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ABSTRACT

In this paper we report the results of an experimental study of the
photoelectric yield of pure and doped solid Ne in the extreme ultraviolet
(iw = 8-30 eV) by use of synchrotron radiation from the DESY-synchrotron.
Results for the range of impurity excitations, exciton states and inter-
band transitions were obtained for Xe in Ne, Kr in Ne and Ar in Ne. The

photoemission data where utilized to extract new information concerning

(a) energetics
(b) non radiative relaxation phenomena  and

(c) exciton dynamics in solid Ne.

Concerning (a) a definite value for the electron affinity VO in solid Ne
was established experimentally. Concerning (b) we were able to show that
the n = 2 (1/2) exciton state decays in an Auger type process into an
ionized impurity in the 3/2 state and a free electron on a time

13 . .
sec, which is comperable or even shorter than the

scale T (Auger) = 10
n=2> n =1 nonradiative relaxation process. Concerning (c) the ana-
lysis of the energy dependent photoemission line shape at different film
thicknesses resulted in information concerning the diffusion length of

excitons and escape length of electrons in solid Ne.



1. INTRODUCTORY COMMENTA

There have been extensive experimental and theoretical studies aimed
towards a complete understanding of the electronic states of solid rare gases
and their dilute alloys, which provide a prototyvpe of simple molecular
crystals, characterized by a large band gap{l}. These investigations
fall into three different categories. First, static features of the va-
lence and conduction band states and of exciton states were probed by
optical absorption and reflection spectroscopy{Q}, by photoemission yield
studies{‘_';nd by measurements of the energy distribution of photoelec~
trons (EDC'S){IO_I%}Second, some information concerning non-radiative
relaxation phenomena in pure and doped systems was gathered from optical
emission studies as well as from photoemission data{]3}. Third, the dy-
namics of exciton states in solid rare gases were recently monitored by

8}

.. .1
photoemission studies .

Regarding the electronic states of solid rare gases and their di-

lute alloys the following information emerges:

(a) The width of the wvalence band is 1.3 eV in solid Ne, 1.7 eV in

. . . R 11
solid Ar, 2.3 eV in solid Kr and 3.0 eV in solid Xe{ }.

(b) The conduction band is parabolic, its widths being quite well

. ~ 2 2

approximated by the nearly—-free-electron formula WC = h /2ma ,
where m 1s the bare electron mass and a 1s the lattice con-—

stant,

(¢) Exciton states located below the direct threshold for interband
transitions are exhibited both in pure solid rare gases and in

(11,14 - 16 . . . )
. "The energies En(J) of high excitons

their dilute alloys
. . > . .

with principal quantum number n - 2 and the energies E;(J) of

excited impurity states can be described in terms of a Wannier

series converging to the bottom of the conduction band



(d)

(e)

; . 2
E,(i) = E4(3) - B/n

(1

H

E-(3) = Eg () - B/m

where EG(j) and Eé(j) are the interband gap in tbe pure solid and the
impurity energy gap, respectively, while B and gt correspond to the
effective Rydberg constants for the exciton and for the impurity states,
respectively. The total angular momentum quantum number of the hole can
take the values j = 3/2 and j = 1/2, so that in solid Ar, Kr and Xe and
for the impurity states of these elements two Wanmier series split by
spin orbit coupling are exhibited. Eq. (1) is applicable for n z 2 while
for the lowest mn = ] state large central cell corrections, within the frame
work of the Wannier scheme, have to be incorporated. The wvalues of all
the energy parameters in eq. (1) for all solid rare gases and for dilute

impurity states in these solids are now well established.

The effective-mass, mf, of the electron in the conduction band in solid
. . i .

Ne, Ar, Kr and Xe as inferred from the experimental B~ values 1is

f

m = 0.4 - 0.6, reflecting the effects of short range electron—atom re-

pulsions.

The energy Vo (= - EA) of the bottom of the conduction band relative to
the vacuum level was deduced from intrinsic photoemission yield studies

and from EDC data, which result in the threshold energies ETH for the

pure solid and EL for the impurity state, whereupon

TH
VO = EG (3/2) - ETH
(2)
v_=E. (3/2) - E'
TH

From the combination of optical absorption data for EG (3/2) and Eé (3/2)
and of photoemission data the following data were obtained:
V0 =+ 0.3 * o.,1 eV for solid Ar, VO = - 0.3 * 0.1 eV for solid Kr and
VO = - 0.45 * 0.05 eV for solid Xe, while recent EDC data yield
V =+ 1.4 eV for solid Ne{4’8’l]}.



The following qualitative information is currently available from energy
resolved (rather then time resolved) studies of nonradiative relaxation

{13}

phenomena in pure and doped solid rare gases

(f) Exciton trapping in solid Ar, Kr and Xe. The vacuum ultraviolet

emission spectra of pure solid Ar, Kr and Xe and of impurity pairs

of Ar, Kr and Xe in Ne, Ar, Kr and Xe host crystal excited by an
a-source, X-rays, electron beams and by optical sources exhibit the
emission from electronically excited, vibrationally relaxed, rare-gas
homonuclear diatomics. No optical emission was detected from "free"
exclton states, so we can conclude that efficient exciton trapping,
via vibrational relaxation occurs in these solids in a time scale Tes
which is short relative to the radiative liftime T , i.e.

T = 10_2 T, and as T 10_9 sec, T, s ]0—]] sec. The trapped
exciton in solid Ar, Kr and Xe is practically immobile due to small

polaron effects.

(g) Emission from "free" excitons in solid Ne, The optical emission of

solid Ne at 6 K exhibits the radiative decay of a '"phonon dressed"

{17}

free exciton . In this solid exciton trapping via the formation
of a diatomic molecule does not take place due to an inefficient

vibrational relaxation (on the time scale of Tr) whereupon Te T .
T

R

(h) Non radiative relaxation from high exciton states. In pure solid e,

Ar, Kr and Xe as well as for impurity states the optical emission
spectra are independent of the excitation energy. Thus the non radia-

tive relaxation Thr from high exciton states n > | to the lowest

n =1 (3/2) state is fast in the time scale of the radiative decay
. =11
of these states, i.e. Tor < 10 s5ec Oor So.
These experimental observations are borne out by theoretical calcula—
. {13,28}
tions .

(i) Electron —electron scattering. The onset of electron-electron scatteing

.. . . . . 4} .
originating from exciton-pair production was observed{ } in photo-

emission studies of Ar, Kr and Xe at energies close to EF+E](3/2).

S



Studies of exciton dynamics in solid rare gases are of much more re-

cent vintage. The diffusion lengths of "free" (i.e. phonon dressed) ex-
citons in solid Ar and Xe were experimentally determined by two indepen-
dent techniques which rest on photoemission yield studies: (1) The Auger-

7,8} and

(2) extrinsic photoemission data from pure solid Xe deposited on a gold

type exciton enhanced impurity photoemission method was explored

substrate at excitation energies below E resulting from energy trans-

TH
fer from mobile excitons to the metal subtrate was utilized{IS}. These
studies resulted in:
(1) The diffusion length of "free" excitons in the heavier pure solid rare

gases are . 120 R for solid Ar at 20° K and - 300 & for solid Xe at
40 K. These large diffusion lengths are quite remarkable in view of

the short lifetimes of "free" excitons in these solids (point (£)).

(k)  Exciton scattering occurs at each site and the "free" exciton motion

is diffusive rather than coherent. This expectation is borne out by

estimates of the mean free path for the scattering of n = 1 (3/2) Wan-
nier excitons in solid Ar and Xe which is comparable to the lattice

. {7,8 1}
spacing .

The wealth of information currently available for the energetics, relaxation
phenomena and exciton dynamics in solid rare gases reveals one glaring gap,
which pertains to the nature of exciton dynamics in solid Ne. The absorption
spectrum of pure solid Ne 16 » reproduced in Fig. 1, spans the energy range
above 17 eV. It reveals a single Wannier series, a reasonable result in view

of the small spin-orhit splitting of 0.10 eV in the gasphase, which is compa-
rable to the line widths in optical absorption. The optical spectra of dilute
impurity states of Ar, Kr and Xe in solid Ne which were recently studied{‘6}
spanning the energy range 9-1? eV exhibit long Wannier series providing the
first reliable set of E. and Eé values for this solid. In view of the absence
of exciton trapping in solid Ne (point (g)) the gross features of energy
transfer via '"free'" exciton states in this solid should be drastically diffe-
rent from the quantitative features of exciton dynamics in solid Ar, Kr and Xe.
To be more specific, we expect that in view of the long ST, ~10_8 - 10_9

sec lifetime of '"free' excitons in solid Ne, the diffusion length of excitons



in this solid should exceed by one to two orders of magnitude the correspon-
ding diffusion lengths previously dtermined for solid Ar and Xe. In the pre-
sent paper we report the result of an experimental study of photoemission
yields from pure solid Ne and from dilute impurity states of Ar, Kr and Xe

in solid Ne in the energy range 8-30 eV. The major goal of the present study
was to provide direct quantitative information regarding exciton dynamics in
solid Ne as inferred from extrinsic photoemission data and from energy trans-—
fer to atomic impurity states. In that process we were able to obtain de-—
tailed information concerning two additonal points. First, from the thres-—
holds for direct photoemission from dilute atomic impurity states (point (e))
a firm value was established for the electron affinity of solid Ne confirming
the results of recent EDC measurements{]]}. Second, new information was gathe-

red regarding Auger type processes within a single atomic impurtiy centre.

On the bais of previous photoemission studies of the heavier rare gases we
expect that in pure solid Ne two separate energy regimes for photoemission

will be exhibited:

(AP) In the energy range En=15 E = ETH extrinsic photoemission takes place,
which will exhibit a pronounced energy dependent structure in the excitonic

region.

(BP) Above threshold, i.e. EZE instrinsic photoemission takes place.

TH
For dilute impurity states in solid Ne three distinct emergy regimes for

photoemission are expected:

(AT) Direct photoemission from the impurity states above the impurity thres-

. 1 < <
hold, i.e. ETH E En

=1"
(BI) Exciton enhanced impurity photoemission resulting from energy transfer
from the bound host exciton states to the impurity in the energy range

< <

En=] - E - ETH'

. . . . . . ) >
(CI) Direct intrinsic photoemission from the host matrix at E - ETH'

We have used the threshold for processes (AP) and (AI) to obtain information

concerning VO for solid Ne. The energy dependence of the photoemission cross



sections in the range (AI) resulted in some information concerning Auger
processes. Finally, and most interesting, we have utilized the host-impurity
energy transfer data, mechanism (BI), to estimate the exciton diffusion

length in solid Ne.

2. EXPERIMENTAL TECHNIQUES

The experiments were performed with the radiation of the DESY electron syn-—
chrotron. In the following we shall emphasize only those aspects of the
apparatus and experimental crocedures of particular importance for the present
experiments. The experimental arrangement and the simultaneous optical and

. . . . . (1
photoemission measurements have been described in detail elsewhereJL 9’20}.

2.1 Apparatus, Determination of Photoemission Yields

Figure 2 shows the experimental setupn: for the simultaneous measurement of
photoemission yield and reflectance spectra at liquid He temperature (~ 5 K)
in the photon energy range 5 - 35 eV, Synchrotron radiation is monochromatized
with a normal incidence grating instrument{zl}. The resolution is 2 K over the
whole spectral range, i.e. 0.1 eV at 25 eV, At the exit arm of the monochro-
mator an ultrahigh vacuum chamber is attached. The system allows for measure-—

-10
ments at pressures lower than 5 x 10 ! Torr.

The yield spectra were measured by a continuous scan of the incident photon
energy. Photoelectrons were collected by a plane copper mesh of 75 % light
transmittance i front of the emitting surface with an electric field of

2000 V/em. Simultaneously the reflectance of the indiwvidual sample was re-—
corded. It should be noted, that these reflectance spectra, which were fur-
ther used for the determination of the yield per photon penetrating into the
sample (see below), should not be regarded as beeing the reflectance from the
particular rare gas film alone, because for these thin substrate-film sand-

wiches strong interference effects are still present (see e.g. Ref. 16).



For the determination of the absolute yield per incident photon the measured
yield spectra were scaled to the photocurrent from the Au-substrate measured
before condensation of the rare gas films. The absolute yield of Au was
determined previously using a Samson double ionization chamber for absolute

{20’22}. The measured yield curves were further cor-

photon flux measurements
rected for the reflectance from the vacuum sample interface using the re-
flectance spectra measured simultaneously for the particular film studied

as described in section 4,

For photon energies outside regions of strong absorption of the rare gas
films (e.g. below the first exciton) one observes a contribution to the yield
due to hot electrons excited at the Au substrate. A study of this contribution
to the yield as a function of film thickness gives information about the
scattering length L of electrons in the rare gas film (see section 3). The
hot electrons have to be taken properly into account if one is interested in

the intrinsic yield from the rare gas sample alone.

The film thickness of the samples was determined from the oscillations of the

reflectance observed with increasing thickness during evaporation{]4’23}. For

. a nonabsorbing film, a condition fullfilled quite well for our samples for
energies below the excitonic regions of the spectrum the change of the film
thickness between two successive minima or maxima is given by Ad =A/2n where
n is the refractive index of the film, Numerical data for the refractive in-
dex of Ne in the visible are available in the literature{ZA}. The accuracy

of the values for the thickness given with our refults amounts to * 10 &. The
above procedure enabled us to study the thickness dependence of the photo-

emission, in particular the line shapes of the yield curves in detail.

The rare gases from L'Air Liquide and Matheson research, which were used as
samples, had a purity of 299,995 % for Ne, 99.9997 Z for Ar, 99.995 7 for Kr,
and Z 99.997 % for Xe. They have been used without further attempts for puri-
fication. The sample composition was controlled by mixing the appropriate
amounts of the comstituents in an ultrahigh vacuum gas handling system. The
composition of the samples given with the results refers to the relative

partial pressures of the total pressure of 1000 Torr in the gas handling



system., The thin films were prepared in situ by condensing the gases onto a
cryogenically cooled gold substrate., Thus the concentrations cited present
only a lower limit, because Ne and the impurity gases have much different
sublimation temperatures and the true impurity concentration may have in-—

{14}

creased by a considerable factor upon solidification. Taking the known
absorption coefficients of the impurity atoms{Z} we can estimate the enrich-
ment factor from the absolute potoyield in the AI region and its dependence
on the film thickness. It was in the range of 5 to 10. The optical spectra
recorded simultaneously gave no indication for molecular impurities such as

N2,02 or H20.

3. INTRINSIC PHOTOEMISSION FROM PURE SOLID Ne

In Figure 3 we display the experimental photoemission yield, Ym’ from solid

Ne deposited on a gold substrate at 6 K, for several values of the film thick-
ness d 1in the range d = 40-4300 % in the energy region E = 15 - 30 eV, The
energy—dependent photoemission yield, Y(E), from pure solid Ne was obtained from
the data of Fig. 3, corrected for the reflectance R of the sample-substrate com—

bination and for the direct photoemission from the gold substrate, so that

Y= B - Y0 expl-d (kD)) (3.1)
where k 1s the absorption coefficient (Fig, 1), qu corresponds to the photo=-
emission yield for pure gold and the escape length (L ~ 3500 ®) was assumed to
be weakly energy dependent throughout the entire energy range. The later assum—
ption is not bad as the corrections for the substrate photoemission are only
important in the energy range 17-20 eV, The Y(E) curves, Fig. 4, exhibit two
distinct photoemission regimes. In the energy range above 21 eV a sharp rise

of the photoemission yield is exhibited which corroborates earlier photoemission
yvield measurements for pure Ne 6 . The sharp rise is attributed to the onset

of the intrinsic photoemission (range (BP)) in the pure solid. Unfortunately,

a reliable determination of Erg is difficult in view of the structure exhi-
bited in the Y(E) curves in the energy region 20-21.5 eV. We shall thus refrain

from a quantitative determination of E,_ . and subsequently of VO from the yield

TH
curve for the pure solid and utilize the photoemission data for impurity states



(section 5) for this purpose. In the intrinsic photoemission region, E > 21 eV,
Y(E) exhibits a marked thickness dependence at constant E, as is evident from
Fig. 4. It arises from the low values of the absorption cecefficients (Fig. 1),
i.e. k_l ~ 300-1000 & in that energy region, a fact which we have exploited for

the determination of L in the next section.

4, ESCAPE LENGTH OF ELECTRONS IN SOLID Ne

The dependence of the yield Y on the thickness d for a fixed energy is
different in the regions AP and BP, The thickness dependence of Y is displayed
in Fig. 5 for a photon energy E representative for region BP. For E = 25 eV
we have calculated the expected dependence of the yield Y with the escape

length L as a parameter by use of

-d(k + 1
- e

T L) (4. 1)

Yergmaet ¢
where we have used the experimentally determined k valued (see Fig. 1). From
Fig. 5 we conclude that L = 3500 & for Ne. This result is most sensitive to the
absolute value of the yield which is accurate only within 20 %Z. Thus we can
give a lower limit for L being 1500 3, whereas the upper limit can not be
fixed accurately. The value of L = 3500 % for solid Ne is the largest ome so
far recorded for the escape length of hot electrons in a solid. It is comparable

to the values of L = 850 & for solid Xe in the energy range 7.7-8.0 eV{ls} and

{8}

L = 1200 & for solid Ar in the energy region 8,0-9.2 eV These L values for
solid rare gases considerable exceed those observed for other materials. It is
apparent that in the large-gap monoatomic insulators the mechanisms for energy

loss are inefficient allowing for a long mean free path of hot electrons.

5, EXTRINSIC PHOTOEMISSION FROM SOLID NEON

Solid Ne exhibits extrinsic photoemission in the energy range 17-21 eV (see

Fig. 4) below the direct threshold, i.e. E <E for intrinisc photoemission.

TH
The quantum yield for this extrinsic photoemission is moderately low, below

9 Z, the energy dependence of Y(E) exhibits a pronounced structure, and Y(E)



at constant E is practically independent of the film thickness (see
Fig. 6). The onset of the extrinsic photoemission coincides with the n = 1

exciton state and it spans the n = 2 exciton, as is evident from Figs. 1 and
4,

Similar extrinsic emission was previously observed from the heavier solicd
rare gases{e . Several mechanisms were considered for the physi-

cal origin of this extrinsic photoemission and will now be applied to the
problem at hand. Exciton enhanced ionization of unidentified impurities in
solid Ne can be rejected on the basis of the energy dependence of Y(E) in
the range 17-18 eV, Studies of exciton induced impurity ionization of Ar,

Kr and Xe in solid Ne reported in sections 6 and 8 of the present paper
reveal a photoemission line shape which exhibits a minimum at the maximum
of the optical absorption line shape for the n = 1 state for film thicknesses
exceeding 4 z 300 &. This effect should be practically independent of the
nature of the impurity and is not observed in the extrinsic photoemission
from the pure solid. Thus impurity effects are unlikely in the latter case.
Non linear processes, such as exciton collisions or photoionization of exci-
ton states can be ruled out for the weak light intensities employed herein,
and, furthermore, Y is found to be independent of the comparatively low
light intensity. A striking observation pertaining to the exciton diffusion
process resulting in extrinsic photoemission from pure solid Ne is that the
extrinsic yield is independent of the film thickness over the range

d = 40-4000 R, as is evident from Figs. 4 and 6. This behaviour drastically
differs from that previously observed in pure solid Xe{]8} where Y versus
d exhibits a maximum around d = 200 &. Thus ionization of excitons at the
insulator-vacuum interface is a serious prossibility. In solid Ne the lowest
n = ] exciton state is located at 17.5 eV (while ETHv 21 eV). A surface
state which corresponds to the 1PI atomic excitation will be located even

at a lower energy. We note, that evidence for surface states for solid Ne
was obtained in earlier yield measurements{6} and for all rare gas solids

{25}

from recent absorption and reflection studies .

Next, one can argue that exciton states produced within the optical absorption
-1 . . . .

depth, k ', are immobile and are operative in long range energy transfers to

the gold substrate, resulting in electron photoejection from the gold. This

mechanism, which is analogous the Fdrster-Dexter dipole-dipole coupling pro-



cess, should be characterized by a transfer distance dO of the order of

d = 100 - 300 &. However, extrinsic photoemission from solid Ne at 17.5 eV,
[e]

where k - 33 & is exhibited for film thickness of d = 4500 R, whereupon

d>> d03>k_ , ruling out this simple energy transfer process.

A further serious mechanism for the extrinsic photoemission in solid Ne
originates from dynamic energy transfer by excitons. Exciton diffusion to
the gold substrate is followed by electron ejection from the electrode, The
energy transfer process at the metal-insulator interface will proceed by the
Férster-Dexter mechanism involving the nonradiative decay of the exciton
accompanied by the inoization of the metal. As effective extrinsic photo-
emission is exhibited (see Fig. 6) for thicknesses as large as d ~4500 &
we have to assume that the diffusion length of excitons in pure solid Ne
considerably exceeds the transfer length d0(= 100-300 X). The qualitative
difference between the d dependence in solid Xe{ls} and in solid Ne may
originate from the large "free" exciton diffusion length in the later case

(see section 9).

6, PHOTOEMISSION FROM DILUTE ATOMIC TIMPURITY STATES IN SOLID Ne

The photoemission yields from dilute alloys of Ar, Kr and Xe (impurity con-
tent 0.1-1.0 %) in solid Ne at &6 K were studied for film thicknesses

d = 50-4000 & in the energy range 10-30 eV. Typical experimental data cor-
rected just for the background emission from the gold substrate are dis-
played in Figs. 7-9. From simultaneous measurements of the optical reflecti-
vity and photoemission the experimental yield curves were corrected for re-—
flectance effects from the substrate-sample combination according to

eq. (3.1). This procedure as applied to 1 Z Kr alloy is outlined in Fig. 10,

In Fig. 11 we present the corrected photoelectric yield spectrum for 1 % Ar
in Ne together with the reflectance from the doped sample. For the sake of
comparison we have also presented in this figure the (corrected) yield spec-
trum from pure solid Ne. The energies of the impurity gap E%H and of the band
gap ETH obtained from previous work are indicated by arrows. The photoemis-
sion spectrum of Ar/Ne (Fig. 11) as well as the yield spectra from Kr/Ne and

Xe/Ne (see Figs. 8 and 9 for the uncorrected spectra) exhibit the three



_13-..

intrinsic photoemission regimes expected for a doped solid, which are

summarized in Table I. The onsets of the range (AI) provide reliable data
i

TH
Y(E) in the region (AI) exhibits a gradual increase of Y at constant E,

for the impurtiy thresholds E (section 7). The thickness dependence of
while the shape of the yield curve is quite mndepenendent of the film thick-
ness. This d dependence of Y(E) originates from incomplete absorption of
the photons entering the sample and can be well accounted for in terms of

eq. (4.1). In the range B(I) the exciton-enhanced impurity ionization yields
exceed by one order of magnitude the extrinsic photoemission yield for pure
solid Ne. In the thick (d > 1000 &) doped solids at a doping level of 1 % the
photoemission yield in this range reaches values close to 0.5, indicating
complete exciton-impurity transfer. The line shapes for photoemission in the
range (BI) and their thickness and concentration dependence will be discussed
in section 8. Finally, in the range (CI) there is little difference between

the pure solid and the dilute alloys.

7. ELECTRON AFFINITY OF SOLID NE FROM IMPURITY PHOTOEMISSION THRESHOLDS

The threshold energies for direct photoemission from atomic impurity states
in solid Ne were determined utilizing a simple square root extrapolation

near threshold. Fig. 12 provides an overview of the threshold regions, the
i

TH
gether with the spectroscopic values

are summarized in Table II. Utilizing eq. (1.1) to=-

{16}

resulting values of E
of Eé results in the VO values summa-
rized in Table II. These V0 values are independent of the nature of the im-
purity, thus providing strong additional support for the previous assign-—

{16}

ment of Wannier impurity states in solid Ne
The high negative electron affinity, i.e. VO = (- EA) =+ 1,2 * 0.2 eV for
solid Ne is in fair agreement with a previous theoretical estimate (V0

2
(theory) = + 0.54 ev) 27

zed by a low polarizability, the contribution of the short range repulsive

. In solid Ne, which consists of atoms characteri-

interactions, which is subsummed into a kinetic energy term, overwhelms the
attractive term which originates from long-range polarization interactions,
thus resulting in a large positive value of VO. On the basis of these con-

siderations it is apparent that also for liquid Ne V0 is large and positive,



although in the liquid we may expect that the relative importance of short-
range repulsive interactions will be somewhat smaller than in the solid,
whereupon V_ (lig. Ne) < 1.2 eV. These considerations provide a proper ra-
0
tionalization for electron localization in liquid Ne, originating f{rom short
range repulsive interactions. Another piece of useful energetic data invol-
. . i . L . .
ves the polarization energy, P+, of the medium by the positive 1lmpurity
. ; . .
Th

i i
- T, where T  corresponds to the gas phase
N . . 1 &+ + o, .

ionization potential. The values of P+ for Ar, Kr and Xe 1in solid Ne are

ion, which is given by Pi = E
assembled in Table II. These polarization energies are substantially lower
than those previously obtained for Kr+ and Xe' in solid Ar and Xe+ in solid
Kr, reflecting the important role of long range polarization interactions

in determining Pi. We note in passing that shert range repulsive inter-
actions are of some importarce in this context as is evident from the fact
that Pi for Ar+/Ne is lower.than the corresponding value of Pi for the Kr+/Ne
and Xe+/Ne systems, while Pi for the latter two systems are practically iden-

tical.

8. AUTOIONIZATION AND INTRACENTRE AUGER PROCESSES IN DILUTE Ne ALLOYS

We shall now dwell briefly on the nature of metastable exciton and impurity
states in solid Ne. As it is well known, excited states located above
EG(J/E) {or Eé(3/2)) in solid rare gases are metastable with respect to
internal autolonization to the conduction band. In pure solid Ne with

E =E., -V = 20.5 eV and E. = 21,69 eV, the vacuum level is located

TH G o G

1.2 eV below the interband threshold. Thus the n = 3 and higher exciton
states (see Fig. 1) in the pure solid are metastable with respect to auto-

ionization into the vacuum. In a similar manner on the basis of the enarge-

tic data presented in Table LI together with the spectroscopic data for the
fgt

dilute Ne alloys '~ we can assert that the n = 3 (3/2 states in Ar/Ne,
Kr/Ne and Xe/Ne, where we have listed only those (3/2) impurity Wannier
states which were observed in absorption, are all metastable with respect
to autoionization into the vacuum. On the other hand the n = 3 (3/2) states

are stable with respect to internal autoionization into the conduction band.



From the foregoing considerations we expect a pronounced contribution to

the photoemission yield in the energy range (AI) originating from excitation
to n = 3 (3/2) states and also to the n = 3 (1/2) state which involves the
same final one-electron level in Ar/Ne, Kr/Ne and Xe/Ne. As for these dilute
impurity states in Ne kL = 0.1 for the n = 3 (3/2, 1/2) level (at | 7 impurity
content) then from eq. (4.1) we assertthat the photaemission yield curves in
the range (AI) should exhibit pronounced peaks around tten = 3 (3/2) and

the n = 3 (1/2) states in these alloys. The real life situation is more com-
plex and more interesting, as is evid~ci from Fig. 13 where we display the
Y(E) curves in the range (AI) together with a schematic representation of

the positions of the Wannier states. Several experimental ohservations are
worth recording.First, the n = 1 and n = 2 (3/2) and the n = 1 (1/2) states

do not contribute to the photoemission yield, as these states are located be-
low EiH in all cases. Second, the n = 3 (1/2) states contribute to the photo-
emission yield, as expected. Third, the n = 2 (1/2) state in Xe/Ne, Kr/Ne

and possibly also in Ar/Ne (where in the latter case n = 2 (1/2) and n = 3
(3/2) states are close) contribute to the photoemission yield. In Table III

we compare the positions of the n = 2 (1/2) peaks in the photoemission curves
with the corresponding Wannier levels obtained from optical data{]6}. This

last result is of interest as it provides new information regarding non ra-

diative Auger type processes within a single impurity centre in solid Ne.

The n = 2 (1/2) state for these atomic impurities cannot decay directly above
the vacuum level as the {one electron) energy of the n = 2 excited Wannier

orbital is lower than E The n = 2 (1/2) state can decay nonradiatively via

"
two channels: (a) Electronic relaxation n = 2 (1/2}) -~ n =1 (1/2) to the
lower Wannier state, which is stable with respect to autoionization into the
vacuum. (b) Auger type ionization resulting in a guest atom in the (3/2) sta-
te and an electron above the vacuum level. This Auger type intracentre auto~

ionization process is schematically described in Fig. 14.

From the experimental data we conclude that channel (b) is at least as fast

as channel (a), i.g. Tn =2 >n=1) z T (Auger). Theoretical calculations by
Webman and Jortnerizs}of nonradiative multiphonon relaxation processes between
impurity states in solid rare gases result in T(n = 2 ~n = 1) = 5x 10_13 sec

. . . . < -13
for the n = 2 ~ n = | relaxation in solid Ne. Thus T (Auger) - 10 sec.



9. EXCITON INDUCED IMPURITY IONIZATION IN SOLID NEON

Photoemission from lightly doped Ne in the region (BI) was assigned to
electronic energy transfer to impurity states resulting in exciton induced
impurity photoionization (see Fig. 15). The photoyield curves for | atomic
impurity concentration at several film thicknesses, corrected for subs‘rate
photoemission and for ref’ection effects, are displayved in Fig. 16~18. The
qualitative features of these photoemission yield curves are similar to
those previously observed and discussed for the Xe/Ar system{g}. In parti-
cular, we notice that at high values of d (> 200 X) the yield exhibits a mi-
nimum at 17.5 eV which corresponds to the maximum of the n = 1 state, while
for thinner films (d < 200 g) the minimum at 17.5 eV is replaced by a maxi-
mum. At higher energies Y(E) exhibits maxima ar 20.3 eV, at 21.1 eV and at
21.4 eV which practically coincide with the n=2,n=3andn=4 excitonic
levels of pure Ne., The energy dependence and the d dependence of the vield
in the enefgy range 17-18 eV cannot be reconciled with a simple model in-
volving electronic energy transfer from immobile excitons to the impurity
state. Such a model will result in Y(E) at constant impurity concentration
being proportional to eq. (4.1) and thus cannot explain the dips in the Y{E)
curves at 17.5 eV for large d. The experimental data were inteypreted in
terms of the exciton diffusion model previously advanced by us{sf which rests

on the following assumptions:

(1) "he escape length L 1is a weakly varying function of the energy over

the energy range 17-23 eV, being given by L = 3500 & (see section 3).

{(2) The exciton diffusion length at a given impurity concentration is con-
stant for all excitation energies. This assumption implies that the rate of
the radiationless relaxation of higher (n > 1) exciton states to the lowest
n = 1 state is large on the time scale of the exciton lifetime. In light of

{28} which result in ©(n = 2 > = 1) = 5;<10'l3 sec in

Webman's calculations
solid Ne this assumption is reasonable. Direct experimental support for this

assumption onginates from electron energy distribution measurements from mjx—

9}

. . 1, .
tures of 1% Xe in Ne, In these recent experiments 1t was shown, that the

kinetic energy of electrons produced in range (BI) is independent of the ex-
citation energy in the range 17.5 - 20.5 eV spanning the n = | and n = 2 exci-

ton states, Thus even at | % Xe concentration the n = 2 - n =] relaxation pro-




_]7—

cess between exciton states preceeds the exciton impurity energy transfer

process.

The exciton diffusion model involving competition between energy transfer
and decay of excitons results in the following expression for the photo-

emission yield:

Y(E) = S=({R}) {R) F {2 ([R)), L,k(E),d} (9.1)
Fle {{],L,k(E),d} = kzl;}ﬂ—l {AI:J(LJ;E [1 - exp (- % -%) ]

(9.2)

o (e - ) - (1w (- ka - %))}
-
-
s(®)y = g 0esy T2 9.5)
o= (DTO)]/2 (9.6)
() - s BT (9.7)

o

where S is the rate constant for impurity ionization, [R] is the impurity

-9 . . . .
8. 10 ° corresponds to the exciton lifetime in the

concentration, T, = 1o~
pure crystal, T(R) represents the lifetime of the exciton in the doped
crystal, EO denotes the exciton diffusion length in the pure crystal, with D

(R)

being the exciton diffusion coefficient, while & is the exciton diffusion
length in the doped crystal. The procedure for fitting of the absolute quantum
yields for different values of d and [R] to the two parameters Ro and STO

is similar to that previously employed{S} and will not be repeated in detail.
In Figs. 19 and 20 we display the results of model calculations of Y(E) accor-
ding to egs. (9.1) - (9.7) taking ST:RI = | for various values of & wusing

the k(E) values from Fig. ! and L = 3500 X. In particular we note that the



dip at 17.5 eV for large d 1is enhanced with increasing &. For small values
of d a maximum appears at this energy while the excitonic structure of the
higher members of the Wannier series follows the peaks in the absorption
spectrum. An excellent fit of the experimental data for 1 7 impurity concen-—
tration in Ar/Ne, Kr/Ne and Xe/Ne was accemplished over a broad range of d
values (Figs. 16-18) using %(R) = 20-30 Rac 12 impurity concentration for
all systems. The concentration dependence of Y(E) for Ar/Ne at d = 450 X is
presented in Fig. 21 where the best agreement with experiment is accomplished
taking %Z(R) = 70 R to 90 R at 0.1 2 impurity concentration. Finally the pa-
rameter ST _ was estimated from dafa in the energy region corresponding to the

n = 2 exciton states. From Fig. 22 we conclude that the hest fit between

theory and experiment is accomplished taking %* - 10 (PPm)_] or
STO -6 x 10_]9 cm3. The absclute quantum,y1e1d for different Ar concentra-
tions is according to Fig. 22 nearly independent of STO for values of STO
larger than 10_2 (?pmi_l. Therefore the experimental data give only this

30

lower limit for STO

Taking the probable value S T = 10_17 cm3 together with i {RII OF £, |R2'
we obtain with the aid of eq. (9.5) the value L= 2500500 R for the Aiffu-
sion length of excitons in pure solid Ne. The diffusion coefficient of exci-
tons in solid Ne 1s now estimated from eq. (9.6) with T, T 10—9 sec resulting
in D = 0.9 cm /sec. Finally, we estimate S =10 -8 em3 sec_] for the rate

constant for exciton enhanced impurity ionization in solid Na,

10. CONCLUDING REMARKS

In this paper we have demonstrated how shotoemission data can be utilized

to extract new information concerning energetics, nonradiative relaxation
phenomena and exciton dynamics in solid Ne. Concerning energetic data we
were able to establish experimentally a definite value for V in this solid,
which concurs with recent EDC photoemission data{]]}. Regardlng non radiative
relaxation phenomena we have established that the n = 2 (1/2)~ M+ (3/2) + e
(vacuum) process occurs on the time scale T (Auger) = IO_13 sec which is com-
parable or even shorter than the 1(n = 2 + n = 1) non radiative relaxation

process. On the other hand the EDC photoemission data{zg} for t Z Xe/Ne in




1

the energy range 17.5 - 20.5 eV demonstrate that t(n = 2 = n = 1) <<1, where

T 1is the exciton lifetime in the doped solid, which according to eq. (9.7)
-3 . =11 . . . .
m 1s 7= 10 sec at 1 Z impurity, a conclusion compatible

{28}

with the theoretical estimate' n=2->n=1) = 5 X10“13 sec. We were

10_17 c

and St_ =
o)
thus able to establish a hierarchy for time scales of nonradiative relaxation
phenomena in this system. Finally detailed information concerning exciton dy-
namics in solid Ne was obtained, which is summaiized in Table IV together

with relevant data for other solid rare gases.
From these results the following unified picture emerges:

(a) The exciton diffusion length in all solid rare gases considerably
exceeds the lattice spacing

{(b) The approximate value of RO in solid Ne exceeds the corresponding
values in Xe and Ar by about one order of magnitude. This result
is compatible with the lifetime ratio of "free'" excitons. As exciton
trapping in solid Ne below 6K does mot occcur

172 . 3 (10.1)

:vTO(Ne)/TO(Ar,Xe) ]

(c) The free exciton diffusion coefficient is similar in all solid
rare gases.

(d) The products STD in solid Ne exceeds that in solid Ar and Xe by
three orders of magnitude, a result compatible with the lifetime
ratio (lo.1).

(e) The rate constants for exciton photoionization § are similar in
all solid rare gases,

(f) The rate constants S= ﬂRi D/A  where Ra = 10 & is the reaction
radius can be utilized to extract the estimate /-3 & for the
mean free path for exciton scattering in all solid rare gases.
Thus A~a and the exciton motion is diffusive in all these simple

solids at low temperatures.



Table I Photoemission ranges in doped solid Ne (energies in eV)
ATl BT CI
mZF ZFay | Fag SFCEp .
Ar in Ne 15.05 - 17.48 17.48 - 20.5 20.5 - 30.0
Kr in Ne 13.48 - 17.48 17.48 - 20.5 20.5 - 30.0
Xe 1n Ne 11.60 — 17.48 17.48 - 20.5 20.5 - 30.0



Table TI Values for the energy gap EG’ Eé, the gas phase ionization

. i
tential I the t El
potentia o’ he threshold energy ETH’ ETH’ VO( EA)

and the polarization energy P, Pi.

EG or Eé Iéa) ETH or E;H VO(E—EA) P+ or Pi
Ne (pure) 21.69 21.56 20.3(b) AL -1.3(b)
Ar in Ne 16.23 15.68 15.05 1.18 -0.63
Kr in Ne 14.78 13.92 13.48 1.30 -0.45
Xe in Ne 12.63 12.08 11.60 1.03 -0.48

(a) The values for the gas phase ionization potential have been

taken from: C. Moore, NBS Circular 467 Vol. III (1952)

(b) Results from energy distribution measurements: N. Schwentner,
F.-J. Himpsel, V. Saile, M. Skibowski, W. Steinmann, and E.E. Koch,

Phys.Rev.Lett. 34, 528 (1975)




Table III  Exciton energies E;=2 (1/2) impurity excitons from the
yield spectra (Fig. 13). Values in brackets are taken
from optical reflection peaks.

E;H is the threshold energy of the impurity, g the spin-
orbit splitting of the guest atoms.
i i i
E _» (1/2) En=2(1/2) - ETH 4

Ar in Ne 15.35 (15.31) 0.30 0.34

Kr in Ne 14.09 (14.06) 0.61 0.61

Xe in Ne 12.62 (12.59) 1.03 1.27




Table IV Parameters describing the

the rare gas solids.

diffusion of '"free'" excitons in

!
' e (@) ap (0 e (@
L (&) ' 850 1200 3500
t (sec) 10712 _ o7 10712 _ o~ 1079 - 1078
° : (e) (e) (e)
¢ , 170 120 2500
300(E) ¢ 200 (g))
st_ (en® ) 610710 6.10 20 T
| C,H, in Xe Xe in Ar Xe, Kr, Ar in Ne
3 -1 66 - -8 -8
S (cm sec ) 10 10 10
(em 2 sec ) 0.3 - 0.9 y 0.9

(a) Z.
(b) 2

J. Chem. Phys., in press
(c) Z.

Ophir, B. Raz, and J. Jortner, Phys. Rev. Lett. 33, 415 (1974)
. Ophir, B. Raz, N. Schwentner, M. Skibowski, and J. Jortner,

Ophir, B. Raz, J. Jortner, V. Saile, N. Schwentner, E.E. Koch,

M. Skibowski, and W. Steinmann, J. Chem. Phys. 62, 650 (1975)

(d) present work

(e) Exciton enhanced impurity photoionization

(f) Extrinsic photoemission

(g) Lower limit see footnote {30}.
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A lower limit for 20 may be established as follows:
Using the two sets of diffusion length and concentration 2] =25%5 X,
['R]:I = 10* ppm and %, =70 f+20 X, [-_Rz:l = 10° ppm the diffusion length
Jlo of pure Ne can be determined eliminating STO from eq. (9.5):
- -

I.—Rl_f - [R ZJ 1/2

2 2 -
47 IRy - 2,7 [Ry)

with R] = 25 & and %, = 70 X we get 20 = 150 &. This value has to be

considered with care because of the results of this eq. are very

9.,0=R.1-12(




sensitive to JLI and Ez. For example for 21 = 25 K and 22 = 79 R, va-
lues within the experimental error, 20 > iz But witlh eq. (9.5) and
the above stated lower limit for St = 10 (ppm) we get with

L1s [le as well as with Ly IRZI the same lower limit for 2 e

2 > 200 &,
(o]



Figure Captions

Fig. | Absorption ecefficient k of pure solid Ne for photon energies

from 15 to 25 eV,

Fig. 2 Experimental arrangement for the simultaneous measurement of photo-
emission yield and reflectance spectra at liquid He temperatures in
the photon energy range 5-35 eV. ES exit slit of the monochromator,
MP photomultiplier, SH cryo-shields, S sample holder, Q gquartz

substrate, Au gold film, C copper mesh, NV needle valve.

Fig. 3 Photoelectric yield spectra of pure Ne in the range hw = 15-30 eV
for different film thicknesses. The spectra are not corrected for
the electron contribution from the gold substrate and the reflectance.

The photoelectric yield curve of the gold substrate is also shown.

Fig. 4 Photoelectric yield of pure Ne on Au for six different film thick-
nesses. The spectra are corrected for the hot electron contribution

from the gold substrate and the reflectance.

Fig. 5 Dependence of the photoyield for pure Ne on the film thickness at
ko = 25.0 eV (above threshold). The solid curves give the calculated
yield according to eq. 4.1 varying the electron escape length L
and taking k = 0.0019 X_l (see Fig. 1).

Fig. 6 Dependence of the photoyield for pure Ne on the film thickness at

fw = 17.5 eV (excitonic part of the spectrum).

Fig. 7 Photoelectric yield for ! Z Ar in Ne for four different film thick-
nesses. The spectra have not been corrected for the reflectance. A
constant contribution to the total yield from the Au substrate has

been subtracted.

Fig. 8 Photoelectric yield for 1 %Z Kr in Ne for four different film thick-
nesses, The spectra have not been corrected for the reflectance. A
constant contribution to the total yield from the Au substrate has

been subtracted.

Fig. 9 Photoelectric yield for 1 % Xe in Ne for four different film thick-
nesses. The spectra have not been corrected for the reflectance. A
constant contribution to the total yield from the Au substrate has

been subtracted.



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10

14

16

Photoyield (solid curve), reflectance (dash-dotted curve) and cor-
rected photoyield (dashed curve) for thin Ne films, doped with I 7%
Kr on Au substrates in the range of the first Ne exciton. For de-

tails see text.

Photoelectric yield per photon penetrating into the sample for 1 %
Ar in Ne (solid curve) and pure Ne (dashed curve). The insert shows

the reflectance measured simultaneously,

Onset of impurtiy photoelectron emission for Xe in Ne, Kr in Ne

and Ar in Ne. Data have been obtained for the film thickness given
. 1/2 . .

for each curve, Note that the (yield) / spectra are 1n arbitrary

units, which, however, are the same for the three curves.

Photoelectric yield for 1 % Xe in Ne, | % Kr in Ne and 1 Z Ar in Ne
in the range of onset of direct photoemission from the Xe, Kr and
Ar impurity levels. The positions of the exciton bands from the

impurities as well as the limit they converge to are indicated.

Energy levels involved in the Auger-type recombination process

of the n = 2 (' 1/2) impurity excitons.

Schematic scheme of the emnergy levels involved in photoelectron
emission from solid neon doped with Ar, Kr and Xe. VB valence band,

CB conduction band, E_ . vacuum level, E, = - VO electron affinity,

TH A
E. gap energy, Eé gap energy for the impurities, exciton states of

the host matrix and of the impurities are indicated.

Comparison of measured (solid curves) and calculated photoemission
vield spectra (dashed curves) for | Z Ar in Ne for various film
thicknesses. The calculation was carried out with L = 3500 & for
the electron escape length, 1 = 20 2 for the diffusion length, and
s . t[R] = 1.

Comparison of measured (solid curves) and calculated photoemission
vield spectra (dashed curves) for 1 Z Kr in Ne for various film
thicknesses. The calculation was carried out with L = 3500 %

for the electron escape length, 1 = 20 & for the diffusion

length, and S -1 E@] =1,



Fig.

Fig.

Fig.

Fig.

20

22

Comparison of measured (solid curves) and calculated photoemission
yield spectra (dashed curves) for | 7 Xe mNe for various film
thicknesses. The calculation was carried out with L = 3500 R for
the electron escape length, 1 = 20 8 for the di“fusion length and

s -t [R} = 1.

Calculated photoemission yield spectra for three different film
thicknesses for doped Ne films. The electron escape length is taken
to be L = 3500 X, the exciton diffusion length 1 1is varied in

steps of 10 2.

Calculated dependence of the photoemissior yield spectra for doped
Ne films on the film thic-ness 4. "he electron escape length L

is taken to be 3500 X, the exciton diffusion length 1 1is taken
to be 20 £, and S - T[R = I.

Comparison of measured (thick solid curves) and calculated photo-—

emission yield spectra (thin curves) for 1 Z and 0.1 7% Ar in Ne.

For both measurements the film thickness was d = 450 R. The calcula-

tion was carried out with L = 3500 & for the electron escape length,
S-<Kl =1and1=20, 30% and 1 =60, 90, 100 & for 1 % and

0.1 %Z Ar concentration respectively.

Calculated concentration 4ependence of the photoemission yield for
17 Ar in Ne for the n = 2 exciton using a film thickness of 450 )
The yield was calculated for different parameters STO. The two ex-—

. ) -2
perimental points (dots) fawvour the lower values for STO (1-10 7).
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