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Abstract

21 3
Photoconductivity excitation spectra £or densities above 10 a toms/cm

u p . C o the triple point exhibit a threchold that moves to lower photon

energies with increasing density. Its value extrapolated to zero denai ty

is 11 .10 eV, i.e. the difference between the energy minimum of the Xe.

molecular ion and the ground state energy of the xenon atom. The hole po-

larization energy P was evaluated using the Born charging energy for the

sanie dens i ty ränge. These results along wi th the previously determined

values of the electron a f f in i ty V yielded a fü l l representation of the

energy band edges for the whole dens i ty ränge. A mul t ip le -sca t te r ing cheory

of the mobility by Basak and Cohcn is used for discussing rhe resul ts . It

is inferred that there is a continous transition frotr. "sclid-like" conduction

in a conduction band to "gas-like" conduction governed by scattering on

2l
dist inct atoms. This transition takes place at densit ies below 10 atoms/

3
cm . The relationship between these results and those on the evolution of

excitons is also discussed in detail,

tn be published in l 'hys. Ktv. B
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I. Introduction

In a recent publication we described results on photoresponse in xenon

. • 2 1 3
at densities below ̂  10 atoms/cm . In this density ränge the photoelectric

current is predominantly due to photoionization even for photon energies

less than the ionization energy of the xenon atom (12.12 eV). The photo-

ionization takes place in two steps: uponAbsorption of a photon the

xenon excimer Xe- is formed, followed by spontaneous ionization of the

excimer. This involves the formation of the xenon raolecular ion Xe. and

a free electron. This essentially atomic process, modified by molecular

interactions, is characterized by an excitation spectrum rieh in features

especially at the lowest densities. The process is possible only above

the photon energy threshold of 11,10 eV that is given by the energy

differences of the ground state of the molecular ion and the ground state

of the free atom. In contrast, the present study deals with higher den-

sities where the photoelectric current is due to photoconductancev its

excitation spectrum is almost featureless and may extend to photon energies

considerably less than 11.10 eV, depending on the density.

The main facts associating the photoelectric current for number densities

P >1C atums/cm wi th photoconduction are äs follows;

a. A photoresponse threshuldE is observed in liquid xenon at the triple

point very near to the photoconductivity threshold of the solid. Its position

is consistent with predictions on ehe change of the band gap based upon the

2
density change at the phase transition .

b. The electron mobilicy u of liquid xenon near the triple point is very



high, namely 2200 cm /volt sec. Its value is about the half of that in

solid xenon; this is understood on the basis of the density and compres-

. . 3
siblity change at the phase C r a n s i t i o n .

4
c, Ref lec t ion bands due tc excitons appear both in sol id and liquid xenon .

Band gaps calculated from War.nier exciton series are in dose agreemenc

with those determincd fron tht photoconduct iv i ty threshold,

These facts imply that near the t r i p l e point the photoresponse has to be,

indeed, a t t r ibuted to photoconduction proper. For lower densi t i es (down to

about 10 atoms/cm ) the dorninance of phococonduction can be aurmised

c

from the continuous Variation of the mobi l i ty J and of the energy V ot" tbe

quasi-free electron . Clear evidence that this is, indeed, the case will

be presented in this paper.

The exciton bands in f luid xenon were studied for a wide ränge of densi-

7 8
tiea ' . They were found to be entities d i f f e r e n t from atomic lines broa-

dened and shif ted by roolecular interactions, with each exciton band appearing

only above its own charcteristic density. Since excitons are closely

related to the electron band s tructure, the above fac t s raise the question

whetber there exists a def ini te density threshold for conduction in a

solid-üke energy band äs we l l . We note in this context that the zero-

f i e l d electron mobil i ty u in f l u id xenon has a rather deep minimum at

2 ] -t
& densi ty of about 3x10 atoms/cm . This might be interpreted on the

basis of the above considerationa by regarding the mobili ty minimum äs

the threshold for conduction in a solid-like conduction band.

Recent systeraatic photoinjection studies in f lu id xenon , krypton and

9
argon gave direct evidence on the energy V o£ a conduction band electron

o

(in other words, the electron affinity) äs a function of density. The

resuLts showec that the value of V changes continuously and gradually

from densities of that ui a dilute gas to that of a triplc-point liquid,

with a minimum in betwecn, Moreover, preliminary results on the den-

sity-dependen^e sf ehe photoconductivity band gap E , referring to photor.

2! i
energics heluw 10.2 eV and densitias above 4x10 atoms/cm indicated that

E varies linearly uith density withiti this ränge, These facts seera to

contr<i<iift those quotrd ubuve concerning the excitons, The study of photo-

conductivity excitation spet-tra in a broad ränge öf densities was under-

taken in order to leam whether there is, at any density, a clear thres-

hold for the appearance of a solid-like conduction band or elae such con-

duction develops continuoußly from conduction in the gas phase. In fact,

ehe experimental results indicated that the development is, indeed, con-

tinuous.

The paper also correlates data on the mobility and on the evolution of

excitonic bands uith the results on E . Finally, the energies of the

bottom of the conduction band V , the top of the valence band

the hole polarization P and V -E +P are presented aa a function of

the densityu for ehe first time for any non-metal.
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2. Results

The photoconductivity excitation spectra were obtained using monochroraated

Synchrotron radiation from the DORIS storage ring at DESY. The experimental

arrangement haa been described before ' ' except for ehe details of the

sample cell: it is presented in Fig. 1. The cell was constructed of stain-

less ateel wich a copper gasket. The LiF wi-ndow was glued to one half of a

Conflat seal by means of a low-vapour-pressure epoxy resin. For application

at low temperatures, a further r ing, made of duraluminium, served äs

Substrate for the window, being glued on one side to the Conflat seal and

to the windou on the other. This ring is not shovm in the f igure. The inner

side of the uindow acconmodated two intertwined gold electrodes prepared by

sputtering. Adjacent prongs of the electrodes were spaced at 0.36 mm from

each other. High voltage ultra-high vacuum feedthroughs with an interior

stainless steel stallt, spring and polished pinhead ensured electrical

contact to the gold electrodes.

In the overlapping density ränge and spectral region these speccra are in

f ü l l accord with those obtained earl ier employing äs light source the

continuum of a Tanaka lampfilled with krypton or argon. Reflect ion spectra

of the MgF,-f luid xenon interface were taken near normal incidence using

- 4 , 1 2
conventional sources, by methods described ear l ier

Figure 2 represents the photocurrent at a f i xed vol tage äs a funct ion of

the photun energy for a set of densit ies. The currents were normalized

at each wavelength to the number of photons incident on the xenon gas or

f luid per unit time; this number was es tahl ished by recording ttie trans-

mission of the LiF window at various temperatures äs well ae the output

- 6 -

flux of the HOSORHI monochramator,

The main feature commcm to all densities is the onset of photocurrent

at a certain photon energy threshold and its persistence at all higher

photon energies. The threshold shifts continuously to higher photon

energy with decreasing density and slmultaneously the initial slope be-

comes smaller . Crossing the critical isotherm (between graphs c and

d) has no effect. At the lowest density presented (curve f) the current

level rises considerably again at about 11.0 eV: the broad band seen there

{and, less claarly, on curve e äs well) is caused by ehe atomic-niolecular

photoionization effects discussed previously . At the higher densities

(curves a - d) the band is submerged in the higher and broader photocon-

ductivity excitation spectra.

The apparent structure arcund 8.8 eV is not fully reproducible. At or

near this photon energy there is no structure in the ceflection spectrum

at any density (see Fig. 3), the sample is almost totally transparent

and therefore the peak may be associated with photoemission from the rear

part of the cell or with impurity photoionization or photoconduction in

the sample. In this context we mention that the appearance of the 8.8 eV

peak was dependent on the particular epoxy resin used, but rhis did not

influence any one of the other features. In any case there is no doubc

that this peak is not intrinsic to the properties of fluid xenon and

therefore it will not be discussed further.

More details of the photocurrent excitation spectra can be understood if
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these spectra are compared with the corresponding reflectivity spectra,

Fig. 3 shows the results of such a comparison for an in termediate densi ty

(6 .2x10 atoms/cm ) , The re f lec t ion spectrum exhibi t s the n - l (T M)

and n1 « l (T [•*]) excitonic peaks at 8.4 and 9 ,45 eV respectively, The

small peak at 10.16 eV can be a t t r ibuted tc transition tc the 5d (-jj level,

forbidden in the d i l u t e gas. The peak at 10.32 eV is a band that has de-

veloped from the two nelghbouring 5d (y) and 7s (yj states. The re f lec t iv i -

ty graph does not extend beyond 10.8 eV, since the meas^rements were priraarily

designed to study the evolution of the three lowest energy exciton bands

and therefore a MgF~ front window was employed. The n - 2 (F (-yj) Wannier ex-

g
citon aroiind 9.0 eV is not observed in this graph since this exciton appears

2] 3
only for densities more than 10.8x10 atoms/cm . Turning now to the corres-

ponding photocurrent excitation spectrum it should be noted that the re-

f lect iv i ty maximum at 10.32 eV is associated with a decrease in the photo-

current. This feature can be attr ibuted to competit ion for the incident

photons between the band-to-band t rans i t ions causing photoconductivity and

the discrete transition at 10.32 eV. While for the interband transitions

the electrons and holes becorae quasi-free and ar& separated hy the electric

lield applied, a discrete bound state most probably has a l t e rna t ive decay

channels l ikc luminescence, thus reducing the measured photocurrent at the

line. A s imple correction taking into account the losses due to the

re f l ec t iv i ty at the linea car.not account for the depths of the minima in

the photocurrent spectra.

The dip at about 1 1 . 6 eV in the photoconductivity excitation spectra (Fig.

2 and 3) is caused by the 5d'( ly) atomic peak, broadened and shifted due

to molecular interactions, It should also be noted that the peak of the

n'- l (r ( - ) ) exciton at about 9.45 cV is very close to the threshold

The reflectivities were measured in Saint Etienne with the cooperation of
J.L. Subtil

- 8 -

for the highest-density graph ("a") of Fig. l and therefore the shape of

the threshold is probably modified for this density, At s t i l l higher liquid

densities and in the solid the 9.45 eV discrete reflection peak appears

äs a pronnunced dip in the photoconductivity excitation spectrum '

Comparison of ehe reflectiun spectra with the photoronductivity excitation

spectra rcveals anocher interest ing point: the reflection peaks due to

excitonic bands and the atomic lincs modified by molecular interactions

7 o

change in position very little withdensity ' while the photoconductivity

threshold changes considerably, moving to higher photon energies and de-

creasing in slope with decreasing density. The latter facts were stressed

when discussing Fig. 2; the former one is also clearly illustrated in the

same figure by the invariance of the position of the dip at 10.3 eV.

The structure in the photoconductivity excitation spectrum at and around

10.3 eV may easily cause a misinterpretation of the photoconductivity ex-

citation spectra, especially for such densities, where the photoccnduction

threshold is very near to 10.3 eV. For example, curve "d" of Fig. 2 may

bt interpreted äs involving two thresholds: a gradual one at about 10 eV

and H miich steepet one at about 10.35 eV and in facc, a preliminary brief

report of the results included the assumpcion of two thresholds. However,

further considerations brought weightly arguments against such a presentation:

a) ehe position and width of the dips is very close tc that of the correa-

ponding reflection bands (Fig, 2). b) If the threshold E is uaken to

appear ac the point where the current Starts to rise, a continuous curve

E (p } with a continuously varying derivative is obtained (Fig. 4). A

quantitative Support for this view should be furnished by knowing the ab~

sorption coefficient k(E) for photon energies at and around 10.3 eVj this



is being worked out by means of Kramers-Kronig analysis of reflective

data for the LiF/Xe Interface

Usually, E is determined from graphs of the kind presented in Fig. 2

by the intercepts of extrapolated straight portions of a power law:

i . va. E, tu being raostly chosen to be either 1/2, l or 2 in accord
ph

with some theoretical model but of ten soroewhat arbi trari ly. On the

other band, defining E äs the Start of ehe rising portion of the

E vs. hv graph has an intrinsic element of inaccuracy, especially

if the noise level of the zero line is not negligible (e.g., graphs

e and f in Fig. 2) . For the data of Fig. 4 the photocurrent thresholds

were determined by the latter method, taking the averages of two inde-

pendent determinations. Very similar results were obtained i£ E was

2
determined from the intercept of the linear part of i vs. hv plots.

It is seen that at the hiehest densities E = 9 . 1 9 eV. Previous
pc

determinations of the photoconductivity threshold in liquid xenon

cave E - 9.20 eV ' . The difference Sterns from slightly d i f fe rent
pc

methods of determination * of E . The increase of E with decrea-

sing density is seen to be tnonotonous, almost linear, down to a

density of about 4x10 atoms/cm , and having a f a s t e r r i s i ng pnrtion

at the lowest densities. E extrapolates to 1 1 . 1 0 eV aE zero den-
pc

sity. This l imit is equal to the d i f f e r ence between the energy tnini-

mum of the xenon molecular ion Xe2 and the xenon atom ground atate .

Transitions between the two states were shown to be possible for all

photon energies above 11.10 eV due to the Hornbeck-Molnar process

via an excimer state Xe^. provided the density is larger than about

19 3
10 atoms/cm ,.

- 10 -

In order to complete the picture on the evolution of electron energy

band with density the ionization energy o£ the valence-band hole

P was evaluated äs a function of the number density p . Following

Messing and Jortner's work on doped fluid argon the simple Born

charging energy formula was used

where e is the electron Charge, O - 0.39 nm is the calculated hard

core radius of a xenon atom and e is the long-wavelength optical

dielectric constant. Near the triple point the value of £ determined

18
directly was ised; at other densities it was calculated using the

triple-point value and the Clausius-Mossotti formula. The use of

the simple formula can be justified äs follows: Messing and Jortner

showed that the results of Eq. l for Xe-doped fluid argon are in

accord within ̂  10 % with resulta obtained by means of Lekner's scree-

19
ning function , taking into account values of pair correlation

. . 20
functions and the Kirkwood superposition approximation . Expen-

mental evidence for the reliability of both determinations of P (t,,)

9
came from companson of directly measured values of the quasi-free

electron energy V (p ) in fluid argon with values based on the calculated

P (p-Jvalueä and spectroscopic evidence . P (.0 ) äs evaluated by meana

4-

of Eq. l appears in Fig. 5; it is seen that P * 0 for 0 » 0 and

that P (p ) is an almost linear function. The highest value of P

obtained at the triple-point density, is about 0.9 eV. However, esti-

mates of |P | for solid xenon, obtained by different methods, yielded

21 22
considerably higher values: 1,32 eV and 1.39 eV respectively. The



discrepancy is too large to attribute it to the change in e due to

the denaity change upon the phase transition: this effect would increase

|p l äs determined from Eq. l only by about 10 %. Thus it is poasible

that the true valuesof JP | are appreciably higher than indicated in

Fig. 5,

Figure 6 summarizes the evolution of the band structure in fluid xenon

on the basis of the above results. The zero l ine is the vacuum level.

V is the ertergy of the free-electron state at the bottom of the con-

duction band (or, the electron äffinity), reproduced from a previous

publication . The ionization energy of an electron at the top of the

valence band

TH PC

is seen to decrease with increasing density though it stays roughly

21 3
constant for densities between 5 and 10x10 atoms/cm . The graph also

includes P -I—,! this would be the ground state o£ a valence-band elec-
IH

tron if there were no hole polarization effects aa expressed by P .

Apart fram an initial rise at low densities this level seems to stay

constant (within the experimental accuracy) for a wide density ränge.

Apparently the results presented in Fig. 6 are the first case of any

non-metal, crystalline or not, where the evolution of these band struc-

ture parameters was followed in detail.

- 12 -

3. Discuasion

A. Photoconductivity; electron mobility and excitons

The sinilarity of values of several band structure parameters in solid

2 4
xenon and in the corresponding liquid has been stressed repeatedly ' .

The continuous and gradual change of ehe level of the bottom of the

conduction band, the level of the top of the valence band and the hole

polarization energy P with density found in this work indicated that

there is no sudden change in the energy levels relevant to the electri-

21
cal conduction. This is true down to densities of the order of 10

atoms/cm : at this density region there is an increase in the slope

and the main contribution to the conductivity becomea that

dp.
due to the Hornbeck-Molnar proceas . It follows that the con-

duction in a solid-like conduction band persists down to very low den-

sities where it changes continuously and gradually to gas-like conduc-

tion. This conclusion will now be discussed in comparison with the

c 78
density dependence of the alectron mobility and of the exciton bands ' .

It was demonstrated by Huang and Freeman in their work on the electron

mobility of fluid xenon that the product o£ the number density by the

zero-field mobility \> p^ is constant frora zero density up to about p *

2x10 atoms/cm . This is a typical behaviour of the zero-field mobility

in a gas. Above this density there ia a minimum in P P„ (at "- 3x10

3 . 5
atoms/cm ), attributed to quasi-localization due to density fluctuations

in the liquid. This minimum can be eliminated by a slight increase of

the temperature,, indicating that the potential well involved in the



- 13 -

local izat ion is ve ry shallow. The mobil i t y is s t tongly dependent on the

applied electric f i e l d F, but at any given f i e l d F, p ( I ) variea slowly

wi th densi ty without sudden changes; j i (F) a lways haa a minimum at about

2l 3
p ^ 10 atoms/cm

The e x c i t o n i c bands in f l u i d xenon (and krypton) behave di f fe rent Iy. The

n' - I {!' ("2 J ) exc i t on appears only at -dens i t ies above 2, 7 x l O atoms/

cm ; the n * l (T [-y J ) only above i. 9x10 a t o m s / c m and I he n * 2 {? (-sj )

21 3 '
exciton only above 10.8x10 atoms/cm . In comparison, we note tha t belov

20 3
PN *v 5x10 atoms/cm dE /^FK | S t a r t s to increase s teeply (Fig. 4) and that

20 3
]i p., deviates f rom its constant va lue at p ^ 2x10 atoms/cm . Thus the

exciton threshold densi l ies are considerably above those which may in-

dicate a Irans i t ion from "gas-like" conduct ion t o ccmduct ion in a con-

duction band ("solid-like") . A deta i led s tudy of the evolut ion of the

n » l (T (j}) exciton indicated that for the appearance of such exci-

tons l igh t absorp l ion has la ta l te place in a düs t e r o£ at least 10 atoms

occupying not more l hau a volume of 1.5 nitJ , If a similar condition would

be necessary for "solid-like" conduct icn in an energy band äs we l l , a

rathei sudden cliange of E could bt expecled at such s dens i t y , where

the i nd iv idua l c lus ters do not overlap s u f l i c i e n t l y Eo f o r m a conduc t ing

br idge between the electrodes. In o t her woids, one might expect percolation

e f f e c t a at Same dens i ty . The resu l t s oi t h i s werk show no such e f f e c t e .

Tlie d i f f e r e n t behaviour of exci tons and of e l e c t r o n s cont r i b u t ing to con-

23
d u c t i o n can be readily understood f o l l o w i n g arguments by Basak and Cohen

leading ta their rault ip le-acat ter ing theory cf mob i l i t y in f l u i d rare gaaea .

The de Broglie wavelength A for a thetmalized electron ac T « 300° K

turns <n i t lo be about 6 nm, if one assumes B o l t z r a a i i n e q u i p a r t i t ion

and t h o i m a l e l ec l ron v e l o c i t i e s . I t i s l easonab le to p o s t u l a t e t l ia t

äs long äs this w a v e l c n g t l i is cons ide rab ly l a t g e i t hau the a v e i a g e

i n t e i s t oiüic d i s t a n c e a, conduc t iou e l ec t ions a i e not s ca t l e rd by indi-

v i d u a 2 a t o m a , but va t l i e i by d e n s i t y i lud u a t i uns . l'oi ( > N = 1 U ' aloras/

3
cm a «= l nra, so i /a * 6; ioi all u t h e i dens i l ios d i scussed in

e

t h i s p;iiiei the l a l i o is fveu la ige i (up" lo ''• K ncai t h e t i i p l e p o i n t ) .

Bcraiist öl t l ie I a t |?t> vahic of >. , t he t hri mal di a lnos l l l ic i mal con-

d u c t i o n el ect toi! r. anno t be con( ined 11, a smal ! eins t IM ( t y j i i c a l di -

mai&ion : i- l nm) t h a t i s , inde<-d , capable of acconanudal ing an exe i l an.

Thus i he eneigy a t which the dect ron f i n d s i t s e l f w i t h i n the sample

a f t e i i t had beeti exc i ted ( i . e . , V ) is d e t e i m i n e d l>y p i o p e i l i e s aver-

aged ovci many aloms. The t i a n s i t i o n to gas - l ike c o n d u c t i o n , cha i ac t e r i -

zed by s ingle s c a t t e r i n g on i n d i v i d u a l a toms, o c c u i s g i a d u a l l y for

2l j
p, < 10 atoms/cm , äs the i n t e r a t o m i c d i s t a n c e becomes compaiable

to i .e

C o n f i n r m e n l of an exci ton to a düster does not c o n a t i t u t e of courae

any d i f f i c u l t y , äs the e x c i t o n energy ia such äs to ensute a X -value

consis tc . i i t « i t h the e l ec t ron o i M i .

B. S c a i i e r i n g methanisms

Becaust of i ts much h igher k i n e t i c eneigy and ronf incraent to o i b i t the

e l tc t ion belcnginfe tc an e x c i t o n may bt; suLje t i to a d i f i e r c i i t s c a t t e t i n g

mechanism than a mote 01 less tlieraal f i e e e lec . t ion, e a p e c i a J l y if i tg

Bohr ladius is very amall (n » ! and n' « l euc i tons ) : in euch a caae
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density fluctuations of the medium are irrelevant to scatteting and

single scattering processes have to be considered.

Some of the above considerations recall the paper by Rice and Jortner

discussing the pcssible existence o£ Wannier excitons in simple li-

2 4 . . . .
quids . These authors gave a rough estimate for the minimum condi-

tions at which auch excitons may exist~ by requiring UJT » l, w being

the angular frequency of the sxciton and T a scattering tinte that is

in principle vave vector—dependent and is calculated by reckoning with

scattering on the atoms of the liquid. Applying this condition to the

observability of the n * Z (F (•*•] ) exciton in fluid xenon we reported

that for p., • 10.8x10 atoms/cm (a density at which the exciton is

just observable) oyt » 140. Thus, it seemed that the condition UT » l
J c * c

vas satisfied rather too generously. Howevers in these considerations

T was estimated from the zero-field mobility, which is in practice

23
determined by multiple-scattenng , while for the high electron energy

of the exciton (its radius is about l nm) single scattering is applicabLe.

In other words it follows that T for the electron confined to the
c

exciton is much smaller than T of the multiple scattering, determined

by the zero- f i e l d mobil i ty. S imi la r i ly , es t imation of the width AE of

the exciton band from the indeterminacy pr inciple AE > WTTT , h being

Planck's constant, yields a factor of AO between the two sides of the

inequality if T is taken from the zero-field mobility. This also points

to the necessity of taking a considerably smaller value of l into

account for the electron belonging tc the exciton.

- 16 -

C. Band gaps and the position of discrete transitions

Another interesting point of coraparison between bound and quasi-

free electrons is to consider the relative positions of excitoi ic

and modified atomic peaks in comparison with the photoconducti\ity

threshold E . E is equal to the energy difference between the

bottom of the conduction band (V ) and the top of the uppermost

valence band (V -E ). The T |V| exciton series is formed by the
o pc (2J *

association of a conduction-band electron with a hole from this

topmost valence band. Fig. 4 showed that E varies considerably in

21 3
the density ränge of 4,9 to 13.5x10 atoms/cm , in which the n ^ l

(P [j]) exciton discussed exists. In the same ränge there is, however,

c
very little change in the position of the excitonic peah . Such be-

21
haviour was predicted by U.B. Fowler for excitons of sraall radius;

according to his considerations, electronic polarization can be ne-

glected for cases of excited states (excitons, F-centres, etc.) where

the average radius of the orbit is considerably less than the inter-

atomic distance. An indirect aupport for the validity of this approach

was found by trying to use the one-electron approximation for the po-

sition E of this exciton;

E. - E„-G - E -C - E -
13.6 m"

i "G M Pc " -Pc :

G being the exciton binding energy in eV, m* the reduced effective

raasfi in tenus of the free electron nasa and E the long-wavelength
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optical dielectric constant. We checked the applicabili ty of Eq .2

by subst i tu t ing exper imental values of E, and E for the «hole
1 l pc

densi ty ränge where the excitons are observed, using €-values based

l B
an Sinnock and Smith1s measurements and the Cläusius-Mossotti rela-

tion. This procedure yields m äs a f u n c t i o n o f the density p . For

the highest density of the ränge (^ 13.5x10 atoms/cm ) m - 0.26,

91 \t this value went down to m* - 0.19 -for p « k.9x10 atoms/cm .

This result does not seera meaningfu l , since if Eq. 2 were applicable

for this exciton, m would stay either conscant or eise increase wich

decreasing density towards m = l in a very di lute gas. Thus Eq. 2

cannot be applied for the n * l (F (-y)) exciton in a wide density

ränge; it yields in solid xenon reasonable results that are consistent

with higher levels of the T (•*•] series because a fortuituous mutual

cancelling of several central-cell correctiona necessary for the

O i n ̂  nc

calculation of ehe energy of this small-radius exciton ' '

The approximate constancy o£ position of the reflection peaks (sorae

of them appearing äs dips in the photcconductivity excitation spectrum)

at 9.45, 10.16, 10.32 and 1 1 . 5 eV is explained on the same lines,

with a corrslary; Seither one of these peaks is due to an exciton

Eonned by a conduction-band electron and a hole from the uppermost

valence band, but they belong to deeper-lying valence bands or dis-

crete levels. This explains the fact that E may be smaller or larger

than the energy of the peaks according to the density (Fig. 2) ,

- 18 -

D. RelaCions between band strucEure paramê erĵ nd ionization potent i als

It was stated near the end of the previons chapter that the calcula-

ted values of the hole polarization energy P of Fig. 5 are definitely

2] .22
smaller in absolute value than those evaluated by other methods

1t is impossible to teil with certainty which calculations are the

correct ones, but in any case there would be little difference in the

general trend of these graphs,.

Figure 6 shows that the energy of the top of the valence band -I„, -
TH

V -E staysconstant for a broad ränge of densities and the same is
o pc J ß

true about the energy P -I_... This latter energy levei is the ground
TH

state of a valence-band hole that would be obtained if there was no

hole polarization energy P . Both -I—, and P -I—, change considerably
TH TH

21 2! 3
at low densities (below 3x10 and 1x10 atoms/cm respectively). It

is tempting to relate these changes to valence band formation from the

5p atomic cores with increasing density. It is hoped that the availa—

bility of these first experimental data on the evolution of energy

bands should stimulate formulatior. of appropriate theories äs well on

this point.

It is seen in Fig. 6 that the low density limit of both -!„,„ and
TH

P ~IT„ is very near to the adiabatic ionization potential of the

xenon dimer I,. -11.13 eV. This fact is at first surprisine,dimer t- &»

since the Franck-Condon principle wouM make very improbable direct

transitions from the free atoms (or from the dimers) into the mini-

mum of the configurational curve of the molecular ion, occurring
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27
at the rather dose dis tance of 0,285 nm . However, we showed in

R e f . l that such a t ransi t ion is, indeed, very probable for densi-

19 3
ties higher thau 10 atoms/cm and for all photon energies larger

than the threshold I , . -D(Xe.,), D(Xe-) being the dissociat ion
dimer i i

27
energy (D(Xe2) - 0.02*. eV ) of the Van der Waa l s molecule Xe„ .

This is sc because the Hornbeck-Mulnar process appears fnr both ac

the maxima and in the wings of the atomic absorption lines. The

ionization limit of ehe free atom I = 1 2 . 1 2 7 eV would chus become
G

e f f ec t i ve only at extremely löw densitie.s. Now the Hornbeck-Molr.ar

process deals,in fac t , with interact ions of the excited states only:

Ij - -D(Xe») would be an upper limit for the ionization energy

even if there were no changes in the ground state, i.«., no pola-

rization by the hole. In other uords, P "!,_, musc be equal or sotne-

what smaller than I , . -D(Xe„). When Ehe valence bands are formed,
diaer 2' '

21
a aligbt lattice polaton effect may also occut that would account

for amall differences,
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Figure Captiona

Figure l Cross aection o£ the sample cell. A - retaining ring; B and

F - parta of "Conflat" seal ; C - LiF window, glued tc B[ D -

copper gasket; E - spring and conCact head; G - filling tube;

H - ceramic inaulaCor of ultra-high vacuum feedthrough; I -

central atalk welded into the feedthrough. The cell has two

feedthroughs, but für simplicity only one is draun.

Figure_jl Wormalized photocurrent aa a function of the energy of inci-
21 3

dent photons at various number densitiea (10 atoma/cm )

a-10.9; b-8.3; c-6.2; d-4.l[ e-3.3; f-Z.3.

Figure 3 Hormalized photocurrent compared with the reflectance of the

xenon/MgFj interface at similar densitiea.

Figure 4 The density dependence of the photoconductivity threahold,

Figure 5 The calculated denaity dependence of the hole polarization

energy P . See text.

Figure 6 Denaity dependence of energy band parameters.
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