3 (WELKER and MARTIN

1979), Li3_4 (WELKER and MARTIN 1979), Hg3 and llĝ s (DANOR et al. 1979).

In all cases broad bands devoid of any vibrational structure are observed.

The understanding of the electronic excitation of such minicl iisters pro-

vides an interesting problem in the area of motecular physics. Sewieoperical

calculationa of energy levele and optical excitation energies of such

clusters (WALKER and MARTIN 1979) provide general correlations for the

rationalization of the experimental data. For a qualitative discussion of

the general features of such molecular clustera we would like to point out

tliaC oatrix Isolation is expected to give a variety of isomera for any given

Mn molecular cluster with a fixed value of n > 2. Consider for example the

Mi molecule. It is apparent that the ground state energy, the ionization

potential and the excitation energies of tlie triangulär and of the linear

M^ epecies are different. Since energetically metastable molecules can be

trapped in the RGS, we expect a distribution of excitation energies due to

different isomers for each size n of the minicluster. Consequently, one

cannot just inquire what are thu trends of the excitation energy of mini-

clusters Mn uith increasing the size of the metallic molecule without

specifying the etructure of the clusters. For example, for cliains Mn of M

atoras, the lowest excitation energy decreases monotonically with increasing n.

On the other hand, the lowest excitation energy for a two dimensional

structure of a given M„ molecule is in general higher than that for the

corresponding linear chain of the same n. These considerations stress the

importance of the coordination number in determining the electronic excitations

for these molecular miniclustera. With increasing the clnster sine the

average courdination number is crucial in determining the "transition" from

molecular propertiea to solid-state characteristics whicl» can correspond to

those of metallic microclusters or to statistlcal clustering.

5.4 Hicroclusters and statistJcal clustering

When the concentration is increased beyond a feu ppra clustering of the

metal atoms is expected. In the following discussion microscopically in-

homogcneous and microscopically homogeneous Systems have to be considered

separately.



In micioscopically Jnhomogeneous uieCal R(JS (nonstatlstical clustering) tlie

material conaists of Islands of metal atoms embedded in the insulator. For

Lhe "transition" from molccular propertiea of a miiücluster (see below)

to metallic propertiee of the Islands, two conditions liave to be satisfied

(KUBO 1962): Firstly, the size of the raetallic regiona hae to be sufficlently

large so that ehe level spacing of the higlily-filled states is sinall relative

to the thermal energy. The particles are locally metallic. Secondty, ttie

correlation length for the metallic regions lias to be large relative to the

mean free path (ur the coherence length) of the conduction electrons in such

metallic regions. This Situation is analogous to granulär mixtures of awall

metallic particles in iiisulators (ABELES 1975). As long äs the metallic

particles aie mutually isolated, that is when the concentration is below the

percolation threshold (SIIANTE and KIRKPATRICK 1971) then the material is an

insulator.

A etriking characteristic of the optical properties of sinall metallic

particlea dispersed in an insulator is the appearance of Hie resonances

(MlE 1904, MAXWELI.-GARNETT 1906, COHEN et al. 1973, GITTELMAN and ABELES

1977, WEBHAN et al. 1977). At low values of the volume fraction of the metal

a Hie resonance is expected at the energy EHI which satisfies the relationship

e"(rm) - - 2e,0<EHi> (5-2)

where ej and e|° correspond to the real part of the dielectric functions

for the metal and for the insulator, respectively. At higher metal concen-

traLiong the HaxwelJ-Garnett theory (1906) or tlie effective mediura theory

(WEBHAN et al. 1977) can be applied. The Mie resonance exhibita only a weak

concentration dependence below the percolation threshold. Thus it indicates

selective clustering of the metal atoms. An example has been discussed by

WELKER and MARTIN (1979) for Ag in Ar (Fig.52). The observed broad Mie resonance

bears a dose analogy to Hie resonances of granulär mixtures of silver

particles in A1203 (COHEN et al. 1973, ABELES et al. 1975).

In microscopically homogeneous metal RGS the metal atoms are statiatical ly

clustered. A diagnostic criterion for microscopically homogeneous materials

is the lack of Mie resonances in the optical spectra. The average size of the

metal clusters in homogeneous materials can be esiimated from percolatiun

theory (SHANTE and KIRKPATRICK 1971). The average cluster size is S •=( l— '-*l~(j *'*

where j - M/16 for a three-dimensional System, p is the fractional site
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occupation probability and p ia the percolation threshold. For an

ainorphous System containing two types of atoms of different size, e.g.

a metal and rare gas, it was proposed (UANOR et al, 1979, c:ilESHNOVSKY 1979)

^1that one can replace (p/p ) by (G'/C ) where C is the atomic volume fraction

oE H while C "0.15 corresponds to the continuous percolalion threshold

(ZALI.EN and SCHEU 1971, WEBHAN et al. 1976). For the Hg/Xi- system where a

Hie resonance is not observed (Cl)ESHNOVSKY et al. 1979), DANOR et al. (1979)

estimated that S D 3 - 4 a t X = O./i while S diverges at the percolation

thre&hold at X «* 0.7. Thus, statistical clusteriag results in rather small

cluster size up to reasonably high X = 0.4 metal concentration.

DANOR et al. (1979) have assigned the low enecgy absorption tails of Hg

statistical clusters in Xe to charge-transfer excitations within a single

cluster. Iltis assignment is of considerable interest äs thi'ee charge transfcr

states are analogous to Wannier type states in a large cluster, which will

converge to the bootom of the conduction band, wlien the size of the llgn

cluater will increase further in the concentration ränge X > 0.4 the excitation

energy will be reduced by the gradual increase of the coordination mimber

increasing the charge exchange stabilization energy. I.argu three-dimensional

Hgn clusters will be charactertzed by low energy absorption tails which will

be then classified äs valence-band to conduction-band transitions in tlie

amorphous llg/Xe material. The Charge transfer states in small Hgn miniclusters

are the mulecular precursor to the interband optical transition in amotphotis

semiconductors consieting oE a highly doped metal - RGS (UANOR et al. 1979).

Tims, microecopically homogeneous metal RGS systems bridge the gap between

the molecular description of localized clusters and the band structure model

applied to amorphous aemiconductors.

5.5 Hetal-Nonmctal Trjns^tions in Hetal RGS

Hetal RGS mixtures undergo a metal-nonmetal transition (HNMT) (HOTT 1974)

with increase of the metal concentration. At low metal concentrations the

material is an insulator while at high metnl concentrations the metal - RGS

is an amorphous disordered metal. The metallic slate is characterized by n

high finite d.c, electrical conductivity in the zero temperature limit, The

Variation of the electrical transport properties of typical metal - RUS

mixtures with changing the metal concentration is demonstrated in Figures 53

and 54. This transition from zero conductivity at low X to metallic conductivity

at high X ia referred to äs the MHHT (HOTT 1974). A compleircntary and äquivalent



description ia that metal RGS mixtures are "expanded metalB" wliich, \>y

ducreasing X can be continuously expanded froin normal, metallic deneity

10 very low metal densities, and wliich und ergo a MNMT. Ttie Hat of such

'V xpaiided nietals" that have been experimentally studied involvea Ha

(CATK et al. I97U, HcNEAl. and GOLUMAN 1977), Cs , Rb (PHELPS et al. 1975,

PIIEl.l'S and FLYNN 1976), Cu (KNi)0 et al. 1973, HUNUERI and RYDBERG 1975,

RYDBEKG and HUNDERT 1977), Ca (RYDBERG and HUNDERl 1977), Pb (EATAH et al.

1975) HILDER and CUSAK 1977, QUINN and WRIG11T 1977), Co (QUINN and WRIGHT

1977), In (11ILUER and CUSAK 1977), Fe (SI1ANF1EI.D et al. 1975) and Hg

(RAZ et al. 1972, CHESHNOVSKY et al . 1977, 1979, DANOR et al. 1979).

llsually t he cociductivi ty ha s been roeasured.

Tlie Variation of the electrical conductivity a, with the metal atouic

f i'actiun X, falls i n t o two categories :

(1) The abrupt conductivity Lransition is characterized by a sudden dtop

of n at a certain value of X, where do/dX is discontiuuoua, The experimental

evidence for such an abrupt transition in dieordered materials reported for

Cu/Ar (KHDO et al. 1973) and for Pb/Ar (Fig. 53) (EATAH et al. 1975) is not

conclusive. H may originate from spurious crystallization effects (HOTT 1978)

(2) The continuous conductivity transition is characterized by a gradual

decrease of o with decreasing X. A typical example is presented in Fig. 54.

Such a beh.avi.or was observed for a variety of Systems, e.g. Na/Ar (McNEAL

and GOLDMAN 1977), Cs/Xe (PHELPS et al., 1975), Rb/Kr (PHELPS et al., 1975),

Hg/Xe (CHESUNOVSKY et al., 1977) and Fe/Xe (SllANFIELD et al., 1975). In

general, the comluctivity trausitinn was Eound at X - 0.2 - 0.6 for monovalent

nietals and at X •= 0.4 - 0.8 for polyvalent mttals. Figure 55 provides an

overview of the coraposition cliaracterizing the conductivity transition in a

variety o[ such inaterials.

Ca» the conductivity transition in low temperature metal RGS mixturos be

identified with the MNMT? CHESUNOVSKY et al. (1979) l.ave argued that tlie

conductivity transition in metal RGS mixtures cannot be identified in general

with the MNMT, äs contribntion fron thernially activated hopping and hopping

betwecn large radius localized states cannot be disregarded even at low

temperatures. For a meaningful Interpretation it ie necessary to diatingiiish

agfiin butw<;un microscopic inhonK>geneous and microscopically homogeneous

materiale.

The MHKF in iiihomogeneous materials contalning randomly dispersed finite

volumes of conducting materials can be adequately accounted for in l. er ms

of claasical percolation theory (SIIANTE and KIRKPATRLX 1971, KlRKl'ATRltK

1972, COHEN and JORTNER 1974, COHEN et al. 1979). Clasairal percolation

theory ia valid, provided that the correlation length for local clustering

exceeds the mean free path of the conduction electrons. In the case of

mixtarea of conducting and insulating particlea, there is a critical

concentration of metal above wliich there is a finite probability for the

creation of a conducting path through the saorple. Tliia concentrat ion depends

only on the topology of the System and märks the MNMTin classical Systems.

The critical concentration occurs at a metallic volunie fraction C, denoted C ,

which is referred to ae the percolation threshold. For continuous percolation

(ZAI.LEN and SCHEN 1971, WEBMAN et al., 1976) C* = 0.15 ± 0,02. The d.c.

conductivity in the vicinity of C is expected to be (K1RKPATR1CK 1971)

0 - 0 for C < C

o - (C- C r for C > C

(5.3)

(5.4)

with p B 1.6. The appHcability of the percolation theory for the MNMT rt-

quires thatBepower law (eq. 5.4) is fullfilled. It is plausible on the basis

of the optical data (Fig. 52) that the eluctronic Btructure, the transport

and the nature of the MNM1' in Ag/Ar mixtures correspond to a granulär metal

and can be handled in terms of classical percolation theory.

In this case one should be aware of the disappointing fact that there is no

unique mechauiem for the MNMT. Notable inechanisms proposed to at-count for the

occurrence of the MNMT (HOTT 1974, FRIEDHAN and TUNSTALL 1978) are Die (i)

MNMT due to band overlap (WILSON 1931), (ü) MNm' due to electron-elertron

interaction resulttng in short ränge acreening (HOTT 1979), (iii) MUHT due

to localization in a disordcred material (ANDEHSON 1958). In real life,

several of theee mechauisins combine to induce the MNMT in a particular

dieordered material. As mentioned above, all the available reliahle dala

show a continuous conductivity transition for metal RGS. Therefore, it is

important to outline supplementary experimental evidence for the c-liaracter i zat-

ion of the MNMT in metal RGS which are believed, on the basis of admittedly

indirect optical evidence, to be microscopically homogeneous:
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(A) Sereening o£ Wannier exciton states of the insulator.

RAZ et al. (1972) reported that tlie Wannier excitons of Xe prepared at

4D K in Hg/Xe mixtures (Fig. 56) are smeared out at some high value of

X = 0.55 - 0.60 indicating the oiiset of sliort ränge screening and thiis

m.irking an HNMT. Tlie high deposition temperature raises some serious

questions concerning the structure of this material and quantitative con-

cluaioti cannot be drawn. On the othet band, this screening effect was not

observeil in Hb/Kr and in Cs/Xe (PIIELPS et al., 1975, PHELPS and FLYNN, 1976)

wliere peacef ul existence of Wannier excitons of the rare gas atoma was

observed aL metal concentrat ions far aobve tlie MHHT (Fig. 57). One way out

of this couLradictory and mutually inconsistent data is to propose tliat

wliile the Ilg/Xe syslem is Diicroacopically hooiogeneous, the Rb/Kr and the

Cs/Xe samples are microscopically inhomogeneoua . However, more work is

required to resolve t lies e problems.

(B) Van is hing of ttie temperature coefficient of the electrical conductivi ty .

The temperature coefficient for the Hg/Xe System (Fig. 54) vanisliea at

XM = 0.79 ± 0.02 (CHESIINOVSKY et al., 1977) a concentration liigh above the

onset XH • 0.69 + 0.02 of the conductivity transition in this material. Thus ,

in the composition ränge X = 0.69 - 0.79 d.c. conductivity by thecmally

activated hopping is exhibited in Hg/Xe at 6 K (CHESHNOVSKY et al., 1977,

1979). The onset of temperature independent conductivity at XH • 0.79 marks

the

(C) (»ptir.al data. The optical data for the Hg/Xe System in the visible and

nejr UV (Fig. 58 and 59) (CHESNOVSKY et al. 1979, I960) show the features

of an ainorplions semiconductor , i.e. positive E, and vani shing low-f requency

optical conductivity, at low (X < 0.70) and tlie characteristics of a metallic

systeni at high (X > 0.83) concentrations. In particular, the real part of the

diel en tric function at the lowest energy measiired (Fig. 58) exhibits an

abrupt discontimiity at XH - 0.80 ± 0.02 which marks (CHESHNOVSKY et al., I960)

the HNMT, and whicli is in perfect agreement with the analysis of Lhe temperature

coefficient of the conductivity (CHESHNOVSKY et al., 1979).

CHESHNOVSKY et al. (1977, 1979) have proposed that in microscopically

homogeneouB materials, such äs Ilg/Xe, the continuoua conductivity transition

sliould be interpreted in terms of the Mott-Anderson transition (HOTT 1974)

interinediated by low-ternperature tliermally-activated hopping between large

radius localized atatea. A different point of vicw was advanceü by

PHELPS, AVCI and FLYNN (1975) who proposed for the onset of ronductivity

a description in terms of a classical percolation theory. l'Iiis proposal

is incompatible with the observation of activated conductivity in Hg/Xe

and with the optical propertiun in the vicinity of the conductivity

ttansition (CHESHNOVSKY et al., 1977, 1979). Recently, CHESHNOVSKY et al.

(1980) have attempted to provide a uniform picture for the HNMT in

microscopically inhomogeneous metal KGS mixtures. They suggested that

wilh increasing X tlie topological percolation threshold marks tlie onsct of

activated transport corresponding to tlie conductivity ttausi tion uhilc for

X » Xjj the electronic states become extended. Obviously, niore cxperimental

and theoretical work for the characterization of tlie HNMT transition

associated with a continuous conductivity transition is required.

Finally, we wuuld like to speculate on the possibility of ubserving a

diacontinuous HNMT in metal RGS. From all the mechanisms proposed for the

HNMT only the Hott transition (MOTT 1974) can result in a discontinuous

in a disordered material. It would be very important to teat further the

discontinuous conductivity transition from the experimental point of view

(MOTT 1978).
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6. Excited State Dynamic B

llp to tliia p o i n C we have been concerned wi t l i the electronic s tructure

in pure and doped Condensed rare gases. We shall now proceed to dis-

C U S B dynamic processes in e l ec t ron ica l ly excited states of RGS, alloys,

and l iqu id rare gast?s. The e lec t ronic structure provides the essential

inpu t da ta which serves now äs the s t a r t ing point for the discussion

of exc i ted-s ta le dynamica . Opt ical excitation of an electron in an

insn lu to r results in two general e f f e c t a : (A) The System is produced

in a n o n e q u i l i h r i u m nuclear configurat ion so that Ehe balance of inter-

atomic (or in t e rmolecu la r ) interact ions is destroyed. (B) The electronically

exci ted s ta te is degenerate w i t h electronic-nuclear excitations (e.g. plionons)

of lower e lec t ronic conf igurations including the electronie ground state.

Tiie t i t a t e f f e c t leads to two Important consequences : (AI ) Intrastäte

spectroecopic impl ica t ions . Siwultaneous excitation of electronic and

nuclear Status, or nure generally, simultaneous exci tat ion of varioua kinds

oC elomentary exci ta t iona , e.g. excitons and phonons in a pure solid or a

locali/ .ed electronic state and phonons in an impurity center,

(A2) Intrastate dynamic iniplicatlons, The medium produced in a nonequilibrium

conf igura t ion relaxes to a new nuclear equi l ibr inm configurat ion. Typical

examplea involve modulat ion of exel ton motion by phonons, exciton trapping

in pure solids, la t t ice relaxation atound an electronical ly excited impuri ty

state and med ium re laxat ion around an electronic excitation in a l iquid. These

occur w i t t i i n a s ing le e lec t ronica l ly excited configuration of excitonic or

i m p u r i t y type and are t Im B r e fe r red t o äs intras tä te dynamic processes.

The central i m p l i c a t i uns of e f f ec t (B) are ;

( t t l ) I n t e r s t a t e dynamic i m p l i c a t i o n s . E lec t ron ic re laxat ion procesaes can

occur between d i f f e r t ' i i t electronic conf igurations. These processes include

diverse pheuomena wl i ich in the order of decreasing energy are:

a) Slowing down of f r e e electrona by electron-electron and electron phonon

sca t t e r i ng (Section 7) .

b) A u i o i o n i z a t i o n of metastable excitons located above tlie interband

thceshold (PHILTtS 196^, JORTNER 1966).

c) Thermal i o n i z a t i o n of exciton and impuri ty statee (KUBO a"d TOfOZAWA,

1955).
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d) Electron-liole recomliination (KUBO and TOTOZAWA, 1955)

e) Electronic relaxation of exciton and impurity states iuto lower

electronic configurations (JORTNER 1974)

f) Electronic energy 11anaEer between free and localized exciton

and impurity states (FÖRSTER 1948, ÜEXTER 1952, KNOX I'J65).

All these interstate relaxation prucesses between two electronic con-

figurations involve the diseipation of electronic energy into plionon

energy.

The relaxation processea can be interrogated by time-resolved mcasurcments,

quantum yield studies and for ultrafast (paec or ahorler) procesaea by

tlie uncertainty broadening of spectral l inea. Usually, the physical

Situation is complicated and several elementary relaxation procfsses occur

simultaneously (Fig. 60), Obviously, the basic cuncepts are iuterreldted

but different for excitons in pure RGS and for impurity states. The problem

of exciton-phonon coupling in the pure solid requi res in principle a "global"

starting point for the descriplion of the electronic states while intrastate

medium relaxation around an impurity center in a solid or in a liquid will

etart from a "local" description. It is still an open question whether

intrastale relaxation in a liquid requires a "global" or a "local"

description. Starting with intrastate relaxation we shall discnss exciton

trapping in pure RGS and then proceed to phonon relaxalion in impurity

centers in solids and in liqutds. Subaequently, interstate processes involv-

ing electronic relaxation for localized impurity states and energy transtcr

between either free or localized exciton states in pure crystals and in

localized impurity ststes will be discussed.

6.l Modulation of Excijon Hotion by Phonons

Following TOYOZAWA (1957, 1959, 1974, KOTANl and TOYOZAHA 1979), wc shall

consider the implications of exe l ton-phonon coupling on the naCure of

exciton states formed by optical excitation in a pure solid. Tlie ntli exciton

band is described in the tight binding nxxlel by the st;itea |nk>, the

dispersion curve En(k) and bandwidth 2B (Fig. 6l). Plionon coupting effui-ts

are intraduced by lattice distortions from equilibrium at eaclt laltice situ

R:, the coupling between nuclear and electronic motion being V =^ V•»£>{}:,

with Q- being the nuclear coordinate at site R: while ydetermines the locwl
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nurlear dialorlion upon excitation so that tlie lattice nuclear relaxation
2 . .

energy is Ej p = y /.,. Exciton acattermg is determined by the matrix

elr .nienL

l r t: /i . i \ i 11V. (6.1)
J

The thermal avurage of the conpl ing < V k k ' > T •= 0 for a Harmonie la t t ice .

As tlie average value of tlie coup l ing vanished, what is requi red is the

squai'e of t l ie exciton-pbünon coupliiig atrength which, by neglecting
2 2 2 2

cor re la t ions between d i f f e r e n t la t t ice sites, is: |Vi_i, i l = V - = v Q
2 ' ltht ' J ' j

and ita t l icrmal average, D , [or a harmonic lat t ice being

[) E < V
k k ' (6.2)

= 2ELR k„T
H

wliere <ui> is the character is t ic phonon frequency. D represents the

s ta t i s t ica l dispersion of the energies of the electronic excitation due to

nuclear motion. 1t is a measure of the thermal f luctuat ions which damp

the band motion of the cxci ton according to f ree exciton band in k-space.

One can now express the exciton-scat ter ing time t^ and the l inewidth rk

in tenns of per turbat ion theury taking an average value for the exciton

d c u i s i t y of states

'k
2l 2n D (6.3)

Tlie parameters D and B ref lect the local and the band na ture of the exci ton,

respect ively . One can dist inguial i two l imi t ing s i tuat ions: (I) strong

sca t t e r ing D » B, when the rate of exci tat ion t ransfer ig elow relat ive to

tl icrmal 11 uc tua t ions . Tlie modulat ion of the exciton motion is so extreme t ha t

t l i« exi- i ton is essent ia l ly local ized. (2) Weak scattering D« B. The

oxci ton atays on a given la t t ice si te only a small f r ac t ion of the time

r u q u i r e d to switch on the nuclear f l uc tua t ion , so that the e f f e c t of nuclear

motion ia sniearetl ou t .

llic local or tlie band charac te r is reflectcd in the exciton absorption l int

shape. In the ueak sca t te r ing l i m i t ehe absorption l ineshape L(F.) for the

k = 0 o p t i c a l l y access ib le exciton at photon energy E is quasi I-orentzian

L(K) (h/2i fa

(E - E (0) - (fc/2 lß)2
(6.1)
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where AQ is a level shift and TO is the scattering lifetime of the

k = 0 excitation. The linewidth (eq. 6.3, 6./0 exhibiLs a linear lern-

perature dependence at high T. As pointed out by TOVOZAWA (1956)

intereating complications arise when the k = 0 etate is located at the

bottom of the louest exciton band with no density of states below it.

Under tliese circumstances eq. 6j, vliich was derived for an average density

of final states, is inapplicable. Rather, the lineshape is a distorted
4 3

Lorentzian, the linewidth being now proportional to 0 /B exhibiting at
2

high temperatures a T temperature dependence. In the second extreme c.iae,

the strong scattering Situation, the lineshape is Gaussian

- (E - E(0))2/2D2} (6.5)

corre&ponding essentially to a state localized by phonuns. The linewidlh

is determined by the phonon fluctuation U which at snfficlently high

temperatures is proportional to /T.

Three diagnostic criteria are applicable to assess whether an excitonic

absorption corresponda to the weak scattering limit or to tlie strong

scatterirg Situation. (l) One can cxamine the relation between B and 0.

(2) The exciton absorption lineshapes can be anaiyzed. (3) The temperature

dependence of the linewidth is relevant. Regarding pure RGS it sliould be

pointed out that at present the available experimental data are inadetjiiale

for the application of criterion (3) and difficult to evaluate regarding

(2) äs the details of the best available spectra (section 3) for Xe, Ar,

Kr and Ne are obscured by surface excitons and by the appearance of longi-
3 l

tudinal excitons äs well äs by the overlap between the P and t' components

Cor Ne and Ar. Concerning criterion (I) we have to rely on rough order of

maguitude esttmates. TUe exciton bandwidths in k-space Eor the lowest

optically accessible n * l exciton in RGS wary frorn 2B = O.9 eV for Xe to

O.A eV for Ne (e.g. FUC01, 1978). From the estimates of the lattici: relaxation

energy due to two-center localization of the diatomir inolecule (see Section

6.2) which conetitute an upper limit to EjR one can infer frorn eq. 6.2 that

at 50 K, D = 0.4 eV for Ne and D = 0.07 eV for Xe, Thus for Xe, D « B

corresponding to the weak ecattering limit while for Ne U = h, still on the

verge of weak scattering. The experimental absorption spectra for n = )

excitonsin Ar, Kr and Xe reveal a tinewidth (FWIIM) of 80 meV (SAll.E et al.

1977) while for the n » l exciton in Ne the linewidth is 200 meV (SA11.K and

KOCH, 1979). The increase of tlie linewidth for Me reflects presuraably tlie
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Luansilion frcim tlie weak scattering liinit in Ar, Kr and Xe towards t he

sträng scattering Situation. Ho evidence für asymroetry of the lineshapea

tif RGS towards lower energies was observed while TOYOZAWA's theory (1957)

für excitation to k * 0 of Ihe lowest exciton band would imply such asymmetry.

H sliould be nutet! t ha t the n »= l exciton band having parentage in the P

atomic excitation is not necessarily the lowest exciton state, aa tlie
3 3

exciton band originating frora tlie P„ atate niay Le located below tlie P. band
. 3

(KNUX 1963). Interband exciton scattering front ttie optically accessible P

band to tlie lower P band will result in Symmetrie line broadening and,

providcd Lliat tlie weak scattering limit holds, the lineshape will be Lorentzian

and proportional to l. Ue note in passing that in Systems where this inter-

band ecattering is dominant, the polariton effects proposed recently by KINK

and SEI.G (1980) will not be iinportant.

The local effecta which may destruy the band character of the exciton are

not restricted to the case of thermal fluctuationa. Disorder scattering

effects due to either substitulional or positional diaorder play a aimilar

role in intrudncing local effects. These conaiderations are important for the

elcctronic states of a pure liquid where disorder results in a static apread

Dg of tlie site excitation energy. Provided that Dc > B the electronic
t>

excitation is localized. For liquid Xe the l inewidth (FUIM) of the n • 1

exciton is '«O.3 eV which provides a rough measure of Da . We expect the

exciton bandwidth in the l iquid to be louer than in the solid ao that B < 0.45 eV.

Accordingly l)a 2. B for l i q u i d Xe. Thus, in the l iquid the electremic exci ta t ion

may wel l belong Lo the strong scat ter ing Situation.

6 .2 Seif t rapping of Excitona

Front the d i a c u s s i o n of the opt ical excitation of an exciton coupled to la t t ice

v i l i r a t i o n s , we now procet-d to cnnsider the subsequent fate of the exci ton. The

basic question in th is context is whether the exciton wil l be f ree or localized.

lu the strong s c a t t e r i n g li init the exciton is localized. On the other band,

the condition D < B for weak scattering is not s u f f i c i e n t to insure that the

exciton w i l l remain f r e e on the time scale of its radiat ive decay (TOYOZAWA

1974) . Thia is apparent äs exci ton loca l i za t ion lowers the lat t ice energy by

E.u due to nuclear dis tor t ions wh i l e the energy gain dne to exciton motion ia B.
i^K
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Thus the nature of the final relaxed etate of the lattice depends on the

relative magnitudes of B and ELR; the free state ia energetically atable

when B » Ejj( while a localized state is formed when B « E| R (TOVUZAHA 1969,

RASHBA 1976). Exciton dynamies in RGS is of coneiderable interest here,

because long ränge coupling effects, for example, due to polar modes, are

abaent. In RGS s ho r t ränge coupling uith acoustic phonons preuail'j. Für a

System cliaracterized by such a ehort ränge interaction, which can be deecrihed

in terms of a deformation potential, TÜYOZAWA (1974) and RASIIBA (1976) pre-

dicted a discontinuous transition frora the free to the localized state when

B i- ELR- 'ne localization process due to lattice distortion can be vision.il ized

äs Splitting off a bound state from the exciton band for a finite valne of

the lattice distortion (Fig. 6l), Wien ELR is aufficiently large, the localized

State will be cliaracterized by a nünimura on the adiabatic potential surfacc

which is separated from the free exciton atate by a potential barrier.

TOYOZAWA and RASHBA (1976) have deacribed aelftrapping in terma of an isotropic

continuum model whece the lattice distoriton corresponds tu an elastir dilation.

The energy of the electronic excitation is

E(u) - B«2 - (6.6)

3
t. witli E. being thewhere the lattice relaxation energy is ELR - E^

deforniation potential while C( is the elastic constant r^ the nearest neiglibor

diatance, and 0 6 u ^ l represents the orbital exponcnt ot a trial Ganssia»

electronic vavef unction. a = 0 denotes an extended state, while „ = l

corresponds to a localized state. The firat term in eq. 6.6 accounts for the

increase of the kinetic energy with localization while the second term providee

a stabilization energy due to dilation of the elastic medinm. Allliongli a

true minimum of E(a) is not exhibited for () ? 0, it is olivions from eq. 6.6

that E(l) < E(0) for E[_R > B- *s Lne continuum approximation breaks down at

a ™ l , an energetically stable localized state with o = t is formed. The frije

and the localized states are separated by a maxiimim of a height

IV - 4B3/27 E2
( 6 . 7 )

According to th is continuura model two condi t ions have to In1 s a l i s f i i f d for

the observation of seif t r app ing in a solid. Fiist , E| R ~ B is necess.iry.

Second, dynamic conditiona have to be f u i f i l l e d w t i i c h i m p l y t l ia t the h a r r i e r

height (eq. 6.7) is comparable to the llebye phonon frrquc 'ncy It,,, < \M^, eo



tliat nuclear tunnelling frotn the free state to the localized state is

Eeasible. On the other band, when !!„, > I*UD and î  > k „T, the barrier

cannot be overcome anJ the free state is expected Lo be atable.

Up to this point the general queation of aelftrapping was explored on

the lasia of a continuum model which does not incorporate any details of

the microscopic atructure. Two etable configurations of the localized

state are of particular intereat (Fig. 62):' (1) The one-center atomic

trappöd exciton. Her« the nearest neighbors displace syrometrically around

tlie excitation. (2) The two-center trapped excitation. Here two neighboring

atoms displace axially to trap the excitation.

The question whettier the one-center or the two-center trapping ia favored

sliould be settlcd on the basis of energetic and dynamic criteria. Exciton

trapping beara a closc analogy to hole trapping in alkall halides resulting

in the Vfc center formation (e.g. DAS et al. 1964, SONG 1968). The starting

point Eor a microscopic model is to express the total energy Et (Q) of tlie

solid äs

E(Q) EL(Q) (6,8)

where Eg ie the electrouic energy of the free exciton atate, I (Q) is the

interaction between the exciton and the lattice displacementa, uliile EL(|))

is the lattice energy, The potential energy depends parametrically on the

lattice coordinates Q. Two lines of attack are now feasible. (i) Excitonic

model for one-center and for two-center trapping (SONG 1968). The exciton

lattice coupling i s expressed in tercns of two contrlbutions, the change in

Lhe diagonal site eiiergies, U 1, and the change of the off-diagonal pair

inteiactions V 1 with lattice displacements. The lattice energy is calculated

in the harmonic approxiination. It was demonstrated by SONG (1968) Chat large

diagonal deformation eiiergies U1 result in one center trapping while large

off-diagonal deformation energies V* give two center trapping (Fig. 62),

(ü) Holecular model for two-center trapping (DAS et al., 1964). It can be

argue.l that tuo center localization resnlLs in the formation of an ordinary

excited diatomic uiolecule. This point of view is in particular pertinent

for R(.;Ü uhere this diatomic homonuclear excited state reveals very similar

characLeristics to those of the gas pliasc exciroer (JORTNER 1974). One can

then attenipt to atart from a local approach expressing the electron-

lattice coupling l (Q) in tertns of the molecular potential curvu of tlie

"isolated" diatomic molecule, while the lattice deformation energy EL (Q)

can be calculated along conventional lines provided that potential

Parameters are available. This approach which disregards part of the

excitonic effects, is also applicable to liquida and to impurity pairs.

The two models are not nutually exclusive but rather compleinentary, A

reliable calculation of tlie exciton localization energy was not yet perfonued.

It should be noted that eq. 6.8 provides the microscopic analoguc of the

continuum approximation (eq. 6.6). In principle, eq. 6.8 gives the potential

surface for free, one-center and two-center localized excitations and tlie

nature of the potential barriera separating these states. Er]. 6.8 can be

minimized with respect to nuclear displacements and sliould ptovide three

energies Et(0) corresponding to the free state Et(Q]) for tlie minimimi of tho

one-center localized state and Et (̂ 2) f°r the minimum of the two-center

localized exciton. The energetic criterion for localization is Rt(Q|) ;nui/or

E..(Q2) < Et(Q.) and EL(Q2), The dynamic criterion for lucn] izntion stems

from the exiateace of barriera and considerations of tunnelling probability.

The predominancc of the molecular characteristics of the trapped Lwo-center

exciton in RGS (JORTNER 1974) atrongly suggests but does not prove that the

molecular approach to tlie problem of trapping in these materials should

provide a feasible starting point. FUGOL and TARAEOVA (1977), FUGÜL (1978)

have considered the energetic stability of trapped excitons in RRS (see

Fig. 63). For two-center trapping they have estitnated ELR from the experimeiital

potential eurfaces cf the diatomic rare gas molecule. Tlie resulta of their

analyeis are summarized in Table II. From these estimates they conclude Chat

the two-center trapped exciton, i.e. the diatomic excimer ia energetically

stable with respect to the free state in all RGS. They have alao estimated

ELR ^or one-center trapping. These estimates (Table II) reveal that E[R (one

center) > E.„ (two center) for all RGS so that according to the energy criterion

the two-center state is favored, To assess the dynamic criterion, FUGOL and

TARASOUA (1977) utilized a hybrid of the isotropic continuum model (eq. 6.6)

together with the molecular eetinates of E^p to derive the harrier humps H

(Table II). These data predict that the barrier height for two-renter

and one-center localization in Ne and Ar is aufficieutly low. In Xe the oue-

center localized state is energetically instable and the barrier height is
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large for two-center localization so that the free state ahould be

observed. These predictions should be considered äs preliminary

a i nee no es t imates of the tunnelling effects are currently available.

Solid Xe may provide an interesting example for a System where tunnelling

between free aud localized exciton acates occurs.

6.3 Haxima in the molecular potential curvea

The exietence «t potential barriers in the total potential enetgy of an

excited solid undergoing structural deformation ha s beeil described

wi t hin tlie cuntiiuium theory foi exciton localization (see Section 6.2).

St arting üiuin the molecular point of view for two-center exe i tat ton

trapping one should incorporate the molecular potential curve in I(Q)

(eq. 6.8). The potential curves for ttie lowest states of B o nie of these

free diutomic excimer rare gas niolecules exhibit barriera (MUIXIKEN 1964).

These barriers are very pronoucned for the lighter rare gaees He2 (e.g.

GUBERMAN and CODDARI), 1975) and Ne2*(e.g. C011KN and SCHNEIDER, 1974). They

iippear also in some branclies of potential curves of lieavy rare gasee. The

origin of tliese maxima is the Pauli exclusion principle and hae to be well

dietinguished from the solid state effecte in Fig. 63. Neverthelesa,

these tnaxinia have a aimilar retnrding effect for the formation of excimer

centers. Thus it is apparent that the molecular potential curves provide

some iivlispensible ingredients uhich must be incorporated in a complete

Lheury (sce the caae of solid Ne discussed in Section 6.5).

6.4 Vifacational relaxation in ejicitner genters

Tlie isotropic continuum tlieory (RASHßA 1976, TOYOZAWA 1974) implies that

the only etynamic restrictinn for the formation of the diatomic apecies

invLilves tunnelling over the potential barrier. The hidden asanmption

iiivolveil in tliis description ia lhat vibrational relaxation of the two center

trapped excitation is extremcly fast on the time scale of radiative decay,

so that once the barrier ig overcome tlie System inetantaneously ßlides down

to Enrm the final relaxed diatomic molecule. This vibrational relaxation

pri'Ccss essentially corresponds to molecular vibrational relaication of a

diatomic molernle i n a RüS (JORTNKR 1974), It is now known that vibrational

relaxation of a guest diatomic moleculc in a solid can be surprisingly

slow (NITZAH et al. 1973). The vibrational relaxation rate is determined

by the energy gap ÄEy - (En - E ) between adjacent vibrational states.

Tb.iB interconvtrsion of vibrational energy of the diatomic molecule to

lattice phonona (fmip) ia a multiphonon process of order N = A Ey/huu. The

zero temperature rate Yv<°) fullows the energy gap law

(6.9)

12 -l
where A n 10 sec is a coupling constant (,!ORTNER 1976) and 6 a numerical

factor of the order of unity. The rate decreases exponent i al l y witli N, liiere-

fore high order multiphonon processes are expected to be slow. Tlie exponential

dependence of the rate on the enetgy gap iraplies that the vibrational rt--

laxation rate can decrease by a few ordere of tnagnitude ty going from higher

to lower vibrational energy levels of the diatomic rnolecule. These general

considerations iraply that vibrational relaxation within tlie

diatomic center in Xe, Kr and Ar where the vibrational freqnency ia luw and

N small will be fast uhile for Ne the high order ranltiphonon vibrational

relaxation will be serlously retardcd.

6.5 Localization p_£ excitons and vibrational reiaxation in solid _Ne? ̂ rj Kr

and Xg

Generally, two types of luminescence emiesion bands are observed in RCS:

strong broad banda with a large Stokes shift ( 1 - 2 eV) and weak sharp

bands with Borne t: ine structure and rauch smaller {< l eV) Stokes shifts re-

lative to the first exciton absorption band. First we ehalt discuss the

prominent emission bands. In Xe, Kr and Ar most of the Inniinescence iutensity

is emitted in broad luntine&cence bands of nearly Gaussian shape (JORTHER

et al., 1964). These bands have been observed in all investiyations aud a

typical eet of spectra is shown in Fig. 64. The energies are compiled in

Table 12. These luraineacence banda are assigned (JORTNER et al., 1965) lo

emission from vibrationally relaxed electronically exdted tmmonnclear diatomic

rare gas molecules which correspond to the trapped two center exci taticinp,

Although the prominent molecular character of tliese bands in solid Ar, Kr and

Xe iB well estab liahed, several complicated features are exhibited in the

solid etate experimental data. First, trivial complications ariae dne to



inhomogeneous hroadening of the emission due to s t a l i s t i i . i l d i s t r ibu t ion

o(. trapping sites which cause d i f f e r en t spectral shif ts . A careful analysia

by HEUHtlLLER (197S) of the position and shape of these banda for d i f fe ren t

lemperatures äs well äs preparation and nnnealing conditions sliowt-J that In

oiost caaea these Lands are inhomogeneoualy broadened. The s h i f t s of these

banda wilh temperature reported earlier can be ascribed to annealing. Secorid-

]y, a nont r iv ia l temperature dependence is exhibited in the emiseion spectrum

of solid Xe which in the temperature ränge 60 - 130 K exhibita a aecond

prominent emiasion band peaking at 7.6 tV (Table 12 and Fig. 65). HEUMULl.ER

and CREU£BURG (1978) ident i f ied four components in the Xe emiea ion band by

a deconvolut ion u i t h Caussians (Table 12) .

TWÜ now techniques werc reeenl ly introduced to obla in fu r the r detailed

Informat ion regarding the nature of the emi t t ing molecular species in Ar ,

Kr and Xe. (1) Tinie-resolved data. In l i fe t ime measureraents for the Xe

7.1 eV emission band, a short temperature-independent l i fe t ime of eome naec

and a temperature dependent long l i f e t i m e in the usec regime have been

reported (IIAIIN et al. , 1977, Figs. 64 and 66). In theae experiments, the long

l i f e t i m e ie shortened by surface quenching. At low temperaturea KING et al.

(1977) meaaured a l ifet ime longer Chan 10 usec (Fig. 64) . For thin f i lma of

Kr and Ar a short component and two temperature dependent long components have

been observed by llAlffl et al. (1980), Fur ther , HAHN et al. (1980) aeparated

the emission bands of Xe, Kr and Ar into two bands wi th a Spl i t t ing ranging

froni 30 oieV to 50 meV by recording the emisaion epectra wi th (i) a time

window of some naec jus t covcring the time ränge of the exei ta t ion and ( i i )

with a time delay exe luding the shor t component. The long components are found

at lower energiea whereas the fast components are at higher energies (Fig. 6 4 ) .

Time resolved data have also been reported by CREUZBURG and VÖLKL (1977) , by

COLETTI and 11ANUS (1977) and CARVAI.HO and KLEIN (1978) and MONAHAN et al.

( 1 9 7 7 ) . (2) Transient absorption data. The se l f t r apped exciton States are

not accessible to usual absorption spectroscopy, because of the l imitat ions

iuiposed by the Frank Condon p r inc ip l e . These states have beeri studied by

transient absorption spcctroscopy in solid Xe, Kr, Ar and Ne (SUEMOTO et al.,

1977 , 1978, 1979) . In solid Kr and Ar t ranai t ions from the lowest excited

t r ip le t state l to several higher excited a ta tee have been ident i f ied

(Table 13). ßy comparison w i th the a v a i l a b l e calculated molecular potential

curvca, the apec t ra for Ar and Kr are correlated to t rans i t ions f r o m T, to
3 3 t u

II , ; and II (Fig. 67). The t ranai t ion energiea in this Rydberg series
o b g

of ae l f t rapped excitons bave been calculated by SONG and LEWIS ( 1 9 7 9 ) . Tlieae

autliors used two methods; an e f f e c t i v e mass approximation including correctiona
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which were used also for free excitons in RGS by IIERMANSON (I96<>) and

a pseudopotential approach which iias been applicJ successfully to F

centers and selftrapped excitons in alkali halides. The reaults,

collected in Table 13, agree quite well with the experiment. The only

optical experiment reported up to date on solid He (SüLEY et al. 1975)

used transient absorption to identify the £ molecular state. These

experiraental data provide further support Eor the roolecular description

of the selftrapped exciton in the heavy RGS äs well aa in aolid He,

Proceeding with the survey of the prominent emission bands of RGS we

note that the emission spectra of aolid Ne are exceptional (Fig. 68).

They are domiuated by a relatively narrow emission band peaking at 16.7 eV

which is Stokes shifted by 0.7 eV to lower energies relative to the
3

n " l ( P-i/j) exciton state. This emission originales from a medium rclaxed

atomic etate (PACKARD et al. (1970), GEDANKEN et al. (1973b) which has been

aseigned to a one-center trapped exciton. The Splittings observed (Fig. 68)

in Borne experiments of this "atomic type" emission into aeveral components
j 3 3

have beeen correlated to the P , P and P Splitting in the free atom,

In this context, the excitation method is crucial. VUV light and X-raya

do not daniage the sample and thc penetration depth is large enough Lo excite

mainly the volume. Creation of lattice defects by electrona with energies up

to 200 eV is also negligible. But the penetration depth is smal l and contami-

nation and surface effects will become important. The penetration depth is

increasing with electron energy, but the aample damage will be more severe

at higher energies. High currents can cause a local heating of the sample.

a-particlea will induce strong lattice defects due to the large mass which ia

comparable to the maas of the lattice atoms. Höre detailed studiea involving

crystal field, spin orbit coupling and Jahn Teller Splitting may be necessary.

The assignment of the prominent emission of solid Ne is confirmed by transient

abaorption spectroscopy (SUEHOTO and KANZAKI, 1979) where besides one

transition due to molecular type centers, also several transitions due to the

atomic-like centera have been observed. The atomic-like transitions Start

from the lowest atomic state P (185) terminating at tlie fine atructure

componente of the higher lying p stales (Table 13). Furtlier, solid Ne exhibite

a medium intensity broad emission (Fig. 68) towarda lower energies which i s

due to unrelaxed molecular emisaion (SCHUBERT and CREUZBURG 1975, YAKHOT 1975),

This assignment is also borne out by transient absorplion experiments.



Hext , we siitrvey the ueak emission band s f rom RGS. In solid Ar, Kr and Xe

the relative intensities of these emisaions (bands a, b, c in Fig. 69)
~2 ^3

are 10 LO 10 of the inajor tvo-center molecular emission band (band d in

Fig. 69). The aaaignmeut of these weak bands has to consider whether they

are indeed intr insic ani\r they are not due to structural diaorder ,

i . e , emias iun f ro rn excitons trapped a t imperfecCiona , vacanclea etc. , or

at surface e t a t e s . Tlie experimental results are s t i l l controveraial con-

cern ing the iiumber of peaks, tlie energy positions ('fable 14) and the re la t ive

and ove ra l l in tens i t iea . Despite these problems there is nou a very detailed

e x p e t i m e n t a l inveßt igat ion of the temperature dependence of the narrow line

emiss ion available (UOI.ETT1 and BONNOT (1978) Fig. 69). In part icular , the

optical excitalion data of K1NK and SELC (I960) provide good evidence that

tlie weak 8,3 eV emission for solid Xe ia intrinsic.

Tlie f o l l o w i n g c lass i f ica t ion of the emiBsion bands of RCS wil l be introduced

in the order of decreasing energy:

g_j>gnd; Corresponding to the emission f rom the f ree exciton atate . This

emission can be observed in a System where a f ree exciton atate is stable.

Further , in a System where the trapped exciton is energetically and dynamically

favored, ccnnpeti t ion between exciton localization (Section 6 ,2 ) and radiative

decay of the free exciton wi l l be exhibi ted . The emission quantum yield Yf

for e m i s s i o n f rom the f r e e exciton state 1s in this case

V f - T t / i R (6.10)

where rR is the pure radiative lifetime of the free exciton and lt the exciton

trapping time.

b band; CorresponJing Lo the localized atomic excitation, i.e. the one-center

trapped exciton. The eraission peak ia red shifted relative to the abaorption,

becawae in RGS the short ränge one-center excitonic interaction tenn (the

niatrix apectral sliift) is repulsive, i.e. U 1 (see Section 6.2) is negative.

The emission line will be phonon broadened.

•c band; I)ue to emission from a vibrationally ho t diatomic R2 niolecule. In

this case exciton trapping haa occurred by the two-center mechanism forming

the vibrationally excilcil diatomic inolecule. However, vibrational relaxation

is inefficient or iwly partially completed on the time scale of radiative

decay.

d b a ad ; Assigned to the broad prominent Caussian bands due to emission

from vibrationally relaxed diatomic

already above.

homonuclear molecnle äs

We ahall now diecuss the emisaion spectra of each RGS in niore Jetail. In Tal) l u

15 we present H synopsis and a tentative assigmnent of tlie emi ssion
-3

bände for all RGS. Solid Xe exhibits a weak a-band, Y,^10 , and a dominant

d-emission band. Tlie a-band of Xe reveals an intereating temperature

dependence (KINK and SELK 1980, COLETT1 and BONNOT, 1978) whicli is aimilar to

that of the free exciton absorpLion band, providtng support for the assigumeiiL

of this band. Tn Kr soroe evidence for weak a, b and c-emission is present
-2

(Y£ ^10 ) togettier with the dominant d-band, while Ar reveals very weak a
-4 -2

(Yf MO ) and weak b and c bands (Y« "v 10 ) together with the strong d band.

Finally, for He emiaSion d ia misaing and emission b is strong compared with

the broad bands c.

For a detailed Interpretation of the molecular type emission spectra (band

d and c) of vibrationally relaxed and nonrelaxed R centers, we use input

Information from gas phaae spectra at low and high pressures. The broad band

emisaion d is very similar to the emission observed in the gas phase at high

densities. In tlie gas phaae it is well known that excited RG atoros have

attracting potential curvea and form excimera R2 . At high pressure the

moleculee decay after complete vibrational relaxation by emitting the second

continuum (Fig. 70). At low pressure, the collision rate is smaller and emission

of only partially vibrationally relaxed excimers is observed (first conlinuuni,

Fig. 70) whicli corresponds to emission c in the solid phase (JORTNER I9M).

The ground state potential curves involved have been discussed already in

Chapter 4, Vol. I of thie book. Since the first potential curves for Xe

have been estimated by MUi.LIKEN {1970, 1974), several ralculations for R2

and R~ molecular etates tiave become available. G1LBERT ;ind WAHL (1971)

treated Ne2* and Ar2f. WADT (1979) treated the series Ar^*, Kr2* and Xo2*-

Ab initio calculations exist for Ne* and Ne," (COI1EN and SCHNEIDER, 1974).

Potential curvee for excited states of Ar2 have been calculated by LORhNTZ

and OLSEN (1972), by GILLEN et al. (1976), by SAXOH and LIU (1976) and hy

SPIEGELHAN and MALRIEU (1978). Furthermore, potential curves have been

calculated for Krj* (ABüUAF et al. 1978), Xe,* (WAI A1 et al., 1977) and for



Xe * and Xe * (KRMLER et al., 1978). The equilibrium separations and Llie

dissociation energies have been collected in Table 2. Ac2 centers in an

Ar crystal have been discussed by SONG (1971). In the following Xe will be

usdd äs an example, becauae new potential curvea (ERMI.ER et al., 1978)

anJ detailed additional Information concerning the influence of the crystal

are available. Thie in illustrated in tlie scheme of Fig. 71. Tlie influence

of the synonetry of the surroUnding crystal on the potential curvea cauaea

the additional Splitting iuto r/, r2', r3' and I'̂ ' (MOLC11ANOV 1970, 1972).

For radiative decay (d-bands) the louest Rydberg states £ and E are

important. In the region of the equilibrium Separation, i.e. in the lower

vibrational levels, liund'a coupling case "c" has to be applied and t aplits

into l and Ou whereas Z corresponds to 0 (Fig. 71). Vibrational relaxation

and electronic relaxation between the aingulet (0 ) and triplet branchee

(üu, lu) will take place in the excimer centers. In Fig. 7l (III) the compli-

cations arising £rom the large variety of statea are illustrated. For example,

the anharmonicity of the potential curves cauaes for Xe a reduction of the

vibrational spacing frotn 15 meV to 6 meV. The electronic potential curves

of the 0 and the 0 l states are separated by about 100 meV which leads to

a auperpoaition of the vibrational series. Some of the vibrational levels of

different electronic atatee lie dose together and transitiona between these

electronic statea will be accelerated according to ehe energy gap law. There-

fore, emission of aingulet and triplet states can be expected with lifetimea
-5 -9which span the ränge from 10 to 10 a, similar to the valuea obaerved for

tlie free niolecnles (Table 16). The lifetimes observed in RGS are collected

i 11 Table 17.

Tliere is general agreement that the d band9 in Ar and Kr and the 7.2 üV band

in Xe are due to radiative decay of the lowest vibrational level of the

ün» lu( !u) and t'u ^ *•*) branchea öl the nralecular Centers. Tliere is a

controversy, however, whether the fine structure indicated by at least two

different decay components and a Splitting of 20 - 50 meV (see Fig. 64) ia

cansed by the two states i, . l ot by an additional Splitting of T. due to
1 u' u u

the reduction of the syiwuetry from D . t o D„. for the molecnle in the solid
' * an i\\e Fig. 71, IV).

The following tentative explanation for the fine structure and temperature

dependent lifetimea of the d bamls in Ar and Kr and the 7,2 eV band in Xe is

consistent with the experimental resulta and incorporates parlier proposed

models. Part IV of the potential curves in Fig. 71 is based on this Inter-

pretation. The emisaion at higher energy (see Fig. 64) and with tlie nsec

lifetimea (Table 17) corfesponda to the strongly allowed transilion from

Ou ( l ) to the groundstate (HAIIN et al., 1977). In the D symmetry of L he

cryatal the 0 atate becomea r,' and remaina atrongly allowed. The transitions

with long decay timea (Table 17) and 30 - 50 m eV lower energies are due to

the 0Q, lu ( r ) atatea. In the D aymmetry 0 and lu split further int«

I','. T2* i IV1 (MOLCHANOV 1972) where transitions from F| ' to the groundstate

are atrongly forbiddcn and those from Ij»', V /t> are moderately allowed. Tlie

two long decay timea of Ar and Kr are attributed to the TI', ?2' an^ T/'

aublevels. The teinperature dependence of the transition rate für Xe is ex-

plained by a thermal depopulation of f|' to ̂ ', F^' yielding an energy

Separation fron T| ' to the center of I'2', T^ ' of 5 meV in a single phonon

model (HAHN et al., 1977) and of 14 roeV with a multiphonon model (KINK et al.,

1977). The Splitting of f^' and 1̂ ' is expected to be in tlie ueV region äs in

alkali halides where it has not been reaolved (e.g, F1SCHBACII, et al. 1973).

One unsettled probleia regarding the assignment of l he d hands is the

appearance of the prominent 7.6 eV emiseion band of solid Xe around 6() K

(Fig. 65). The lifetime of tliia band is 58 nsec (Table 17). Emission from

a special site where lattice relaxation around R2 is hindered has been prnposed

by C11ESNOVSKY et al. (1973). This asaignment is consistent with the observation

of the 7.6 eV emission from Xe2 impurity palrs in solid Ar (CHESNOVSKY et al.,

1973)t however, it does not explain the temperature dependence. Altcrnatively,

a phase transition similar to the case of Ne lias been discussed hy TOI.KIEHH

(1976). A third explanation has been reintroduced recently by HONA11AN et al.

(1976) who attribute tlie 7,6 eV band to emisaion from selftrapped n = 2

excitons (HOLCIIANOV 1972), becauae the energy difference of theae two bands is

sitnilar to that of the n " l and n = 2 excitons. The weak but proven emiasion

at 7.6 eV, when only n = t excitons are excited (Fig. 65c) is not consistent

with this latter explanation for which a change from the n = l branch to the

n • 2 branch during eelftrapping uould be reqnired. KINK et al. (1977)

assigned the 7.6 eV band to the selftrapped n c t exciton at an ideal crystal
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alte, uherejs the 7.2 eV band i s due to an exeitonic Btäte localized at

a defect site. HKUMÜLLER aad CREUZBURG (1978) attributed the 7.2 eV band

to the lu and Ou sLates and the 7.6 eV band to the next higher electronic

states 2 and l (Fig. 7l III). Front the temperature dependence of the

relative intetisilies of the 7.2 eV and 7.6 eV bands, a barrier of 6ü meV

for the g states lias beeil deduced uhich governs the temperature dependent

brancliiiig ratio for the g and u levels. This model is inconaiBtent with

the short (58 nsec) Hfetime of thia band. Ue are inclined to assign thia

band to a d type emission, liowever, the problem described above is not yet

acilved.

We shall now pcoceed to discuss the dynamics of exciton trapping attempting

to utilize the theoretical description of Sectiona 6.1 to 6,4 to account

für the following observations:

(1) The efficient trappiug of excitons by the two center localization

niechanism in solid Ar, Kr and Xe where 99Z of the excitation results in the

furnution of diatumic excimers.

(2) The efficient trapping of the electronic excitation in solid Ne by the

oiie-center trapping rather than by two-center trapping.

(3) The appearance of tlie free exciton emiesion in Xe and possibly in Ar

but not in Ne.

(4) The inefficicnt vibralional relaxatioa of the R2 center in solid Ne,

In altemptiiig to cotifront theory and experiments several diecouraging in-

conaistencies are iiiuuediately apparent: Observation (l) and (2) are inconsistent

with the thtoretical predictions of Table II (FUGOL and TARAZOVA, 1977) which

itnply that the tuo center localized siate is expected to be energetically

stable in solid He. Obscrvation (l) may be in quantitative diaagreement with the

cstimate of die barrier heiglit for solid Xe which for reaaonable barrier width

will rcsull in a high emission yield from the free exciton in an Ideal crystal.

Therefore, we sliall use the localization theory äs means for providing only

qualitative guidelines for the understanding of the experimental results,

Observation (1) implies lhat the barrier height eeparating the free and the

two center localized etates in Ar, Kr and Xe is sufficiently low to allow for

effective tuiinelling and stabilization of the diatomic molecule, while abeervat-

ion (2) and (3) imply that for Ne the barrier separating free and one center

localized atates is small or doea not exist at all. Thiß last conclusion is

- d7 -

encouraging in relation to localization theory provided that ve can give

a good argument for the inefficiency of two center localization in favor

of one center localization in solid Ne. The retardation of the formation

of the Ne2 center in solid Ne may originate from a molekular effect

rather than a solid state effect reaulting from a hump in the niolecular

potential curve (Section 63). Huinpe appear in the lle^ potential curves

calculated by COHEH and SCHNEIDER (1974). These humps appear at inter-

nuclear dletancee of 2 - 4 X. They cnay reduce the probability to form

molecular centers by croasiag the barrier and may force the formation of

a cavity. In thia way, atomic-like centers are favored and are stabilized

by the molecular potential curve in solid Ne. Uaing CÜUEH und SCHNEIDER's

potential curves, KUNSC11 and COLETTI (19/9) have calculated the local

structure around the cavity and the resulting transition energicts (t| and E^

in Fig. 68). For the cavity an increaee in the nearest neighbor Separation

by a factor of 1.37 has been obtained for the first atontic shell eurrounding

the excited atom. Thia deformation extends to distaut slitlls and even for

the I6tli shell a deformation in the nearest neighbor Separation by l pcicenl

has been calculated.

Perhaps the most interesting feature of exciton dynamicB in RGü is the

appearance of the weak but well ciefined free exciton band a (¥j '•• 1U ) in

solid Xe. The theoretical concepts deacribed in Section 6.2 snppnrt Llie

notion that tunnelling througli a barrier may occur in this particulai systcui.

To obtain an estimate of the exciton localization time we inake use of Lhe

emission yield Yf ̂  10 which, together with the radiative lifetime

-9 -12
ig ̂  5 x 10 , rouglily give T ^ 5 x 10 , Exciton localization by

tunnelling in solid Xe is corroborated by tlie temperature dependence of the

relative yield of the a band (KING and SELG (1980)). Fig. 72 reveals a

temperature independent yield at T < 50 K, which reflects nuclear tunni>lling

effects although the nature of the tunnelling process cannot be assessed fron

these data. Further confirmation of the a Emission in pure solid Xe will bü

of considerable interest. In order to distinguish betuecn free exciton

emission and the radiative decay of an exciton trapped at an imperfecLion

or at a surface, lifetime measurentents must be performed. A trapped txcitnn

will decay on a time scale of ns, while tlie free exciton will decay on a ps

time acale.



6.6 Emission f r o m liquid He, Ar, Kr, Xe

The s t r i k i n g s i m i l a r i t y between the prominent d emission band9 in

so l id Ar, Kr and Xe and the emission of the correaponding molecular

emission spectra bas been i l lustrated In the previous section, It

is in tcres t ing to see whether l iquid rare gases fit into thio picture.

Fur t l i t r , l iqu id h e l i u u i w f l l also be included in this tliscussion äs

s u f f i c i e n t emission data on gaseous and l iquid helium are avai lable .

JORTHER et a l . (1965) compared emission spectra of l i qu id Xe, Kr and

Ar obta ined by a-par t ic le excitatlon in a l l three phases and estahlished

excimer f o r m a t i o n in the Condensed pliases. In the course of the search

f ü r VUV lasern, emission bands of l iquid Xe, Kr and Ar have been in-

vcstigated with electron excitat ion by the group of BASOV et al. (1970) .

CIIESNOVSKY et al. (1973) and SUKMOTO (1977) reported emission bände for

l iquid Kr and CHESNOVSKY et al. (1972) for liquid Ar. The only experiraent

for l i qu id He has been performed by PACKARD et al. (1970). The emiesion

spectra for liquid He yield Information both on radiative decay to the

ground a ta te (STOCKTON et al. (1970, 1972) , SURKO et al. (1970) and on

t rans i t ions between excited states of He and He2 (FITZS1MMONS 1973).

tn Fig. 73 and Table 18 we present a collection of spectroscopic data for

emission bands of liquid rare gases together wi th spectra for the gaseous

and solid phase. All the emission bands of Xe, Kr, Ar and Ne in the

l iquid phase are a t t r ibuted to the decay of exeimer-like molecular centers

R„ f rom the loweat excited bondinu tnolecular states E (0 ) and r (l )
2 ° u u '•u u

to Lhe ground state E (0 ) (Fig. 7 1 ) . For Xe and Ar the emission bands
S &

in tlie three phases are almost identical. The d i f f e r ences are snialler äs

f ü r example ihe shi f ts due to temperature broadening (CHESNOVSKY et al. , 1973)

or due to d i f f e r e n t preparation condi t ions observed in the solid phase. For

K r , beeides the maximum at 8.42 eV ( 1 4 7 2 A ) , which is common in the solid

and l i q u i d phase, a shonlder appears on the low energy tail at 7.85 eV

(1580 8). This shoulder has been a t t r ibu ted to a Kr Xe molecule

(CHESUDVSKY et al. , 1973) which is formed due to the presence of Xe impuri t ies .

Thus l iquid Ar, Kr and Xe exhibi t only the d type molecular emission band .

The emins ion spectrum for l iquid Ne d i f f e r s d ramat ica l ly from that of solid

Ne (Fig. 68). The b type atomic emission l ine observed in solid Ne at

16.69 eV (743 A) is mi s s ing in l i q u i d Ne. The absence of the atomic emission

Finally, ue consider Lhe effecta o£ vibrational relaxotiim in the K*

centers (point 4) which is inef f ic ien t in sol id Ne to the extent tha t the

vibrationally relaxed R- does not form. The intensi t ies of hu t luminesconce

increasing from Kr to Ne ref lec t the competi t ion between rad ia t ive decay

times lying roughly in the ns to WB regions for all RGS (Table 17) and the

decreasing vibrational relaxation rates for I Jghter RGS. This result can

be explained in terms of the energy gap law for v ibra t ional re laxat ion

(JORTNER 1974) discussed in Section 6.4. Relaxation a tar t s f r o m the high

vibronlc levelfl of the R2 molecular s tates . In Table 17 , the largest

phonon energiea tiWp are compared with the v ibra t iona l qnanta A>'v for all RCS

(SCHWENTNER 1978). The phonon energiea are several times snia l ler than the

vibrational quanta and relaxation haa to be a multiphonoi, procesa. The

order N - ÖEviTim of this process is increasing f r o m 4 in Xe to 6 in Ar.

There is a Jump to N - 18 in Ne, which retards the vibrational relaxation

process of R (GEDANKEN et a l . , 1973). The v ibra t ional re laxat ion of He2*

ehould be ineffec t ive and the relative cont r ibu t ion f r o m the c band should

decreaee in the order Ne » Ar » Kr > Xe. YAKHOT et al. (1976) c a l c u l a t e d

vibrat ional relajiaticm of R2 in RGS providing a eet of re laxat ion l i f e t i m e u

which agree with the radiative yields for the c emission in Ar, Kr and Xe.

For solid Ne, YAKHOT et al. (1975) using the ab in i t io potential curves

given by COI1EN and SCHNEIDER ( 1 9 7 4 ) conoidered also the in f luence of aiiharmoni-

c i ty on the vibrational relaxation. From the comparison wi th the r ad i a t i ve

l i fe t imes (Table 17) emission front the 5th to the 3rd v ibra t ional level is

predicted. We note however that in the calculat ion of YAKHOT et al. (1975)

the dose proximity of the Ou , lu and Ou states w i t h the poss ib i l i ty of

relaxation between these states has not been considered.



6. 7 Emission^ froin Liquid jje

We t u rn to the emission properties of l iqu id He considering f i r s t

emiss ion tu Ihe eleetronic ground state. In l iqu id He a broad eroission

band ceiitered around 15.5 eV (8OO 5t) (Fig. 73, Table 18) haa beeo re-

ported by S'l'OCKTON et a l . (1970, 1972) and by SURKO et al. (1970). Tlie

cunversion of excitation eiiergy to VUV light is very e f f i c i e n t . Absolute

measurements show that about 30X of the energy of ZOO keV electrons is

emilted in the 800 A band. On the basis of these results a VUV lamp lias

been proposed y ie ld ing 3 Wat t s (10 photons/sec X) at 80Ü X (FITZSJMMONS

1973). Tlii! ÖOO A band corresponds to transitions f r o m low vibrat ional

levels (v1 = Ü) of tlie lowest excited aingulet state A l to the repulaive

ground s ta te l (Fig. 74) . In addi t ion, a series of sharp maxlma is

obseived near 20 eV (600 X) (Fig. 73, Table 18). The l imitat ion of the

spectrum to higher energies is due to reabaorpt ion in the liquid He sample.

The emission in tliis regiou lias been at tr ibuted by STOCKTON et al. (1970,

1972) to the decay of the v 1 • 16 vibrational level in the A E state. The
u

fine EtrucUire ie caused by tlie projection of the Franck-Condon distributloti

in Ihe v' » 16 level onto the Btrongly repulsive ground state potential.

The broad band emiasion and the fine stiucture have been observed alao in

tlie gas phase. The rapid and selective population of this high vibrational

level needs to be explained. v' • 16 and v' - 17 are thetwo highest quasi
l + -2

liound vibrational levels of A l . The v 1 - 16 level is within 1.2 x 10 eV

resotiant with the 2s S metastable atomic state (Fig. 74) which ia produced

at liigh rates. This r.idiative recombination process involves inverae pre-

dissociation (HERZBERG 195Ü). What ia remarkable in that this iuverse pre-

dissociation occurs in the liquid and that tlie v 1 = 16, 17 quasibound vibrational

States are not damped by vibrational relaxation on the time scale of their

radiativc decay.

Tlie metastable 2a S atomic sLate decays nonradiatively by a molecular

niechanism simiiar to tlie decay of the 2s S atomic etate (Fig. 74). The

lifetime of 15 iisec obtained Eor the state by tranalent absorption spectroacopy

(KETO et al. 1972, 1974) is considerabty too short for the radiative decay
3

of this state. Ihe decay of tlie 2s S state gives rise to a buildup of a uew

3 + 3
transient abfiorption at 1,92 im, which is explained by a a Ü (v) -* b U (v1)

transiLion involving high initial and final vibrational states. Thus, the

2s S sLate decays nonradiatively by the formation of vibrational ly excited

a Y. molecular state. Again vibrational relaxation is slow in the liquid.

in liquid Ne suggests that ei ther this center is not fonned in ilie liquid

or that it does not live long enough to radiate. In liquid Ne atomic

transitions from the P state have been found in transient absorption
^ 3

spectra, but the lifetime of the P state is much shorter in liquid lhan

in solid Ne. The radiative lifetimes in both phases are expected to be of

the same order. Therefore, the shorter lifetime in liquid Ne is attributed
H K

to quenching of Ne centers by Ne,~ excimer formaiion. In the sulid

phase, the barrier in the molecular potential curvee is sufficiently high

to Gupprees Ne. formation, wliereaa at the higher temperatures of the

liquid these humpa may perhaps be crossed. The prominent emission band of

liquid Ne is peaking at 16.0 eV (774 A). It coincides uith the c emission

in the solid and is attributed to a c band in the liquid.

Additional Information regarding these molecular Centers in liquids can be

derived from lifetimes. In liquid Xe, Kr, Ar and Ne l i f et i nie s have be<;n

investigated by KUBOTA et al. (1977), by CARVAI.IIO and KLEIN (1978) and by

SUEMOTO et al. (1979). A fast component of some nsec and a slow component

have been identified (Table 19). They are attributed to allowed transitions

in the R„ centers from E (0 ) and transitions from z (l ) which becomea
2 u u u u

more forbidden in going from Ne, Ar to Xe by an admixing ot H character

due to increasing spin-orbit coupling. These data Support tlie notion that the

R„ molecular center is practically identical in the gas phase and in con-
* . . .

densed phases. The insensitivity of the R emission to mcdium effects can

be reconciled with a large medium distortion aroimd this large radius

Rydberg state in the liquid äs is the case in the solid.

We conclude that the features of excited state dynamius in pure liquid Ne,

Ar, Kr and Xe are characterized by three features. First, excited state

trapping via two center localization occurs in all liquids. A comhination

of the molecular approach for the description of the R polential surface

together with a solid state (continuuu) or microscopic) approach for lattice

relaxation ia required for a theoretical description of exe i ton trapping
*• . .

in liquids. Second, medium induced vibrational relaxation of R in liquid

Ar, Kr and Xe is efficient on the time scale of the radiative decay while

*third in Ne emission is exhibited from vibrationally excited states of Ne

in accord with the energy gap lav für vibrational relaxation.



Of considerable interest are the lifetimes of those states which are
l + &

inuolved in transitions to the ground state. For the A E state of He„
u 2

in l i q u i d !!e experimental l i f e t i m e s are not avai lable . The high e f f i c i e n c y

of t h i s t r ana i t i on shows that the l i f e t i m e is determined mainly by

r a d i a t i v e decay. The A E is the lowest state for allowed t r ans i t i ons

to the ground state. but the role of the even lower a L molecular state

and of the lowest atomic state 2s S (Fig. 74) have also to be considered.

lioth states are metas table , and no radiative decay of these states haa been

repor led . However, interest ing dynamic e f f e c t s of these metaatable atates

were observed. The in tens i ty of the VUV luminescence which is emit ted

w i t h i n 10 sec a f t e r a-par t ic le exci ta t ion, depends on the sample tempera-

ture in the region of 0 .2K to 4 K (MOSS and HEREFORD, 1963, FISCHBACH et

al . , 1969, ROBERTS and HEREFORD, 1973). The explanation of the tempera ture

dependence requirea that part of the luminescence intensity (15Z) i s due

to n n n i h i l a t i o n processes of metastables. These decay processes are in-

Cluenced by the temperature via the transport properties of l iquid He äs

w i l l be shown below. In addi t ion , SURKO and REIF (1968) found energy

transport by neutra l excitations in s upe r f l u id lle between 0.3 and 0.6 K

when the sample was irr idiated wi th a-particles. At low temperaturea, the

neutra l excitationa travel over distances greater than l cm wi thou t

appreclable at tenuat ion, At higher temperatures, the ränge is reduced. The

neutral excitations carry enough energy to produce electrons and ions at the

l iqu id He surface and at metal surfaces. Due to the amount of energy and

the long l i f e t i m e , these excitat ions are a t t r ibuted to metastable atoms and

inolecules. These studies have been extended by HITC1IELL and RAYFIELD ( 1 9 7 1 ) ,

CA1.VANI et al. ( 1 9 7 2 , 1973) and A R R I G H I N I et al. (1974) . The l i fe t imes of

these metastable s ta tes have been inves t iga ted by KETO et al. (1972, 1974)

u5i iig t rans ient absorption spectroscopy. Hetastable etates wi th a density
1 2 1 3 3

of almut 10 to 10 per cm have been prepared by electron beam excitation

(160 k e V ) . In these exper iments , the beara was pulsed wi th a pulse length

of = 3 msec and rise and f a l l times of 10 nsec. The decay of the population

has been probed by observing during and a f t e r the excitation an absorption
3 3

spectrum for transitions from 2s S -" 2p P at 1.145 eV (1.083 um) (metastable

atoms) and from a L* (v = 0) -* b H (v1 «= 0) at 0.59 eV (2.1 um) (raeta-

staltie molecules) (see Fig. 74). The initial density of metaslable states

has been changed hy varying the electron beam current between O.l pA and 4 gA.

In the discussion of these lifetimes we will first be concerned with

proceases determining the lifetimes of molecules in the l^ state. Two

experimental facts are pertinent. First, for a fixed irmperature and

fixed initial concentration, the inverse of the concentration of a l^

states increasea linearly with time for the time ränge of l usec up to

100 psec after excitation. Second, the steady state concentration

increases with the equare root of the beam current.

These two observationa show that the dominating loss process for raeta-

stable moleciiles in liquid He is a bilinear collision process between pairs

of metastable states:

He* (a3£) + He* (aV) niT) He + He + lief (6.11)

The time dependent concentration H of metastable states is described

by second order kinetics

l /M 1/HQ + o(T) (6.12)

with the steady state concentration KQ and the bilinear reaction rate

a(T). HQ iß given by the number I_ of i n i t i a l l y produi'cd melastable
1/2

molecules Mo • (lo/ a(T)} . To provide a quantitative estimate we note

that the lifetime of the a r state due to the bilinear quenching is about

l msec at a beam current of l MA and the lower limtt of the radiative

lifetime is at least äs lang äs 0.1 sec. A most important experimental

observation ia that the bilinear reaction rate ci(T) increases with de-

creasing temperature. a (T) is inversely proportional over the higher part
-A/T

of the temperature ränge to the number density of rotons given hy e

with A - 8.6 K (KETO et al. 1972, 1974). This interesting temperature

dependence reveals that the reaction rate is diffusion limited and determined

by scattering with rotons. The energy gap of rotons is pressure dependent.

The change of a(T, P) with external pressure P lias been measured (KETO et

al. 1974). The observed decrease of a(T,P) with pressure agrees with the

predictions baeed on the pressure dependence of A.

Some direct implications of the annihilation process (6,11) were recorded.

The afterglow observed in the VUV Emission of the A Z state is due to

repopulation of this state in the annihilation process of two metastable



a T slates äs f o l l o w s f r u i u ehe e imilar i ty iti the rate constants fo r

a n n i h i l a t i o n a(T,P) and f ü r repopula t i cm. Tlie destruct ion of metastable

molecules fecda tlie A l cliaunel äs wel l äs higher lying states shown in

Fig. 74 (KETO et a l . , 1971).

S i m i l a r resul ts for t r ip le t - t r ip le t ann ih i l a t i on have been oLtained by

SüLEY et al. (1975) in tlie only optical experiment reportcd for solid He.

In solid He Ltie molecular absorpt ion band for the a E * b u transit ion
« 8

(Fig. 74, Table 13) is s imi lar to that in the l iquid phase. Also the

t inie dependence of the A E a f te rg low, i.e. the bilinear reaction täte u(T)

is tbe same. The coniiion reaction rate is surprising, because a is determined

by d i f f u s i o n of metastable molecules and the transport properties for other

ßpecies l ike positive and negative ions are about four orders of magnitude

snia l le t In the solid than in the l iquid phase. Thua, mass transport in the

solid t s excluded, Sliurt ränge electron exchange interaction (DEXTER 1953,

JORTNF.R eL a l . , 1964) provides an a t t rac t ive mechanian for triplet migrat lon

in solid He. If Lhis is indeed the excitation transport mechanism, the

t r ip l e t - t r ip l e t ann ih i la t ion in solid He bears a close analogy to tr iplet-

t r ip le t A n n i h i l a t i o n in aromatic crystals (WOLF 1967).

From the foregoing discussion it is apparent that in l iquid He äs in other

l i q u i d rare gases it ig jus t i f i ed to use the gas phase molecular potential

su r face for He_ for the study of energetics and dynaraics in liquid He. An

i i i t e res t ing fea ture of the potential curves for the lle molecule is that at

Icast np to the F L a ingule t and 3d L t r iplet states, no antibonding states

ex is t . The potent ial curves show humps instead of ant ibonding states, a

f e a t u r e w h i c h lias been discussed since tlie eatly work by HULLIKEN (1964),

by G I N T K R and BATTINO ( I 9 7 ü ) and has been analyzed in detail by GUBERHAN and

GOUDAR» ( 1 9 7 5 ) . This f ea tu re of the He, potential curves (Fig. 71) d i f f e r a

qua l i t a t ive ly f rom t l ie general characterist ics of the potent ial curves for the

heavy rare gasea (F ig . 75). For all beavier rare gas diatomics there are

several brancheti of ant iboi id ing potent ia l curves which start from the lowest

excited state and whlch cruss higher lying se l f t rapped exciton states near
. . . 4

the min ima at the e q u i l i b r i n m in ternuclear d i s tances of these R states

(F ig . 75) . Tliia qual i ta t ive d i f f e r e n c e between He and heavy rare gases

i n f l u e n c e s the dynamits in h igh ly excited Btates of the corresponding l i qu id s .
*

In the Condensed heavy rare gases the h ighly excited R Centers or iginal ing

f r o m h i g h elecIronie states are expected to decay nonradia t ive ly by pre-

di saüc ia t ion äs the crassing po in l s of the bonding and antibonding poten t ia l

cnrves lie, for the heavier rare gases, near the minima of the bonding

potential curves. Tlierefore, predissociation is possible even after

vibrational relaxation of the diatomic centers. This nonradiative re-

laxation follows the antibonding potential curves which bridge the gaps

between the bonding states. The radiationless processes governing these

configurational changes are expected to be very efficient. Thus iu

Condensed rare gases, excited nonselectively by a, x-ray or eluctron

excitation, this cascading results in the formation of the n - l exciton

state on a tiroe scale which is shört compared to the radiative decay of

high electronlcally excited states. Accordingly, no emission was ohservcd

from high excited statea in heavy RGS and liquids. Thus, for liquid He

transitions between excited states (Fig. 74) are expected and were identified

in the lung wavelength emiseion spectrura (Fig. 76).

Radiative transitions for liquid He are observed in the spectral ränge

from 6000 St - l 1000 X (2 eV - l eV) (DENNIS et al. (1969), KETO et al.

(1974) and Fig. 76). Similar to the gas phase, three atomic transitions nie

observed: 3s 's -» 2p 1P, 3s 3S •<• 2p 3P and 2p 3P -' 2s 3S (Fig. 74, 76

and Table 18). Higher statea are not expected, because of the HORHBECK

MOLNAEt (1951) proceas

He* + He (6.13)

which quenches He atoms in states above the reaction threühuld at

23.0 eV. The transition 2p'p + 2s S expected at 20581 X (U.60 eV) with

a radiative transition time of 510 nsec (WIESE et al. 1969) has not been

observed in the liquid, probably due to the fast (1.8 nsec) radiative

depopulation of the 2p P state to the ground state. The most prominent

etructurea in the emlssion spectrum (Fig. 76) correspond to molecular

transitions. As is shown in Fig. 74 and Table 18, transitions betwe«?n

C £ -* A l , D l •* B II in singulet states and c " E <• a t ,
3 l 3 V + 38+ 8 u

d Eu -* b U and d *lu -+ c E in triplet states have been identified.
8 B

All the observed molecular emissions originate from l" states. Thougli the

emission spectrum deinonstrates that the b H and B II states are populated
g 5

effectively in the course of the radiative cascade, n<J emission from thesc

H states has been detected in careful experiments (ULNNIS et al., 1969).

Thus, it ie evident that U states are strongly quenched by nonradiative

processes. The details of the emission spectrum shov that the emitting

states are not in thermal equilibrium with the surrounding liquid. In
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C 7 emission from a series of vibratiunal levels v* - 0, l, 2, 3, 4

and iu c E emission from v' »0, 1,2 is observed. Even a rotational
g

fine structure in the 1) -* B, d •«• b and d -» c transitiona can be

identified from the broadening of the lines äs in the gas phase. The

population of higher vibrational levels of D and d slatea (KETO 1974) and

a lung lifetime of the totational excitations in the a l state (HILL

et al. 1971) has been proven in transient absorption apectra. A connection

of tlie tadiationless quenching rate with the synmetry of the statee is

obvious. The strong quenching of il ßtates has been mentioned. The ! statea

can be divided into two subclasses concerning symnetry and quenching proba-

bility. In all ); states, the vibrational excitationa have a long lifetime.

But the rotational excitations are strongly quenched in the po orbitals (C, c)

whereas they liave a long lifetime of 10 B and more in the s.; Orbitale (D, d).

The presence of strong nonradiative quenching procesaes for all higher

excited states leading to a population of the lowest emitting state A E

simply followa from intensity considerations. More than 991 of the overall

emitted intensity belongs to the A E -* £ tranaition. That part of the

population of eacli of the higher excited states which contributes to the

emission spectrum in tlie visible is about 3 - 4 Orders of magnitude smaller

than tliat in the A I ->• l radiative decay (KETO et al. 1974). The non-
u g

radiative relaxation cascade is much nore efficient than the radiative. Thia

follows also from the time dependence of the eniission in the visible (KETO

1974). The intensity drops within the response time of the experimental

set-up (20 iisec) by one order of magnitude. The furtner slow decrease is due

to repopulation by the annihilation of a L metastables. The efficiency of

tlie nonradiative cascade can be eveii increased further by some orders of

magnitude by applying static external presuure to liquid He (SOLEY and FITZ-

SIHMONS, 1974)- The intensity for all higher excited states ia quenched

exponentially with incceasing pressure (Fig. 77a) and only the A E -*• L

transition ia quenched very little (a factor of two up to 25 atm). The

slopes of intensity versus pressure curves on a logarithmic intensity scale

are cliaracteristic for the syninetry of the upper state. For transitions

starting from p type states C, c, 2s P, a comraon slope is observed which

corresponds to a very strong increaee in quenching efficiency with pressure

(about two Orders of magnitude al 15 atm). For the s-type states D, d, 3a S

and A the slopes are much smaller. They depend on both, the initial and the

final state (Fig. 77a) äs ahown by tlie example d -+ c and d -* b with

different slopes.

In summarizing the results conctrning the balance between radiative and

nonradiative relaxation in exciled states of liquid He, we can state that

the nonradiative proceases are by some Orders of magnitude faster. Hany of
_n

the radiatlonleea processes will be faster than 10 s, because the times for

3 3 3 3
conpetmg radiative processes like 2p P -* 2s S or 3s S -+ 2p P are

_a ,0
9.8 x 10 s and 3,6 x 10 s, respectively (WIESE et al., 1969). On the

other lund, higher vibrational and rotational excitations of molecular

states have a lifetime up to nülliseconds.

The energy shifts between gas and liquid phase contain salient Information

about the nuclear configurational changes around excited states in liquid ile.

HILL et al. (1971) compared the transition energies in emission and in

transient absorption of liquid He with gas phase values. They observed shifts

to the bitte and to the red. All the shifts relative to the gas phase valuea

are very small, of the order of 0.01 eV, For a diecuasion of these shiCts

it is important to realize that the 3 A average interatomic spacing in liquid

He is subalantially suialler than the diaraeters of the extended Rydberg states

of excited atoms and molecules with diameters of 10 - 20 A. The small energy

shifiä are consistent with dramatically large solvent dilatation around tln.-

electronically excited state. The large electron - He repulsive interaction

in the excited etate results in large medium Expansion leading to a formation

of a "bubble" in analogy with the bubble formed around a free electron in

liquid He. These bubbles around free electrons in liquid He have been

atudied exteneively frora the experimental and theoretical point of view and

the reader is referred to the literature (see for example SCHWARZ 1975,

COLE 1974). The origin of bot h electron bubble and the bubble around the

excited species is the repulsive interaction due to the Panli exclusion

principle. The diameter of tlie bubble corresponds to the balance betueen these

repulsive forces and attractive terins which are given in a simplified

picture by the surface tension of the bubble. A sensitive test for this

model and its applicability for the more complicated case of electrons in

bound excited states follows from the introduction of an additional attractive

term given by external pressure. Due to external pressure, the diameter of

the bubble should be reduced. The influence of pressure on the transition

energies and linewidths can be compared with the predictions of model

calculations. SOLEY and FITZS1MMONS (1974) determined presanre shifts of die

transitions in absorption and in emission up to pressnres of 25 atra. For

the emission bands a linear shift with pressure of roughly 3.2 Ü/atm. to the

blue has been found for all molecular and atomic tranaitions (Fig. 77b). In



Absorption the shifts in tranaition energies versus pressure show

differcnt alopcs (Fig. 77c).

Tlie calculation of the spectral ahifts and line broadeiiing requires the

dependence of the energy of bot h states, the upper one and the lower one,

on the bubble radius with the pressui'es aa parameter in the calculationa.

Thfse potential cnrves are nuthing but adiabatic potential surfaces. The

shapes uf the potential curves and the diameters corresponding to the

Qiininia in the potential curves are expected to be different for the upper

and lower atate, because of tlie larger extension of higher excited statea

and bccause of tlie different sywnetries of the states. The symmetry of

p-type atatea may cause even nonspherical bubbles. In the adiabatic approxi-

mation, the transitions take place in a time which is short compared to tlie

relaxation time uf the bubble and the observed energies correspond to

vertical transitiuns. In transient absorption and in emission the transitions

for llie sanie pair of states Start from bubbles with different size and shape

wliich cause the observed difference in tranaition energies. HANSEN and

POLI.OCK (1972) calculated the pair distribution of ground state lle atoms in

tlie vicinity of an excited metastable 2s S He atom from Percus-Yevick

theory. HICKMAN and I,ANE (1971) and HICKMAN, STEETS and LANE (1975) adopted

the approach o£ JORTNER et al. (1965) which has been developed for free

eleetron bubbles and modified it to sccount for bubble formation around

elec-.tronic excitations. Tlie euergy <E> of the bubble ia divided into two

parts

<E> - E ... + E (6. 14)
cavity atom v '

describes the energy »ecessary to form the cavity and containscnv tty
three tcrms corresponding to the surface tension, the volume pressure and

a kinetic energy which is due to the density gradiert at the edge of the

cavity. E describes the electroiiic perturbation due to the surrounding

H<|uid. IltCKMAN et al . (1975) treated the problem for metastable atoma.

E lias been ubLained from a pseudopotential for the System He plus two

electrons niteracting wtth one another and with the reflt of tlie bulk liquid by

a variational method. The calculated shifts with external pressure for the

2s S * 2s P absorptiun line agree quite well with the experimental results

(Fig. 77c). For the corresponding emissioo line the initial state haa

p-synmetry and the bubble will be nonsphcrical. Therefore, the treatment

canses more problüms. But the obsetved shift has been explained by the

earlier calcnlatiun of »ICKHAN und I.ANE (1971). In the case of n - 2 states

(2s S, 2s P) the cavity radiua of 6 A is rather srnall. llie nwdcl

describes very well the increase of the bubble radius with increasing

main quantuui number. In the case of n • 3 a bubble radius o£ l l X

has been calculated for the 3s S state and of 13 S für 3s S. Tlie
3 3

calculated energy shifts for the 3s S * 2s P emissitm line (Fig. 7?b)

are in good agreement with the experimental results. The eyperimental

pressure shifts of the 3s S -> 2s P transition are less accurate in

the experioient due to the strong quencliing. Besitle the shifts also the

observed broadening of tha lines with increasing pressure line been

explained by the bubble nodel. The method can be applied in principle

to molecular centera, but the treatment is more complicated due to tlie

additional interactions inhecent in a System of 2 He aloms with b electrons.

On the basis of the bubble model STEETS et al. (1974) made an attempt to

explain the strong quencliing of higher excited states with external

pressure. They included a more detailed descriptitm of the density of

tlie ground state He atoma just at the border of the bubble. Adopting an

exponential, pressure dependent distribution function, they have been dble

to cationalize the experimental elopes of the pressure dependence (Fig. 77a)

by procesees where only a few (l - 3) liquid atoms are involved. Howcver,

the nature of the quencliing process is still obscure.



6.8 l.ocalized excitations and lattice relaxation gf impurity statea

The Cüvity model fot the localization of an electronic excitation in

liquid He implies a considerable nucleat relaxation around Ehe

eiectronically excited atate. In this caee, the short-range electron

lle repulsive interaction leads to a rearrangement into a new equilibrium

conf igurat ion which is characterized by an appreciable increase of ehe

average Separation between the eiectronically excited speciee and its

nearest He atoms. Apart from the nane "cavity model" uhich emphasizes

large disulacements, such medium relaxation phenomena are common in

impnrtiy centers in Bolids and liquids. Optical excitation of such

localized impurity states often leads to a high degree of phonoo excitation

in tlie eiectronically excited state. The electronically-vibrationally

excited state, populated by vertlcal tranaitions, will subaequently relax

by phonon eraission to a new equilibrium nuclear configuration. A proper

description of excitation and relaxation within a localized impurity center

is described in terms of the configurational coordinate model sketched in

Fig. 78 which portrays tlie nuclear dependence of the adiabatic potential

surfaces. U (Q) and Ufi(Q) correapond to the ground electronic ßtate and

to the eiectronically excited state respectively, uhile Q designates the

(dimensionless) normal nuclear coordinates. In the Harmonie apptoximation

these are

U (Q) - 1/2

c Q

(6.15)

(6.16)

wliere AE is the electronic energy gap, ui: the phonon frequencies

w l i i l e the coef f ic ien te C: repcesent the phonon coupling constants so

th.iL the displacement of the equil ibrium conf igurat ion of the j t h mode

is A: Q C - / D I : , The la t t ice rearrangement energy of the center ie

LR (6 .17)

being due to nuclear d i s to rLions while thu Stokes a h i f t between emisaion

and absorp t ion is given by E = 2ELR' "e tlave already used the not ion of

l a t t i ce d ie to r t ion energy in re la t lon to exci ton t rapping , now the same

roncepts are employed f ü r the simpler case of a localiaed center. l he
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quantura energy levels on the two potential surfaces are |gv> I=|g> |v>

and |ev'> =je>|v'> wliere |g> and |e> are electronic wavefunctions, while

|v> and |v'> denote vibrational states for the ground and excited

electronic configurations. The corresponding energies are E and Eev'.

The absorption lineshape is

L(E) - <£|<ev'|u|gv>| 5(E + E«v (6.18)

where < >T denotea thermal averaging over the ground state vibrational

states and n ia the tranaition dipole operator. The theory of optical

Hneahapes is well known (KUBO and TOYOZAWA 1955, HARKI1AH 1956, PRVCE

1966, HARADUDIN 1966). It is useful to introduce the [luaag-Rhys coupling

constant

1/2

Two limiting situationa are of interest to us ;

(6.19)

(1) Weak coupling liaiit (G « I). The electron phonon coupliug is ueak,

i.e. the displacement of the equilibrium configuration in the excited

state is amal l. The optical spectrtim consists öl a zero phonon l ine

followed by one-phonon and raultiphonon contri!>utions at higlier energies

L(E) - exp(-|/2 l A 2 coth^Hj) 6 (E - AE) + higher order terms (6.20)
. J 2kT

The Debye Waller factor appearing in the exponeut in eq. (6.20) deLermines

the relative intenaity of the zero phonon line to the rest of the band.

This Situation is realized for example by «2 excited impurity states in He

(GllKTLER and KOCH, 1980).

(2) The strong coupling limit (G» 1). The disturtion of the equilibrium

configuration is large. The absorption lineshape can he expressed in terms

of a Gaussian

L(E) exp(- (E ~

In the limit of low temperaturea

U • -fi k „T «

(6.21)

(6.22)

(6.23)

while in the high temperature limit

D - 2 knT E,
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The latter expressions describe the local thermal fluctuations of the

phonon field around the impurity which were utilized in TOYOZAWA's vork

(1957) for the description of the modulation of exeiton motion (eee

eijuations 6.2 - 6.5). Adopting a mean phonon frequency <w> the optical

absorption lineghape in the strong coupling l imit i s a Gaussian,

e<|. (6.21), witli a linewidth accordjng to

(coth -——•) (6.25)

vihere IL is tlie l i newid th at T • O.

The only quant i ta t ive data a v a i l a b l e concerning the lineshape of impurity

s ta tes in KGS originate f rom O F I l I R ' s (1970) s tudy of the n - l (3/2) and

n c 2 (3 /2 ) l ineshapes and ttieir teroperature dependence for Xe/Ar (Fig. 79).

OI ' I ITR found that the l ineshape for the n = l (3/2) state ia Gaussian, so

that the strong coupling Si tuat ion prevails. The half line width H varies

f r o m 93 meV ± l meV at 33 K to 139 meV ± l meV at 80K (Fig. 80). The

temperature dependence of the l i n e w i d t h can be well f i t ted by the mul t i -

phunon theory in the strong coupling t i m i t given by eq. (6.25). llie

experimental data for II(T) of the n - l (3/2) state yield HQ = 82 meV and

-tf<ui> « 8.2 meV. The electron phonon coupling strength is given by
2

G " n(H0 /1f<u>) where n - 0. 18 is a (T independent) correction factor

re lu t ing the half l inewid th to the aecond moment of the absorption l ine

(see e.g. PR1CE 1966). Tims G - 18 which, indeed, correaponda to the strong

coupling S i t u a t i o n . The Stokes s h i f t E8 between absorption and emission is

given by (KI)BO and TOVOZAWA 1955) ES •= - 2fi <w> G = -0.3 eV result ing in

a large red Stokes s h i f t in accordance with tlie emission data for Xe in Ar

(KS = - 0.39 eV) (CHESHNOVSKY et a l . , 1972, IIAHH and SCHUENTNER, 1980). The

simple model cannot q u a n t i t a t i v e l y account for the Stokes shi f t äs it

assumea that the phonon f requencies in the two electronic states are i den t i ca l .

Exper imenta l evidence for f requency chatigeB between the two electronic states

is obtained for the temperature dependence of tbe energy maximum of the

n = l absorption peaks of Xe i m p u r i t y in Ar and Kr (Fig. 80). Mult ip l ionon

theory (PRYCE 1966) predicts that the f i r s t moment of the absorption band

sh i f t s äs

(6.26)

wltiE «i^g is a c l inrac ter i s t ic ground state Erequency and üto is the frequency

change. Ibis fo rmula provides a semiquant i ta t ive fit of the experimental

data (F ig . 80).

- 101 -

In the strong coupling Situation a higlily excited phonon state is

produced by optical excitation. The opticatly excited "doorway stnte"

(MUKAMEL and JORTNER 1974) ia u[gv> which Ja not an eigenstate of the

nuclear potential in the electronical l y excited conf iguration dnd will

exhibit time evolution. The nonequilibrium "doorway state" wi l l ex-

hibit intrastate phonon retaxation to the equi libtium conf iguration.

Dissipation of the vibrational energy is expected to occur ou a time

acale of the reciprocal Uebye frequency or al ternati vely be

determined by unharmonic interactions. The time ecale for lattice

relaxation around a single impurity state is •v 10 sec.
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in the f rec atom (IIAHN and SCHUENTNER, 1980). Ttie emission bands can be

correl.i ted w i t h die three louest dipole alloued transitions of the free

atom wlien a Stokes s h i f t of sume tenth of an eV to the red is assumed in

gu ing f r u m the m a t r i x to the f ree atom (Table 2 1 ) . Tlie states associated

w i t h t l iüse d ipo le allowed t ransi t ions for Ar and Kr are the fine structure

cowponeiits I s^ , 1&2 and 3d^ uf the s t a tes ns, n a " and (n - J )d (Table 2 1 ) .

t'or Xe the next h ighe r e ta te 3d is obaerved instead of the 3d<- state.

These ass ignmenta are conf i rmed by a comparison of the radiat ive l i f e t imes

of the states in the matr ix and in the f ree atom (HAHN and SCHWENTNER

1980, Table 22). The in f luence of the Ne mat r ix on the radiative l ifet imes

of the ("liest atoms was accounted for in terms of the reduction of the

macroscopic radia t ion f ie ld due to the d ie lec t r i c conatant n of the sample

and the d i f f e r e n c e iu the t f f e c t i v e radiat ion f i e l d %e[[ at the site of the

exciled speciee £rom the macroscopic f i e l d E0 due to the polar izabüi ty of

the species (BLAIR et al. , 1972, FOWLER 1968). Tlie radiative l i fe t ime

being

T (crysta l ) = T (gas) /{n • (E e f f /Eo) } (6.27)

For a guest center in a matrix E has been approximated by mean values

of the dielectric coiistant of liost and guest (PERSON 1958, DUBOST and

CHARNEAI! )976). This treatment did not account for roedium effects on the

electronic atates of the impurity. 1t is apparent that the medium effects

on ttie radiative lifethnes are small.

In Tableu 20 and 2l the asaignments of the impurity emieston bands in

dilute PGS alloys are summarized. Emission bands originating from the

following states were observed. (I) In all cases atomic type emission is

exhibited, für example from the 1s,, ts. and 3d states. (2) Ia addition,

emission from special trapping sites for atomic impurity states has been

observtd. (3) Impurity pairs involving the emission for the lowest excited

st.itcs oE exe iniers. (<1) Impurity pairs in special trapping sites. (5)

Iteteroiuiclear excimers, such äs Xe Kr and possibly Kr Ar.

Hext we ehall discuss the spectroscopic implicatioris of intrastate

relaxütion. As is evident front the data sumnarizt-d in Tables 20 and 2l,

the emission from single impurity states reveals a Stokea shift of

% 0.2 eV - 1.2 eV relative to the corresponding exciton state aeen in the

absorption spcctruin, Tliis large Stokes shift origiuates from phonon
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relaxation around the excited impurity (CHESHNOVSKY et al. 1972, JORTNEK

I97i). The observation of these large Stokes shifts is consistenL with

tlie notion that the electronic excitation of impurity statee in HÜS

corresponds to the etroiig electron-phonon coupling limit (Section 6.8),

being in good Agreement with the results of the an.ilysis of the line

broadening data. The experimental Stokes shift for the Xe/Ar System

E " -0.39 eV at 6 K deduced from the emission studies is consistent with

the value of E8 —0.3 eV for the Stokes nliUt deduced (OPIIIR 1970) froui

the temperature dependence of the line broadening in this System, Section 6.8.

The medium dilation around electronically excited imptirity Status in RGS

causing the large Stokes shifts bears a close physical analugy LO the bubhle

formation around electronically excited states in liquid De (Section 6.7).

The changes in the equilibrium configuration coordinates for the ground and

the excited states can be described semiquantitatively for Xe in Ne.

MESSING et al. (1979) meaeured the dependence of the energy of the atomic

absorption bands of Xe atoois for an increasing density of surrounding Ne

atoms. They scanned a ränge of densities from pure Xe up to Xe in liquid Ne.

In the middle part of Fig. SA the energy shifts of the Xe transitions

observed in absorption are showu äs a function of the mean Xe-Ne nearest

neighbor Separation together uith the energies of the peaks of the excitation

spectra of Xe in solid Ne (HAHN and SCHWEHTNKR, 1960) whicti continue the

trends of the density dependence for the different states. A cguiparisun

of the energy positions of the emission bands (right part of Fig. 84) w i t l i

the absorption maxima aliows the l arger Xe-Ne nearest neighbor separat ion

due to medium dilation occurring before radiative decay. This guest-host

Separation increases from 3.2 A in the grotind state configuration to values

betueeii A A to S A in the medium relaxed excited state.

The large medium relaxation around impurity states brings the impurity

emission close («̂  0. l - 0.2 eV in allcases) to the energy of the corrtspondi

atomic emission in the gas phase, äs is apparent from Tables 20 and 2l.

The proper theoretical description of such medium-relaxed eleclronically

excited impurity states ghould invoLve a tight binding approach rather tlmn

a Wanni er picture. The effects of medium dilation around impurity states are

exhibited also for excited impurity pairs,äs matrix effects on the emission

spectra of the excimers are negligibly small.
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Final ly, we would like to comment o n tlie time scale for intrastate medinm

relaxation around excited atomic impurity states. The rise time of

the einission for the inedium-relaxed impurity excited states is shorter

thau ]0~" aec (HAHN and SCHWENTNER I960). llds result is compatible witli

tlte Iheoretical estimates of Section 6.8 for ttie mediura relaxation occurring

on thü time scale of "* 10 sec. Ue thus expect that the quantum yield foc

hot luminescence originating from the radiative decay of electronically

-4 -5
excited impurity states prior to mediuni relaxation will be 10 - 10 Such

low quantum yields of hot luminescence induced by photoselective excitation

are ainenable to experimental observation and are expected to provide pertinent

Information conccrning the dynamica of intrastate medium relaxation.

- ioy -

6.10 Emission froin impurity states in liquidraregasea

Emission from impurity states of guest rare gag atoras in host liquid

rare gaaes was exciled by u-particles (CHESHNUVSKY et al. 1972,1973;

JORTNER 1974, RAZ et al. 1976). The spectroscopic Interpretation of

the emiasion apectra of impurity states in liquid rare gases (Tablu 23)

ia soraewhat simpler tlian in tlie corresponding solids, äs compl icat ions

due to multiple trapping sitea are not exhihited in the liquid.

The only case of a genuine atomic impurity einission in a liquid rccorded

up t o date involves the einission from tlie P. K täte of Xe in liquid Ar

shown in Fig.8l (CHESI1NOVSKY et al. 1972). The Xc emission is Stokes

shifted by 0.4 eV to the red relative to the impurity absorption in the

liquid, being very close to the corresponding atomic emission in ilie gas

phase. These featurea clearly indicate the effects of medium dilatimi.i.e.

cavity formation around the excited impurity state in the liquid

(CHESHNOVSKY et al. 1972).

From Fig.81 it is apparent that the molecular impurity omissiou at lou

Xe concentrations is rauch inore prominent in the liquid ihan in the solid.
. . . * ,

This is not surprising, äs formation of Xe, impurity nolecules w i l l occur

in the liquid by the diffusion controlled "collision" process

(b.28)

This proceas provides an example of tlie applicability ot diffusinn cuntrolled

kinetics to reactions involving electronically excited atoms or niolucules

in simple dense fiuids.

Emission spectra of Xe/Kr liijuitl alloys are purtrayed in Fig. 85. Tliey

reveal three prominent emission bands. The Kr host emission pe.iked at

1470 A, the Xe impurity pair emission at 1740 A and an addition.il b;md

peaked at 1580 A. This latter band appears at the lowest accessible Xe

impurity concentration (10 ppni); its relative intensity reaches a maxinuun

at IOO ppm Xe and Starts decreasing in favor of the Xe 1740 A emission

band at higher Xe concentrations (Fig. 85).This 1580 A band is assigned



(CIIESilNdVfiO et a l . 1 9 7 3 ) to ernisslon f r o m the heteronuclear XeKr*
*

d ia tomic molecult:. Tlit? Xe nwlecule in tlüs System is f o mied via the

reac t iun

XeKr X e ( s t K r ( s (6 .29)

fhis mechanism requi res t t iat the intensity ratio between ehe 1740 X

Emission and tlie 1580 A emission ia proportional co the Xe i tnpuri ty

concuniration. Such a relation is indeed obeyed, äs is evident from
-13 3 -lFig . 86 which r ebu l i s in the t ä te constant k =» 2 x 10 cm sec

f ü r Lhe r e a c L i o n . This luagiiitude of the rate conscant is compatible

wich d d i f f u s i im con t ro l l ed prucess which is characterized by a d i f f u -

sion c u n f f i c i e n t D = 10 cm sec

6 . 1 1 Elactroiiit : Relaxation

A cen t ra l f e a t n r e of excited state dynamica involves interstate

radi;UHniless u l eutroiiic re laxa t ion between di f ferent electronic States.

In t t i is T U t a x a t ion prucüns electronic energy is converted into vibrational

enerny (e.g. KUbO and 10YÜZAMA 1956, RISEBERG and MOOS 1968, ENGLMAH and

-10KTNF.K 1970, HUKAMEL and JORTNER 1975, FREEÜ 1976, AUZEL 1979). f o r atomic

i inpnr i iy a t a l ca in RGS electronic energy of the inipucity is dissipated

by acoiiüt ic phonuns. Such a not i radiat ive process can be described in terms

of r e l j x a t i o u betveeu two poteut ia l eurfaces corresponding to two d i f f e r e n t

e l e c t r u n i e c o n f i [ -uratJons (Fig. 78). The conpling uhich induces the non-

r a d i a t i u e proccases j a g iven by the nonadiabat ic in te r s ta te interact ion

i i r i f ; i i M L i n g f rom nuc l ca r k ine t ic energy.The t lec t ronic relaxation proceas

is env ia ioned us a t ransi t ion fnwi a phonon man i fo ld | ev '> of the init ial excited

e l ec t ron i c cunf igura t ion |e> to a set of phonon states |gv> corresponding to the

f ina l electronic groiind s t a t e |g> . The microscopic rate constant U for

the | e v ' > "'|gv> t r a n s i t i o n can be expressed in tetms of the nonadiabat ic

f f i r m a l i s m (Kill«) . inj TOYDZAWA 1956, PERI-IN 1963, ENGLMAH and JORTNER 1970)

p rov idüd that t he r e s idua l coup l ing is weak r e l a t i v e to the character is t ic

phonon I r e q u e n c y <ui' of t l i e System. The nunadiaba l ic microscnpic rate is

expressed witliin rhf fr.imeuork of tlie Condon approximat ion

where V is tlie nonadiabat ic e lectronic coup l ine , <v'v~- is the uuc leareg
o v e r l a p integral, wl i i l e E and E , are the enereies of tlit- v i b r o n i c

r " gv ev' &

states. A basic assumption under ly iug most of the s tudies of e l ec t ron ic

relaxation is that mediuro-induced v ibra t iona l re laxa t ion and exe i t ation

within each electronic manifold are fast on tlie Linie si:ate »[ the elec-

t ronic process. Thus, for exaraple, in the case of i m p u r i t y slates in

RGS one can assert tha t medium re laxat ion around e l e c t r u n i c a l l y excited

states is fast (MO sec,section 6.8) on the t ime scüle of i n L e r s t a t e

electronic relaxation. linder these circumstanceti the t r ans i t i on proha-

b i l i t y U for electronic relaxation can be expressed in terms of a
*g

thermai average of the microscopic rates.

u
W / K ' (6 .31 )

Before proceeding to discuss any approximate calculations of the rate

(6.31) two general tiiuiting cases can bü distingiiiahed:

(a) The low temperature limit, when the thermai cnergy is considerably

lower tlian all the characteristic vibrational (phonon) f roqiiencius u t

the System. The low teoperature r?te W (T -*- 0) = W

is temperatnre independent over the ränge k T«ti<u>. The temperalnrc

independent rate exhibits the effects of nuclcar timimlling from the

zero-point stäte of the initial nuclcar configuration.

(b) The high temperature limit, when the thermai energy rousiduralily

exceeds the uuclear vibrational frequency. The high teinperature rate

W - exp (-EA/kßT) (6.32)

assumes an act ivated rate expression wi th the act ivati on energy E ,

being given by the potential energy of the initial electrunie statt

at the lowest intersection point of the tuo potent!al surfaces (sco

Fig. 78).

-ev n
(6.30)



Cons idu rab le ü f f o r L was devoted towards derivation of exp l ic i t expressions.

Huste nf theae studies (e.g. KUUO and TOYOZAWA 1956, PERLIN 1963, ENCLMAH and

.IORTNER 1970, AUZEI . 1979) treat the nuclear motion in tlie harmonic approxi-

malioii cons ider ing only linear electroii-phoiion coupling corresponding to

conf igur . i t ional d is tor t ion of the origins of tlie potential aurfaces . The

pl iys icc i l picture ia analogous to tlie t reatment of plionon broadening of

i m p u r i t y absorpt lon l ineshapes surveyed in Section 6.8. However, wli i le

optical exc i ta t ion corresponds Lo aear ly ver t ical transit ions at f i n i t e

jihoto» energy, the ncm-radiative process corresponds to a horizontal

t r ans i t i on in the L i m i t of zero energy.

W i t h i n tlie framework of tlie s imple harmonic picture, tlie nonrad ia t ive

rate can be expressed äs a product o[ a tionadiabaCic electrouic coupling
T

term |V J and a thermal ly averaged miclear Franck Condon overlap term.

Tlie la t ter con t r ibu t ion can be approximately expressed in terms of tlie

e lect rouic energy gap AE (see Fig. 78) between the minima of the t wo po-

Len t i a l surfaces, the ptionon cliaracLetistics f requency ti <tu> and tlie

electron ptionon coupling etrengtli G (eq. 6.19). Althougli some general but

cumbersome exprcssions were derived (KUBO and TOVAZAUA 1956, WEBHAN 1976)

consider ing plionon dispersion, a coatse gra in ing procedure over ptionon

f requenc les taking on ly the cliaracterisl ic phonon freqaency ti «u> into

account , leads Lo great s i m p l i f i c a t i o u a . The approximate general rate can

be exi i ressed in tlie form (HUANU and RI1YS 1953)

W = A exp [-CK2V,,,] (6.33)

where ihe rcdnced energy gap is

P = (6.34)

fpl (is the modified bessel function of order P, v represents the

t lii^rma l population of phonon Btates

v = [exp(fi <u> )/kT) - l]''

while the preexponential fautor is

(6.35)

(6.36)

K
fl

Kor exothennic processee , Ü E <0, tlie low tempera ture rate for nuclear

tunne l l i ng is obtained for eq. 6.33 in the f o r n

fP
H (T .0) - A exp(-G) (6.37)

while in the high temperature lirait eq. 6.33 reaults in the aclivaLed

rate

1/2
AE/-üti<ü»>

(6.30)

For the intermediate temperature region eq. 6.33 has to be applied.

Of conaiderable interest is the low temperature rate wliicli für reasonable

values of P >3G can be expressed by tlie use of Stirliiig's approximat ious

W(I+0) exp(-G) exp (-yP)

!.§!-i (•/

(6.39)

(6.40)

Eq. 6,39 exprcsses the energy gap law for electronical relaxatioii. From

eq. 6.39 it is apparent that tlie follouing general features uf the physical

system are expected to affect the low-temperature electronic relaxation

rate wittiin tlie impurity center:

(1) The preexponential factor A. For atomic impurity states in BGS
U -i

A was roughly estimated to be A MO sec (WEBKAN 1976).

(2) The electronic energy gap fiE. The increase of P witli AE (eq. 6.14)

resultü in an exponential decrease of U.

(3) The electron phonon coupling G. When P = U we expect that y=-l

and the energy gap dependence of W is supprtssed. Kfficient electronic

relaxation caa occur for large energy gaps provided that G%P (WF.BMAN 1976).



MKBMAN (1976) has conducied nwJe l calculat Ions for the rates of

e lec t ron ic re laxat ion in iu ipu r i ty cen te rs in RGS (JORTNER 1974)

which rest oii a Waimier type descriptioti of the electronic excited

states. Such an appruach iudicated that nonradia t ive caecading frorn

h i g h exe i t ed s tates. charac te r ized by large main quantum members is

e f l i c i e n t . I lowever , th is Lrea tmen t ia Loo crude for a detailed theore-

t i c a l » i i i d u r s t a n d i i i g of e l ec t ron ic relaxation w i L h i n low lying electro-

n i c a l l y excited i m p u r i t y alat.es in KOS, wli ich are essentially of atomic

6 . 1 2 Electronic Relaxa t ion w i t h i n Impurity Centers in RGS

The dynaiuics of exci ted states of impuri ty centers in RGS can be iavestigated

liy measurements of eiaission apectra, excitation spectra, emission quantum

y i e l d s transient absorpt ion and decay l i f e t imes , llie central experimental

Informat ion involves the total l i fe t ime i of the Ith electronic state where

tlie nonrad ia t ive decay rate W,=£_W T _ involves the contribution from
l e It

a l l nonradia t ivc decay channela, while the corresponding radiative

decay t ime T incorporates radiative decay to all lower lying F states

HU that ( T J )~ =£ ( T * ) * . The experimental l i fe t ime is given by the

well k nown rel a t i on

Tlie par t ia l i juan tum yield for the radialive I -*• F transition is:

(6 .42)

w h i l e the quantum yie ld for the nonradiat ive I-* F proceae is

= W
N

(6.43)

The raajor ( ixper imenLal e f f o r t should be c i rected towards (i) the

e l i i c i d a t i o » of the iiature of the various radiative and nonradiat ive

decay channels, ( i i ) the quanti tat ive determination of the total decay

rates T , W j and (T ) , ( i i i ) the determination of partial radiative

and nonradia t ive decay rates (T.- ) and WT„ and ( iv) determination
L r ih

of ( |uanLura y i e l d s Y. ^ and Y T "*! for radiative and nonradiat ive channeig ,i * r I -> t
wli ic l i is corapleiDcntary to (Hi). Tlie theory of electronic relaxation of

states in insulators (Section 6 . 1 1 ) should provide answers to

the following questions regarding excited states dynamics of impuri ty

states in RGS:

(a) Utiich states exliibit appreciable esmission? E f f e c t i v e rad ia t ive

decay of a given s täte l requires that H T < / r , - l

(b) What are the rates of nonradiative cascading f rom h i g h l y exci tcs

states which terminate in the emit t ing atates?

(c) What quantitative Information can be obtained regarding nonnidia l ive

decay rates between epecific electronic atates?

(d) Hliat Information caii be obtained concerning de ta i l a of e lnc t ron ic

relaxation procesaes, such äs temperature dependence of ind iv idua l

nonradiative rates?

We shall Start w i th a survey of the experimental Informat ion . Tlie early

studies (CHESHNOVSKY et al. 1972, GEDANKEN et al. 1973, RAZ et al. 1976)

using a-excitation of dilute rare gas alloys, established the occurence

of emission from low lying excited states. In all cases emission f r o m llie

P. state of the gueet, while for Xe in Ne emisaion from the P state

was observed. These resulta were qualitattvely ra t ional iued in terros of

the energy gap law for electronic relaxation (JORTNER 1974, RAZ et al. 1976) .

Much more detailed Information was recently obtained by HAHN and SCHWEN'INER

(1980) using photoselective excitation. Tlie moat extensive and i n f o r m a t i v e

data were ohtained for the emission of Xe, Kr and Ar in solid Ne. Typical

experimental results for the excitation spectra, the emiaaion spectra

and time-resolved decay are presented in FigureB 87 and 88. We have

already discussed the asaignment of these impur i ty emission peaks (Table 2l)

and wi l l nou consider the electronic relaxation processes. E x c i t a t i o n of

the n • l impurity atate of Xe, Ar and Kr in so l id Ne resul ts in mediurn

relaxation leading to the formation of the l a , ( P.) i m p u r i t y a t a t e .

On the basis of the experimuntal data (Table 22) for the radiative deray,

it is apparent that the major cont r ibu t ion to the l i f e t i m e of the 1s

State originates from the radiative decay channel to the ground s tate

which is much fas te r than the other two competing r a d i a t i o n l e s s procesees,

i.e. radiationless relaxation e i ther to the ouly lower l y ing exci ted s ta te

l a _ ( P j ) or to the ground a ta te , llie radiat ionless relaxation to the

ground atate is hindared by the very large (=10eV) energy gap. llie
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Separation from 1s, to the 1s, state is 0. l - 0.2 eV (see Figs. 89, 90)

requi r ing a radiationless transition of the order of P - 10-30. Provided

that the electron-phonon coupling is not too large the radiationless

Is —> 1s, decay will be e f fec t ive ly blocked by the appreciable energy gap.

Tlie energy gap law determines in a sinilar manner the relaxation of the

n - l 1 impurity ßtates of Xe and of Ar in solid Ne. Excitation of n » l 1

excitons leads to tlie formation of the medium relaxed l s„ ( P.) state.

Tlie experimental decay l i fe t imes (Tahle 22) are again dominated by the

pure radiative decay channel, so that radiationless electronic relaxation

for I S ^ ' P J ) to the ls3(3PQ

the time scale of 10 sec.

l 1 3 3for 1s.( P.) to tlie 1 s . ( P ), l s , ( P.) and ls,( P,) states are not exliibited on
L \ J O H l _) t

The energy gaps of 0.2 eV for Ar and l . l eV for Xe, due to spin orbit

coupling,are s u f f i c i e n t l y large to prohibit electronic relaxation. For Kr

in solid Ne an in teres t ing complication due to impurity - impurity energy

trausfer arises. In this system there is an accidental energetic overlap
l 3

between the medium relaxed l s „ ( P.) state and the n - l( P.) state.

Tlie rise and decay times of tlie emisaion bands of the ls„ and the 1s,

statee af ter excitation of n " l 1 excitons indicate that a resonant dipole -

dipole energy transfer takes place from an excited Kr atom in the Is. state

to a nearby Kr atom in the ground state (HAHN and SC1IWENTNER 1980).

The Förster-Dexter radius for this transfer is 2 l X.

Next, we consider the fate of high energy impurity excitations in solid Ne.

Tliere are several characterist ic di f ferences for the n • 2 exciton relaxation

cascade s for Xe, Kr and Ar guest atoma in a Ne matrix. Tlie origin is an

inc reas ing spread on an energy scale of the (n+ l ) s , the (n- l )d , the np and

the ns1 states in going from Xe to Ar. This spread results in groups of

cloee lying levels which are separated by increasing gaps (Figs. 89, 90).

Excitation of n * 2 excitons in Xe leads to a population of the medium

relaxed 2s. and 3d states (Fig. 89). The 3d,, state is separated from the

next state 3d ' by a gap of 0.18 eV. It was experitnentally established
. . -9

that the 3d state decays radiat ively with a time constant of 1 ,3 x 10 s
. -9

äs wel l äs nonradiat ively to 3d. ' w i t h a time constant of 1.0 x 10 s.

We note that in this case radiationleas processes of the order of P - 30
- 9 . . . .

can liave time constants äs fas t äs 10 s. This observation ia incompatible

wi th the consideratious based on the energy gap law and can be rationalized

in Lerms of the caticel lat ion e f fec t which is exliibited when P = G in

Eqs, 6.39, 6.40. The energy in terva l between the 3d ' and the Is. states

- 1 1 7 -

is BÖ densely populated with other states (Fig. 89) that tlie radiationless

processes wil l be extremely fast . Radiative transit ions, i.e. the dipole

allowed decay from the 3d, state, are not absorved. In the ls? state the

radiationless relaxation cascade terminates äs has been previously noted.

No relaxation to IB., 1s. or 1s, is observed.3 4

The relaxation cascade resul t ing from the n - 2 excitation of Ar in solid

Ne (Fig. 90) results in an initial population of the medium relaxed 2s,

state which relaxes effect ively to tlie lowest 3d states (3dc and 3d,). The
j 6

gap between the 3d and (4p, 4p ' ) states is s u f f i c i e n t l y large to make non-

radiative decay rather slow. Brandung occurs between radiative decay of
-9

the 3d state (420 x 10 s) and slow nonradiative dtcay to 4p* and 4p states.

The (4p 1 4p) states are separated by a large energy gap f rom the 4s and 4s '

levels. Therefore, both tlie 4p' and 4p states are depopulated radiatively

to the 4s äs well äs 4s' state wi th similar time constants. Tlie in tens i ty

is distributed between radiative channels frora tlie fine strncture conyonents

of the 4p1 to 4s ' and the 4p to 4s states wi th the branching ratlos given

in Fig. 90.

Tlie relaxation cascade of Kr in solid He (Fig. 88) is s imi la r to that of tlie

Ar impurity state (11AUN and SCHUENTNER, 1980). Compared to the energy scheme

for Ar (Fig. 90) tlie main quantum numbcrs n have to be increased by one

and the group of 5p' levels are shif ted into the ränge of the 4d levels.

The energy of the n - 2 exciton does not result in radiative decay frnai

the mediunrrelaxed 2s, or f rom the 3d„ states, Thus electronic re laxat ion

from 2s. and 3d„ into the lower 4d states (3d t and 3d,) is fast on the t ime
-9

scale of 10 s. Subsequently, 4d ->5p electronic relaxation competes

with radiat ive decay of the lower 4d states. The energy gap between the

5p state and the 5s' and 5s states is so large that radiationless processes

du not occur. Further, radiat ive decay from the p synanetric 5p state to

the p Symmetrie ground state is dipole forbidden. Therefore, the 5p states

are depopulated by radiat ive decay to the 5s and 5s' levels. Tlie transitions

to the 5s states which are singulet - singulet transitions with t r a n s i t i o n
-9 -Q

times of 22 x 10 s are favored compared to 5s' transit ions (750 x 10 s).

In this radiative depopulation channels to the 5s states a branching to ttie

f ine s t ructure compnnents Is, and Is, w i t h equal probability takes place.

The results for the relaxation cascades of impur i ty states in solid Ne are

collected in Table 24. Tlie radiat ive population e f f i c ien t i e s of the f ine



a t ruc tu re components derived in tliis relaxation cascade agree wi th the

intensi t ies in emission bands found by SCHUBERT!! and CREUZBURG (1978)

with X-ray exc i ta t ion . A quantitative theore-tical description of these

re laxat ion cascades is not yet available and wi l l be of considerable

intcmst .

ResulLs for atoraic impur i ty states in lieavy RGS have been collected in

Table 20, Obv ious ly , fu r the r experimental and theoretical work concetning

Lhc e lectronic relaxat ion processes is required. An interesting new

result in th ie f i e ld involves tlie study of the temper a ture depeneence
3

o£ the electronic relaxation from the l a , ( P.) s täte of Kr in Ar which
316 produced by mediuro relaxation around the n - l ( P . ) etate (HAIIN et

al. 1980). Tlie Is, state is depopulated by radiative decay to the ground

ata te and by nonradia t ive decay to the l a , ( P-) etate. In Pig. 91 the

temperature dependence of the decay rate of the 1s,( P ) state is ahown

which exhibi ts the temperature independent nuclear tunnelling at low

temperatureg and temperature activated processes at higher temperaturea.

Arialysia of tlie data in terras of Eq. 6.33 can be performed taking

AE •= 82 meV and hu •= 4 meV, i.e. P = 20.
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6,13 Ejectrojuc Energy Transfer

Some of the most inLeresting fealures of the dynamics of electronic

excitations in molecular crystals invulve energy transfer prucesscs

(KNOX 1963). There have been extensive studies of migration of siii[jlet

and trlplet Frenkel type excitons in organic crystals (e.g. KICE and

JORTNER 1967, WOLF 1967, POWELL and SOOS 1975, KEPI.ER 1976, SILUEY 1978)

which led to estimates of the excitun diffusion lengLh and the exciLon

diffuaion coefficienL in these molecular crystals. Studien ot electronic

entrgy transfer in pure RGS are of interesC Lo establish the possibilily

of exciton migration on an ulLrashort time scate prior to uxciton seif

trapping and in relation to energy transfer from seif

trapped excitons. The effects of eubstitutional disorder nu energy

transfer are manifested for transfer to atoraic and molecular iuipurily

statee, while some consequences of strnctural disorder

are exhiblted for energy transfer in liquid rare gases. The foUouing

electronic energy transfer processes in Condensed rare gases dre of inttrest

(see e.g. JORTNER 1974, RAZ et al. 1976, FUGOL 1978, SCHWENTNER 1978, 1980):

(A) Migration of "ftee" excitons. The term "free" excitons refers to exciton

states prior to seift rapping. In tliis contexL t wo Limit ing c^iaes of energy

transfer should be cnnsidered:

(AI) ColierenC exciton tranaport. The limiting Situation for weak excitun-

latt ice coupling involves cuherent t ranafer characteri/ed by the cxi: i ton

group veloci ty, so t ha t the displacement of the exciton a t L Jene t i s propor-

tional to t. Tlüs idealized state of af f airs is not re;ili?.ed in real li f e

äs exciton-scattering mechanisms due to phonons,structuritl imperfccti uns,

etc. prevail even in pure crystals. Coherent exciton t ranspurt should be

envisioned in terms of a mean free path A , which cons idemlily t-xceeds the

laLtice spacing a, i.e. A »a.

(A2) Incoherent exciton transport. wlien the exciton scattering Ity phoiiDiis,

disorder, etc. is st rong, the exciton mean free path i a comp.i fable to Lhe

lattice spacing A = a. Excilon transport ia now cliaracterizcd by a diffusion

coefficient D which is related to the diffusion lengtli t by

t = (U-)' (6.44)
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2. Aboue threshold , i.e. K > £._. tlt usual i i t t r ius ic photoemiäsion

t.ikes pLace (see scction J . l , 7.3 and 7.1). Extriiisic photoemission

yield spectra ftora pure RGS were stndied by O'BRIEN and TEEGARDEN 1966,

SUlUfcHTNER et dl. 1 9 7 3 , KÜCH et 31 ,19743, I974b, S1EINBERGER et a l . 1974 ,

Oi ' l l lR et a l . I975a , I 9 7 5 b , PUDEHILL et a l . 1 9 7 5 . J I A S N A I N et a l . 1977 and

RUDOLF et al .1980). These s tuJ ies encopipaased all RGS. An example f ü r the

pronowiced s t ruc lure in tlie pliotoemission y ie ld curves associated v i th

Uie exciton states is depiu ted for solid Kr in Fig. 92. Vie ld spectra are

stiown for a immber of f i l m tbicknesses (SC11WENTHER et al. 1900). Direct emia-

siot i aL the s u r f a c e is fo rb iddun encrget ically. KOCH et al. 1974, OPIIIR

et .11.1975 and PUDE W I L L et a l . 1 9 7 5 have ear l ie r asaigned similar extr in-

sic pl ioioemission in pure solid Ne, Ar and Xe to the exciton d i f f u s i o n

to tlie gold Substrate (tlie emitter electrude), followed by electron

ejec t id» f rom the electrode. Üeveral a l t e r n a t i v e in te rpre ta t ions , such

äs i tnpur i ty e f f e u t s , n u n L i n e a r optical processes, ionizatiou of exeitona

near tlie sur face and long ränge energy t r ans fe r from a trapped excited

d ia tomic moleuult ; to tlie gold sur face coutd be e l iminaLed . The experimental

«InLa tu r pure Xe, corrected fyr ref lect ion e f fec t s and direct emission

f r o m t l ie Substra te were analyzed in terms of an exciton d i f fus ion model,

involving tompet i t ion belween energy t ransfer to the Subst ra te and decay

of inoliüe exc i tuns (Ol 'UIR et a l , 1 9 7 5 ) . Tlie photoemission yield Y is

expressed äs Y = F ( ( , L , u , d ) wliere L is the escape length of the electrons

(SrcLion 7). L is measured Liidependently, a ia the absorption coefficient,

and d is tlie f i l m L h i c k n e s s , wl i i l e the d i f f u s i o n length t is given by

eq. 6 .44 , From the th ickness dtpendence of Y (Fig. 93) at eeveral plioton

encrg ios a d i f f u s i o n I c n g t l i of l = 300 X was deteroiined for solid Xe,

S i m i l a r y i e l d mcasurerneuts and the same kind of aiulys is have been repor"

ttd f..r H«.' ( r i J U K W l L L t:t a l . 1 9 7 5 ) .

R f t u r n i d j ; to the caso of so l id Kr (Fig. 92, SCHUENTNER et al. 1930) we note

tb.it t l ie r a re gas f i l m is t ransparent for energies below 9.8 eV. The

small p l ioLoelect ron y i e l d repreaents the escape probabi l i ty for electrons

f ram the Au s übst, rate. The s C rong iucrease of Y for plioton energies in tlie

Kr e x c i t o n rogion abuve 10 eV is due to the energy t r ans fe r to the Subs t ra te .

The absolute value oE the yield inditatea an efficiency for electron

emiasion due to energy transfer of 0.3 - 0.5 electrons per exciton comparcd

with the direct photo yield efficiency of 0.03 - 0.05 electrons

per photon. A similar high efficiency is observed in the Penning ioni-

zation at mätal surfaces by metastable rare gas atoms (e.g. DUNN1NC et al,

1975). These large efficiencies agree with calculations for the interaiticn

of a metal surface with a dipole in front of it. Tlie interaction mecbanisin

is in this case the coupling of the dipole near field to surface plasmon

roodes (CHANCE et al.1976). 1t is interesting to note tb.it the quantitative

analysia of the extrinsic photoenüasion from solid Kr (SCHUENTNER et al., 1980)

shous a pronounced energy dependence of the diffusion length (Fig. 94 ). Tlie

diffusion length rises from t = 30 X in the low energy tail of tlie n = l

exciton to t ** 300 Ä for the u - 2 exciton. It ia intriguing to intjuirc

whether this monotonous iucrease of t does reflect a transition trum in-

coberent strong scattering motion at low energies to coberent motion at

higher energies.

An independent aource of Information concerning the dynamics of free uxcitons

in BUS was obtained from exciton induced impurity photoionizalion. For dilute

impurity states three intrinaic photoemission mecbanisms can occur: I. Uirect

excitation from the impurity above its threshold for E . * E < E _..

2. Impurity photoemission resulting from excitation of tlie host excitonic

series for E . < E < E.„L. 3. Intrinsic photoemission from the host matrix
n=l — fh

at E > E„. .

Exe itoa induced impuri ty photoionizat ion in RCJS was f i r s t s tnd ied by

OPH1R et a l . ( ! 9 7 4 ) for C,H, in solid Xe and subsequently cxtended tu d i l u t e
o o

rare gas impur i t iea in RGS by SÄHE et a l . ( l 9 7 4 ) , OPHIR et a l , ( l 9 7 5 ) and

et a l . (1975) . Benzene in solid He, Ar and Kr matrices were a L u d i e d in

photoemission yield exper iments by 11ASNAIN et a l . ( ! 9 7 7 ) , w l i i l e photoelt-ccnm

energy distribution measurements for C,ll, in solid Ar, Kr and Xe liave been
D O

reported by SCHWENTNER et al.(l978). In the following we limiL our discussion

to the photoemission results obtained for rare gas impurities in rare gas

matricea.



Tlie pbotoelectrun yteid sptctra for Xe a t ums in Ar matriceo are sliown

äs an example L n Fig. 95. At photon energies below 12 eV Lhe matrix is

transparent and electrons from the Au Substrate and from the Xe guest

at-oms are emitted. Both cout ribut ions are small at all Xe concent rat ions

uj> LO IZ. At photon energies between 12 eV and 13.9 eV l igln is absorbed

\>y excitona of llie Ar matrix. llence tlie yield frum the Au Substrate and

from d irec t abeorption by Xe guest atums i s reduced. Nevertheless the

yield increases. Tlie observed larger yield in this ränge originales

frum the creatii>n of liest excitons (n=l , l', 2 ...). Siuce these exci-

tnns lie below the vacuum level uf the matrix, direct pliotoemission is im-

possible. Tlie explauation for the photoelectron yield and its strong in-

crease viith Xe concentration is energy transfer of Ar excitons to Xe gnest

;itoms loadiug to ionization of tlie Xe atoms. The amall roaxiraa in pure Ar

,110 due to energy Lransfer of Ar excitona Lo the Au Substrate. Abuve h v =

11.9 eV direct photoemission of the Ar mairix causes a furtlier steep

iiirrease of the yield. In Tahle 25 tlie matrix exciton energies and the

energy of the emission banda are compared for various Systems together with

tlie tbreshold energy E . necessary for electron emission from the guest

levels. Tlie octnrence of energy trausfer is marked. The esaential result

from tlicse experiments is Lhat in all RGS matrices electron emission Starts

wben the energy of primarily excited excitons just exceeda the threshold

for pliotoemission <>f tlie guest atom. For Ar and Kr matriues the lumines-

conce emission bauds lie below this threshold.and energy transfer from

ttapped excitons cannot lead to photuemission. From the observation of

electron emission due to energy transfer in these ayatems (see Table 25)

wo cunclüde that also free excitons are reaponsible for the energy transfer

procesa. Tlie high yield (Fig. 95) for Xe in Ar proves tliat at high concen-

trations lliis is the dominant transfer process (see alao section 6.13.2). By

fi 11ing the concentration and tliickness dependence, diffusion lengtha have

been dürived. Ue note tliat in a Ne niatrix both the energy of the free

exciton and of Lhe selftrapped exe i tuns exceed tlie threshold energy for

guest ionizatiüii (l'llDKHfl.L et al.1977)-

Some related additional information regarding exciton dynamics was obtained

from energy transfer to boundacies of RUS which are containinated by impurity

nn>lecult;s. Such processea which are important for luminescence quenching,

cesult in minima in the energy dependence of the luminescence effitiency of

R(-S (i-nig. 96) which coincide with the exciton energies (NACASAWA and NANBA

197'., NANHA and rtACASAHA 1974, ACKKHMAN et al.!97o, CERII.'KK 1976).

Unfortunately, an unarabignous Interpretation of these results cannot be

provided (ACKERMAN et al.1976) aa the energy dependence ot the lumines-

cence efficiency can be accounted for both in lerms of diffusion o£ free

excitons äs well äs by FÖrster-DexLer transfer from localized selftrapped

excitons.

In Table 26 we have summarized the availabie results for the diffusion

lengtha of "free" excitons in RGS. Froni these results it is apparent tliat

the diffusion length t considerably exceeds the lattice consiaiit. To obtain

a rough estimate for the diffusion coefficient of free excitons in solid

^12 2 - 1
Ar, Kr and Xe we take t ̂  10 swhich results in D ̂  0.2 - l cm s

(eq. 6.44). The question whether the exciton tranafer process is diffusive

or coherent has not yet been answered definitcly. However, the experimcntal

results Support the notion that exciton motion is diffusive and hence

all authors have analyzed thei r experiments within a diffusion modo l, The

excitons can be scattered by phonons and crystal imperfections such äs

grain boundaries. An extensive discussion by FUGOL (1978) arrived at the

conclusion that the diffusion lengths derived from the experiments reporLed

so far are limited by acattering of the free excitons by crystal imperfections.

6.13-2 Compe t i t ion be t wcen Re l a xa tijjji and Energy Transfer

Photoelectron energy distribution measurements (EDC's) 011 RtJS luve bt-en used

to study exciton dynamics, energy transfer and relaxation proccsses (SCHWENTNKR

and KOCH,1976, SCHWENTNER et al.,1978). Detailed information concerning the

competi t ion of relaxation and energy transfer has been derived from t liese

experiments. From yield spectra primarily threshold energies für the various

processes can be derived, From the analysis of the kinetic energy of emitted

electrons toghether with the known vacuum level the transferred energy is

determined directly in EDC measuremente.EDC's from thin films of solid Ar

and Ne each doped with \7. Xe have been presented by SCHWEUTNER and KOCH (1976)

for several photon energies. In Fig. 97 an overview of EDC's für 1% Xe in Ar

is given. On the right liaud side the counting rate is plotted versus the

kinetic energy of the emitted electrons, whcre zero corresponds to the

vacuum level. The spectra are sliifted upwards proportional to the increase

in photon energy. In this display, the diagonal lines ccimiect tliose stnu-ttires



- Ufa -

in difterent EUC's wtiicli are due to tlie same initial state (see insert).

Tlie crosses in the lelt liand curve sliow the total nutnber of electrons

emitted at a givfu photun energy. Tliey are eompared with a total yield

ctirve of l Z Xc in Ar. At ehe luvest photun euergiea (hu - M eV and

1 1 . 5 eV) only Xt> aioms can be excited in tlie film and the EDC's correspond

to tlie npper Xc 5p level. Tliia state and iis spin orbit partner Xe 5p,,-

are sei-n in all spectra up to hv =• 19 eV. At these latger photon energies

mainly electrons frum the Ar 3p valence band contribnte to the EDC. In the

phoion energy region, uliere the n-l, l', 2 and 2' utates of Ar are excited,

the li>(al emission rate (left liand side) shows strong maxima due to energy

transfer to the (-uest atoms, äs has been described betöre on the basis of

yicld spectra (see Fig. 95). The EDC's in tlie excitonic region are sliown

on an enlarged scale (Fig. 98) using the same kind of display. Upon excita-

tion at tue n=l and n' = l exciton of the Ar matrix, the EDC'e ahow the same

et nie ture at the same energy posit ion äs i £ the Xe atoms would have been

exi-ited directly by phoLuns. The energy ia transferred by Ar n-l excitnns

before relaxation to selftrapped excitons. Tlie difference in kinetic energy

for Lhe spectra fur n=l' and n=l excitons also excludes relaxation from

n=r to n^l betöre energy transfer. For the n=2 and n«2' excitons of the Ar

matrix again the maxima of the Xe Sp staLes appear in the F.DC's at kinetic

energies indiiaLing energy transfer from unrelaxed n=2 and n=2' excitons,

liiere is an additional maxinium near the vacuum level which is attributed

LO energy transfer from selftrapped n=2 excitons. Thie maximum cannot be

cxplained by transfer aftcr relaxation to n«=l and ii'-l excitons.

The sitiiation is ejuite dift'erent for Xe in Ne. The EDC's in Fig. 98 are taken

für pluiton energies corresponiiing to populntion of Ne n=2, n-l excituns

and al a siimowli.iL lower energy for direct excitation of the Xe guest alonts

(liu = 16 eV). In Lhe latter spectrum emissi.in from the two spi» orbit split

(üj,,)) Xe 5p states situated in tlie band gap of Ne is observed. The Xe 5p

states are well teprodm:ed uhen the energy is transferred from tlie Ne n=l

exciton (liv - 17.5 eV) to the Xe atoms. Ilouever, there is a shift of =0.7 eV

of thu total spücirum to lower kinetic energies indicating some relaxation

either l" Lhe ime center selftrapped exciton or to the high vibrational

levels of tlie two center seiftrappt-d exciton before energy transfer.

The striking observation is that in the EDC obtained by exciting Llie

Ne n=2 excitons more than 1 eV are missing. The electrons have Llie s;inte

energy distribution äs for excitation of the n=l Ne excitons. Ihis oli-

fiervatiou indicaLes a complete relaxation of Lhe n=2 excitons to n^l

excitons and dissipation of an energy of raore than j eV before tran^ler.

These data illustrate the power of EDC measnremeiiLs yielding diiect

Information about the state of relaxation before transfer. A Linie acale

derived from these experiments for tlie competition uL relaxation and

traasfer procesaes ia givcn in Table 27.

Electron energy distribution measurements of electrons prodnced by enorgy

transfer from Xe, Kr and Ar husts to benzene moleculea were cumlucled by

SCHWENTNER et al.(1978). The spectrum of kinetic energies shous th;H energy

transfer from unrelaxed host excitons in all three matricec is an efficient

process.

6.13.3 Energy transfer betweeu localized states

Generally, in optical emission spectra from Jilute rare gas alloys

(see aectiona 6,9 and 6.11) tlie Information cuncerning the primarily trana-

ferred energy cannot be recovered, since non radiativc relaxation priu-esses

are fast on the time scale of the radiative decay. KuiLhermure, both t ree

and localized exciton can in principle coatrihute to the emission s in t: u the

threshold eaergies discriminating between both in EDC lueasuremoiits are mit

relevant for these processes. The energy transfer from localized H i-«nters

of tlie host to the impurity occurs via the FÖrster-DexLer n«M-lianisni (KURSIER

1948, DEXTER 1953). It is determined by the strength öl donor-ncceptor

dipole-dipole coupling and by the spectral overlap between Lhe Juno r emission

and tlie acceptor absorptioa. Tlie transition probabLlity für tlie elecLronic

energy transfer process at the donor (D)-acceptor (A) separaLinn K is

W(R) - u (6.̂ ,5)

R

a is a nnmerical constant, (i(A) and |i(D) are tlie eleuLronic t ransi t tun

moinents for the acceptor absorption and the donor emission, respecrively,



v i h i l e F eorrespomls to the spect ra l u v ü r l a p func t ion

Aa ' Ite w-.«./

whi; r e t"A a(k) a»d f ^ f E ) represent the normal izcd acceptor absorption

and donor emiss ion l ineshapes, respectively. The e f f i c i e n c y of tlie ene

t r a n s f e r process can be specif ied in terras of ttie L r a n s f e r radius, R ,

wl iere tlie p r o b a b i l i t y , i.e. t he reciprocal l i fet iroc T for the decay
o *

of t l i e donor s ta te (in tlie absence of tlie acceptor), is equal to tlie

e p r o u a o i i i i . y , i.e. tne reciproc,

of t l i e donor s ta te (in the absence of t In

enu rgy t r a n s f e r p r o b a b i l i t y so Chat

„ ( U ) 2 F r _ ) ' / 6 ( 6 -47 )

Now, provided L h a t the major cont r ibu t ion lo T or ig ina les f rom radiative

decay , äs is the case f ü r the R centers , the t r a u s f e r radius 19

/ T O V l /£A3 ,.,2 \6
- M ij (A). *" ~~~~

on
(6 ,48)

where A is tlie (mean) uavelength for tlie donor emission. Thus R is
q

cssen l ia l ly Je termined Ly tlie spectral over lap funct iou .

b'or a tomic impnr i ty s ta tes in solid Ar and in sul id Kr e f f i c i en t spectral
y

ove r l ap between the R emission and Üie acceptor absorption is e f f e c t i v e

fur Xe impnrity in solid Ar and in solid Kr, äs is evident f rom Fig. 99.

4 u a n t i t a t i v e emission studies of these electrcmic energy t r ans fe r processes

(UlhSHOVSKY et ü l . , l 9 7 2 a , I 9 7 J U ; CEDAMEN et al.,!973a) wure couducted and

n i i a l y s e d accord ing to FüRSTbK's (1948) fo rmula

( 6 . 4 9 )

(6.50)

whcre n is tlie dniior emission quantura yield and n = n° at the acceptor

Content rat. iun C=0. A typi,-al plol of i| for the Xe/Kr System is portrayed

in Fig. 100. The R values tlms derived are sunmiarized in Table 28

together with some theoretical data based 011 eq. 6.48. Tlie temperamrc

dependence of R in the Xe/Kr System originates from the tempernture

dependence of the position and uf tlie width of the X*^ atomic impurity

band in solid Kr.

Electronic energy transfer to molecular impuri ties in BGS was studied

utilizing the benzene molecule äs a prototype (Ol'HIR et al.,1974, SCHWKNTNER

et al.,1978, ACKERMANN,1976, I1ASHAIN et al.,1977). Tiie rulevant energy luvels

and transitions for the free rnolecule and C.H, in Ar, Kr nnd Xu inntriccs are
b b

depicted in Fig. 101. I1ASNAIN et al-(l977a) measured the depi-nJeiu-c of t!ie

luminescence intensity in the benzene emission bands on the excit.ition

energy. The intensity is mucti higher for excitation of linst excitims t ha n

for direct excitation of benzene rnolecules in the transparent region i>f

the host äs is demonstrated for benzene in a Kr matrix (t'ig. 102). Evidently,

energy transfer from the host to the guest molec.ules takt-s placc, an obser-

vation, made for all rare gas m.itrices.

ACKERMANN (1976) estabüshed that the ratio of host emission intensity to

guest emission intensity (Fig. 103) is quite insensitive to changt-s in the

surface quenching rate. A careful study of the concentration and thickncss

dependence of host and guest emission eff iciencies in the exci tunic reginn

of the rare gas host indicated that for benzene in Xe and Kr matr i ets t he rt

is an important contribution of selftrapped excitons to tlif? energy tr.inslur

for all host exciton states yielding a critical Forster Dexter radiuH of

28 - 29 8 in a Xe matrix and 2) - 22 Ä in a Kr matrix.

In these studies it was difficulL to sort out the rnntribut ion of electronic

energy transfer from Ereu exciton states of the hust and that from trapped

excitons. Energy migration from localized donur to a moK-cnlar acieptor in

RCS was explored in the study of energy Lnmsfer frinu Xe atoras to benzene

molecules when both partners had been embedded in an Ar matrix (ACKERMANN,1976).

Botli centers are fixed in the Ar lat-tice and exciton diffusion is exclnded.

The transfer mechanism i s exclusi vely of the Förster Dexter type, Ag.-iin the

intensity in the emi ssion bands of both Xe and (',11, has been measnred (Flg. 104 )



after excitation of Xe exciton states. Höre details of the line ehape

sliow up in the excitjtion spectra of the three emisaion bands at 1640 A,

1160 % and 1250 8 of Xe atums in Ar matrix. The analyais results in a

Förster Dexter radius of 24 X . Für the relaxation frum n-2 -+ n-1 a rate

JÜ "l
|.2 x 10 was obtained.

F i n a l L y , we inen L i OH b r i e f l y e lec t ronic energy transfer between localized

atateß in l iquid rare gasea. Electronic energy transfer between Ar„ and

Kr dmior and Xe acreptor in l iqu id rare gases was studied by CHESHNOVSKY

et al. ( l 97 t) . In the l i q u i d phaise iitasa d i f f u s i u n lias to be considered.

The r e l a t i v e donor eroissioi i y i e l d of Kr, für ; .

thf Xe l i q u i d Xe/Kr systew exhibi ts a l inear dependence on tlie Xe impurity

coLicL-n t ra t iu i i . This bdiauior is d i f f e r e n t from that of the Xe/Kr solid

• i l l o y s ( F i g . HX)) and uan be accounted for in terms of a simple kinetic
- 1 9 3

sclifme witli a rate constatit k „l = 6 x 10 cm whicli. with the value
- 6 - 1 E *

in ;(, 10 s lor the radiative decay of the Kr state, resulta in

Tiie approximate theoretical treatment of YOKOTA

ainl TANIHOTO (1967) ilcraonslrated that tlie energy transfer process in the

liquid can be expressed in tliis case by a bimolecular rate constant.

llien the rale constant k for eleclronic energy transfer is

-13 3 -l
k = 6 x 10 CRI s

-0.5. - 4„(.l6i-V/4D'3/*
q o

(6.52)

W i l h the date i = 10 s and the relative diffusion coefficient D

of tlie donor acceptor pair U* - IU cm s~ (CHESUNOVSKY et al.,!973b)

and thp experiraeuLal value für k„.„ a transfer r a d i u s R • 24 A in the
ET q

l i q u i d was c j l c u l J t e d . This va lue iö in agret-nienL w i t h the value R - 21

l rom eq. 6 .45. Thus t l ie euergy t r a n s f e r process between localized states

in the l iqu id i n vu l v t-s a long r;mge elect roiiic energy transfer process

roupleil wi Lh d i f f u s i v o m o t i u n .
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7. Electron transport and^ electron-liole pair creation processes

Electronic transport properties have been treated in Chap. 18 in Vol. II

of this series by SPEAR and LE COMBER (1977). ITiey discussed the resnlts

of electron and hole mobil ity measurements in solid and liquid rare

gasee. In mobility experiments electrons or holes are accelerated in

an external electric field. Due to the strong elastic and inel.istic

Bcattering croes sections, which allow only mean free paths of the order

of some X, the mean kinetic energies of the electrons in the conductinn

band are restricted to energies belowow l eV (see Table 29). In this

section we report on results for electrons with kinetic energies of

some eV's up to MeV's obtained by different techniques.

In a crystal electrons will interact with the lattice by creation or

absorption of phonons. The energies of the acoustic j'honons (<^ 10 meV)

(Table 2) in RGS are small, compared to electron energies of soine electron

volta. In the experiments reported here changes in the electron energy

by stngle phonon Bcattering events are not resolved. Therefore, electron-

phonon scattering is described by an excape depth. Tlie escape depth l

is given by the mean distance after which the electron is scattered below

the vacuum level of the sample or is trapped and can no longer escape froin

the sample into the vacuuia.

Inelastic interaction of the probing electron with electrons of the crystal

IB described by an electron-electron scattering length L. In an inelastic

electron-electron Bcattering event a eecondary electron has to be excited

in an allowed state above the occupied valence bands. Due to the large

band gap, the minimal energy losses will be of the Order of some cV's. Un-

scattered electrons have been separated frora scattered electrons in energy

distribution measurements of photoelectrons. Tlie derived scattering length

l, represents the mean free path between inelastic electron-electron

scattering events. The relevant Bcattering processes for different

energy ranges following photoexcitation are sketched in Fig. 105.

The energy of high energetic electrons will be diminislied by subsequent

electron-electron and electron-phonon energy losses. For each electron-

electron energy loss a secondary electron is excited from the valence band

to an excited state and either a free electron-hole pair or an exciton,



i .e . a bound electron hole pair, lias been created. Tlie accumulation

of lioles and excited electrons is dc'Scribed by a mean energy W which

corresponds to a inean value N oE free electron hole pairs for a primary

energy E :

For practical purposea, when the charge accuroulation is used for detectors

one is also interested in the r.m.s. fluctuation of the nurober N of pairs

jiroduced whicli is characterized by TfS w* th tlie Fa"° factor F (FANO 1947) .

The study of ttiese processes in RGS can provide new aspects, for example,

conceming tlie socalled "universal curve" for the electron-electron

scat ter ing length L (see e.g. LINDAU and SPICER 1974). Tlie threehold

energies and the energy dependence tiear threshold of electron-electron

scattering can be a model case for insulators in view of the large band

gaps and the prominent excitonic structure in RGS. Further, because only

acoustic phonons wi t t i small energies and no dipole moroent are preeent in

RGS of fcc structure, both tlie energy loas per electron-phonon scat ter ing

event and the cross-section are expected to be small. Therefore, I may

reach rauch larger values than comroonly abserved in other solids.

F i n a l l y , electron energy loss processes are essential for a nicroscopic

descript ion of light and particle excitationa in RGS. In many investigations

(see e.g. Sections 2 and 6), high energetic part icles, such äs x-rays, n-particles

and e l e c t r o n s are used äs exc i t a t ion sources (see e.g. KUBOTA et a l . , I98Ü) . tttst

of tl ie p a r t i c l e energy is converted to l i ighly excited electrons. The s lowing

down of these electrons and the f inal par t i t ion ing of energy into phonons,

luminescence l igh t and slow electrons shall be described here. In this

contex t , we also mentJon the differences observed in branching ratios for

e lect ron and a-particle exci tat iun. They have been a t t r ibuted to inter-

act ion of excited States due to the high d e n s i t y in the a-particle tracks

(KUBOTA et al. ,1977, CARVAI.ilO and KLEIN, 1978). A fract ion of the deposited

energy can be reemitted in the form of x-rays. This conversion ef f ic iency

shows a raonotonic increase wi th the atoroic numbor Z (e.g. FINK and

VEHIIGOPALA 1974) , but considering the high density of the solid and l iquid

pliasc, reabsorption tias to be taken into account.
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For application purposes in high energy particle detectors l iquid rare gases

may be even tnore su i tab le tli;m sol id rare gases, because t h e y combi ne

the advantages of the electron scattering mechanisms in RGS, which are

similar in liquids, w i th less preparation problems (e.g. the t rapping

of charge at grain-boundariee). For par t ic le detect ion either tlie

lumineBcence light Output (Sect. 6 , KUBOTA et al. 1980) or the ainount

of Charge collected by an external field can be used äs a signal. The

quantum efficiencies for both processes are expected to be h igh because

of ueak nonradiative quenching. Tlie scattering in the mean immber of

charge per deposited energy should be small (i.e. stnall Fano f ac to r ) .

Finally, due to the very high mobili ty of electrons in RG solids and

liquide, the response is expected to be extremely f a s t . Some of the

basic reeults fundamental for the development of fas t high energy pa r t i c l e

detectors with high e f f i c i e n c y and high energy resolution using rare gas

l iquids will be diecussed here.

Af t e r a short compilation of basic concepts descr ib ing electron-elecLron

scat ter ing (Section 7 .1 ) , experiments providing Informat ion about electron-

phonon scattering l are discussed (Section 7 .2 ) . The threshold behavior

of electron-electron scattering (Section 7.3) is basic for the charge

mult ipl icat ion processes (Section 7 ,5 ) . Further, results for the energy

dependence of the electron-electron scattering length L are presented in

Section 7.4.

7 . l Concepts for the_descript ion of electron scattering

Theories of the inelastic scattering of electrons w i t h atoms go back to

BOHR (1913, 1915) and BETHK (1930). They have been m o d i f i e d for the so l id

state f i rs t by FERMI (1939). Here we wil l only summarize the background

for understanding experiroental results obtained for solid and liquid rare

gases and refer the reader to the many reviews of t h i s subject.

The theoretical fratnework is quite elaborate for energies of primary

electrons large compared to the energy losses, i .e . when the f i rs t Born

approximation holds. The d i f fe ren t ia l scat ter ing cross sect ion per atom

for an energy loss t>m and momentum t ransfer q can be expressed by:



dw
r ' 7
[e (w. q)J

(7 .2)

wlicre N is the density of a tums, v the veloci ty of the incident electron

and s:(u:,q) tlie complex d ie lec t r ic constant. The connection of optical

Exper iments and electron energy IOBS experiments is given by Im ( ! /E (u i , q ) )

in the "optical l i r a i t " of liero momentum t ransfer q. For RGS it haa been

discussc-d in Chapter 1 7 of Vo l . II of this eeries. Following, the treat-
2

meiit of POWELL (1974) the attenuation length d u/du-dq can be integrated

for a l imi i ed energy loss ränge, corresponding to a particular excitatlon

prticess n wit l i rauan energy flE by introduciug the generalized oxcillator

strcngt l i f (q). Tlie Integrat ion concerning tlie moroentum t ransfer q

requircs in p r inc ip l e the <j dependence of f (q) which is d i f f i c u l t to

ob ta in . Therefore, f (q) is replaced by f (0) and s constant C accounts

for tlie f u n c t i o n a l fo rm of f „ ( q ) :

In
AE

(7.3)

For plabmon excitation, for example C will be unity. Using the cross-

section o for speci f ic excitat ions n and taking C*l, an approximate

express inn for the total inelas t ic scattering cross-section o can be

w r i t t e n in the form:

(7.

If the speetrum of charac te r i s i i c exci tat ion procesaes, which would for

exan ip te cuna i s t of tlie K, L, H .... «hell excitations and plasmonB and

tlie corresponding osci l l a t o r strengths f (0), are not avai lable , tlie

encrgy deptMidence of tl ie s i a t t c r i n g cross-sec tions can be estimated from

AE:
In

4E- ( 7 . 5 )

N. is tlie nnmber of e l e r t r o n s in tlie i th ahel l avai lable for exci ta t ion
i

and AE. in an average e x c i t a t i o n energy which w i l l always be greater Lhan

the c o r r e s p o n d i n g b i n d i n g energy. In this equa t ion , d i f fe rences between

the gas phäüe cross-sec t ioii and u in tlie s u l i d pliase can only be

- 135 -

accounted for by d i f fe ren t average b ind ing energies A E . , and t y p i c a l

solid state e f f e c t s l ike plaamcms do not appear e x p l i c i t l y .

BATTYE et al. (I97A, 1976) liave stiown for typical insulators like alkali-

halldes and AI 0 that the atomic Ionisa t ion croes-scction describes Lhe

experimentat results wi th in the linrits of the experi ntental accuracy q t i i t e

well. In general, etnpirical formulas are applied which f o l l o w tbe ca l~

culations by BETI1E (1930) and e.g. RUDGE and SCHWARTZ (1966) . lliey use

the following ansatz for eingle Ionisation of ttie ith subsliell ;

(If) for E > P; (7 .6)

wi th an empirical conatant a. and the Ion i sa t ion potent ia l P . . V a l n e a for

the constants and tabulated stopping powers froiu l KeV to 100 KoV are

given by BROUN (1974). Tlie total atomic Ion isa t ion croes-scction fo l lous

from

oT ' ? o; ( 7 . 7 )
1 i *•

These formulas are val id only for electron energies l arge compared to

tlie ionisation potentials. LOTZ (1967) has presented a tnodif iud f o r m u l a

with three free parameters a. , b. and c. which descr ibes s a t i s f a c t o r i l y
r l* i i '

the atomic Ionisation cross-section also near threshold and up to eome KeV;

(7 .

2
with o in cm . The constants are listed in Tablo 30.

The mean free path L for electron-electron scat ter ing in the so l id phase

is catculated from the total atomic ionisation cross-sec lion by

L ( E _ ) (7 .9 )

with the atomic weigtit A, the density j1 and the l.osclimidt number L.

In Fig, 106 tlie calculated energy dependence of I .(E) for Ar is shoun in

tlie reglon of 10 eV to IOOO eV nsing e.q. 7.8 and 7 .9 , the gas phase

ion iza t ion energy P and the constanls listed in Table 30. In the solid

phase ttie tlireshold energies are lower äs in the gas phaso. Thcrefore ,
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I.(E) also been calculated for Xe, Kr, Ar and He (Fig. 105) by

replac ing P by P . 1 . ?• ' (Table 30) ig ttie energy of the IowesL

exciton ( n = l ) which, aa wil l be discussed later , ia the most probable

tlireshold for scattering (SCHWENTNER et al . 1973, SCHWENTNER 1974, I976b) .

In tliis approximation the influence of the par t icular properties of the

solid phase on the scattering process is neglected. ü i f f e r e n c c s between

the solid state cross-section and the a tomic cross-section are expected

to show up strongly near tlireshold. For this region a d i f fe ren t approximat-

ion has been proposed. In the solid atate description a priraary electron

ui th momentan k and energy E wi l l be scat tered to the momentum k' and E f

by exc i t ing a second electron frora the valence band wi th k" and E" to k"1

and E" . Momentum conservation requires

k - k' - k" - k"1 * k
«

and energy conservation requires

E - E1 = E" - E"'

(7.10)

( 7 . 1 1 )

uliere k is a principal lattice vector (which may be zero). This problem

has been fonmilated by DERGLUHD and SPICER (1964) and an extended calculation

for silicon has been given by KANE (1967). The u n t r i x elements are obtained

from a screened Coulomb interaction wi th a frequency and momentum dependent

d ie lec t r i c function. Tlie dens i ty in k space for all relevant k vectore

fy l lows frora the band structure. KANE confirmed by liis calculation that

the cumplex scattering problera can be strongly simplif ied without changing

the nt imerical resul ts signif icantly by ignoring the restrictions due to

mimentuDi conservation. This siniplif ication works because of the averaging

e f f ec t of the large variety of posaible scattering events contr ibut ing

to l.(E). The transition probability P (E, E1} for scattering a primary

elect ron at E to a louer energy E r is then given by an Integration over

several densities of stales:

( 7 . 1 2 )

VB

wheree — ( E 1 ) , ff ,,_ (E'"> are the f i n a l densities of states of the
L D -J l, H

primary and secondary electrons respectively (E") is the init ial

densily of states of the secondary electron and M is the m a t r i x eleroent.
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The inverse lifetime or total scattering probability P(E) follows äs:

P(E) - fp (E, E1) dB1 (7.13)
J G

and the rnean free path L (E) :

L(E) - v (E) /P (E) ( 7 . 1 4 )
B

uhere v is the electron group velocity. SCHWENTt£R (1976) proposed a

further simplified evaluation for rare gas solids in the region near

threshold. Tlie matrix element has been taken constant in the limited

energy ränge of/» 10 eV above threshold, the uidth of the valence hands

has been neglected for the Integration of E" and parabolic condut tion

bands have been uscd

CB <E-EG)
1/2 (7.15)

where E., is the gap energy. Then the integrations can be solved
0

analytically yielding

and

P(E) • C(E-2EG)

L{E) - C(E-E ) (E-2E_)
G l»

-2

(7.16)

(7.17)

with a free parameter C. The assuniption of parabolic condnction bands is

reasonable for the lower s type conduction bands. Tlie* structures due to

the higher lying d bands (see Section 3) may be soiearcd out . Tlie strong
excitonic structures w i l l change both, the density of states and the

scat ter ing threshold äs wi l l be discussed in Section 7 .A .

Tlie scattering of electrons for mean kinetic energips smaller tlian^l eV

has been treated in Chapter IS in Vol. II of th i s series using the results

of mobi l i ty measurements (LE COMBER et al. 1976). Tlie cross-sections in

the solid and l iquid phase are nearly Identical , therefore, it is su f f i c i en t

to discuss here the results for the l iquid phase. For the mean free path

the densi ty change has to be considered which causes d i f ferences in the

mobi l i t ies for sol id and l iqu id phase. Electrons in the conduc l ion bands

can be treated äs free electrons. For low electric fields the t'xperimental

results have been excel lent ly predicted by the theory of LEKNER (1967) .

This theory gives the mean free path for both, the ent-rgy loss j\. w lü rh

corresponds in our case tu inelastic electron-phonon sca t te r ing and for tlie

momentum transfer -A~. which means e l a s t i c scattering (C01IKN and I.ECKNER

1967) (see Table 29). At higher f ie lds the mobility saturates, This has



been ascribed to changes in tlie effect ive mass of Lhe electrons caused

by strnctures in the conducliou bands. The l imi t i ng average kinetic

energiee of about l eV are reached for elcctric f i e l d strengths of

!05V/cra (see LE CÜMBER et a l . 1976 and YOSHINO et al. 1976).

E lec t ron phonon sr.attering is the dominant process at least up to the onaet

of inelastic e lec t ron-e lec t ron scatteting around 10 eV (Fig. 105 and

Table 30). Above abouL l eV theoretical cross-sectiona for electron phonon

scai ter ing are »ot avai lable for RGS. For other insulators such äs

a lka l i lu l ides tlie energy dependence of the electron-ptionon mean free path

lias been calculated for optical plioiions e.g. by LIJVCER and GARUIN (1969)

y i e l d i n g an approx imate ly l inear increase of the ine a n f ree path w i th

electron k inet ic energy. Typical experiraental values for alkalihalides

scatter between 10 X and 100 A. For the interaction oE electrons wi th the

acoust ic phoiums of RGS's s imilar ealculationa are not available. Therefore,

only the scarce experimental data presented in Section 7.2 can be diacuased.

For larger energies electron-electron scattering becomes an additional

and important mechanism. In order to explain the diaaipation of the prlmary

energy by successive electron-electron and electron-phonon acattering

eventa, the energy and space d i s t r ibu t ion of the avalanche of primary and

aecondary electrons has to be evaluated. This is a prob lern encountered

in all photoemiasion experiments (see e.g. CARDONA and LEY 1978). Several

a t t empta have been made in analys ing photoemission data (e.g. BERG1.UNU and

SPItER 1964, KANE 1966) us ing empir ical models, tonte Carlo calculations

and otlmrs. Fur thermore , a var ie ty of empirical fonnulaa have been developed

to descr ibe the deposit ion rate of energy versus penetrat ion depth in cathode

Inminescence work (e.g. FANO 1940, KTNGSBLEY and PREHER 1972).

A q u a n t i t y wliich is relevant for energy deposition is the average energy W

necessary to cruate an electron hole pair (eq. 7 .1) . In eemiconductors an

empir ica l re la t ion betweeii W and tlie band gap E is known (AI,IG and BLOOM
(j

1975) uhich has been explained in the free part icle approximation using

conservation of eiiergy (SHOCKLEY 1961) and of momentuni (KI£IN 1968). It is

assuim'd that äs long äs energet ica l ly poseible the electron energy is used

to c r ea t e electrons and holes. F i n a l l y , below a thteshold energy EM the

energy is i n s u f f i c i e n t for exc i t ing another eloctron hole pair. Then the

remaining excess energy above E is lost by phonon emission. Since W niust

be the B um of the band gap energy and the mean excess energy of elt-rtrons

and holes we get, with the density of statea proportional to /E in the

free particle limit:

- EG + 6 EH/5 (7.18)

When both energy conservation and raoroentum conservation are f i i l l y f u l f i l l e d

n \j

and the general relation for semiconductors follows äs:

W = 2.8 E„

(7.19)

(7.20)

Thia relation has been applied for solid and liquid rare gases (see Chapter

Iß in Vol. II, HOWE et al. 1968, and Table 3l).

In a series of careful investigation, the evaluation of Shockley's formal a

has been modified for liquid rare gas es (DOKE et al. 1976). In this case

exciton excitation (bound electron hole pairs) ia an energy loss process

competi tive to free electron hole pair creation and has to be incorporated

in the mean energy W (PLATZMAN 1961):

W - E„ + E (N l
G ex ex

dE ( 7 . 2 f )

In addition to the exciton losses with a mean exciton energy E and theDt cx

ra t io of the number of excitons to the number of electron hole pairs

(N /N ) both derived frora optical data, fu r the r essent ia l changes have to be

noted: The hole kinet ic energy has been accounted for hy adding h a l f of

the valence band width to E uhich explaina the mtssing fac to r of 2.
L»

The free particle dens i ty of states (^E has been replacod by t l ia t de r ived

from the band s t ruc ture . Höre important, the mean excess enargy E IMS

been replaced by E , i.e. the energy of the lowest exci ton, because momeiitutn

coneervation has been ignored. These calculated values (Table 31) are

approximately a factor of two lower Chan those derived from the e r a p i r i c a l

law for semiconductors. We shal l re turn to this point wlien d i scuss ing the

experimental dala. We note that DOKE et al . (1976) have also ca lcula ted

the Fano-factors (FANO 1947. see eq. 7 .1) for rare gas l i q u i d » .
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7 . 2 Electron-phunon BcaUer ing

Elec t ron phonon sca t te r ing in RGS has been studied für electron energies

below the thresliold of electron-electron scat ter ing which means for

electrons at the bottotn of tlie conduction band up t o ü l O eV. The escape

depth l has been derived from three types of photoelectron yield

exper iments :

In tlie f i r a t type of experinient (ptocess l in Fig. 105), photoelectrona

from a metal Substrate (usually Au) are injected into an RGS overlayer

of known i l - i i k m -• d. Ute electrons are excitecl by photons with energies

smaller than the f i r s t absorption line of the RGS f i l m but larger than

the work func t ion of tlie Substrate. The yie ld of electrons penetrating

through the RGS f i l m is measured. From the thickness dependence of the

yield the escape dcptti l ia calculated. In Fig. 107 experimental results

are cumpi led . Tlie thic.kness dependence can be divided into three parts .

For very tliin f i l m thicknesses (0 - 50 S) the yield is sensitive to the

cleanliness and hence to the work func t i on of the Substrate. An increase

äs well äs a decrease with f i lm thickness both up to a factor of 2 liave

been observed. This behavior haa been a t t r ibuted to changes in the work

funct ion of the layer system. For lager thicknesses of 50 A S d * 300 A

a steep decrease in the yield is observed for Ar, Kr aud Xe. Finally,

for d > 300 A the slope of tlie decrease on a logari thmic scale becomes

gradual ly smaller. The second and third ränge can be used to derive the

escape dept t i l . U s u a l l y , an experiroental escape probabili ty for the

yield Y of the form

Y(d) = Y e " d / ' p (7.22)

has been assumed. Ev iden t ly , the results in Fig. 107 cannot be explained

by a straigtit l i ne w i t h the slope l . Equation 7.22 would be correct, ii

the electrons would be lost for detection af te r one scattering process.

Of course, t l i is model is too simple for a deacription of the y ie ld experitnents

and a number of microscopic processes have to be considered: electrons can

be scattered tielow the vacuum level in the case of Xe and Kr by successive

phonon emission. Also phonon absorption plays a role.

In Ar and Ne the vacuum level lies below tlie bottom of the conduction

band (see Seeti cm 3) and all free electrons ehould be able to excape äs far

äs tlie i r energy is concerned. Tlie decrease of the yield indicates t rapping

of electrons at grain boundaries , at dislocations and at impurit ies. An

important loss procees d imin ia l i ing the yield is elastic and inelast ic

backscattering of electrons to the Substrate. This loss can be larger

near the Substrate i.e. at small f i l m thicknesses than at largcr separa t ton

fron the Substrate. Further , when the electron is near the Substrate a

positive iraage Charge will be formed. Due to inelast ic scat ter ing

processes the electron energy can be reduced below the Ionisat ion l imi t

for the system electron plus image Charge and the electron w i l l be recaptured

by the Substrate.

Quantitative tnodel calculations to explain the thickness dependence have

not beer published. Nevertheless, in order to obtain a rough es t iuute

for the escape depth, the curves in Fig. 106 have been approximated by

straight lines in tlie region of 50 to 200 A and from 200 A up to the largcr

thicknesses (Table 32). A mean free path for inelastic electron phonon

scat ter ing can be estimated f rom equation 7.23 (BARAFF 196A).

(7.23)

Ui th a mean electron kinetic energy E of^t eV (see insert in Fig. 107)

a mean phonon energy E meV and l 1000 A a mean free p a L h of 1501

was obtained (SCHWENTHER 1976). I t shou ld be kept in mind tliat this value

can o n l y be regarded äs a crude est imate in view of the various processes

contr ibut ing to l .

In a second type of yield experiments (processes 3, 4 in Fig. 105) Llie

photoelectrons are created by photoabsorption in the rare gas f i l m (F ig . 108)

Tlie yield depends on the absorption doef f i c i en t k and the escape depth .

For isotropic excitation of electrons and for an exponential escape

probabi l i ty the fo l lowing thickness dependence is expected (see e.g,

SCHWENTNER 1976 and references therein):

Y - 4- •exp"(d (7.2/0

Interference effects and reflectivity losses have been neglected. The

calculated yield u.iing several escape depths äs a parameter is compared with

the experimental result for pure He in Fig. 108 suggesting an escape depth

of l «3500 X.
P



Oue Co the factor 1 / 2 , which resul ts from the assumptioit that 50Z of the

electrons w i l l run towarda ehe Substrate and 50Z towards the surface,

the e f f i c i e n c y ia reetr ic ted to values belrtw 0.5 electrotis per photon in

tliis simple model. For Ar (Fig. 108) an increase of the yield above 0.6

e lectruns per photon has been measured. This high y i e l d can be explained

by e i ther i n c l u d i n g secondary electrona from the Substrate or by taking

iiito account the increased density of electrona at the surface dne to tlie

absorpt ion process. Electrons reaching the metal Substrate can produce

aecondary electrons qui te e f f i c i e n t l y (PETRI 1926) . These secondary

electrons have been detected in energy distributiou measurements of pliotü-

ü lec t rons (sce Sectiou 7 .5 ) . Tlie solid cutves in Fig. 108 show f i t s for At

for two escape depths l inc luding secondary electrons w i t h d i f ferent

emiss ion c o e f f i c i e n t s $. Fnrther, the enhanceraent of the yield caused

by the nonuniform d is tr ibut ion of electrons follows from a random walk

uudel ca lcu la t ion with three d i f ferent valuee for A and 0 - 0 (dashed

l ines F i g . 108) . For thick f i lms , the random walk contribution wi l l be

more imiiort.int than secondary electrons. A combination of both processes

w i t h l between 1000 - 200O 8, ß between 0.2 to 0.3 and A between 5 X
P °

lu 500 X f i t s the experimenta.

Escape depth have been determlned in a third way by I1ASNAIN et a l , ( ! 9 7 7 e ) .

In doped RGS ptiotoelectron emission ia observed below the threshold for

liost eraission due lo energy transfer from host excitons to itnpurity centers

and escape of an electron (see Section 6 . 1 3 ) . U a i n g a s imilar type of

analysis äs described above, I1ASNMN et al. (1977e) derived escape depths

from the experimental thickness dependence of the yie ld in the excitonic

region of Kr and Ar matrices doped w i t h O . O l Z C ,H, . Within tlie experimental

nncer ta in t ies they fit to the other results (Table 32).

Sumnariziiig we note that the escape depth for all RGS is unusually large

in the order of 1000 X for electrons below the electron-electron scattering

threshold. These large values are mainly at tr ibuted, äs has been mentioned

before , to tlie smat l cross-section and sraall energy losses for the emission

of I h e acoustic phonons and to tlie small electron a f f i n i t i e s which are

even negative in Ar and Nt>. These escape depths exceed by far all values

reported for other n v i t e r i a l s .

7.3 Ihreshold__f_pr_ electron-electron scatterino

The threshold for electron-electron acatter ina E can be referenced
0 sc

either to the bot tont of the conduction band, or to tlie vacuum level or

to the top of the valence bands. In order to get a consistcnt picture

including the results of photoluminescence and photoelectroti emission

roeasuretnents, where electron excitation energies fron the valence bands

are essential, we use the top of the valence bands äs a coinmmi reference

energy for E

From electron energy loss data one obtains immediately the sraallest euergy

losses possible. The pertinent experimental results have been collected

by SONNTAG (1977) together with excitation energies from optical spectra

in Tables IV, V, VI and VI of Chapter 17 in Vol. III of this series.

Uesplte different selection rules causing changes in the overall shape

of the spectra, the lowest energy loases (for both high and small primary

electron energies) and the lowest absorption lines correspond to tlie n=l

excitons (Table 33). Of course, tlie d e t ails of the onset wuuld require

an extrapolatlon of the low energy tail of the n«! excitons. Neglecting

this latter point, the scattering onset E is given by

E s c = E G * E | (7.25)

when an excited valence electron in the conduction band is i n e l a s t i c a l l y

scattered to the bottom of the conduction band by exciting another valence

electron to the n3! exciton state.

The threshold energy has been stndied in photoelectron emission and

luminescence experiments. In these experiments the primary electron is

created rogether with a hole by photoabsorption uliereas in energy loss

experiments an excees electron is injected and the corresponding hole is

missing. Consequentely, a difference in the threshold c:ould be opected

from a process corresponding to a recapture of a primary elertron by one

of the holes and tlie snbsequent decay into t wo exe i tons in photoabsorption

experiments. In tliis case E would be small er:
r sc

E = 2 E,
sc

Olher processns which deaerve attention in thia context are double

excitations, since they could raask the onset of scattering processes.



Double exci tat ion proceases äs well äs scattering processea result in

two lou energy electrons or excitons wliere the sura of the energies is

equal to fiuj . Iherefore, they cannot be dis t inguished immediately. If

t h e i r rospect ive threshold energies are d i f f e r e n t , they can be identified

eas i ly . Höre deta i led cr i ter ia could be obtained from tlie thickness

dtipuiideiice of the ralio o£ unscattered and scattered electrons.

A special type of double excitation, i.e. the formation of an "electronic

polaron complex" haa been discusaed by DEVREESE et al. (1972) and KUNZ et al,

( I ' J 7 2 ) and applied to a lka l tha l idea . The optical t ranai t ion leads to an

ejectron hole pair dressed by an electronic Polarisation cloud and an

add i t iona l exciton. Two d i f f e r e n t types of electronic polaron coroplexea

have been d i s t ingu ished : in the bound complex the dressed electron is

conpled Lo the dressed hole via Coulomb interactlon, in the free complex

thi s Coulomb interaction is neglected. The cross-sections for the polaron

coinplcx in rare gas solids should be similar to those for a lka l iha l idea ,

becanse the coupling constants are of the sarae order. The treshold for the

free complex lies at E + E and for ttie bound complex near 2 E. on the

basis of this model MÖLLER et a l . (1976) have estimated the cross-aections

for both processea in Ar.

In the photoelectron yiöld curves (SCHWENTNER et al. 1973) and the more

recent curves by SCHWENTNER (1974) a decrease at a photon energy

E is observed for solid Kr and Xe, w h i l e it is abseilt in the yield
x '

spectra for solid Ar. E can be iden t i f ied w i th the threshold enerey E
r X *" BC

for e lect ron-elect ron scattering (Table 33). For solid Kr and Xe just

above tl ireshold par t of the primary electrons wi l l be scattered below

tlie var.uum level. Also near threshold the secondary electrons can oiily

l>y exci ted to an exciton state or to the bottotn of ttie conduction band

he low t l ie vacuum level. Thus, both scattering Partners are lost for

the y i e l d . In sol id Ar the vacuum level lies belou the bottora of the

condur t ion band. ThereEore, the primary electron can escape in any case

and no s ign i f j can t decrease is observed at E = E

A luminescence y i e l d spectrura up to hw « 55 eV has been reported by HÖLLER

et al. (1976) (Fig. 109). In luminescence any electron-electron scat ter ing

u i l l cause an increase of the y ie ld . The luminescence channel due to the

« o l f - L r a p p c d excitons is fed by excitons and conduction band states, i.e.

f rom any possible state of the priraary and secondary electrons. Tlie f i r s t

pronounced increase is observed at tt) • 25.5 + 0.5 eV (m = l in Fig. 109)

and lies within the experimental accuracy at E = E + E . At these

excitation energies only a doubling of the holes due to electron-electron

scattering ia possible, MÖLLER et al. were able to exla in the y ie ld

spectrura (Fig. 109) in detai l : Tlie shape of the onset at arnund 27 eV

ia due to the energy dependent scattering croas-section äs derived by

SCHWENTNER (1976); the increase of the yield by more than a factor of

two is due to the higher e f f i c iency of the low energy, once scat tered,

electrons. At higher photon energies two additional pronounced t l i resholds

are obaerved, denoted by m=2 and m=3. The experimental values of E , =
ID=2

37,5 +• l eV and E „ - 50 + 2 eV correspond nicely to E„ + 2 E, =
— m=J — u l

38.3 eV and to E + 3 E. - 50.3 eV. Therefore, the f ina l states at these
i> l

thresholda are predonünantly one electron hole p a i r p l u s m excitons per

primary electron.

Tlie onset of electron-electron scattering has also been identif ied in

photo electron energy d is t r ibut ion curvee. These curves wi l l be discussed

in more detail in Section 7.4 to derive the energy dependence of the electron-

electron scattering length. W i t t i increasing excitat ion energy tlie k i n e t i c

energy of the unscattered electron increaseß (Fig. M O ) . The onset of

electron-electron scattering manifests i tself in two features: a sttdden

decrease in the high energy part of unscattered electrons (maximum A) and

a sträng increase in the dashed region due to scattered electrons wli ich

are concentrated near zero kinetic energy. Tlie corresponding photon energies

have been cotlected in Table 33. Further, the onset can be taken frora a

fit of the energy dependence of the sca t te r ing length (Fig. 1 1 2 ) . These

values are approximate ly l eV lower than those obtained f rom Fig. 110.

Both seta of E valuea are in agreement if one notes that the fit corresponds

to an extrapolation to L -> •», wliereaa the former set corresponds to the

well observable onset.

Summarising the reaults for the threshold values for electron exci ton

scattering E one observes a general agreement w i th the value expected

from electron energy loas experiments. This showa that sca t ter ing of

primary electrona to the bottom of the conduction band and exci ta t ion of

an m»! exciton is the dominant process, whereas tlie bound polaron complex

with threshold energy 2E can he excluded.
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Tlie f ree polarem coniplex can not be excluded on the basis of i ts threshold

energy. The tliickneas dependcnce has been studied only in the case of

eleclron encrgy d ia t r ibul ion curves for Ar (SCI1WENTNER 1974). The roaximum

croas-section for tlie polaron complex ia expected at E_ +• 1.2 E. •= 28.6 eV

(DEVHESE et a l . 1972) . In thia energy region oiie obaerves an increaee

of tlie ratio of scattered to unacattered electrons wi tli sample thicknesa,

in contrast to tlie prediction für double excitatlon. Thus, although one

c anno t exclude the free polaron complex from these rougli estimates, i ts

ctmtri bnti on lias to bc small .

7.4 Energy dependence of electron-electron scattering mean free path

Electron energy d i s t r i bu t i on curves in the region of electron-electron

eca t t e i i ng have been reported by SCHWENTNER (1974, 1976). In Fig. 110

the EDC's of solid Ar, Kr and Xe are shown for ptioton energiea between

an energy somewhat beluw tuice the band-gap energy and 30 eV where electron-

e lec t ron acat ter ing is impor tant . For Ar and Xe, EDC'a have been meaaured

for sevural th icknesaea between 10 and 3OO X. Each spectrum can be divided

into two parts. Tlie f i r s t part with high k ine t ic energies (A, B) is due

to unscattered electrons which tiave been directly excited from the valence

bands of the rare gas. The structure (A, B) contains Informat ion about

tho band s t ruc ture äs diacusaed in Section 3. Af t e t an inelastic electron-

elec t ron scat ter ing event an electron excited from the valence bands will

appuar in the aecond part ( the hatched region) of the EDC's . Tlie kinet ic

cnergy of an electron which has been excited from the top of the valence

band ( r igh t ar row) and has su f f e r ed an energy loaa corresponding to the

exc i t a t i on of an exe i ton is marked by E 1 . A maxitnum appears below E1

shouiiig the strong iuc.rease of the scattering cross-section with photon

eiierj;y. Also, at photon energios below E there are low energy electrons

observed wh ich are due to two processes:

(i) Hot e lectrons f r o m the Au Substrate excited by transmitted photons

and p rne t r a t i ng thrungh the rare gas f t l n i (see process I in Fig. 105 and

Section 7 . 2 ) . 'Hie i n t e n s i t y and ghape of EDC'ß frora the Substrate support

t l i i s exp lana t ion .

( ü ) Approximately 502 of the electrona excited in the rare gas f i l m reach

the An Subs t ra te and produce secondary electrons wi th an e f f ic iency increaa ing

w i l l i e lectron e"erßy frora 20T to 40Z. The secondariea w i l l par t ly leave the
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sample yielding an energy dis t r ibut ion similar to an EUC from the Au

Substrate (process 3 Ln Fig. 105).

Tlie energy dependence of the electron-electron s c a t t e r i n g lengt t i L (E)

has been derived (SCHWEHTNER 1976) in several waya frora the EUC' s (Fig. l 10):

(i) from the decrease of the counting rate of unscattered e l ec t rons

aasociated with a d is t inc t in i t ia l energy when the e lec t ron k i n e t i c

energy 1s varied by means of va ry ingha i (Fig. I I I l e f t p a r t ) ;

(ii) from the thickness dependence of the counting rate of unsca t te red

electrona for the d l f f e ren t photon energies (Fig. I I I r i gh t p a r t ) ;

(ii i) from the rat io of counting rates wi th in the part of unscat tered

electrons in one EDC (for example ratio of maxiraum A to maximum B in

Fig. 110) for d i f t e r en t photon energies.

(iiii) Tlie consistency of the evaluation has been cbcckcd by a comparison

of counting rates at equal kinetic energies in spectra obtained wi th

different photon energies.

Tlie resul ts for L(E) for solid Ar, Kr and Xe are shown in Fig. 1 1 2

(SCHWENTNER 1976). L(E> decreases from very large values ncar the

scattering onset w i th in 2 eV to values of about 10 A and w i t h i n 10 eV

down Lo 1-5 A. Tlie maln sources for errors are uncertaint ies in the

absorption consrant. The independent ways of ca lcu la t ing L a l l n w fot

averaging. The influence of electron phonon scat ter ing on L ( E ) is considered

to be small . Due to the small phonon energy, the phonon scattered e lec t ron

would be still in the unscattered region of the EDC, An electron phonon

scattering event would only increase the path of the electron to the surface

in a candom walk process.

Tlie experimental results have been compared with the mode1s discussed in

7.2. Tlie f ü l l lines in Fig. 112 have been calculated for the best fit froui

the fol lowing equation:

, ' / 2 ,„_„ -,-2C(E-EC) (7 .27 )

wi th the constantg C and E äs Parameters, In this re la t ion , E,, in t l te
sc ' d

aecond term (eq. 7 .17) has been replaced by E to account for the energy

losses due to excitons. llie calculated curves f o ] l o w the exper imental

values w i t h the E values from Table 33. A c a l c u l a t i o n accordhig to the

gas phase Ionisation crosa-aections (eq. 7.8) äs wel l äs an In tegra t ion of



llie loss funcL ion äs proposed by POWELL (1974) (eq. 7 . 5 ) do not fit tlie

expe r imen ta l s ca t t e r ing lengtli data equally well (SCHWENTNER 1976).

A comparison of L ( E ) for rare gas solids wi th some other materials haa

been niade by SCHHENTNER (1976) . Ttie s t r iki ng, thoijg)i not unexpected point

is the large energy ränge where electron-electron scattering does not occur

and tlie very steep decrease of L(E) near threshold, Some eV above the

threshold I,(E) fullows the so-called "universal curve" (see e.g. LINDAU

and Sl'ICER 1974).

7.5 Generat ion of electron hole pairs by high energy particles

As mentioned in the introduction to Lhis section, l iquid rare gases have

found wide appl icat ion äs detector media in high energy particle detectors.

Tlius, the processcs underlying the occurrence of electron avalanches in

l i qu id rare gases have been investigated in several papers (KUBOTA et al,

1976, 1980, TAKAHASHI et al 1975, DOKE et al 1976, and references cited

here in ) , Electrons wi t l i energies of 0.48 MeV, 0.55 MeV, 0 .976 MeV and

1.05 MüV from radioactive materials have been used to excite liquid Xe,

Ar, Xe dopod Ar and Kr doped Ar. A fas t Ionisat ion chamber for electron

collection lias been f i l l e d uitli c a re fu l ly p u r i f i e d l iquid rare gases.

Posi t ive ions have been nhielded by grids, The voltage pulses at the

collector for each exc i t ing particle have been a m p l i f i e d aad the distr ibut-

ion of pulse-lieiglits was stored in a mul tichannel analyser. From the

P o s i t i o n of the maxima in the pulse-height spectrum it could be show»

tl ia t the nuinber uf electrons ( i .e . pulse-height) is proportional to the

energy of the exciting part icles. Tlierefore, the spectra (Fig. 113)

represtnt the energy Distr ibut ion of the exci t ing part icles . The scaling

fac tor of the energy scale (i.e. the proport ional constant) ig the mean

electron-hole pair c rea t inn energy U. Eviden t ly U ia smaller for Xe doped

Ar tl ian for pure Ar and therefore the energy scale is enlarged in the doped

l i q u i d (Fig. 113) . Froin a coniparison wi th the known pair creation energy

of a gas charaber f i l led with Ar (95Z) + C|l, (5Z) (W = 26.09 + 0.13 eV),
4 gas

the pa i r c rea t ion onergiea for l iquid Ar and Kr have been derived. The

experimental valucs agree excel lent ly with the calculated value of DOKE

et a l . (1976) (Table 3 l ) . These values seera to be more reliable than tlie

larger ones nieasured in ehe course of mobi l i ty experiments (Table 3 l ) .

- 149 -

Tlie experimental eupport for the model calculation of DOKE et al. (1976)

shows that this model is appropriate for insulalors whereas the gcnerally

accepted rule used for semiconductors fai1s. Further, the assumptions inade

in DOKE's calculation (see Section 7-1 and eq, 7.21) are justified. Tlie

assiuaud loss in efficiency due to exciton excitations liafi been verified

independently in the experiment on Xe doped Ar. In Lhis case, the exciton

energy of Ar is sufficient to ionize the Xe dopand (see also section 6).

Via this process the loss due to Ar excitons can be eliminated. Indeed

the increase in Ionisation yield observed for Xe doped liquid Ar (Fig. 113)

curresponds to the calculated N /N , ratio (eq. 7.21). With the W values

also the calculated Fano factors have been corroborated.

Tlie interest in liquid Xenon äs a detector medium is motivaled by the largt

electron mobility and the large atomic number. In addition, tlie efficiency

due to the low W values and the energy resolutinn due Lo the small Fano

factors in the liquid phase are better than in the gas phasc. For l MeV

gamma rays a resulution of 3 keV FUHM is expected uhich is near thü actu.nl

energy resolution of 1.5 keV of conventinal Ge(I.i) detectors with Jarge

volume (DOKE et al. 1976).
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8. tJoncluding Remarks

The unders tanding of the electron structure of tlie ground and excited States

i» Condensed rare gases is f a i r l y contplete for pure RGS. In thia chapter

v u have attempted to s t u f t the focus of interest to s tructural ly and

compusi t iona! ly disordered rare gasea Including sol id rare gas a l loya, metal-

rare gas solid mixlures, liquid rare gases and liquid rare gas alloys.

Tlie hasic experimenta! results concerning the electronic States of tliese

mate r i a l s have been survcyed. The theory of the electronic Btructure of

disordered Systems does not provide general unified concepte, coroparable

to tlie Bloch theorem for ideal crystalline so L ids . He have not attempted

to Mrench the diverse Systems of dieordered Condensed rare gases from their

natural set t ings , Tlie current tlieoretical Interpretation relies in many

cases on conventional so l id Btäte concepts, e. g. band structure, densities

of s tates , Wannier and Frenkel exciton States. Impurity states in alloys

beliave more äs i m p u t i t y states in crystal l ine mater ia ls . Excitons in liquids

were considered w i th in tlie framework of solid state ap pro ach, while metal-

rare gas s u l i d s were d iacussed in terms of metal-nonmetal transitions from

a hcav i ly doped disordered semiconductor to an amorphoua meta l l i c material .

W t* havu encountered some ra ther exotic Systems . Medium relaxed electronically

excited statea and, in particular, bubble states in l iquid Hel ium are examples

for novol phemimena in isolated centere. Metal-rare gas so l id mixturee

provide a nice deminstrat ion for tlie effects of microacopic cluatering and

mcta l -nunmeta l transitions in "expanded" low-temperature metals. Rerently

tviiii pure m e t a l l i c xenon at 330 kilobars has been prepared (NELSON and

RUOFF 1979).

Coniplementary and supplemcntary to the information concerning electronic

s t ruc ture is the new and diverse information concerning excited state dynamics

in Condensed rare gases. Huring the last few years this f ie ld lias made

au impressive exper imental progress. While until recently all the informat-

ion concerning exc i ted state [elaxatiun phenomena origiuated froro optlcal

emif is ion and e lec t ron eraission studies under steady state conditions, new

experiraents in t h i s f i e l d advanced photoselective exci tat ion and time

resolvi'd i n t e r roga t ion methods on a time scale of ss IOO ps. Further experi-

mrntal progress in time resolved studies will undoubtedly unveil the natute

- 1 5 1 -

of a variety of interesting nonradialive relaxation phenomena involviiig

exciton seiftrapping, vibrational relaxation, electronic relaxaLion

and energy transfer in these materials,

It has often been stated that the conceptually simple interraolecular inter-

actions in RCS render them to be uaeful prototypes t'or tlie description of

insulators and molecular cryatals. These materials will also scrve äs proto-

types for the understanding of radiationless procesöes. The description

of relaxation processes in excited states is relatively simple, in view

of the simplicity of the phonon Btates in these materials, where intercoti-

version of electronic energy into vibrational energy involves only acoustic

phonons. However, the achievements of the theory of electronic relaxation

in inaulators are Btill fragmentary and phenomenological. Further experimental

and theoretical progreas is required to estabJish models and coucepts for a

more complete and unified description of excited atate dynamics in insulating

materials.

The present survey of electronic excitationa in Condensed rare gasns

illustrates the interplay betueeil molecular and solid state concepts.

Solid state theoretical concepts were extensively utilized for the descript-

ion of band structure and electronic excitations in pure RGS äs well äs in

the alloys and liquids. Nevertheless, even in that domain a tight binding

type approach resting on the "molecular" propertieB "£ the constituents

proved a useful starting point. The analysis of mediura-relaxed excited

atates requires the molecular approach both for the selftrapped excituns

in the pure materials äs well äs excited irapurity states in doped solid

and liquid rare gases. The experimental and theoretical studies of rare

gas clusters may leaö to a merging between the molecular and solid state

points of view. Studies of molecular clusters in supersunic bcams will

extend this interesting research atea to finite Systems.
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Table 2

Energies and structural Parameters of RGS and rare gas molecules. T : meeting point at 760 torr; tiu : largest energiea

of transversal-acoustic phonons TA(X) and longitudinal-acoustic phonons LA(S) ; D : binding energy per atora in a
&

crystal; D , D , D : dissociation energies of rare gas nolecules in the ground a täte, ehe excited state and of the

nclecular ions respectively (see Fig. 3); r_; aearest neighbour Separation in a crystal; TQ, r+: intemuclear

distance of rare gas molecules in the fround state, the excited state and of the molecular ions respectively

(see Fig. 3).

To (K) Ä)

4iw (eV) T j i f Y l

DK (eV/Atom) d

D (eV) c)
o

Df (eV)

D+ UV)

r, ( Ä ) «

r (8) C)
o

r (A)

He

0.00095

2.5d

2.67h

2.96

1.04d

1.06h

Ne

24.6

0.0046
0.0068

0.02

0.0036

0.5S

1.2*

3.156

3.102

1.796

1.73«

Ar

83.7

0.0059
0.0086

0.08

0.0012

0.68f

1.25h

3.755

3.761

2.43°

Kr

1 15.8
0.0043
0.0062

0.116

O.OO17

1.I51

3.992

4.O06

2.791

Xe

161.3

0 . 0038
0.0054

0.17

O.OO24

0.798

0.99S

4.335

4.361

3.048

3.04S !
l
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Parameters for ehe band structure and for excitons of pure RGS and for inpuricy states in rare gas matrices.

All energies in eV. A aupcrscript "i" denotes values for the tmpurity states. E_, E.1: band gap energy;
i G G

E-. , E : threshold energy for photoelectron emiasion = vacuum level; V = E - E—, : electron affinity;

AE , &E • spin orbit Splitting of the valence bands and of impurity states with j - 3/2 and j - 1/2;

U„.: total width of the valence bands; B, B : binding energy of excitona; Ä, A : central all correction

of n " l excitons and 6, 6 quantum defect. We have attempted to gire a consistent set of values from the

presumably most reliable data. The binding energies B, B depend on the applied model (see e.g. B in Se

corresponds to 5.00 eV in ehe Wannier model and 6.93 eV in the quantum defect model ).

E E1

Ne

Ar in Ne

Kr in Ne

Xe in Ne

Ar

Kr in Ar

Xe in Ar

Kr

Xe in Kr

Xe

21.58*

16 .1 d'e

14.6 d'e

12.6 d'e

14.16h

12.5 1

! 10.54 i 'm

M . 6 1 h

10. 1 L

9.33h

^-ETH

20.3 b

15.05f

13,48f

l l .60 f

13.9 b'c

12.2 l

10. 231

11.9 b'c

10. 301

9.7 b 'c

V
o

+ 1.3

+ 1 . 1

+ 1 . 1

+ 1.0

+0.3

+0.3

+0.3

-0.3

-0.2

-0.4

•' AE , AE1 W™ Bso' so VB

0.09* l.3b 5.

0.348

0.6 l 8

!.27g

O.I8 h I .7 b

\ . 081

o.69h ;.3b

1.3 3.0b

, B1 i, A1

00-6. 93a 0.86a

1.39e

1.03*: 1.53*
2.36h 0.26h

0.5

1.0 <"

1.53h ; 0.09h

' 0.4

1.02h 0.06h 'm

i, 61

0.283 :

0.400''

0.3l6 '1 ,

0.436 '1

0.21-0.28k 1

0.08-0. 17k '

!

-0.03-0.06
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Radi i of llie n = l excitons for Ne, Ar, Kr and Xe in cooparison

w i t h ttie neares t neighbor diatances r^ in a fcc-latt ice (aee

lable 2) . .

r n-l ( X , ( a )

r, < X ) ( b >

He

3 . 1 5 6

Ar

1 . 8

3 .755

Kr

2.5

3.992

Xe

3 .2

4 . 3 3 5

(a) a f t er SAII.E ( 1 9 7 6 ) calculated with equation (3 .7 )

(b) Hörton ( 1 9 6 8 )

Table 5

Comparison between experiroental transit ion energieö for b u l k cxcitons in solid

neon and other paraineters with theoretical calcnlations B

the real binding energies of the n = l - excitons and p is the e f f e c t i v e mass.

The other nutations are the same äs in table l. All energies are in eV.

E - £ ( » • = ! ) are

J

n« |

Z

3

4

5

EG

B,1

A
BO

6

H

Experiment

Ref. a

3/ '/
'2 '2

17.36

17.50

20.25

20.36

20.94

21.02

21.19

21.29

21.32

21.58

21.62

4.22

4.12

0.09

0.28

0.24

0.8

0.7

Theory

Ref. b

19.98

20.08

20.93

21 . 13

21.25

21.34

21.40

21.50

21.67

2l .77

4. 16

3.81

0. 10

O.B

Ref. c

1 7 . 50

17.63

Ref. d

17.65

17.75

Ref . e

17.75

17.85

20.32

20.42

20.94

2l .04

21.19

21.29

21.31

2l .41

21.55

2l .65

0. 10

0.35

0.35

0.8

Ref. f

17.58

17.79

20.24

20 . j 5

20.91

2l .03

21.19

2l .31

21.33

21 .45

2l .61

21.73

0. 12

«0.5

-0. 5

0.97

a) Saile and Koch ( 1 9 7 9 )

b) Atidreoni, Perrot and Bassani , Phys. Rev. B_Jj_, 3589 (1976)

c) Boursey, Castex and Cliandrasekharan, Phys. Rcv. B 16, 2858 ( 1 9 7 7 )

d) Resca and Rodriguez, Phys. Rev . B 1 7 , 3334 (1978)

e) Resta, Fliys. Stat . Sol. (b) 86, 627 ( 1 9 7 8 ) ; gap energies are ob ta ined by
a fit of the experimental data «nd & is the atomic value. Frora these
gap energies the theoret ical exci ton b ind ing energies tiave heen suht rac tod.

f) Resca , Resta and Rodrignez, Sol. State Coimn. 26. 849 ( 1 9 7 8 ) , and
Phys. Rev. B 18 , 696 (1978)
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Tflble 6

Exei t cm energies of bulk and surface excitons.

Exe i ton energies at 20 K (Xe, Kr, Ar) and 8 K (Ne) in rare gas solids in tlie

Wannier notat ion n - l, 2, . . . . j = 3/2 and 1/2 indicates the spin-orbit

of tlie series and I- is the longi tudinal exciton. For Ne an adsorbate atate

A at 1 6 . 9 1 eV lias bten observed. All valuea are in eV. Tlie accuracy is

bittler or equal to 0.01 eV for peak positions.

j s

n = 1

2

3

i

5

L

1

2

X e (a) 5 P

3/2 1/2

8.37 9 .51

9.07

9 .21

8.43

8.21

K r(a)4P

3/2 1/2

10.17 10.86

11.23 11 .92

11.44 (12 .21 )

11.52

10.29 10.95

9.95 10.68

10.02

11.03

Ar ( a )3P

3/2 1/2

12.06 12 .24

13.57 13.75

13.87 14.07

13.97

12.50

11 .71 11.93

I I . 6 l

12.99

13.07

N6 ( b )2p

3/2 1/2

17.36 17.50

20.25 20.36

20.94 21.02

21.19 21.29

21.32

17.75

A 16.91

17.15

a) Sa i l e , Steinmann and Kocli ( 1 9 7 7 )

b) Sa i le and Koch (1979)

Table 7

Longitudinal transverse Sp l i t t ings for bulk exciltws in RGS.

n - i

width of the
ref lectance
band

opt,

ÄLO-TO

calc.

ALO-TO

Ne

3/2 1/2

- -w0.3a

0.27a

0,04e 0.232e

0.236f 0.252 f

Ar

3/2 1/2

0.06b 0.32b

0.26C

Kr

3/2 1 / 2

~0.2b~Q.17b

0 .12 C O.U9C

Xe

3/2 1/2

0.2b 0.1 5b

0.06C -

a) Saile and Koch (1979)

h) see the review by Sonntag (1977)

c) Saile et al. (1981)

d) Chandrasekharan and Boursey (1978)

e) Perrot and Bassoni (1976)
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'i fr. Kr >IHJ Ar gutit ji. K. in N*. Ar und Kr «.uri.. . ub(«inr

,. n.nL.1,1 ,[,,. tu (J) fi,.. halfwidlli in B i um In biaikel«.

film abaorpi „,, C.I..O

•:,.!... l, :,, Hj.- JMJ JurEner (1973)

L ' . i i .J iu , IL,.,|.S,-I. Siilc, Schwnt lud Koch (1976)

T=T
l
l1

2

]
i
S
2'

r

i

t1

2
2'
3

4

• 1
- r
- 2

- 2'
- J
- 4
• r

He

• )

».oe (o. i»)
10. 04 10.095)
m. *o

I . 2 S 10. Mi)

10. t! dl lll

11.22 (U. 14)

12.5 (0.2)
1 2 . 7 (0.2)

b)

S. IJ

10.08
10. 5l
10.6»

c)

9.06

10. Oi

11.32

12. 59

13.)?

10.68

1 1 . 2 9

U.»
14.06
14.14

14. S5

12.59
12. BÖ
14.91

15.31
15. 6!
15.90
16.04

dl

9.10

0.06

o.3i
o.»s
1.3.1
l.iJ

i.n
1.64

2.00

11. 1*
12.43
12.60
12.83
13.3«

10.60
10.85
11.22
11.54
11.11
13.31
13.94
U. 05
14.18
14.48

'Ar

• )

1.11 10.09S)
10.51 (a. OBS)

1.9t (0.075)

10.23
10.16

10.80

10.79 (0.11)

1 .16 (0.10)

11.4»
(ii.;*>

14.84
11.00
11.17
u.1*
15,
IS.»
15.90

t.)
9.2

10.6

10.0

m.]

in. B

Kr

>)

9.01 (0.07)

9.76 (O.O65

b)

9.0

9. B

•
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References fot Table K)

(a) S.E. Spcingett, H.H. Colien and J. Ju r tne r ,

J.Chem.Phys. ^8, 2720 (1968)

(b) J. Jortner and A. Gaathon,

Canad. J.Chem. 5^, 1801 (1977)

(c) W. T, Soraner, fhys. Rev. Letter \2^, 2 7 1

(d) W. K. Taucher t, Ph.D.Thesis , Freie U n i v e r s i t ä t B e r l i n ,

Berlin, W. üermany, 1975, and

U.K. Tauchert and W. F. Schmidt, Z .Natur forsc l l . 30a, 108^ ( 1 9 7 5 )

(e) J. Leckner et al . , Phys.Rev. 156, 351 (1972)

(f) see table 3
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Table 12

The broad emiasion bands "d" of solid Ar, Kr and Xe (in eV).

Reference

Jortner et al . , 1965

Chesnovsky et al., 1972, 1973
and Gedanken et al . , 1973

Basov et al. , 1970

Creuzburg, 1971

Heumüller 1978 and Heumüller
and Creuzburg, 1978

Fugol' 1978

Hanus et al., 1974 and Colecti
and Hanus 1977

Huber et al., 1974

Nanba et al. , 1974

Brodmatm et al., 1974 and
Ackermann et al., 1976

Tolkiehn 1976 and Gerick 1977

Bahn ec al., 1977

Hahn et al., 1979, Zimaerer 1979

Kink et al., 1977

Ar

9.84

9.72

9.80 9.70

9.63

9.76

9.61

9.30

9.80

9.72

9.86 9.83

Kr

8.25

8.38

8.42

8.66 8.45

8.60 8.45

8.33

8.43

8.38

8.0

8.25

8.46 8.4

Xe

7.56

7.56

7.60

7.6;

7.6

7.65

7.6

7.6

7.6

7. 19

7. 19

7.08

7.24 6.93 6.53

7.44 7.22 7.02

7. 1

7,21

6.97

7.05

7.1

7.2

7,07 7.03

7.2
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Tab le ';-

The narrow emiasion bands "a", "b" and "c" of solid He, Ar, Kr and Xe (in eV).

The assignement is partly centative.

Fugol' (1978)

Hanus et al, (i-974)

ColeCti and Hanus (1977)

Coletti and Bonnot (1978),
Kink et al. (1979

-Packard et al. (1970)

Brodmann ec al.
(1974, 1976)

Gerick (1977)

Schubert and Creuzburg
(1975)

Heunüller (1978)

16.95. »6.87,
16.76, 16.66.
16.62. 16.56

16.2

17.01, 16.91. 16.60, 16.79.

16.66, 16.64. 16.49, 16.1

16.97,
16.79

16.89, 16.67 16.91. 16.73.
16.53. 16.18,

15.04

11.64.
11.56

11.3?

11.67, 11.61, H.56,

11.53. 10.99, 10.89,
10.74 10.56

11.56 11-83,
11.62

10.13, 1O.12,
10.02, 9.92,

9.69

10.15 10.65,
lO.Ob

temperature dependence of emission bands see fig. 59

16.7 16.0 , 14.0

16.9. 16*8, 16.7, 16.65. 16.1,
14.0

n .is
tt .6

8.33, 8.18

9.4 , 9.2 , 9.0 ,
8.36, 8.34, e.24,
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8.35
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Table [5

Tenla t ive asaignment of emission due to free exditons (a),

one center se l f t r apped exciton3 (b), vibrationally excited

two center s e l f t r a p p e d excitons (c), and vibrationally relaxed

twi) center se l f t r apped excitons (d). The relative intensities

of the bands liave lieen est imated from the area of the emission

bands and are only tel iable wi tb in an order of magnitude:

N(!

Ar

Kr

Xe

a

1 2 . 1

10. 15

8 .35

e n e r g

b

16.5

11.64, 11.58

10.05

y

c

13-16

11.37

9.7

d

9.8

8.4

7.6, 7.1

re

a

Ix10~*

5xlO~3

_1
10 J

[ative i

b

1.0

3x1 0~2

5xlO~3

ntensi ty

c

1.0

5xlO~2

IG"2

d

1.0

1.0

i n1 -U

Ne; Schuber Lli and Creuzburg (1975)

Ar and Xe: Fugol1 (1978)

Kr: Zimmerer ( 1 9 7 7 ) , Halm et al. to be publislied.
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Table 16

RadLatJve lifetimes of rare gas excimer states (nut complete).

Ne.

Ar!

Kr!

Xe.

iz lz
* u u

(10~9 sec) (10~6 sec)

2.8 H. 9

5-1
6.62

U. 2 + 0.13 3.2 ± 0.3

3.22

2.8

3.4 + 0.3 0.264

0.35
5.2 0.15

6.22 + 0.8 0.100 i 2

0.102 i 2

0.101 + 1

4.6 + 0.3 0.99 + 2

a
b
c

d
c
8

f

C

g

h

i

k

f

a) Schneider and Cohen (1974)

b) Leichner (1973

c) Oka, Rao, Redpath and Firestone (1974)

d) Keto, Gleason and Halters (1974)

e) Thonnard and Hurst (1972)

f) Bon i f i e ld , Rambou, Wal ters , HcCusker, Lorentz and Cutchuck (I960)

g) Wenck, diplonwork Hamburg (1979)

h) Keto, Gleason, Bon i f i e ld , Wal te re and Soley ( 1 9 7 6 )

i) M i l l e t , Birot , Brunet , Galy, Pons-Germain and Teyssier (1978)

k) Wenck, l lasnain, N i k i t i n , Sonnner and Ziranerer (1979)



Table 18

Emission bands in liquid rare gases.

Xe

a)

1767 8

7.02eV

Kr

a)

1472 8

8.42«V

Ar

b)

1295 8

9.57eV

Ne

c)

774 8

16.02.V

(900 8)

Ha

d)
to ground state

8 eV

.800 15.5 A'r/tvU))-* x'jg*

(600)(20.66)
604 20.52
608 £0.39
613 20.23
619 20.02 . . . . .
627 19.77 A'ru (V-16)— XT
636 19.49 u s
648 19.13
665 18.64
686 18.07
707 17-53

e)
becweefl excited states

8 eV

1 0400 l . 1 92 d3ru* — c-5^g+

9182 1.350 c3T * — a3! *
o U

^ + ^6400 1.937 d^r — ^ n ,
u &

i -*• i +9136 1.357 c ' j — A1* *
ö ui + 16600 1.878 D Zu -» B1 n

6

2 ,

10911 1.136 2P^P -* 2e-]S

7270 1.705 3^3 •*• 2p3P

7060 1.756 3s1 S — 2p' P

a) Basov, Balashov, Bogdankevicch, Danilychev, Kashnikov,
Lantzov and Khodkevitch (1970)

b) Jorcner, Heyer, Rice and Uilson (1965)

C) Packard, Reif and Surko (1970)

d) Stockcon, Keto and Ficzsinnnons (1972)

e) Keco, Soley, Stockcon, Fitzsiranone (197A)

Table _1 7_

Relaxation time constantB in RGS.

T., TJ, T~; experimental lifetiaes:

A£: vibrational energy spacings; fuu : maximum of tracsverse acoustic phonon energies; N

3 ™ e a a etmes: T^: calculatad vibrational relajcation time constants of
t

of vibrational relaxation processes; T.: selftrapping time constant

centcrs;
AE/ftiu : order

P

a
b
c
d
P
d
d
e
c
d
e
c
f
d

e
c
c
d
d

T i T2 T3
( in nsec }

l Z u 3Eu

3

8

4
3-2

9

1 50- 900
20-1 5000

2000
30
58

26— 29
15 - 16

1OO - 50OO
300
90

äüüü- >OOO
1400
1100
1410

1000
500

2000
3900

560000

300- 1 5000

5000-15000

terap.(K) band.,

3 0 - 6 7.2 eV
1 0 0 - 6

6
148

80 7.6 aV
1 3 6 - 6 5 7.2 eV
1 3 6 - 6 5 7.6 eV
2 0 - 5

6
83

I U - b
6

83
80

16.53 eV
16.18 aV

molecular
atom.ic

T4
(nsec)

0.005

0.05

U5

iol°
IC7
4x10-'
400
8

S, h

A E

(meV)

151

23m

35n

70°
l —0 67
2 —1 6l
3 -*2 56
4 -*3 5l
5 —4 46

h

TiW p

(meV)

3.8

4.3

5-9

4.6

N

4

5

6

15

T5
exp.

IG'12

i

(sec)

theor.

io-12

k

Hahn et al. (1977) n) Yakhot et aa. (1975)
Kink et al. (1977) i) Zimmerer (1976)
Coletti and Hanus (1977) k) Martin ( 1 9 7 1 )
Suemoto and Kanzaki (1979) I) Ermler et al. (1978)
Hann et al. (1979) m) Jortner (1974)

Carvalho and Klein (1978) n) Saxon and Liu (1976)
Yakhot ( 1 9 7 6 3 o) Gohen and Schneider (1974)

p) Monanan et al. ( 1 - ^ 7 6 )
q) Keto, Gleaoon and Soley (1979)

Xe

Kr

Ar

Ne

a)
b)
O
d)
e)
f)
S)



Table 20

/3 A l
Emission bands in rare gas alloys except ue matrix and tnc assignmenc s^,

given by cne auchors. s tneans emission fron; special sites.
^,

,

KI* In Ar

Kr£ In Ar

X/ tn Ar

X«* In Ar

X."ln Kr

'•" in Kr

elec-crons

9.26 Ar Kr'

B.W
8.3"

8.63. 8.56 •
8.52. 8.46 •
8.40 .

8.3« ?P,
8.28 ^

7.5 »r X«"

7.08

8.40 JP,

a.jo !PJ
7.95 Kr X.-
7.4 Kr X«-

7.1

x-rays
i>)

9.3J Ar Kl"
6.90 Ar Kr*

6.55

9-88 'P,

8.36 'P,
8.28 Vj

7.24
7.04

8.75 Kr X."

B. 10

7.87 Kr K."
7.71 Kr Xa"

7.65. 7.45
7.26, 7.06

a parcicl
e )

10.92 • -*F,

10. J3 JP,

?.J2 »r Kr"

B-5S

8.67 • 5P,

8.38 5p,

7.56
7.18

8.49 3P,

7.94 Kr Xf

7.70

7.^>

U
rt)

8.32

7.%
7.21

vacuum UV liaht
• ) n •'

9.80

9.61
9.40 .
a. 70

8.44

B.17

7-56
7.21

r,

^t • ^"j

9.9 'P,

8.50

8.36

7.54

"0.95 'P,
10.5 *
10.4 3P,

9.9 •
9.5 •

B. 55

9-7 'p. n-2

8.83 3P,

8.42 •
8. J2 •

s tokesshif t
g)

0 .39

0 . 3 9

0.25

0 .39

a) Fugol1, Belov (1975) and Fugol' (1973)
b) Heumüller and Creuzburg (1978) and Heumuller (1978)
c) Gedanken, Raz and Jortner (1973)
d) Nanba, Nagasawa and üeta (1974)
e) Möller (1976)
f) Acke'rmann (1976)
g) Hahn, Jordan, Schwentner, Sommer and Zimmerer (1930)
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Energies of euiission band3 (E) and comparison with the corresponding states in absorption (A)
and in the free atom (G). Energies,in «V.

tmlesion band« In Ne
matrix (E)

a)

I 8.61

II 9.80
III 10.78

I 10.10

II 10.78
III 12.12

I 11.70

II 11.92

III 13.93

b)

8.43

9-56

10.03

11 .6l

c)

8.34; 8.47
8.6l

9-77

10.02
10.16

11.63
11.71
11.81
11.92

atomic levels (G)

--_ Is- 8.31
08 IsJ 8.44
fi_, 1s, 9-45
ba ls| 9.57
5d 3d2 10.40

s« l8^ 9.91
l* 1s£ 10.03

=ß , le, 10.51
-Je IB| 10.64
4d 3d5 12.04

18- 11.54
H Isf 11.62
, _ , 16, 11.72
^s IB| 11.83
3d 3d5 13-86

abaorption, band«
in Ne matrix (A)

a)

n = 1 9-06

n = l ' 10.05
n = 2 11 .32

n = 1 10.6

n = T 1 1 .22

n = 2 13.35

n = 1 12.51

n = T 12.74
n = 2 14.82

(A) - (E)
STORES
SHIFT

0.45

0.25

0.54

0.5

0.44
1.23

0.81

0.82

0.89

( G ) - ( E )
Matrix
SHIFT

- 0.16
- 0.17

- 0.11
- 0.20

- 0.38

- 0.11
- 0.13

- 0.14

- 0.08

- 0.07
- 0.09

- 0.09
- 0.09

- 0.07

Xe/Ne

Kr/Ne

Ar/Ne

a) Hahn and Schwentner ( i960 )
b) Gedanken, B. Saz and Jortner (1973)

c) Schuberth ond Creuzburg (1978)



Table 23

4
Emission spectra of liquid rare gas alloys (doping concentration 10-14 ppm)

at 85K (Xe/Ar. Kr/Ar) and I20K (Xe/Kr) after Ctiesnoveky et al. (1972, 1973)

and Raz et al. (1976).

ASB igmnent

"'l
Xe 3p.

Kr2

Xe Kr*

Ar Kr*

Xe2

Xe/Ar

9.69

8.32

7. 12

Xe/Kr

8.32

7.85

7.12

Kr /Ar

9.69

8.38

9.18

T a b l e _ _ 2 4 _

Experirnental relaxation times betweeii excited guest atom s ta tes
-9in Ne matrix (in 10 s); n.o. raeans: not observed.

n=2-» 1 a..

1.0

750

7l

n=2-»> 1 s.

n.o*

82

n=2-* 1 B.

n.o.

22

63

n- e^

n.o.

22

32

<<5

n.o.

n.o.

n.o.

'V* "=5

n.o.

n.o.

n.o.

Xe

Kr

Ar
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Table 26

T a b l e _ _ 25_

CompArison of energies which are transferable by the matrix either in

t!ie s e i f t r ; ippeJ exe i ton states (E *) or ip the f ree exciton states n-1
7 '

*Eii=n "ntl l l~'* ^ -l1 ' witTl ttle louest exciLation energies (E1 )

<ind ionia.i l . ion energies E^ of guest atom. E^: Ionisation ener'gy of the

u i a L r i x . » and - mcans observat ion or absence of energy transfet in

e l e c t r c m emiss ion spec t ra (energies in eV).

niatri x guesf

Ne

Xe

Kr

Ar

Ar

Xe

Kr

Kr

Xe

ETh e)

20.3

13.8

11.9

^Th

11.60
I3.W
15.05

10.2

12.2

to.3

Ei,i f)

9.08
10.62

12.5

9.22

10.79

9.)

ER«R2

16.80
+

9.80+0.^4
-
-

8. k 5±0.32
-

En=,

17.36
+
+
+

12.06

+

-

10.1?

-

En=P

17.50
+

+

+

12. 2i)

+

+

10.86
+

c, d

c

c

b, d
b

a,b

a)

b)

C)

d)

e)

n

Ophir, Raz and Jortner (1974)

Ophir, Raz, Jortner, Saile. Schwentner,
Koch, Skibowski and Steintnann U975)

Pudewill, llimpsel Saile, Schwentner,
Skibowski, Koch and Jortner (1976)

Koch (1976)Schwentner and
Schwentner,
Stelnmann and

Baldini (1965)

Hlmpsel, Saile,
Koch O 975)

Skibowski,

Diffus ion leugths for energy t ransfer to guest atoms and to bonnctarie.s (in A)

Ne

Ar

Kr

Xe

excitona

n = 1 ,1 ' , 2

n t. i t i i

n = 2, 2', 3

n = 1
n = 1'
n = 2

n = 1,2

jihotoelec tron emisaion

guest a t on

2500 i 500 a)

120 b)

obsefved b)

170 c)

boundary

observed 8J

observed b)

(0 - 1OO

150 - 250 d)
150-350

300 e)

luniinescenct '

guest atom

300 r)

25 - 260 f)

buundarv

50 1)

lüü 1) 5° 6)

) 2(K> - 25t) f)

200 g), h )

150 - 1000 i)
500 f )

a) Pudewil l , llimpsel, Saile, Scliwentner, Skibowski, Koch and Jortner (1976)

b) Opliir, Raz, Jortner, Saile, Schuentner, Koch.kibowski and Steinmann (1975)

c) Ophir, Raz and Jortner (1974) corrected for electron escape dtpth of a),
Ophir (1976)

d) Echwentner, Rudolf and Härtens (I960)

e) Ophir, Schwentner, Raz, Skibowski and Jortner (1975)

f) Ackermann (1976)

g) Ackermann, Brodmann, Tolkichn, Zimmerer, llaensel and Hahn (1976)

h) Ackermann, Brodmann, Hahn, Suzuki and Zimmerer (1976)

i) Gerick (1977)
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D) r-n B

m u> a

Table 28

Critlcal tranefer radii Rq (in A) for electronic energy transfer to guest atoms

and boundariee in solid (s) and liquid (1) rare gas matrices.

Host

Ar ( B )

Kr (s)

(s)

(D

(B)

(s)

(s)

Xe (s)

(s)

Tempera t ure

K

6-20

60

HO

120

5

5-15

G u e s t

Species

Xe

Kr

Xe

Xe

Xe

C6H6

C6H6

Rq(exp.)

18a>
b)6 '

I7 a )

25a)
\4

c\2 '

24-29c)

Rq(ca l . )

,oa>
,5a)

»1
2\

Boundary

R q ( e x p . )

25-29c)

22d )

40C)

^
o
l

vn
o
i

>ji

V

M

fy
l

l

O

VJ1

l

o
«£)

V

H OH. 3
M E

a) Chesiiovsky, Gedanken, Raz and Jortner ( !973)

b) Gedanken, Raz and Jortner (1973)

c) Ackermann (1976)

d) Ackermann, Brodmann, Haiin, Suzuki and Zimmerer (1976)
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Table 29

C a l c u l a t e d mean f ree pa th and mean kinetic enurgies of electrons in m

exppr imen tg for l iqu id Ar at 84 K a f t e r Lekner (1967) .

f ie ld

( V / c m )

10

102

lü^

1(A

105

d r i f t
veloci ty

( cm/usec )

0.0039

0.037

0.21

0.47

(0.25)

mean
l inetic
energy
UV)

0.011

o.on

0.028

0.51

«.0

mean fr
energy
transfer

6.6

6.6

6.7

8.7

(9.0)

äe path for
muroentum
transfer

/l, (8)

136

136

140

140

(60)
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Table 30

Parameters a, b, c for tlie calculat lon of atomic I o n i s a t i o n cross sectiuiis

(W. Lotz 1967) and of tlie mean free path for e lec t r im-elec t rou s ca t ter ing .

(a in I0~ cm (eV) ) N. and P . : number and h ind ing energy of electrons i n
1 1 3

Shell i. A: atomic weight. J : density (g/cm ).

P1

21.6

15.8

H.O

12.1

N1

6

6

6

6

P2

48.5

29.2

27.5

23.4

N2

2

2

2

2

P3

93

67

N3

10

10

a

2.8

4.0

4.0

4.0

b

0.92

0.62

0.71

0.54

c

0.19

0.40

0.76

0.64

V

l?.6

12.06

10.23

8.4

A

2U.2

40

83.8

131.3

51

1 .5i<4

1.77l

3.094

3.782

Na

Ar

Kr

Xe

P ': threshold energy in tlie solid state (eV) .
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•fable

energies W (In eV) for t'ie nroductidn of free electron hole pairs.

W calcula ted

2.8 EG

01. 5.20

26

32

40

Doke et al.
(1976)

Q1.5..2I

15.*»

19.5

23.3

W experimental

solid

Spear ond le

24 + 1

25 ± 1

27 i 1

l i qu id

Comber(l9?7)

33 ± 2

25 ± 1

27 ± 1

liquid

Doke et al.(1976)

15-6 i 0.3

23-6 i 0.3

Xe

Kr

Ar
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Table 32

Escape depth 1p of RGS (1p and f i l m thicknees <1 in 8).

1p from fig. 63

50 _ d _ 200

250

250

200

500 d 5000

950

4000

3000

5000

1p from f ig . 64

1000

3500

•'•p f roin cqn. 5.26

2900

HOO - 1?00

Xe

Kr

Ar

He



Table 33

Throshold encrt ies E for e lectron-electron scattering.
" sc

E . : n = l excicon; E,,: band gap (in eV).
J Lf

X<*

Kr

Ar

Na

2 E, EG+E, 2 EQ

16.7*i t?. 70 10.66

£0.51* 21.78 23.22

2*4.12 26.22 20.32

34-72 38.86 1+3.00

E

a) b)

17.6

21.5

25-5 ± Ü.5

sc

thresliold

18

21.56

26.10

c)
ext tapolat ion

1?.0

20.5

2tf-5

a) Photoelectron yield
Schwentner, Skiboweki,

b) Liuninescence y ie ld
Möller, Brodmann, Hahn.

c) Phu too lec t ron enerey d i s t r i b u t i o n
Schwentner (1976 )

Steinmann (1973)

Zimmerer (1976)
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Figure Captiona

Flg. l Energy regiona for excited-state photophysical and chemical

proceeses in molecular crystala (after Jortner and Leach,

1980).

Fig. 2 Schematic scheine of Ehe energy levels o£ an atomic iinpurity

Btate in a solid rare gas matrix depicted for the caae of Xe

in Ar. The energies given are diacusscd in the texC.

Fig. 3 Potential curveo for a diatoraic rare gas reolecule, The

notoenclatuie is explained in tlie text.

Fig. 4 Schematic scheine for vatious relaxation and energy transfer

processes discusaed in the text. Case l, selftrapping of

excitons and nonradiative relaxation; Case 11, recapture of

free electrone and formation of lumineacence cei\ters; Case IH,

competition of nonradiative relaxation and radiative decay in

exciton states of guest atotas; case IV, energy transfer of Eree

and setftrapped hoat excitons to gueet atouia and boundaries.

Fig. 5 Absorption cell for high presaure vacuum ultraviolet optical

experiments (fcom Messing et al. (1977)). A: pipe leading tu

the gas handling syatem; D; sample preparation chamber;

C; electrtcal feed-through; D: vacuum chamber cover fl äuge;

E: thermocouple; F: cooling coil; G: heating elemei)t;

H: cloaing nut; and I: optical axia.

Fig. 6 Liquid Ar barrel sliower counter for the CELLO high energy

particle detector used at the Deutsches Elektronen-Synchrotron

DESY.

Fig. 7 Crystal growing device for the preparation of ncon cryst.ils.

(a) Crncible renwvable for obeervation in the vacuum ultraviolet;

(b) Temperature measurement inside the crystal by a thermocouple

led through a stainless ateel tube wliich also Supports the

crystal {from Sctiubettli and Creuzbnrg (1975)).



Device for luminescence experiments in liquid He by excitation

wiLh high energetic electrons (after Fitzsimmons 1973).

1: electron gim; 2l vacuum pumps; 3; sample chamber;

4 : main cryostat ; 5: electron beam; 6: cryogenic helium;

7: liquid nitrogen; 8: monocliroraator; 9; södium salicylate

and pho tomul t ip l i e r .

Fig . 9 Exper imental ae tup for sitnultaneous meaaurement of transient
-g

absorpt ion spectra af te r excitation with a 5 x 10 a pulse of

500 keV electrons and registrat ion of lurainescence emission

spectra and decay curves ( a f t e r W i l c k e 1979).

Fig. 10 Typical photon f l u x of moiiochromatized Synchrotron radiation

at the sample (upper panel) . Time Etructure of the Synchrotron

l ight pulsea provided by the storage ring DORIS in Hamburg

(after Halm et a l , 1978) (lower panel).

Fig. M Setup for simultaneous VUV-ref lec t ion and photoemission experiraentB

on Condensed gases. Synchrotron light (SR) enters the sample

cliamber (SC) f rom the roonochromator (M) wi th concave grat ing (G)

via the exit slit (ES). A cryostat (K) with two cryoshielda(CS)

and an insulated sample Substra te ( I ) , an open electrostatic

photomultiplier ( D I ) , a gashandling System ( G H ) , and a photoelectron

energy analyzer (KEA) wi th a channeltron äs detector (Cll) are in-

corporated into the sample cliamber. Photoelectron analysie; Vo

to Vj , lens vo l t agea j Vp: sample voltage; EH: emitter f o l l o w e r j

D: d iscr iminator ; MCA: rault ichannel analyzer; DAG; digital-analog

convertür. Channel advance is triggered by a reference signal via

lock-in a m p l i f i e r ( L I A ) , analog-digital Converter (ADC) and a preset

counter (PC). The r e f l ec t ance äs a funct ion of wavelengt l i is

measured by DI, F i lm thickness is determined by comparing the re-

f l ec t ance R ] ( t ) a t A | ( V U V ) and R 2 ( t ) a t \2 ( laaer wavelength , laser

(I,) via detector D2) s imul taneously dur ing evaporation t i nie t (frora

Schwentner et al. 1974).
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Fig. 12 Experimental arrangement for simul taneons measurcaient of tlie VUV

reflection, luminescence excitation and transmission spectra.

The radiation shield ia used äs a collecling electrode for photo-

emission yield measurements. Synchrotron radiation is dispersed

with a 1.5 m horizontal Wadsworth monochromator. S is the exit

slit of the monochromator (from Hnsnain et al. 1977).

Fig. 13 Experimental arrangement for time-resolved luminescence ex-

periments with selective excitation, Upper panel: experimenlal

arrangement conEisting ofi MP: priuiary monochromator;

FS: focusing mirror; P: sample holder; L: liiminescence l ight;

MS: secondary monochromator; PH: photomultiplier; VK: cryostat;

GE: gas inlet tube. Lower panel: electronica for time resolved

lumineacence spectroscopy consisting of: DORIS: atorage ring;

BT: bunch trigger; DL: delay line; CD: constant fraction

discriminator; TAC: time to amplitude Converter; AI)C: analog

to digital Converter; HC: multichannel analyser; PL: plotter.

(From Hahn and Schwentner, 1980),

Fig. IA Comparison of some representative photoelectron energy Distribution

curves for solid Xe (at hv - 13.78 eV), Kr (at liv = 19.84 eV),

Ar (at h\ = 19.07 eV) and Ne (at hu - 26.72 eV) with calculated

valeuce bands (froro Schwentner 1974).

Fig. 15 The plot of characteristic parameters of the valence and condiiction

bands (+,width of valence bands; • valence band Splitting; &} spin

orbit Splitting; o( width of conduction band; x( lattice constant)

on a linear band gap scale shows a continuous change of theso para-

meters from Xe to Ne (from Schwentner 1974).

Fig. 16 Comparison of photoelectron spectra for the Xe 5p levels of afomlc

Xe (Turner et al., 1970), Xe-clusters in the gas phast (Dehmer and

De linier, 1978) and Xe embedded in an Ar and Ne matrix (Schwentner et

al. 1975). The binding energy scales liave beeil aligned at the

Xe 5p32 maximiim.

Fig. 17 The spectra of tlie imaginary part of the dieltet rir. conetanL ^2

for solid Ar, Kr, and Xe in the region of the valence excituns. The

spin orbit Splitting in the n = l exe i ton s A|, the aayignments of

the higher raembers of the exciton seriea and lliu band gap Eg are

indicated. For the Ne-spectrum see Fig. 18 (from Saile 1976),
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Fig. 18 Üptical density (- In 1/I0) o£ solid neon at 6K in the excitonic

ränge of tlie spectrum. The main featurea can be grouped fnto two

seriea eplit by apin orbit interaction which converge to the band-

gap. For tlie assignment see text. In the ins er t results of a

surface coverage experiment for solid neon in the ränge of the

n - l exe i ton are sliown. Curve A is the optical density of a clean

neon sample. Upon evaporation of a thin Ar coverlayer the structure

denoted by S disappeara whereas the band shape of the remaining peak

reinains unchanged. In the lowet part of the insert, the difference

spectruin B-A is stiown and the smooth and structureless Ar background

is indicated by the broken line (fron Saile and Koch 1979).

Fig. 19 High resolution absotption spectra for solid Ar, Kr and Xe in the

ränge of the valence excitons. Volume and aurface excitona are

observed for all three aamplea. For Ar and Kr the results of eiirface

coverage experimente üre also ahown. For Xe the experimentally

determined spectrum in the ränge of the n • l surface and volurae

exciton is displayed on an expanded scale together with a lineshape

analysis using two Lorentzians (after Saile 1976).

Fig. 20 Absorption spectrum for thin Kr films (d » 30 A). The n • l and

n •» l' transverse TO volurae excitons äs well aa the aurface excitons

(S) can be Seen in the spectrum for normal incidence in the upper

panel. At non-normal incidence (lower panel) two new features

aasociated with tlie n - l and n » l ' longitudinal (LO) bulk excitona

appear. (From Saile et al., I960).

Fig. 2t Absorption coefficient of solid (solid line) and gaseoua (daahed

line) Kr determined by reflectance (Uaensel et al. I970c; Skibowski

1971) and abaorpt ion measur erneut s (Ilaunael et al, I969b). (.,...

Samson. 1963; °°° Rustgi et al., 1964; • Lukirskii et al., 1964;

- - • Cook and Metzger, 1965; (between 15 and 20 eV)

Huffmanu et al., 1963) (from Sonntag, 1977).

Fig. 22 RefLectance epectra of Ne Kims doped with 1Z Xe, d - 20OO 8

(upper panel); IX Kr, d • I70O 8 (middle panel); and IZ Ar,

d - 18OO 8 (lower panel) (d: film thickneaa) evaporated unto

a gold aubstrate. The spin-orbit-split impurity exciton series

are indicated on top of each spectrum. (From Pudewill et al.

1976).

Fig. 23 Exe i tat ion energies of excitons in pure Ne (Erl) and of the

impurity statea of At, Kr and Xe in a Ne matrix (E ') plotted

versus l/ 2 according to the Wanaier inodel. (From Pudewill et al.

1976).

Fig. 24 -Reflectance of Ne films doped with - 0. U (solid line), ^=1%

(daahed line) and = 5t (dash-dotted line) Xe respectively

evaporated onto a gold Substrate in ttie ränge of the n = l Xe

impurity excitationa.

Pig. 25 Optical absorption spectra of thin eolid films o£ Ar - Xe

mixtures deposited onto LiF plates cooled at liquid He temperature.

The nuDiber at the right side of each curve indicates the Xe con-

centration in moll. Tlie Ordinate of each curve is ahifted for tlie

convenience of comparison. tipward arrows T indicate the position

of the localized Wannier exciton band8 due to the Xe impurity

(Baldini 1965) and downward arrows J, mark the intrinsic Wanni er ex-

citon bands of the undoped Xe solid (llaensel et al., I97ü) (from

Nagasawa et al., 1972).

Fig. 26 Fine atructure of the Xe-4d absorption in the energy ränge 64-'Jl) eV

for different Xe : Kr mixtures ranging from HK) at.Z to l at.% Xe.

The corresponding peaks are connected by daslicd lines (from

llaensel et al., 1973).

Fig. 27 Fine etructure of the Xe-4d absorption in the energy ränge 64-80 eV

for different Xe : Ar mixtures ranging from 100 - 10 at.2 Xe. The

corresponding peaks are connected by dashed lines (from Uaensel et

al., 1973).



- 216 -

Fig. 28 Photoelectron energy dis t r ibut ion curves for Xe/Ar a l l o y s

£or ttiree d i f f e ren t photon energies wi th the Xe concentration

äs a parameter . All spectra are normalized to the sane m a x i m u m

counting rate. The est imated background is indicated by the

dashed lines. The energy scale for all EDC's haa been fixed at

the Xe 5 p ( l / 2 ) maximum. The arrows indicate the on&et of plioto-

emisaion at E[(in • 0. The dash-dotted curve for pure Ar

(hv = 18.37 eV) waa taken f rom Schwentner et al. (1975) . (From

Nürnberger et a l . , 1977).

Fig. 29 Comparison of the meaaured total valence band wid tha in eV for

Xe (WXe) and Ar (WA r) äs a function of concentration inc luding

es t imated e r rura (croasea) wi t l i calculated band widths. The

free parameter a is used in tlie following expresston:

ppTi (c) • ppn (o) ' e : ° and an analogous expression for pptj,

wi th (c) and (o) denoting the band structure paramters at a given

concentration and for the pure material. do is the Xe neareet

neighbor distance in pure Xe.

Fig. 30 Comparison of the exper imenta l ly determined photoelectron energy

distr ibut ion curves for Xe at hv = 13.8, 16.5 and 18.0 eV (upper part)

and for Ar at hv « 16.5 and 18 eV (lower par t ) for three d i f f e r e n t

concentrations wi th the calculated valence banda between the ' and

X-point using a = 2 for the calculation. (From Nürnberger et al . ,

1977).

Fig. 31 The ref lect ion of f luid Xenon in the ränge of the 6s 3/2

excitation at various denai t ies . The experimental values are given

by the points. The fü l l curves represent the resul ta of a dispers Ion

analysis. Tlie curves a to g correspond to denai t ies ranging from

182 to 500 amagat. Tlie corresponding dena i t i e s (amagat) pressures

(bar) and temperaturea (K) are: a: 182, 61.8, 292.7; b: 241 ,

65.7, 293.9; c: 283, 61.8, 287.8; d: 306, 61.8, 283.4;

e: 338, 61 .6 , 274,4; f: 350, 83.4, 275.0 and g: 50O, 0.8, 163.0

(frora Laporte and Steinberger, 1977) .
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Fig. 32 The absorption spectra of Xe in fluid Ar in the low and

intermediate Ar density ränge. The absorption curves are

horizontally shifted, all being displayed on the same

optical density (ÖD) ecale.(From Messing'et al., I977a).

Fig. 33 The absorption spectra of Xe in fluid Ar at high Ar density

and in solid Ar. The Xe concentration ie roughly l ppm.

The absorption curves are horizontally shifted, all being

displayed on the aame optical density (ÖD) scale. (From

Messing et al., 1977a).

Fig. 34 The density dependence of the energies of the maxima of the

absorption bands relative to the unperturbcd atomic transition

energy for the absorption lines of Xe in fluid Ar observed in

the apectral ränge 8.5 eV ( = 1460 Ä) to 10.8 eV (1150 8);

see Figs. 32 and 33. The spectral lines are designated by tlie

conventional atomic notation. (From Messing et al., 197/a).

Fig. 35 Energy correlation diagram of the unperturbeJ atoraic states of

Xe, Xe impurity states in liquid Ar and of Xe impurity states

in solid Ar, The correlation of the 7s£3/2J atomic state is

rather tentative äs denoted by the daslied line. (From Messing

et al., I977a).

Fig. 36 Absorption spectra of CI^I in liquid Ar in the low energy ränge

5.9 eV (= 2100 8) to 8.0 eV (= 1550 X). The absorption curves

are horizontally shifted, all being displayed on the aarne optical

density (ÖD) scale. (From Messing et al., I977b).

Fig. 37 Sclieme for inhomogeneous and honiogeneous disordered two-component

materials.

Fig. 38 Flow diagram for the different structural features of metal RGS

mixtures developing with increasing metal concentration.

Fig. 39 Summary of UV absorption spectra of matrix isolated metals. m or

c meana tK.it also diatomic molecules or düstere have been

studied (after B. Meyer 1979).
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Fig. 40 Normalized acans of the abaorption of whi te Hght by Na atoms

trapped in Ar, Kr anJ Xe at 10 K. The arrows indicate tlie

Position of abaorption peaks deterniined by loser exci ta t ion

(f rou Ba l l ing , liavey and Dawson, 1978).

Fig. 41 Ground and lowest excited electronic states of NaAt äs

ca lcu la ted by Baylis (fron Smalley et al. , 1977).

Flg. 42 Normalized lurainescetice of Na atoms in Ar at 10 K for excitation

in d i f f e r e n t absorption bands A, B and C (from Ball ing, Havey and

Dawson, 1978).

F i g . 43 Composition dependeoce of the heigliL of the single Hg atora

abaorp t ion . Tlie experimental points represent the peak height

above the background absorpt ion. Solid curve given by eq. 5.1

with Z - 10. (From Danor et al., 1979).

Fig. 44 Opt ical transraission of l i th ium in varioua stages of aggregatiou.

The indicated concentration of l i t h i u m vapor ia mixed with

Xenon and the mix tu re Condensed onto a 5 K Substrate. Aa the

concentration of l i th ium increases, the degree of aggregation

increases. (From Welker and Mar t in , 1979).

Fig. 45 Optical transmiseion of sodium in various stages of aggregatiou.

The ind ica ted c c m c e n t r a t i o n of sodiuai vapor is mixed with Xenon

and tlie m i x t u r e Condensed onto a 5 K Substrate. (From Welker and

Mar t in , 1979) ,

F i g . 46 Absorp t ion speti tra of Ilg/Xe samples at 6 K for X «• 0. l - 0.4

(f rom Danor et a l . , 1979).

Fig. 47 Potential curves for the lowest u-type states of Hg2 from Stock

et al. (1978) . Alloued transitions are ntarked by arrous ( f rom

Danor et a l . , 1979) .

F ig . 48 Dfcpeniicnce of tlie absu rp t ion c o e f f i c i e n t of Hg/Xe samples on the

l lg concen t ra t ion at several energiea (see Fig. 46) . (From Üanor

e t a l . , 1979) .
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Fig. 49 Concentration dependence of the integrated optical abaorpticn

of sodium clusters in Xenon. The dotted lines have slopes

equal to one and twO. The absorption spectrum (riglu liand eide)

showa the line assignments. (From Welker and H.irtin, 1979).

Fig. 50 Absorption spectra of C&i i" an «rgon matrix before (a) and after (b)

annealing. (From Miller et al., 1977).

Fig. 5l Scheine of combinations (a, b, c, d) of weakly and strongly

bound potential curves for the ground state and the excited

state (see text).

Fig. 52 Optical transmission of ellver in various stages of aggregatitm.

The indicated concentration of silver vapor is mixed with argun

and the mixture Condensed onto a 5 K Substrate. (From Welker

and Martin, 1979).

Fig. 53 Conductivity versus composition for mixCures of lead and argon

deposited at 4.2 K (after Eatah, Cusack and Wrtght, 1975).

Fig. 54 The composition dependence of the conductivity (•) and of the

temperature coefficient of conductivity (o) in Ilg/Xe tnixtures

at 6 K. Three scales of Mercury concentrations are presented:

X - the atomic fraction of Hg, C - the volume fraction of Hg and

Ca - the atomic volume fraction of llg. (From Chesnovsky et al.,

1977).

Fig. 55 Composition of the conductivity transition for several Systems.

The Ordinate is the metal atom radius -t-gas atom radius (from

Milder and Cusack, 1977).

Fig. 56 Vacuum UV absorption spectra of Hg/Xe solid films deposited at

40 K and measured at 10 K. The spectra uere practically

temperature independent in the ränge 10 - 40 K. The percentages

represent the mole fractions of llg. The spectra were vertically

displaced on the optical density scale; the residual absorption

at 1550 A in each case was 0.1 - 0.2 optical-density units.

(From Raz et al,, 1972).
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Fig. 57 Optical abaorption per Kr ato* in thin Rb Kr f i lms spann log

the composi t ion of tlie metal-inaulator Lranaition (from

Phelps and F l y n n , 1976).

Fig. 58 The real part E | ( E ) of the dielectric func t ion for Hg/Xe

mixtures at 6 K for d i f f e r e n t atomic f rac t ions of mercury

(from Chesnovsky et al. 1979, I98O).

Fig. 59 The optical conductivlty a(E) of Hg/Xe ouxturee at 6 K for

di f ferent atomic fract ions of mercury. 0(E) - u e j t E J / ^ i

where E is the photon energy while iu(s } ia the angular fre-

quency. Solid line: Experiroental data f rom transmiasion

measurements. Bruken l ine : Extrapolation to tlie D.C.

conduct ivi ty values which are marked by dota ( f rom Chesnovsky et

al., 1979, I960).

Fig. 60 Schemati c aketch for the relaxation cascade of a free electron-

hole pair in a RGS. A: excitation; B: scattering in the

conduction bands; C: radiative and radiationlesa relaxation in

f ree and localized exciton states; D: radiative decay to the

ground e ta te ; E: energy t ransfer to guest atoms and boundariea,

Fig. 6l Conf iguration coordinate raodels for a localized exciton and an

exciton band in a rigid latt ice ( a f t e r Toyozawa 1974).

F ig . 62 a) Schematic lat t ice rearrangement for one center s e l f t r app ing

( le f t ) and two center self t rapping ( r igh t ) of excitona in RGS

after Song (1968, 1971) and Jortner (1974) .

b) Map of zones of a tab le states of excitona for alkalihalides

in the plane X - UV/^VJ1, Y " V /ÄJVf (from Song 1968). For

a , V, V and U ' see text.

Fig. 63 Schema t ic potential curvcs and la t t ice distortions deacribing the

local izat ion of f ree excitons in atomic and excimer centers

(af ter Fugol ' 1978).
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Fig. 64 Resulta of time-resolved luminescence experiments for the

nid i n luminescence bands of solid Xe, Kr and Ar. Füll lines

in tlie intensity curves (upper panel) correspond to the
-9

component with ahort decay times (10 s region), dashed lines

to long decay times. Einission bands and decay curves for Kr and

Ar are taken from Hahn et al. (1980). The decay timea for Xe

were determined by Halm et al., 1977, Kink et al., 1977 (from

Zimmerer 1979).

Fig. 65 a) Emission spectra for solid Xe excited by ccparticleJand VUV

light (Zimmerer 1976). b) Intenaity ratio of the 7.6 eV emission

band to the 7.05 eV etnission band for different temperatures.

Circlea: electron excitation (Basov et al,, 1970); crosses:

o-particle excitation (Cheanovsky et al., 1973); points:

fl-particle excitation (Zimmerer 1976). c) Lumineacence efficiency

in the 7.05 eV and 7.6 eV band of solid Xe for a spectrum of

excitation energies (Ackermann et al,, 1976).

Fig. 66 Decay curves for solid Xe. Left insert, temperature depeiulence

of the long and short components; right insert, emission bands

for different tiuiea after deposition of the sample (Hahn et al,,

1977).

Fig. 67 Transient absorption of solid Ar (Suemoto and Kanzaki, 1979) and
V

calculated potential curves of Ar molecules (Spiegeloian and

Malrieux 1978). The assignment of the obaerved features ia indi-

cated by vertical arrows.

Fig. 68 Comparison of luminescence emisaion spectra for solid He for different

excitation conditiona. In the left set of spectra (I) - (5) tlie

füll Emission spectrum ia shown. In the right set of spectia (7) -

(10) the high energy part ia shown on an expanded scale.

1: calculated R£ center emission (Yakhot 1975); 2 and 7: x-ray

excitation (Schubert!» and Creuzburg, 1975); 3: ß-excitation

(Packard, Reif and Surko, 1970); 4: light excitation (Zimmerer

1978); 5 and 10: 300 eV e~-excitation (Fugol' 1978); 6: calculated

R center emission (Kunsch and Coletti, 1979); 8: 5 keV e -excitat-

ion, low current (Coletti and Bonnot 1978); 9: 200 eV e -excitation,

high current (Coletti and ll.iniis, 1977).



Fig . 69 In t he louer part an overview of the complete emission apectra

for solid Xe, Kr, Ar and Ne is shuwn u i th an assignment of the

i n d i v i d u a l fea tures ; a: f ree exci tona; b: atomic centers;

c: tfibrationally excited exe i nie r centers R2 ; d: v ib ra t iona l ly

relaxed R centere. The Xe and Ar spectra have been obtained

by electron exci tat ion at 5K (Fugol 1978); the apectrum for Kr by

e l e c t r o n excitat ion at 5K (Halm et a l . , 1980); tlie spectrum for

Ne by X-ray excitation at 5K (Schuberth and Creuzburg, 1975). In

tlie upper par t , the temperature dependence of the emission banda

a and b excited by 5 keV electrons is displayed on an expanded

scale (Colet t i and Bonnoc, 1978).

F ig . 70 (t) Absorption spectruw of solid Xe {Baldini, 1962)

(2) Emission spectrun» of solid Xe (Fugol1 1978)

(3) Xe gas emission at low pressure (Stewart et a l . , 1970)

(4) Xe gas emission at high pressure (Kashnikov 1971)

(5) Xe atomic resouance linea (af ter Fugol ' 1978).

F ig . 7l Potential curves for Xe excitons.

I: Atomic centers R (a f t e r Fugol 1978). For the def ini t ion of

S|°, S and 1̂  see text. The dashed region corresponds to free

excitons; I I : Molecular centers R2 depicted according to the

ra lc t i l a t ion of Ennler et al. (1978) for the free molecule;

I I I ; Potential curves of the free molecule (II) on an enlarged

scale; IV: Experimental reaul t s for the potential curves of R *

centera in tlie crystal on the acale of I I I . a, b, c and d

indica te emission of free exci tona, of atomic center R , of
V ML

vibrationally excited R and of vibrationally relaxed R centers.

Fig. 72 a) Temperature dependence of the peak position of the resonant

emiesion (solid l ine) and of the ce f lec t iv i ty (dashed Hne).

b) Temperature dependence of the intensity of the resonant emisa ion

(fiw - 8.35 eV) (a f te r Kink and Selg. 1980).

Fig. 73 Compi la t ion of eraission bauds in l iqu id rare gases togetlier w i t l i

eolid and gas phase spectra. Xe gas: Jor tner et a l . , 1965; Xe

solid and l i qu id : Basov et a l . , 1970; Kr: Cheeuovsky et al . ,

1973; Ar: Chesnovsky et a l . , 1972; Ne: Packard et al . , 1970;

He: Stockton et a l . , 1972,
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Fig. 74 Observed tranaitions in liquid He. The potential curvea bave

been adopted from Ginter and Battino (1970), excupt the singulet

etates above C l- (Guberman and Goddard, 1975). Transitions to

the ground state: Stockton et al. (1972); radiative dccay betvcen

excited atatea: Dennis et al. (1969); tranaient absorption:

Soley and Fitzeimmons (1974).

Fig. 75 Relaxation cascade in the excitonic statea of heavy RGS (e.g.

Xe). a: localization of free excitons; b: electronic ralaxation;

c: vibrational relaxation; d: prediasociation. Tlie potential

curvea have been drawn according to the work by Molclianov (1972)

for excimer centers and Fugol' (1978) for atomic centers.

Fig. 76 Emission spectrum of liquid He in the lang wavelengtli region

(after Keto, Soley, Stockton and Fitzaimmoas, 1974).

Fig. 77 Upper panel: decreaae of the emisaion intensity with external

pressure in liquid He; middle panel: wavelengtli shifts in the

eraisaion apectra from liquid He with external pressure and lower

panel: wavelengtli stufte in transient absorption spectra frorn

liquid He with external pressure. Experimental points are

connected with solid ifnea. Daehed lines sliow the resulte of

calculaliona by Hickman et al. (1975). The numbers refer to the

following tranaitions:

I) A 'E ̂  X 't; 2) d 3E * c 3E ; 3) 3 3s

3 '
2 3P

4) d E •* b n; 5) D 'E -» B 'n : 6) c
7) C 'l •* A 4 8) 2 3P •— S3 S ; 9) b 3» * a 3£

Fig. 78 Configuration coordinate diagram for an impurity center. l(„ ia
o

the energy of the ground state (for absorption) or the energy of

any atate below the state with energy V (for electronic relaxation}

and U. the energy of an excited state versus the conligurntion

coordinate Q. E^n is the lattice rearrangement energy and AE the

energy difference of tlie minima of the potential surfacea. Ê

is the activation energy given by the croasing of the potuHial

eurfacea.
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F i g . 79 Experimental absorption line shape (points) of the n « l exciton

of Xe guest atoms in an Ar mat r ix at 56 K and f i t s wi th a

Gauasiaa (solid l ine) and Lorentzian {ilashed l ine) line shape.

Tlie center of ttie line Evtax corresponds to 9 . 1 5 6 eV and the

ha l fwidth (fwhm) H is ]|9 raeV. (After Ophic 1970).

Fig. 80 Temperature dependence of the position of the n » l excitons of

Xe guest atouis in Ar (circles) and Xe guest atoma in Kr matrix

(crosses) (upper part) and of the corresponding halfwidth H

(lower par t ) . The result of Baldini (1965) ia ahown by B. The

solid (Ar ma t r ix ) and dashed (Kr matr ix) lines correspond to f i ts

wi th equ. 6.25 (lower part) and equ. 6.26 (upper part) . (Af te r

Ophlr 1970).

Fig. 81 Emission spectra of Xenon dcped liquid argon at 87 K (a) and

Xenon doped aolid argon at 80 K (b) (after Chesnovaky et al . , 1 9 7 2 ) .

Fig. 82 Lei t band panels: E m i s s i o n spectra of Kr guest a t o m a in an Ar

matr ix fo r several excitation energies A of 1 3 . 8 eV, 1 1 . 3 7 eV and

10.70 eV and for several Kr concentrations: - - - 3Z Kr,

- - - . 0.32 Kr, 0.03 Z Kr.

Right hand panels; I, II and III are excitation spectra of the

emiseion batida "b" (site with energy lower than the relaxed Kr

n •= l excitou), "e" (relaxed Kr n - l exciton) and "g" (relaxed

n ' - l exciton), respectively. The identif icat ion of the emiseion

bands is ahown in the left hand panela. - • - • 3X Kr, 0.3 Z Kr,

0.03 Z Kr ( f rom Halm et a l . 1 9 8 1 ) .

Fig. 83 Emission spectra for Xe, Kr and Ar atoms in the Ne matr ix with

Million liand I, II and 111. The atomic statea are also shoun.

Long bars correapond to dipole-allowed, ahort bars to dipole-for-

bidden t ranä i t ions . The absolute positions of the atomic transit ions

have been ehi f ted by 0.23 eV, 0.14 eV and 0.09 eV for Xe, Kr and Ar,

respectively. (t'rora (Lahn and Schwentner, I960),
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Fig. 84 Dependence of the energy poaition of the lowest atalea of Xe

atoms on the denaity of surrounding Ne atoms. The denaity is

expressed by the mean neareat neighbor Separation between an

Xe atom and surrounding Ne atoma. The Ne density ranges from

0 through liquid to the solid phase. For aolid Ne (density l,44

ig cm ) ̂  3.13 X) the maxima of the excitation spectra (left

hand side) have been included. The denaity around relaxed Xe

atoms follows from a comparison with the emiasion spectra (right

hand side, liorizontal li n t - s l . (Frora Halm and Schwentner, 1980).

Fig. 85 Emission spectra of liquid Krypton doped with Xe at various

concentrationa (T - 120 K) (from Chesnovsky et al., 1973),

Fig. 86 Dependence of the intensity ratio of the heteronuclear excited
K

Kr Xe molecule emission to the excited homonuclear diatomic Xe2

emiaaion upon the concentration in liquid Kr,(From Chesnovsky et

al., 1973).

Fig. 87 Excitation spectra (emission intensity versus excitation energy)

for Xe in Ne (hatched curves) for each of the t.hree emission

banda I, II and III (see also Fig. 83). The emission bands are

ahown for each of the cotresponding excitation spectrum at lower

photon energies. Prominent maxima in the excilation spectra are

marked by a, b, c, d, e. Further, the poaitions of excitonic

states n = l, 2, 3, 4 and n - i', 2', 3', 4' are marked. The

inserta at the right hand side provide a survey of the t i nie dependence

of the intensity in the Emission bands at prominent excitation

energies. The insert on the left shows the complete emission

spectrum (from Hahn and Schwentner, 1980).

Fig. 88 Excitation spectra (eraission intensity versus excitation energy)

for Kr in Ne similar to Fig. 87. (From Halm and Schwentner, 1980),

Fig. 89 Left part: experitnental radiative (~— )) and nonradiative (— * )

electronic relaxation pailiways and time constants (in nanoseconds)

for Xe in Ne in a conf iguration coordinate diagram. The excitation

channels n - l , n ' « l and n • 2 and the matrix reldxation (~v«*»)

are included. Right part: atomic energy levels (Faschen notation)

for Xe with aome lifetimes for radiative transitiona to the ground



state (~""-"->) . Long barg correapond to States with allowed,

slwrt bars to forbidden tranaitions to ilie grotmd atate (frora

Hahn and Schweiitner, 1980).

Fig. 9ü Relaxation caacade fot Ar in Ne almilar to the results shown

in Fig. 89. Import an t radiative tranaitiona between excited

acoinic transitiona are included ( ̂CZ£) . (Prora Hahn and

Schwentuer, I98U).

Fig. 9l Temperature depeudence of the transitioti rate of Kr n * l

excitons in an Ar matrix. Croasee, experimental points; aolid

line, fit witli equ. 6ß3.(From Halm et al., I960).

Fig. 92 Pliotoelectron yield from Kr layers witti thickneae d due to energy

tranafer to the gold subatrate normalized to the photoelectron

yield of the Substrate. The n - l , n ' - l and n - 2 exciton bands

of Kr ar marked. In the insert , the abaorption coefficient for

Kr versus photon energy is given (From Rudolf and Schwentner,

1980).

Fig. 93 Thickncss depeiidence of ttie photoelectrun yield from the n - t

exciton of Xe due to energy tranafer to the gotd Substrate. Points

repreaent expecimental data, the curve etiows a fit witti a diffuaion

length of 300 A and an electron eacape depth of 850 A äs parametera

(frora Ophir et al. 1975).

Fig. 94 Diffusion length o£ Kr excitons versus exciton energy derived from

Fig. 92. In the upper panel, the absorption coefficient in the

excitoa bands is shown. (From Schwentner et al., 1980).

Fig. 95 Dependence of the photoelectric yield of Xe doped Ar filme on the

Xe concentration. The film ttiickness ia 60 X. The spectra are not

corrected for tlie hot electron contribution from the gold subatrate

and the rtflectivity. Photoelectric yield curvea for the gold

Substrate and for pure Ar films are also shown (Frora Ophir et al.,

1975).
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Fig. 96 Luminescence efficiency of the R * bände for solid Ar, Kr

and Xe at 5K for excitation energies in the exciton region.

The dashed curves represent reaulta from model calculations .

(From Zimmerer, 1978).

Fig. 97 Right part : photoelectron energy-distribut ion curves

(counting ratea veraus kinetic energy) froin films of l at.2 Xe

in Ar for a Bpectrum of photon energies. The film thicknesa

waa 50 X. For convenience the relevant energy levcls are

shown in the insert. Left part (yield): The crosses represent

the total n um b er of emitted electrons from the KDC'a. For

comparison the yield spectrura of l at.Z Xe in Ar of a 60-X thick

film is shown (solid line). The t wo aeta of data were adjusted

at hv - II and 11.5 eV (gold aubatrate). The energies of the

n • l, l 1 and 2' exciton States are marked. (From Sehwtntner and

Kach, 1976).

Fig. 98 Photoelectron energy dietribution curvea (counting rates versus

kinetic energy) from films of IZ Xe in Ar and 12 Xe in He for

aeveral excitation energies (below and within the n ~ l and n *• 2

host exciton bands) t^Q: spin orbit aplitting of the Xe 5p levels.

(After Schwentner and Koch, 1976).

Fig. 99 Superpoaition of ttie abaorption spectrum of solid Xe in Ar

(l ppm Xe) (füll line) and the emission spectruni of pure solid Ar

(dashed line) at 80 K. (From Chesnovsky et al., 1972).

Fig. 100 Dependence of the ratio of Kr donor emission to Xe acceptor emisstun

upon the acceptor concentration (• experimental points; solid

line: fit of Förster's theoretical curve). (From Chesnovsky et al.,

1973).

Fig. 101 a) One electron molecular orbital scheine for benzene. A simple

presentation with one fixed vacuum level for all initial statea

a» frequenlly used in solid state physics and molecular orbitat

picturei is shown. In such a picture neither the superpoaition of

excitationa from atrongly bound levels with the continuum tranaitious

from weakly bound levels nor correlation effects om be depicted but

it indicatea immediately wtiere the final statea are expected relative

to the hoat levels when beneene ia doped into a rare gas matrix. In



l he lefl part (i) Ehe photoelectron energy diatribution

curvea for pure Ĉ IÎ  (from Turner et al., 1970) indicating

t he initial stateo and (ii) tlie absorptlon coefficienta for

gaseoua benzene indicating allowed transitlons to final

atiites are sketclied.

b) Energy level diagrara for benzene in solid Xe, Kr and Ar

matrices äs derived from photoelectron energy distribution

measureraents. (After Schwentner et al., 1978).

Fig. 102 l.uminescence excitation spectrum of a benzene-dopfid Krypton

film. Tlie film is totally absorbing above 6 eV. The position

of tlie benzene abaorption bands (Katz, Brich, Stiarf and Jortner,

1970; Gedanken, Raz and Jortner, 1973) are indicated. (From

llasnain et al., I977a).

Fig. 103 Dependence of the ratio of liost emission intensity to gueat

emisaion intenaity in benzene doped Xenon on the CgHg concentratton

for aeveral photon energiea. The dashed curve describes the

result expected for the diffuaion model, the daflh-dotted curve

describes llie result for the dipole model. (From Ackermann, 1976).

Fig. 104 Exmission spectra from benzene/Xe doubly doped Ar matrices for aeveral

excitation energiea ttv « 10,48; 9.95; 9.2 and 9.0 eV, respective-

ly. The concentratlon of Xe was kept fixed at 0.22X while tlie

C^Hg concentration haa been varied frotn 0 to 5OO ppm. (Fron Ackermann,

1976).

Fig. 105 Scbeme for important electron and exciton scattering proceases at

different energy regions (ff ui) of the exciting photona. (From

Schwentner, 1974).

Fig. 1(16 Mean free path for electron-electron acattering in solid Xe, Kr,

Ar and He according to equations 7,8 and 7.9; dashed curve:

P| from Table 30; solid curvea: P J ' front Table 30.

Fig. 107 Hot electron current frora an Au Substrate versus thicknesa, of the

RGS overlayer; Ne: fiv - 16 eV (Pudewill et al., 1976); Ar:

h\ - 10 eV ( Schwentner et al., 1980); Kr: h\ « 9 eV (Schwentner et al.

1980); Xe: nv - 7.9 eV (Ophir et al., 1975; Schwentner, 1976).

In the inaert the energy diatribution of photoelectrona from the

Au Substrate is shown.

Fig. 108 Photoelectron yield from filma o£ solid He and Ar. Circles

represent the experimental electron yield for Ne at hu - 25 eV

and Ar at tiV •> 18 eV. For Ne (left) the lines are calculated

from equ. 7.24 for aeveral eacape depths 1_. I: ID ™ 1000 A;

2: 1p - 2000 X; 3: lp - 300O St; 4: lp = 5000 X. (From

Pudewill et al., 1976). For Ar (right) the solid lines are

calculated from equ. 7.24 including a contribution due to aecondary

electrons with the aecondary electron coefficient; 5: lp • 200O A

ß - 0; 6: lp - 1OOO X, ß • 0.2; 7: 1_ = 2000 X, ß •= 0.3; the

dashed lines are calculated uaing a random walk model with .111

electron - electron scattering length L = 10 000 X and several

electron - phonon mean free pattis A0; 8: Ao = 400 A; 9: AQ = 100 A

10: A0 - 5 S; (After Schwentner, 1976).

- w
Fig. 109 Excitation spectrum of the R2 lumineacence band of solid Ar.

The ttireaholds for electron - electron scattering are indicated

by m • l, 2, 3. The dashed line shows a fit to the experimental

apectrum (see text). (After Höller 1976).

Fig. MO Photoelectron energy diatribution curvea from solid Ar, Kr and

Xe Hirns for a spectrum of photon energies. The film thickneBses

have been d] « 14 A and 62 • 228 A for Xe (the region of scattered

electrons ia not shown), d - 50 A for Kr and d ( = 30 A, 62 c 84 A,

dj " 140 X and d^ = 30O A for Ar, The spectra have been multiplied

by the attached factors (from Schwentner 1976).

Fig. MI Left part: Dependence of the intensity of maximum A and D of

Fig. 110 on the electron kinetic energy for Kr. Zero corresponds

to the vacuiun level of Kr. Right part: The points show the

thickneas dependence nf the intensity of unscattered electrons from

Fig, 110 and the solid lines are calculated curves, (From Schwentner,

1976).

Fig. 1 1 2 Electron mean free path versus electron energy measured from the

top of the valence bands for Ar, Kr and Xe. The points show the

experimental results. The solid curves represent a fit according to

equ. 7.27. Ea c is the electron-electron acattering onset determined

by the uae of equ. 1,11, \s to twice the n •= l exciton

energy, II to the sum of band gap and n •» l exciton energy, and III

to twice the band gap for Ar, Kr and Xe, respectIvely, (From Schwentner,

1976).
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