Exciton dynamics in solid neon*
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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 (hw = 8-30 eV) by use of synchrotron radiation from the DESY
synchrotron. Results for the range of impurity excitations, exciton states, and interband 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) nonradiative relaxation phenomena, and (c) exciton dynamics in
solid Ne. Concerning (a) a definite value for the electron affinity ¥; in solid Ne was established
experimentally. Concerning (b) we were able to show that the n =2 (1/2) exciton decays in an Auger-type
process into an ionized impurity in the (3/2) state and a free electron on a time scale T (Auger) < 10~ sec,
which is comparable or even shorter than the n =2—n = 1 nonradiative relaxation process. Concerning (c)

the analysis 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.

I. INTRODUCTORY COMMENTS

There have been extensive experimental and theoreti-
cal studies aimed towards a complete understanding of
the electronic states of solid rare gases and their dilute
alloys, which provide a prototype of simple molecular
crystals, characterized by a large bandgap.! These in-
vestigations fall into three different categories. First,
static features of the valence and conduction band states
and of exciton states were probed by optical absorption
and reflection spectroscopy,? by photoemission yield
studies®™® and by measurements of the energy distribu-~
tion of photoelectrons (EDC’s).!>!'? Second, some in-
formation concerning nonradiative relaxation phenome-
na in pure and doped systems was gathered from optical
emission studies as well as from photoemission data.!®
Third, the dynamics of exciton states in solid rare
gases were recently monitored by photoemission
studies.®

Regarding the electronic states of solid rare gases
and their dilute alloys the following information emerg-
es:

(a) The width of the valence band is 1,3 eV in solid
Ne, 1.7 eV in 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 approximated by the nearly-free-electron
formula W,= 1?/2ma®, where m is the bare electron
mass and a is the lattice constant,

(c) Exciton states located below the direct threshold
for interband transitions are exhibited both in pure
solid rare gases and in their dilute alloys.!!!#~1® The
energies E, (j) of high excitons with principal quantum
number # > 2 and the energies E i(j) of excited impurity
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states can be described in terms of a Wannier series
converging to the bottom of the conduction band,

E(§)=Eq(j) - B/n®,

E.(7)=E(j) - B'/n?,
where E,(j) and EL(4) are the interbandgap in the pure
solid and the impurity energy gap, respectively, while
B and B! 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% and j= %, so that in solid
Ar, Kr, and Xe and for the impurity states of these
elements, two Wannier series split by spin orbit cou-
pling are exhibited. Equation (1) is applicable for » > 2
while for the lowest n=1 state large central cell cor-
rections, within the frame work of the Wannier scheme,
have to be incorporated. The values of all the energy
parameters in Eq. (1) for all solid rare gases and for
dilute impurity states in these solids are now well es-
tablished,

1)

(d) The effective mass m* of the electron in the con-
duction band in solid Ne, Ar, Kr, and Xe as inferred
from the experimental B' values is m*=0.4-0.6, re-
flecting the effects of short range electron-atom repul-
sions.

(e) The energy V, (=— E,) of the bottom of the conduc-
tion band relative to the vacuum level was deduced
from intrinsic photoemission yield studies and from
EDC data, which result in the threshold energies E.y
for the pure solid and E}, for the impurity state,
whereupon

Vo—"-Ec(%)"' Ery,
VozEf::(%)‘E"rH .
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From the combination of optical absorption data for
E;(3) and EL(3) and of photoemission data, the follow-
ing data were obtained: V3=4+0,3+0.1 eV for solid Ar,
Vy=-0.3%0,1 eV for solid Kr, and V;=-0.45+0.05
eV for solid Xe, while recent EDC data yield Vy~+1,4
eV for solid Ne %!

The following qualitative information is currently
available from energy resolved (rather then time re-
solved) studies of nonradiative relaxation phenomena in
pure and doped solid rare gases.!®

(1) 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 o 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” exciton states, so
we can conclude that efficient exciton trapping, via vi-
brational relaxation occurs in these solids in a time
scale 7,, which is short relative to the radiative life-
time 7, i.e., 7, <10%7, and as 7,~10" sec, 7, S107"
Ss. The trapped exciton in solid Ar, Kr, and Xe is
practically immobile due to small polaron effects.

(2) Emission from “free” excitons in solid Ne. The
optical emission of solid Ne at 6 K exhibits the radia-
tive decay of a “phonon dressed” free exciton.!” In this
solid exciton trapping via the formation of a diatomic
molecule does not take place because of an inefficient
vibrational relaxation (on the time scale of 7,) where-
upon 7, > T1,.

(3) Nonradiative velaxation from high exciton states.
In pure solid Ne, Ar, Kr, and Xe as well as for impu-
rity states the optical emission spectra are independent
of the excitation energy. Thus the nonradiative relaxa-
tion 7,, from high exciton states n>1 to the lowest n
=1(2) state is fast in the time scale of the radiative de-
cay of these states, i.e., 7,,<10' s or so, These
experimental observations are borne out by theoretical
calculations.!®

(4) Electron—-electron scattering. The onset of elec-
tron—electron scattering originating from exciton-pair
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FIG. 1. Absorption coefficient 2 of pure solid Ne for photon
energies from 15 to 25 eV.
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production was observed® in photoemission studies of
Ar, Kr, and Xe at energies close to Eg+ E;(3), Studies
of exciton dynamics in solid rare gases are of much
more recent vintage. The diffusion lengths of “free”
(i.e., phonon dressed) excitons in solid Ar and Xe
were experimentally determined by two independent
techniques which rest on photoemission yield studies:
(1) The Auger-type exciton enhanced impurity photo-
emission method was explored”® and (2) extrinsic pho-
toemission data from pure solid Xe deposited on a gold
substrate at excitation energies below E.y resulting
from energy transfer from mobile excitons to the metal
substrate was utilized.!® These studies resulted in:

(a) The diffusion length of “free” excitons in the
heavier pure solid rare gases are ~120 A for solid Ar
at 20 K and ~300 A 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

W]

(b) 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) Wannier excitons
in solid Ar and Xe which is comparable to the lattice
spacing.”®

The wealth of information currently available for the
energetics, relaxation phenomena, and exciton dynam-
ics 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,!® reproduced
in Fig. 1, spans the energy range above 17 eV, It re-
veals a single Wannier series, a reasonable result in
view of the small spin-orbit splitting of 0.10 eV in the
gas phase, which is comparable to the line widths in
optical absorption. The optical spectra of dilute impu-
rity states of Ar, Kr, and Xe in solid Ne which were
recently studied'® spanning the energy range 9-17 eV
exhibit long Wannier series, providing the first reliable
set of E; and E% values for this solid. In view of the
absence of exciton trapping in solid Ne [point (2)], the
gross features of energy transfer via “free” exciton
states in this solid should be drastically different 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 7o~ 7,~10%-10"% s lifetime of “free”
excitons in solid Ne, the diffusion length of excitons in
this solid should exceed by one to two orders of magni-
tude the corresponding diffusion lengths previously de-
termined for solid Ar and Xe. In this present paper we
report the result of an experimental study of photoemis-
sion 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 regard-
ing exciton dynamics in solid Ne as inferred from ex-
trinsic photoemission data and from energy transfer to
atomic impurity states. In that process we were able
to obtain detailed information concerning two additional
points. First, from the thresholds for direct photo-
emission from dilute atomic impurity states [point {e}],
a firm value was established for the electron affinity of
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solid Ne confirming the results of recent EDC measure-
ments.!! Second, new information was gathered re-
garding Auger type processes within a single atomic
impurity center.

On the basis of previous photoemission studies of the
heavier rare gases we expect that in pure solid Ne two
separate energy regimes for photoemission will be ex-
hibited:

(AP) In the energy range E,., < E < Eqy, extrinsic
photoemission takes place, which will exhibit a pro-
nounced energy dependent structure in the excitonic re-
gion.

(BP) Above threshold, i.e., E> E,y, intrinsic photo-
emission takes place.

For dilute impurity states in solid Ne, three distinct
energy regimes for photoemission are expected:

(AI) Direct photoemission from the impurity states
above the impurity threshold, i.e., Ely<E<E,,.

(BI) Exciton enhanced impurity photoemission result-
ing from energy transfer from the bound host exciton
states to the impurity in the energy range E,_, < E < Eyy.

(CI) Direct intrinsic photoemission from the host ma-
trix at E> Epq.

We have used the threshold for processes (AP) and
(AI) to obtain information concerning V, for solid Ne.
The energy dependence of the photoemission cross sec-
tions in the range (AI) resulted in some information con-
cerning Auger-processes. Finally, and most interest-
ingly, we have utilized the host-impurity energy trans-
fer data, mechanism (BI), to estimate the exciton dif-
fusion length in solid Ne.

1. EXPERIMENTAL TECHNIQUES

The experiments were performed with the radiation
of the DESY electron synchrotron. In the following we
shall emphasize only those aspects of the apparatus and
experimental procedures of particular importance for
the present experiments. The experimental arrange-’
ment and the simultaneous optical and photoemission
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measurements have been described in detail else-
where, 1920

A. Apparatus, determination of photoemission yields

Figure 2 shows the experimental setup for the simul-
taneous measurement of photoemission yield and reflec-
tance spectra at liquid He temperature (~5 K) in the
photon energy range 5-35 eV. Synchrotron radiation is
monochromatized with a normal incidence grating in-
strument.?’ The resolution is 2 A over the whole spec-
tral range, i.e., 0.1 eV at 25 eV, At the exit arm of
the monochromator an ultrahigh vacuum chamber is at-
tached. The system allows for measurements at pres-
sures lower than 5x10°1° 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 in front of the emitting surface with an
electric field of 2000 V/cm. Simultaneously the reflec-
tance of the individual sample was recorded. 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 being the reflectance from the particular
rare gas film alone, because for these thin substrate—
film sandwiches, strong interference effects are still
present (see, e.g., Ref. 18).

For the determination of the absolute yield per inci-
dent photon, the measured yield spectra were scaled to
the photocurrent from the Au substrate measuredbefore
condensation of the rare gas films. The absolute yield
of Au was determined previously using a Samson double
ionization chamber for absolute photon flux measure-
ments.2*# The measured yield curves were further
corrected for the reflectance from the vacuum sample
interface using the reflectance spectra measured simul-
taneously for the particular film studied as described
in Sec. IV.

For photon energies outside regions of strong ab-
sorption of the rare gas films (e.g., below the first ex-
citon) one observes a contribution to the yield due to
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hot electrons excited at the Au substrate. A study of
this contribution to the yield as a function of film thick-
ness gives information about the scattering length L of
electrons in the rare gas film (see Sec. III). 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.!*# For a non-
absorbing 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=2/2n
where » is the refractive index of the film. Numerical
data for the refractive index of Ne in the visible are
available in the literature.? The accuracy of the values
for the thickness given with our results amounts to
+10 A, The above procedure enabled us to study the
thickness dependence of the photoemission, in particu-
lar the line shapes of the yield curves in detail.

B. Samples

The rare gases from L’Air Liquide and Matheson re-
search, which were used as samples, had a purity of
> 99, 995% for Ne, 99.9997% for Ar, 99.995% for Kr,
and =99, 997% for Xe. They have been used without
further attempts for purification. The sample compo-
sition was controlled by mixing the appropriate amounts
of the constituents in an ultrahigh vacuum gas handling
system. The composition of the samples given with the
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FIG. 3. Photoelectric yield spectra of pure Ne in the range
fiw=15-30 eV for different film thicknesses. The spectra are
not corrected for the electron contribution from the gold sub-
strate and the reflectance. The photoelectric yield curve of
the gold substrate is also shown.
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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 sifu by condensing the
gases onto a cryogenically cooled gold substrate. Thus
the concentrations cited present only a lower limit, be-
cause Ne and the impurity gases have much different
sublimation temperatures and the true impurity concen-
tration may have increased by a considerable factor!!
upon solidification. Taking the known absorption coef-
ficients of the impurity atoms? we can estimate the en-
richment factor from the absolute photoyield in the Al
region and its dependence on the film thickness, It
was in the range of 5 to 10. The optical spectra re-
corded simultaneously gave no indication for molecular
impurities such as N,, O, or H,0.

I1l. INTRINSIC PHOTOEMISSION FROM PURE SOLID
Ne

In Fig. 3 we display the experimental photoemission
yield, Y, from solid Ne deposited on a gold substrate
at 6 K, for several values of the film thickness d in the
range d=40-4300 A in the energy region £=15-30 eV,
The energy-dependent photoemission yield, Y(E), from
pure solid Ne was obtained from the data of Fig. 3, cor-
rected for the reflectance R of the sample-substrate
combination and for the direct photoemission from the
gold substrate, so that

N )

where k is the absorption coefficient (Fig. 1), Y9, cor-
responds to the photoemission yield for pure gold and
the escape length (L ~3500 A) was assumed to be weakly
energy dependent throughout the entire energy range.
The later assumption 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, ex-
hibit two distinct photoemission regimes, In the energy
range above 21 eV, a sharp rise of the photoemission
yield is exhibited which corroborates earlier photoemis-
sion yield measurements for pure Ne.® The sharp rise
is attributed to the onset of the intrinsic photoemission
[range (BP)] in the pure solid. Unfortunately, a reli-
able determination of Ery is difficult in view of the
structure exhibited in the Y(E) curves in the energy re-
gion 20-21.5 eV. We shall thus refrain from a quanti-
tative determination of E;4 and subsequently of V, from
the yield curve for the pure solid and utilize the photo-
emission data for impurity states (Sec. 5) for this pur-
pose. In the intrinsic photoemission region, E>21 eV,
Y(E) exhibits a marked thickness dependence at con-
stant E, as is evident from Fig. 4. It arises from the
low values of the absorption coefficients (Fig. 1), i.e.,
£1~300-1000 A in that energy region, a fact which we
have exploited for the determination of L in the next
section.

IV. 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,
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FIG. 4. Photoelectric yield of pure Ne on Au for six different
film thicknesses. The spectra are corrected for the hot elec~
tron contribution from the gold substrate and the reflectance.

For E=25 eV we have calculated the expected depen-
dence of the yield Y with the escape length L as a pa-
rameter by use of

1 kL

=S AL 10" gLy, @)

where we have used the experimentally determined 2
values (see Fig. 1). From Fig. 5 we conclude that L
+3500 A for Ne, This result is most sensitive to the
absolute value of the yield which is accurate only within
20%. Thus we can give a lower limit for Lbeing 1500 A,
whereas the upper limit can not be fixed accurately.
The value of L~ 3500 A for solid Ne is the largest one
so far recorded for the escape length of hot electrons
in a solid. It is comparable to the values of L =850 A
for solid Xe in the energy range 7.7-8.0 eV ® and L
=1200 A for solid Ar in the energy region 8.0-9. 2 eV.?
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FIG. 5. Dependence of the photoyield for pure Ne on the film

thickness at Zw=25.0 eV (above threshold). The solid curves

give the calculated yield according to Eq. (4) varying the elec—
tron escape length L and taking £=0.0019 A™! (see Fig. 1).
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FIG. 6. Dependence of the photoyield for pure Ne on the film
thickness at Zw=17,5 eV (excitonic part of the spectrum),

These L values for solid rare gases considerably ex-
ceed those observed for other materials. It is apparent
that in the large-gap monoatomic insulators the mecha-
nisms for energy loss are inefficient allowing for a
long mean free path of hot electrons.

V. EXTRINSIC PHOTOEMISSION FROM SOLID Ne

Solid Ne exhibits extrinsic photoemission in the ener-
gy range 17-21 eV (see Fig. 4) below the direct thresh-
old, i.e., E<Ey for intrinsic photoemission. The
quantum yield for this extrinsic photoemission is mod-
erately low, below 9%, 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 solid rare gases.? Several mecha-
nisms were considered for the physical origin of this
extrinsic photoemission and will now be applied to the
problem at hand. Exciton enhanced ionization of un-
identified 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 Secs. VI and
VIII 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 d =300 A. 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. Nonlinear processes, such as exciton col-
lisions or photoionization of exciton states can be ruled
out for the weak light intensities employed herein, and,
furthermore, Y is found to be independent of the com-
paratively 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 A, as is evident from Figs. 4 and
6. This behavior drastically differs from that previ-
ously observed in pure solid Xe!® where Y versus d ex-
hibits 2 maximum around d=~ 200 A. Thus ionization of
excitons at the insulator—vacuum interface is a serious
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possibility. In solid Ne the lowest n=1 exciton state is
located at 17.5 eV (while E;;~21 eV). A surface state
which corresponds to the 1P, 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® and for all rare gas solids from
recent absorption and reflection studies.®

Next, one can argue that exciton states produced
within the optical absorption depth, %™, are immobile
and are operative in long range energy transfer to the
gold substrate, resulting in electron photoejection from
the gold. This mechanism, which is analogous the
Forster—-Dexter dipole-dipole coupling process, should
be characterized by a transfer distance d, of the order
of dy=100-300 A, However, extrinsic photoemission
from solid Ne at 17.5 eV, where £1=33 A is exhibited
for film thickness of d=4500 A, whereupon d> dy> k™,
ruling out this simple energy transfer process,?®

A further serious mechansim for the extrinsic photo-
emission in solid Ne originates from dynamic energy
transfer by excitons. Exciton diffusion to the gold sub-
strate is followed by electron ejection from the elec-
trode. The energy transfer process at the metal-insu-
lator interface will proceed by the Forster~Dexter
mechanism involving the nonradiative decay of the ex-
citon accompanied by the ionization of the metal. As
effective extrinsic photoemission is exhibited (see Fig.
8) for thicknesses as large as d~4500 A we have to as-
sume that the diffusion length of excitons in pure solid
Ne considerably exceeds the transfer length dy(~ 100~
300 A). The qualitative difference between the d depen-
dence in solid Xe!® and in solid Ne may originate from
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1% Ar in Ne

ar ]

] _

0]

E 6L .
g .

o d=3300A
5 ,
Q

g Ar—

>

o ]
&

5.2t d=900A |
w

)

w

e

o

I

[

d=50A

L e
1 20

(1 ] I S 'Y
25 30
ENERGY (eV)

10
PHOTON

FIG. 7. Photoelectric yield for 1% Ar in Ne for four different
film thicknesses. The spectra have not been corrected for the
reflectance. A constant contribution to the total yield from
the Au substrate has been subtracted.
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FIG. 8. Photoelectric yield for 1% Kr in Ne for four different

film thicknesses. The spectra have not been corrected for the
reflectance. A constant contribution to the total yield from the
Au substrate has been subtracted.

the large “free” exciton diffusion length in the later
case (see Sec. IX).

Note added in proof. We have to state, however, that
calculations of the thickness dependence of the yield
based on the diffusion model do not give quantitative
agreement with experiment. We therefore favor the
decay at the insulator-vacuum interface. An investiga-
tion of the nature of this mechanism is in progress.

VI. PHOTOEMISSION FROM DILUTE ATOMIC
IMPURITY STATES IN SOLID Ne

The photoemission yields from dilute alloys of Ar,
Kr, and Xe (impurity content 0, 1-1, 0%) in solid Ne at
6 K were studied for film thicknesses d=50-4000 A in
the energy range 10-30 eV. Typical experimental data
corrected just for the background emission from the
gold substrate are displayed in Figs. 7-9. From si-
multaneous measurements of the optical reflectivity
and photoemission the experimental yield curves were
corrected for reflectance effects from the substrate—
sample combination according to Eq. (3). This pro-
cedure, asappliedto 1% Kralloy, isoutlinedin Fig. 10.

In Fig. 11 we present the corrected photoelectric
yield spectrum for 1% Ar in Ne together with the re-
flectance from the doped sample. For the sake of com-
parison we have also presented in this figure the (cor-
rected) yield spectrum from pure solid Ne. The ener-
gies of the impurity gap E%; and of the band gap E,
obtained from previous work are indicated by arrows.
The photoemission spectrum of Ar/Ne (Fig. 11) as well
as the yield spectra from Kr/Ne and Xe/Ne (see Figs.
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FIG. 9. Photoelectric yield for 1% Xe in Ne for four different
film thicknesses. The spectra have not been corrected for the
reflectance. A constant contribution to the total yield from the
Au substrate has been subtracted.

8 and 9 for the uncorrected spectra) exhibit the three
intrinsic photoemission regimes expected for a doped
solid, which are summarized in Table I. The onsets
of the range (AI) provide reliable data for the impurity
thresholds E%y (Sec. VII), The thickness dependence
of Y(E) in the region (AI) exhibits a gradual increase of
Y at constant E, while the shape of the yield curve is
quite independent of the film thickness. This d depen-
dence of Y(E) originates from incomplete absorption of
the photons entering the sample and can be well ac-
counted for in terms of Eq. (4). 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 A) doped
solids at a doping level of 1% the photoemission yield in
this range reaches values close to 0.5, indicating com-
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FIG. 11. 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 simulta~
neously.

plete exciton-impurity transfer. The line shapes for
photoemission in the range (BI) and their thickness and
concentration dependence will be discussed in Sec. VIII.
Finally, in the range (CI) there is little difference be-
tween the pure solid and the dilute alloys.,

V. 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 thresh-
old. Figure 12 provides an overview of the threshold
regions; the resulting values of E fn_, are summarized in
Table II. Utilizing Eq. (1) together with the spectro-
scopicvalues'® of EY, results inthe V,values summarized
in Table II. These V, values are independent of the
nature of the impurity, thus providing strong additional
support for the previous assignment!® of Wannier im-
purity states in solid Ne.

The high negative electron affinity, i.e., V,=(-E,)
=+1,2+0.2 eV for solid Ne, is in fair agreement with
a previous theoretical estimate [V, (theory) =+ 0, 54
eV].,?‘" In solid Ne, which consists of atoms character-
ized by a low polarizability, the contribution of the

. 6

o

T T T T T T T

450 A !

200A

70A

~
T

PHOTOELECTRIC YIELD (arb. units)

1800A

(%)

T~

FIG. 10. Photoyield (solid
curve), reflectance (dash-
dotted curve) and corrected
photoyield (dashed curve) for
thin Ne films, doped with 1%
Kr on Au substrates in the
range of the first Ne exciton.
For details see text.

N
REFLECTIVITY
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TABLE I. Photoemission ranges in doped solid Ne (en-
ergies in eV).

Al BI CI
Eiw=SE=Ey En=E=Ewq EZ=Emq
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 in Ne  11,60-17.48 17.48-=20.5 20,5-30.0

short-range repulsive interactions, whichis subsummed
into a kinetic energy term, overwhelms the attractive
term which originates from long-range polarization in-
teractions, thus resulting in a large positive value of
Vs. On the basis of these considerations it is apparent
that also for liquid Ne V, 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 (liquid Ne)
<1.2 eV, These considerations provide a proper ra-
tionalization for electron localization in liquid Ne, orig-
inating from short-range repulsive interactions. An-
other piece of useful energetic data involves the polar-
ization energy P! of the medium by the positive impu-
rity ion, whichis given by P!=E}%, - I!, where I} cor-
responds to the gas phase ionization potential. The
values of P! for Ar*, Kr*, and Xe* in solid Ne are as-
sembled 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, re-
flecting the important role of long range polarization
interactions in determining P!, We note inpassing that
short-range repulsive interactions are of some impor-
tance in this context as is evident from the fact that P!
for Ar*/Ne is lower than the corresponding value of P!
for the Kr*/Ne and Xe*/Ne systems, while P! for the
latter two systems are practically identical.

VIiI. AUTOIONIZATION AND INTRACENTER
AUGER PROCESSES IN DILUTE Ne ALLOYS

We shall now dwell briefly on the nature of metasta-
ble exciton and impurity states in solid Ne. As it is

)
=
=}
S
A
e
Xe Kr Ar
% /Ne /Ne Ne
> 38004 16004 33004
TE T R T R U TR TRT
PHOTON ENERGY (eV)

FIG. 12, Onset of impurity photoelectron emission for Xe in
Ne, Kr in Ne, and Ar in Ne. Data have been obtained for the
film thickness given for each curve. Note that the (yield)!/?
spectra are in arbitrary units, which, however, are the same
for the three curves.

TABLE II. Values for the energy gap Eg, EZ;, the gas phase
ionization potential I, the threshold energy Ety, Erx,
Vy(=—E,) and the polarization energy P,, P,.

Egor EL  IL* Eqyor ELy Vi(==E, P,orpP!}
Ne (pure)  21.69 21.56  20.3° 1.4° -1,3°%
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

4The values for the gas phase ionization potential have been
taken from: C. Moore, Natl. Bur. Stand. Circ. 467, Vol.

10 (1952).

PResults from energy distribution measurements: N. Schwent=
ner, F.-J. Himpsel, V. Saile, M. Skibowski, W. Steinmann,
and E, E. Koch, Phys. Rev. Lett. 34, 528 (1975),

well known, excited states located above E,(3) [or

Eé (3)] in solid rare gases are metastable with respect
to internal autoionization to the conduction band, In
pure solid Ne with E.y=E, - V;,=20.5 eV and E
=21,89 eV, thevacuum level is located 1.2 eV below the
interband threshold. Thus the »=3 and higher exciton
states (see Fig. 1) in the pure solid are metastable with
respect to autoionization into the vacuum. In a similar
manner on the basis of the energetic data presented in
Table II together with the spectroscopic data for the
dilute Ne alloys!® we can assert that the n=3 (3) states
in Ar/Ne, Kr/Ne, and Xe/Ne, where we have listed
only those (2) impurity Wannier states which were ob-
served in absorption, are all metastable with respect to
autoionization into the vacuum. On the other hand the
n=3 (3) states are stable with respect to internal auto-
ionization into the conduction band. From the foregoing
considerations we expect a pronounced contribution to
the photoemission yield in the energy range (AI) origi-
nating from excitation to n=3 (3) states and also to the
n=3 (3) state which involves the same final one-elec-
tron 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, 3)
level (at 1% impurity content); then from Eq. (4) we
assert that the photoemission yield curves in the range
(AI) should exhibit pronounced peaks around the =3 (3)
and the n=3 (3) states in these alloys. The real life
situation is more complex and more interesting, as is
evident from Fig. 13, where we display the Y(E) curves
in the range (AI) together with a schematic representa-
tion of the positions of the Wannier states. Several
experimental observations are worth recording. First,
the n=1and n=2 (§) and the n=1 (3) states do not con-
tribute to the photoemission yield, as these states are
located below E% in all cases. Second, the n=3 (3)
states contribute to the photoemission yield, as ex-
pected. Third, the n=2 (3) state in Xe/Ne, Kr/Ne, and
possibly also in Ar/Ne [where in the latter case n=2(3)
and n=3 (3) states are close] contribute to the photo-
emission yield, In Table III we compare the positions
of the n=2 () peaks in the photoemission curves with
the corresponding Wannier levels obtained from optical
data.!® This last result is of interest as it provides new
information regarding nonradiative Auger type pro-
cesses within a single impurity center in solid Ne.

The # =2 (3) state for these atomic impurities cannot
decay directly above the vacuum level as the (one elec-
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FIG. 13. Photoelectric yield for 1% Xe in Ne, 1% Kr in Ne
and 1% Ar in Ne in the range of onset of direct photoemission
from the Xe, Kr, and Ar impurity levels. The psoitions of
the exciton bands from the impurities as well as the limit they
converge to are indicated,

tron) energy of the =2 excited Wannier orbital is low-
er than ELy. The n=2 (3) state can decay nonradiative-
ly via two channels: (a) electronic relaxation n=2(3)
~n=1(z) 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) state and an electron above the vacuum level. This
Auger type intracenter autoionization process is sche-
matically described in Fig, 14.

From the experimental data we conclude that channel
(b) is at least as fast as channel (1), i.e., T=2-n=1)
= r(Auger). Theoretical calculations by Webman and
Jortner® of nonradiative multiphonon relaxation pro-
cesses between impurity states in solid rare gases re-
sult in T(n=2-n=1)~5x10"1% s for the n=2-n=1 re-
laxation in solid Ne. Thus 7(Auger) <10°%® s

IX. EXCITON INDUCED IMPURITY IONIZATION IN
SOLID Ne

Photoemission from lightly doped Ne in the region
(BI) was assigned to electronic energy transfer to im-
purity states resulting in exciton induced impurity pho-
toionization (see Fig. 15). The photoyield curves for

TABLE III. Exciton energies E %.,(3) for impurity excitons from
the yield spectra (Fig. 13). Values in brackets are taken from
optical reflection peaks. Eky is the threshold energy of the
impurity, ¢ the spin—orbit splitting of the guest atom.

El.(3) Enod) —Eky ¢
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

J. Chem. Phys.,
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FIG. 14. Energy levels involved in the Auger-type recombina-
tion process of the n= 2 (I' 3) impurity excitons.

1% atomic impurity concentration at several film thick-
nesses, corrected for substrate photoemission and for
reflection effects, are displayed in Figs. 16~18. The
qualitative features of these photoemission yield curves
are similar to those previously observed and discussed
for the Xe/Ar system.® In particular, we notice that at
high values of d (> 200 2\) the yield exhibits a minimum
at 17.5 eV which corresponds to the maximum of the
n=1 state, while for thinner films (d<200 A) the mini-
mum at 17,5 eV is replaced by a maximum, At higher

1L [
b4
c8
(I 00099004 )/
U: lvo _ — |- -E
T T *“—1§ > TH
y
S ;
T E
= [ PM Eg=217e¥
@ Ly
=10 b
5 L & _l__
or 3 B o 127
2o F 061 X@
v} ——-0.34 Kl'
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20}
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FIG. 15. Schematic scheme of the energy levels involved in
photoelectron emission from solid neon doped with Ar, Kr,
and Xe. VB valence band, CB conduction band, Epy vacuum
level, E,=-V, electron affinity, E; gap energy, E% gap en-
ergy for the impurities, exciton states of the host matrix and
of the impurities are indicated.
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FIG. 16. Comparison of measured (solid curves) and calcu-
lated photoemission yield spectra (dashed curves) for 1% Ar in
Ne for various film thicknesses. The calculation was earried
out with L =3500 A for the electron escape length, I =20 A for
the diffusion length, and Sx7[R]=1.
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FIG. 17. Comparison of measured (solid curves) and calcu-
lated photoemission yield spectra (dashed curves) for 1% Kr in
Ne for various film thicknesses. The calculation was carried
out with L =3500 & for the electron escape length, I =20 A for
the diffusion length, and SxT[R]=1.
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FIG. 18. Comparison of measured (solid curves) and calcu-
lated photoemission yield spectra (dashed curves) for 1% Xe in
Ne for various film thicknesses. The calculation was carried

out with L= 3500 A for the electron escape length, =20 A for
the diffusion length and SXT[R]=1.

16 22

energies Y(E) exhibits maxima at 20.3, 21.1, and 21,4
eV which practically coincide with the =2, 3, and 4
excitonic levels of pure Ne, The energy dependence
and the d dependence of the yield in the energy range
17-18 eV cannot be reconciled with a simple model in-
volving electronic energy transfer from immobile ex-
citons to the impurity state. Such a model will result
in Y(E) at constant impurity concentration being propor-
tional to Eq. (4) and thus cannot explain the dips in the
Y(E) curves at 17,5 eV for large d. The experimental
data were interpreted in terms of the exciton diffusion
model previously advanced by us® which rests on the
following assumptions. (1) The escape length L is a
weakly varying function of the energy over the energy
range 17-23 eV, being given by L=3500 A (see Sec. III).
(2) The exciton diffusion length at a given impurity con-
centration is constant for all excitation energies. This
assumption implies that the rate of the radiationless
relaxation of higher (»>1) exciton states to the lowest
n=1 state is large on the time scale of the exciton life-
time. In light of Webman’s calculations,® which result
in T(k=2-72=1)~5%10"" 5 in solid Ne, this assump-
tion is reasonable. Direct experimental support for
this assumption originates from electron energy distri-
bution measurements from mixtures of 1% Xe in Ne.

In these recent experiments® it was shown that the
kinetic energy of electrons produced in range (BI) is
independent of the excitation energy in the range 17.5-
20.5 eV spanning the =1 and »=2 exciton states. Thus
even at 1% Xe concentration the n=2-#n=1 relaxation
process between exciton states precedes the exciton
impurity energy transfer process.
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FIG. 19. Calculated photoemission yield spectra for three
different film thicknesses for doped Ne films. The electron
escape length is taken to be L =3500 2\, the exciton diffusion
length [ is varied in steps of 10 A.

The exciton diffusion model involving competition be-
tween energy transfer and decay of excitons results in
the following expression for the photoemission yield:

Y(E)=St((RD[R] F{i(R)), L, »(E), d}, (5)

L+l
P [1-em($-£)]-
« [1 — exp (_ kd—-g)]}, ©)

__exp(= kd) ~ exp(d/1) (7
exp(- d/1) - exp(d/1) ’

exp(= d/1) - exp(- kd)

F{I(RI) L, k(E), d}= _z_g__l {ALl [1 exp <;c_§_ %i)]
L

B= e a/D = exp@/D (@)
I(R] =1, + ST, [R])1/2, (9)
lo= (DT9)"'%, (10)

T(R]) = (1/7o+ S[R], 1y

where S is the rate constant for impurity ionization,

[R] is the impurity concentration, 1,=~10"%-10"* corre-
sponds to the exciton lifetime in the pure crystal, 7([R])
represents the lifetime of the exciton in the doped crys-
tal, [, denotes the exciton diffusion length in the pure
crystal, with D being the exciton diffusion coefficient,

while /(JR]) is the exciton diffusion length in the doped
crystal. The procedure for fitting of the absolute quan-
tum yields for different values of d and [R] to the two
parameters [, and S7, is similar to that previously em-
ployed® and will not be repeated in detail. In Figs. 19
and 20 we display the results of model calculations of
Y(E) according to Egs. (5)-(11) taking ST[R]=1 for
various values of [ using the k(E) values from Fig. 1
and L=3500 A, In particular we note that the dip at
17.5 eV for large d is enhanced with increasing /. For
small values of 4 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% impurity concentration in Ar/Ne, Kr/Ne, and Xe/
Ne was accomplished over a broad range of d values
(Figs. 16-18) using I([R])=20-30 A at 1% impurity con-
centration for all systems. The concentration depen-
dence of Y(E) for Ar/Ne at d=450 A is presented in
Fig. 21, where the best agreement with experiment is
accomplished taking I({R])=70-90 A at 0.1% impurity
concentration, Finally the parameter St, was esti-
mated from data in the energy region corresponding to
the n=2 exciton states. From Fig. 22 we conclude that
the best fit between theory and experiment is accom-
plished taking Sty 10°%(ppm)™ or Sr,=6x107° ¢

The absolute quantum yield for different Ar concentra—
tions is, according to Fig. 22, nearly independent of
St,for values of S7olarger than 10-%(ppm)=!. Therefore
the experimental data give only this lower limit for $7,. 3

Taking the probable value St,=10"!" cm?® together
with I, IRyl or l;, IR, we obtain with the aid of Eq.
(9) the value I,=2500+500 A for the diffusion length of
excitons in pure solid Ne. The diffusion coefficient of
excitons in solid Ne is now estimated from Eq. (10)
with 7,=10"° s resulting in D~0.9 cm?/s. Finally, we
estimate $~10% ¢cm?®- s™! for the rate constant for ex-
citon enhanced impurity ionization in solid Ne.

X. CONCLUDING REMARKS

In this paper we have demonstrated how photoemis-
sion data can be utilized to extract new information con-

1,0 T T T T T T

F(ILkd)

6 17 1819 20 22 23
PHOTON  ENERGY (ev )

FIG. 20. Calculated dependence of the photoemission yield
spectra for doped Ne films on the film thickness d. The elec-
tron escape length L is taken to be 3500 A, the exciton diffu-
sion length ! is taken to be 20 A, and SXT[R]=1.

J. Chem. Phys., Vol. 65, No. 12, 15 December 1976

Downloaded 18 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



Pudewill, Himpsel, Saile, Schwentner, Skibowski, Koch, and Jortner: Exciton dynamics in solid neon 5237
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FIG. 21. Comparison of measured (thick solid curves) and
calculated photoemission yield spectra (thin curves) for 1%
and 0.1% Ar in Ne. For both measurements the film thick-
ness was d=450 A, The calculation was carried out with L
=3500 A for the electron escape length, SX7[R]=1 and =20,
30 A and 1=60, 90, 100 A for 1% and 0.1% Ar concentration
respectively.

cerning energetics, nonradiative relaxation phenomena,
and exciton dynamics in solid Ne. Concerning ener-
getic data we were able to establish experimentally a
definite value for V in this solid, which concurs with
recent EDC photoemission data.” Regarding nonradia-
tive relaxation phenomena we have established that the
n=2(3)~M*®)+ e (vacuum) process occurs on the time
scale 7(Auger) <107 s, which is comparable or even
shorter than the r(z=2-7n=1) nonradiative relaxation
process. On the other hand the EDC photoemission

T
“m’m“ppm

=450
 K,..,,20.003548"
{ 235008 ¢~

w

57107

YIELD ({electrons/photon)

10° 102 10} 10t 10°
CONCENTRATION ( ppm)

FIG. 22. Calculated concentration dependence of the photo-
emission yield for 1% Ar in Ne for the =2 exciton using a
film thickness of 450 A. The yield was calculated for different
parameters S7,. The two experimental points (dots) favor the
lower values for ST,(1=10"%).

TABLE IV. Parameters describing the diffusion of ‘“free” ex~
citons in the rare gas solids.

Xe P Ar® Ned
L) 850 1200 3500
ty (sec) 10712107t 1071210711 1079-1078
I, (A) 170° 120° 2500°¢
3001 (200)8
574 (em®) 6+ 1071 6x 1072 10717
CgHg in Xe Xe in Ar Xe, Kr, Ar, in Ne
S {em® sec’l) 1077 © 1078 1078
D {em™ sec™) - 0,3=0.9 1 0.9
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data® for 1% Xe/Ne in the energy range 17.5-20.5 eV
demonstrate that 7(r=2-n=1) <<, where 7 is the ex-
citon lifetime in the doped solid, which according to Eq.
(11) and S7,=10""" em™® is 7~10"" 5 at 1% impurity, a
conclusion compatible with the theoretical estimate®
(n=2-n=1)~5%10"% 5, We were thus able to establish
a hierarchy for time scales of nonradiative relaxation
phenomena in this system. Finally detailed information
concerning exciton dynamics in solid Ne was obtained,
which is summarized 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 7, 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 6 K does not occur,

[7o(Ne)/7,4(Ar, Xe)]/2=~30, (12)

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

(d) The products St, in solid Ne exceeds that in solid
Ar and Xe by three orders of magnitude, a result com-
patible with the lifetime ratio (12).

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

(f) The rate constants S~ 1R 2D/A, where R,~10 A is
the reaction radius, can be utilized to extract the esti-
mate A~3 A for the mean free path for exciton scatter-
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ing in all solid rare gases. Thus A~q and the exciton
motion is diffusive in all these simple solids at low
temperatures.
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