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Thin films of solid Ar and Ne doped with 1-at.% Xe were excited with photons in the energy range from 10
to 20 eV in order to measure the energy distribution of the emitted electrons. Binding energies of the host and

guest levels are deduced. %'hen host excitons are excited, strong emission of electrons is observed indicating
an efficient transfer of the host exciton energy to the Xe guest atoms. The energy of the free excitons is

transferred as can be deduced from the kinetic energy of the photoemitted electrons rather than the energy of
the bound (self-trapped) excitons which are observed in luminescence experiments. Furthermore, there is a
striking difference between the Ar and Ne matrix: In the Ne matrix a fast relaxation from the n =- 2 to the
n = 1 state was observed and only the energy of the n = 1 exciton is transferred even when higher excitons are
excited, in contrast to Ar, where the transferred energy is higher for excitation of the n = 2 excitons than for
n = 1. From these observations time hierarchies for the competition between electronic energy transfer and
relaxation are deduced.

I. INTRODUCTION

Excitation of insulators by light, x rays, y par-
ticles, protons, electrons, or e particles leads
to the emission of light which is characteristic for
the sample but rather independent of the special
source. The dissipation of the excitation energy
up to the point of luminescence has attracted in-
creasing attention which is indicated by the large
amount of recent contributions dealing with prob-
lems of radiationless transitions. ' In the present
study photoelectron energy- distribution measure-
ments, where the energy of the exciting light couM
be varied, have been used to investigate such de-
cay processes.

During the last decade, the optical properties of
fundamental insulators, viz. , the rare-gas solids, '
and their luminescence spectral 6 have been stud-
ied. The absorption spectra are dominated by
exciton series which converge in a hydrogenic
fashion to the band gap. The energies of the lum-
inescence bands are smaller than the lowest ab-
sorption line and the emission is attributed to
trapped excitons, i.e. , the decay of vibrationally
relaxed, electronically excited homonuclear rare-
gas diatomic molecules. ' (For the special case
of solid Ne see Ref. SV.) Besides theoretical in-
terest, the efforts to develop more efficient vuv
lasers' stimulate the study of the involved decay
channels, including a special radiationless transi-
tion involving the energy transfer of host excita-
tion energy to guest atoms in doped rare-gas
solids. ' From theoretical estimates"" and from
the results of recent photoelectron yield studies, "

it is expected that many relaxation processes are
fast, with time constants in the 10 "- to 10 '3-sec
range. By application of ultrashort light pulses
from mode-locked lasers, decay measurements
in the picosecond time scale have been carried

Such light sources are not available for the
high photon energies (Pf&u &8 eP) which are re-
quired for the large band gaps of the rare-gas
solids. Thus one is restricted to less-direct ex-
periments.

In recent luminescence experiments, efforts
have been made to obtain more information about
these states by the use of monochromatic rad-
iation. ' By these means, different states can be
separately populated. However, the resulting
light emission is mainly observed from the lowest
states.

Thus new experiments are required in order to
determine both the energies of the upper states and
the time hierax chy involved.

From the energy distribution curves (EDC's)
of photoelectrons, the structure of the valence bands
and the lowest conduction bands of all the rare-
gas solids has been deduced. " For highly excited
electrons with kinetic energies exceeding the band
gap Eo (excitation energy «2Zo) the scattering
length for electron-electron inelastic scattering
falls from = 1000 A to below" 10 A, i.e. , a time
constant for this process shorter than =10"sec.
The kinetic energy of low-energy electrons in the
conduction band is dissipated only by interaction
with the lattice (phonons, defects) because in-
elastic electron-electron scattering is forbidden
by t e band gap. '"'
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In this paper we are mainly concerned with re-
laxation processes in the excitonic region below
the bottom of the conduction band. The exciton
series obsex'ved in optical spectra of pure and
doped rare-gas solids can be satisfactorily in-
terpreted in terms of Wannier series convexging
to the bottom of the conduction band for the mem-
bers n «2. ' The lowest exciton (n = 1) is of the
intermediate type {between Wannier and Frenkel)
but can be described by a n= 1 %annier state sub-
jected to a large central-cell correction. ' For
Ar, Kr, and Xe and the impurity states of these
elements two series split by the spin-orbit coup-
ling in the nP-valence shells are exhibited. They
are denoted by n(j = —') and n'(j =-,') (see Fig. 1).
The n = 1 and n = 2 exciton states li.e below the vac-

FIG. 1. |'a) Schematic scheme of the energy levels in-
volved in photoelectron emission fram doped solid rare
ga.ses depicted for the ease Xe in Ar. The energies
given are discussed in the text; VBW denotes the valence
bandwidth. (b) Schematic scheme for various energy-
transfer and relaxation processes discussed in the text.
Case I, energy transfer of free excitons to guest atoms;
case II, relaxation of the free n = 2 to the n = 1 exciton
state and subsequent energy transfer; case III, relaxa-
tion of the exeiton states to trapped exciton states and
subsequent energy transfer; case IV, relaxation of the
hole in the host valence band and subsequent energy
transfer, this process has also to be considered for
eases I, II and III.

uum level and do not contribute to photoelectron
emission directly. '"" Recent photoelectron
yield Ineasux'ements of pux'e and doped Ax' and Ne
showed that these excitons decay and excite elec-
trons above the vacuum level via energy transfer
to guest atoms or to the gold substrate. "'" From
the knowledge of the incident-photon energy and the
observed kinetic energies of the electrons in the
EDC's the relaxation energy before energy trans-
fer can be deduced. Thus we can compare the re-
laxation time to different states with the time con-
stant for energy transfer. For example, when the
n= 2 exciton of the host is excited a competition be-
tween relaxation to the n= 1 exciton, relaxation to
the self-trapped exciton, and energy transfer to
guest atoms is expected. For Ar and Ne, theo-
retical calculations for both relaxation time con-
stants are availabl .' '" The diff r nc in binding
energies of n = 1 and n = 2 states in Ar as weB as
in Ne exceeds 1 eV and can be well resolved with
the resolution of our electron analyzer of 0.2 eV.
The impurity states of Xe lie high enough above
the host valence band to be ionized even by the n = 1
exciton of the host. The various possible processes
are sketched in Fig. 1(b).

After a short description of the experimental ar-
rangement (Sec. II) EDC's for l-at. % Xe in Ar and
1-at.% Xe in Ne matrix are presented for several
photon energies (Sec. III). The energies involved
are discussed in Sec. IV while the time hierarchy
is deduced in Sec. V.

H. EXPERMENTAI PROCEDURE

The synchrotron radiation of the Deutsches
Elektronen-Synchrotron (DESY) together with a
normal-incidence monochromator (resolution 2 A)
served as a light soux'ce fox' photon enex'gles from
5 to 30 eV with a photon flux at the sample of typ-
ically 10 photons/sec. '" Attached to the UHV
sample chamber (typical pressure 1 x 10 Torr)
were (i) a bakeable liquid-He cryostat, (ii) an elec-
tron energy analyzer, (iii) a turnable open photo-
multiplier to measure the sample reflectance, and
(iv) a UHV gas-handling system (Fig. 2).

The incident light beam hits the sample with an
angle of incidence of 45, illuminating an area of
10 mm'. A gold film served as a substx"ate which
was isolated from the cryostat by a quartz disk.
The photoelectx'ons were preaccelerated by the
applied bias voltage V~ to 5 V. The electron en-
ergy analyzer is mounted normal to the sample
surface and accepts electrons within a cone of 3'.
The el.ectrons are selected according to their en-
ex gy by a combination of a retarding grid and elec-
trostatic lenses. Counting rates of 1000 counts/
sec were typical. For more details see Ref. 22.
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the constituents in the gas-handling system (tot'al
pressure 1000 Torr). The Xe-Ne mixtures were
frozen at substrate temperatures of 6 K, the Xe-
Ar mixtures at 15 K. No attempts for annealing
were made.

107torr

M III. RESULTS

A. Xe in Ar

Cpcl

FIG. 2. Setup for simultaneous reflection and photo-
emission experiments. Synchrotron light (SR) enters the
sample chamber (SC) from the monochromator (M) with
concave grating (G) via the exit slit (ES). A cryostat
(K) with two cryoshields (CS) and an insulated sample
substrate (I), an open electrostatic photomultiplier (D1),
a gas-handling system (GH), and a photoelectron energy
analyzer (EEA) with a channeltron as detector (CH) are
incorporated into the sample chamber. Photoelectron
analysis: Vo to V&, lens voltages; V&, sample voltage;
EM, emitter follower; D. discriminator; MCA, multi-
channel analyzer; DAC, digital-analog converter. Chan-
nel advance is triggered by a reference signal via lock-
in amplifier (LIA), analog-digital converter (ADC), and
a preset counter (PC). The reflectance as a function of
wavelength is measured by D1. Film thickness is de-
termined by comparing the reflectance

R &(t) at A& (vuv)
and R2(t) at A, , [laser wavelength, laser (L) via detector
D2] simultaneously during evaporation time t.

Photoelectron- emission measurements on rare-
gas solids are ha.mpered by strong charging ef-
fects."' '" Sa,mple charging was minimized by
the preparation of thin films with thicknesses of the
order of 50 A. The growth of the films was mon-
itored during deposition of the gas by measuring
continuously the oscillations in the reflectance in
the transparent region of the material (Ar, 1100 A;
Ne, 800 A). For the calculation of the film thick-
ness, the formulas of Ref. 24 were applied to the
solid- rare- gas-Au sandwich with optical constants
taken from the literature. "'" Further the illum-
ination time was held to a minimum (1-5 min per
spectrum) to avoid accumulation of charge. Con-
sequently the statistics were not always as good
as might be desired. In the spectra presented
charging was less than 0.3 eV.

For the preparation of the films Matheson re-
search-grade gases with a purity of better than
99.997% for Xe, 99.9999% for Ar, and 99.995k
for Ne were used. The given doping concentrations
correspond to the ratio of the partial pressures of

ln the right-hand part of Fig. 3 EDC's of a 50-A-
thick film of 1-at.% Xe in Ar are presented for
several photon energies as a parameter. In order
to show clearly the structure within each EDC the
counting rates for each spectrum are arbitrarily
normalized. For a quantitative comparison the
total areas of the EDC's normalized to the same
incident-light intensity are given by the crosses in
the left-hand part of Fig. 3. They are compared
with the yield curve of a 60-A-thick film of l-at. %
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FIG. 3. Right part (EDC's): Photoelectron energy-
distribution curves (counting rates versus kinetic energy)
of l-at.% Xe in Ar for a spectrum of photon energies.
The film thickness was 50 A. For normalization and
subtraction of background see text. For convenience the
relevant energy levels are shown in the insert. Left
part (yield): The crosses represent the total number of
emitted electrons from the EDC's. For comparison the
yield of l-at. % Xe at Ar (Ref. 12) of a 60-k.-thick film
is shown (so1.id line). The two sets of data were ad-
justed at Sco =11 and 11.5 eV (gold substrate). The en-
ergies of the & =1, 1', 2, and 2' exciton states are
marked.
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FIG. 4. Photoelectron EDC's of a 50-A-thick film of

1-at.% Xe in Ar, similar to Fig. 3. For A, B, and C
see text.

Xe inArasdetermined inBef. 12. Here and in Fig.
4 a structureless background caused by hot elec-
trons from the gold substrate was subtracted from
the yield and EDC spectra. For h(d=16 and 19 eV
(Fig. 3) this background was not subtracted in
order to show its contribution to the EDC's.

From Fig. 3 the common features of the yield
curve and the total areas of the EDC's of a strong
enhancement in (i) the region of the n = 1 and n =2
excitons and (ii) in the region of interband transi-
tions are immediately evident. However, quantita-
tive agreement cannot be expected because of the
different angle of incidence of the light. Further-
more, in the EDC's only electrons within a cone
of 3 are accepted, whereas in the yield spectra
all the emitted electrons are collected.

In the EDC's the zero kinetic energy corresponds
to the vacuum level of the Xe:Ar-Au sandwich.
The vacuum level was determined from the low-
energy onset of EDC's of the gold substrate, taken
before depositing the rare gas. After preparation
of the thin films this onset is the same for elec-
trons excited in the sample (k&u = 16 eV) as well
as for hot electrons from the Au substrate (h&u = 19

eV), indicating no change of the Au work function
on evaporation (see also the left edge of the EDC's
in Fig. 5).

In Pigs. 3 and 4 the baselines of the spectra are
shifted upwa, rds according to the exciting energy.
The kineetie energies E„„ofthe xnaxima and on-
sets increase in proportion to the photon energy
5(d as is expected from the relation

E«II @ Eth

and demonstrated by the diagonal lines. Here E,„
(threshold energy) is the binding energy of the
initial state measured relative to the vacuum level

Ev
With photon energies from 11 up to 19 eV, the

three different regiohs of excitation are covered:
(i) At low photon energies (A~ «12 eV) the Ar

host matrix is transparent. Only guest atoms are
excited.

(ii) In the region of host exciton excitation
(12 «h&u «14 eV) efficient energy transfer to the
guest atoms takes place, as will be discussed in

Sec. V. For this xegion more EDC's with an ex-
panded photon energy scale are shown in Fig. 4.

(iii) For photon energies above 14.2 eV, the gap
energy E~' of the Ax matrix, electrons from the
guest atoms as well as from the valence band of
the host are excited into the conduction bands of
the host.

The strong increase of the counting rate and the
change in shape for Xe in Ar rela. tive to the gold
substrate is demonstrated for n = 1, hv =12.25 eV
in Fig. 5. Pure Ar of 45-A thickness yields a
compax'atively small increase in counting rate and
an EDC peaking near zero kinetic energy, a spec-
trum rather similar to that of Au. For the spectra
shown in Fig. 6, the energy of transmission of the
electron energy analyzer was fixed to E«,.= 0.2
+0.2 eV and the photon energy was scanned (con-
stant final- state spectra). The crosses represent
the corresponding counting rates of the EDC s of
the l-at. % Xe in Ar matrix from Fig. 4 normalized
to the incident-light intensity. For the discussion
it is important to keep the following observations
in mind:

(a) There is a definite increase in counting rate
for the Xe in Ar sample at electron energies near the
vacuum level both when the n=1 and the n=2 ex-
citons a,xe excited.

(b) For thicker films of Xe in Ar (not shown), the
counting rate in the excitonic region increases
(see also Ref. 12).

(c) The shape of EDC's for pure Ar is clearly
different from curves of the doped samples.

(d) The enhancement for pure Ar for a film of
45-A thickness is smaller than for the doped sam-
ple, and with increasing thickness (2= 135 A),
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FIG. 5. Comparison of photoelectron EDC's of l-at.%
Xe in Ar (film thickness d = 50 A.) rvith an EDC of pure
Ar (film thickness ff =45 g) and an EDC of the gold sub-
strate at a photon energy of Scu = 12.25 eV. Note that
the counting rates for the three curves are on the same
scale.

the counting rate in the excitonic region decreases,
especially in the center of the n = 1 exciton band,
and stays constant for the n = 2 excitons (Fig. 6).

The binding energies of the initial states can be
derived from the EDC at ji&o=19 eV (Fig. 3). The
variation of the photon energies (see diagonal lines)
makes possible an increase in accuracy by averag-
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FIG. 6. Constant final state (CFS) spectra for Ek,„=0.2
+ 0.2 eV (counting rates at a fixed kinetic energy of
the photoelectron versus the exciting photon energy) for
Xe-doped Ar, for pure Ar edith different film thicknesses
df, and for the gold substrate. As a guideline the data
points for Xe in Ar have been connected by a broken
line (not a measured curve).

ing. Furthermore shifts due to possible strong
structure in the final states are not observed.

At 5~ = 19 and 16 eV most electrons stem from
the Ar 3p valence bands. They produce the large
peak in the left shadowed region (Fig. 3). From
the kinetic energy of the high-energy onset we
obtain [Eq. (1)] a binding energy for electrons at
the top of the Ar 3p valence bands of E",„'=13.9 eV.
The shadowed region indicates the width of the Ar
3P valence bands, Evs~, of 1.8+0.2 eV. Owmg to
the smaller ionization energy, the Xe 5p guest
levels are located within the Ar band gap. The
maximum with the highest kinetic energy cor-
responds to the Xe 5p, &, level, the second to the
Xe 5P«, level. The centers of the peaks are con-
nected with diagonal lines. Their separation gives
a spin-orbit splitting of the Xe 5P states in an Ar
matrix of 1.3+0.1 eV. The high-energy onset of
the Xe excitations (dashed line) shows that the Xe
SP„, level lies 3.5 eV above the top of the Ar
valence bands: E",„'-E,"„'""'=3.5 eV, yielding a
binding energy of the Xe 5P, &, level, E,"„'""', of
10.4+0.2 eV. Together with the spectroscopically
determined gap values"7 of EA~'= 14.15 eV and
E"' ""'= 10.54 eV we get for the eleetxon affinity,
Vp a value of V, = 0.14 + 0.2 eV, where

Vp —E~ —Eth.

V, is the difference between the bottom of the con-
duction band and the vacuum level. All these val-
ues are compiled in Table I. As far as solid Ar
is concerned they corroborate within the experi-
mental limits the values reported earlier. '4 The
width of the Xe 5P exeitations may be partly due to
the interaction of neighboring guest atoms. A
close proximity is likely at a doping concentration
of 1 at. lj. We have investigated films with thick-
nesses up to several hundred angstroms. Aside
from an increase in counting rates caused by
stronger absorption in the film, the main features
remain and thus the given quantities are bulk
properties. Charging in thicker films because of
the greater separation of the positive charges from
the gold substrate is stronger. The whole EDC
shifts to lower kinetic energies but it can still be
observed because of the preaccelerating voltage
V~. Additionally, the EDC's are broadened by the
non-uniform distribution of the charges across
the film. From the observed time and thickness
dependence, we conclude that charging was smaller
than 0.2 eV for the spectra below bc@=13 eV, which
were measured first, and smaller than 0.3 eV for
the others.

The weak maximum with the long tail near zero
kinetic energy in the spectrum for 8~ = 19 eV
(Fig. 3) is caused by hot electrons from the gold
substrate. From its area we get a rough estimate
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TABLE I. Parameters for the band structure and exciton states of rare-gas solids as de-
duced from optical (Refs. 2 and 31), photoemission yield (Refs. 12, 17, and 19) and photo-
electron energy-distribution measurements (Ref. 14) together with results obtained in the
present study (marked with an asterisk). All energies are in eV. E,„, threshold (binding)
energies of occupied states with respect to the vacuum level; Vo, electron affinity; EG, band-

gap energy; E(n =1), excitation energy, andB(n =1) =E& —E(n=l), binding energy of the n =1
exciton state; B'(n =1), binding energy calculated from the Wannier model; ~~ =B'—B, cen-
tral-cell correction; SO, spin orbit.

Ne Ar Xe Xe in Ne Xe in Ar

Et

Vo

E

E(n = 1)

B(n =1)

B'(n =1)

AE

SO splitting (solid)

SO splitting (solid,
calc. Ref. 28)

SO splitting (gas)

20.3

1.4

21.69

17.83

3.86

5.24

13.9

0.3

14.2

12.07

2.13

9.8

0.5

9.3

8.36

0.94

1.0
0.06

1.37

1.31

11.2*

1.4*

12.6

9.06

3.54

5.28

1.25 + 0.1*

10.4*

0.14~+ 0.2

10.54

9.22

1.32

2.4

1.3 ~0.1*

for the photoemission efficiency of our films.
From the absorption coefficient' p, for Ar of = 6
x 10' cm ', it follows that 75% of the incident light
reaches the gold substrate. The absorption of Xe
atoms is negligible because of the small concen-
tration. Provided no electrons escaping from the
gold are lost in the Ar film, we calculate from the
ratio of the contributions from Au and from Ar an
efficiency of Ar which is 7.5 times that of Au.
This assumption is reasonable according to Ref.
12. With the efficiency of Au of 5 to 9%,-' we get
for Ar an efficiency of 0.5 electrons emitted per
photon absorbed. This value is close to the ex-
perimental result of Ref. 17 but it has to be kept
in mind that we have neglected any dependence on
the angle of emission.

B. Xe in Ne

EDC's of 1-at.% Xe in Ne for excitation energies
below the host absorption edge (h~ = 16 eV), in the
n = 1 exciton band (jim = 17.5 eV) and in the n=2 ex-
citon band (A&v=20. 4 eV), are presented in Fig. 7.
A structureless background due to hot electrons
from the gold substrate was subtracted. The
counting rates for the spectra cannot be compared,
since they are arbitrarily normalized. Again the
baselines of the spectra are shifted according to
the photon energy and the solid diagonal line rep-
resents the expected increase of electron kinetic
energy with photon energy [Eq. (1)]. Obviously,

fl = 2

2Q.4 eV

cr: 20-
uJ

~19—

O 18 ~=1
h 17.5eV

)at% XeinNe

3 6eV——~
I

Vl

C
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FIG. 7. Photoelectron EDC's of a thin film of Xe-
doped Ne for three excitation energies. The spin-orbit
splitting of the Xe guest levels and the relaxation ener-
gy before energy transfer are indicated.

when n =2 excitons of the Ne host are excited, Eq.
(1) does not hold and a, considerable amount of en-

ergy, more than 3 eV, is missing. This striking
observation, which differs from what was observed
for Xe in Ar, is discussed in Sec. V in view of the
relation between energy transfer and relaxation.

The two maxima observed represent the Xe 5P3/2
and Xe 5py/2 states in the band gap of the Ne ma-
trix. Their separation gives a spin-orbit splitting
of 1.25+0.1 eV for the Xe atoms in an Ne matrix.
At 5&v =16 eV, only the Xe guest atoms can be ex-
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cited and we do not expect xelaxation processes to
affect the kinetic energy of the electrons. The en-
ergy of the high-energy onset (4.8 eV) of the 2

leve]. leads to a threshold energy Ex„' ""' of 11.2
eV. In the doped sample, the same EDC of the
2p valence bands of Ne as in Ref. 14 was observed.
Thus with the value of "V,=1.4 eV a. band gap
E~~' ""' for Xe in Ne of 12.6+0.2 eV is determined
ln agreement with Ref. Sl (see TaMe I).

IV. DISCUSSION OF THE IMPURITY STATES

From our experiments the binding energies and
the spin-orbit splitting of the Xe 5P states in solid
Ar and Ne matrices were determined (Table I).
The spin-orbit splitting of 1.3 eV is, within the ex-
perimental accuracy, independent of the host ma-
trix and very close to the value in the gas phase.
It also agrees with the calculated spin-orbit split-
ting for pure solid Xe at the center of the Brillouin
zone. " The spin-ox'bit splitting in EDC's of pure
solid Xe is masked by the overlap of the upper and
lower valence bands brought about by their k de-
pendence. Further, in optical spectra of pux'e Xe a
well-developed exciton series of the Xe 5P, &, ex-
citation is missing and therefore the value of 0.9
eV resulting from an extrapolation of the exciton
series' is uncex'tain. The separation of 1.17 eV
observed in pure solid Xe for the n = 1 excitons'
may be closer to the true value for the splitting.
In view of these facts the value of 1.3 eV for the
spin-orbit splitting of pure Xe is plausible.

From the blndlng enex'gles Eth and 8th
together with the excitat;ion energies of the n = 1
excitons, the position of the later below the vacuum
level can be calculated. Using the electron affinity

V„ the exciton binding energy B (the difference of
excitation energy and bottom of the conduction
band) is determined. Both the spin-orbit splitting
and the binding energy B contradict the identifica-
tion of the exciton series of Xe in Ne given by
Baldini. " The results here are in excellent agree-
ment, however, with the new values and assign-
ments of Pudewill et al." For Xe in Ar our anal-
ysis is in accordance with Baldini. " The present
investigation of the EDC's confirms the interpreta-
tion of the optical spectra in terms of %annier
series. The discrepancy of our B value with that
of Gedanken et a/. has consequences for the
central-cell corx ection for the n = 1 excitons. Ac-
cording to the calculation of Hermanson" the
central-cell cox rection for a specific guest atom
in diffex'ent matrices depends only on the binding
energy B. %ith the new B value for Xe in Ne, the
linear dependence of B stated by Gedanken et al .
does not hold, as is discussed in Ref. 31.

In Ar and Ne matrices an efficient transfer of
the host exciton energy to the Xe guest atoms is
observed. The main diffex ence, documented in
Figs. 4and7, is the increase of the energy of the
emitted electrons proportional to the excitation
energy in Ar, whereas it stays constant for the
n=1 and n=2 excitons in Ne. Furthermore the
efflclency of 'the enelgy-tl ansfer plocess fox' Xe
in Ar is strongly dependent on the excitation en-
ergy, i.e. , whether interband or exciton states are
excited in the primary absorption process. In the
following these observations will be discussed; see
also Fig. 1(b), and Tables II and III.

TABLE II. Time hiera, rchy for decay processes in Xe-doped Ar and Ne. The time con-
stants used describe the following processes: 7D, radiative decay; ~&, relaxation to trapped
excito»; 7'&(I', 2 1), relaxation of then=3', ~ ton=1 state; 7z, energy transfer to Xe guest
atoms; 7'ph, relaxation to the phonon-dressed free-exciton state. Experimental results for
the time hierarchy from the EDC's.

Time constants

l-at. % Xe in Ar n = 1

l-at. % Xe in Ne n = 1
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TABLE III. Time hierarchy from the EDC's together with theoretical calculations and esti-
mates of the radiative decay time constants. (See Table II for definitions of time constants. )
All tixnes are in sec. For references see text.

Time constants

l-at. % Xe in Ar n =1

l-at. % Xe in Ne n =1

Yr) 10 & Tg ~ lo & 7'z

7D~10 '& 7z(2-1') =10 "&7+~ 7„'~10 "
7g & Tg ~ 10 & Tp ~ 10

y'& 7 =lO '&~ ~10 "& v (2 —1}~5xlo '3
R D T

~ph

A. Xe in Ar

1. Enterband trunsitions of the Ar host

The photon energy A~= 19 eV is sufficient to ex-
cite electrons from the whole Ar valence bands
into the Ar conduction bands (Fig. 3). Previous
yield measurements of pure Ar showed an ef-
ficiency of 0.6 electrons per photon absorbed.
Yield spectra of thin films of Xe-doped Ar in-
dicated a comparable efficiency„" but it could not
be decided whether the electrons were emitted by
the host or the guest atoms. The different origins
of the electrons are clearly separated in the EDC's
in Fig. 3. The contribution of electrons from the
Ar 3P valence bands is 80 times that of Xe 5P
states at 16 eV and 40 times at 19 eV. This re-
sult, namely, that the electrons are emitted with a
probability roughly according to the atomic con-
centrations, leads to the conclusion that they stem
from distinct photon absorption processes at Ar
or Xe atoms, respectively. The deviations from
the given mixing concentrations may be due to
different absorption coefficients of guest and host
atoms and to an enrichment of Xe in the Ar matrix
during solidification. An enrichment factor of 2 (or
of 3 when taking into account the energy depen-
dence of the Ar absorption constant) is in agree-
ment with the observation of Baldini. ' In any
case we can give an upper limit of 0.01 for the ef-
ficiency of the energy-transfer process to Xe
atoms both for excitation energies of 16 and 19 eV.
We conclude that for the Ar interband transitions
no energy transfer, or at most with an efficiency
below 0.01, takes place in photoemission.

This observation does not exclude the possibility
that in luminescence experiments energy transfer
will be seen when electrons are excited into the
conduction band. As stated before, luminescence
is a much slower process than photoelectron
emission, since for the light emission the hole has
to capture an electron again. Before light is
emitted the captured electron may relax from the

conduction band to exciton states (see calculation of
Hef. ll). Finally energy transfer may take place
from the host exciton states to the Xe guest, a
process discussed in Sec. VA2. Alternatively the
hole in the Ar valence band may be filled by an
electron from the Xe guest atoms instead of a free
electron. The resulting hole at the Xe guest atom
may subsequently capture an electron, leading to
radiative decay. The observed photon energy will
be equal to that from the energy-transfer pro-
cesses.

2. Ar exeitonic region

An increase of electron emission from the Xe
guest atoms of 2 orders of magnitude is observed
in the Ar-host exciton regime. According to the
Ar absorption constant" in the n = 1 exciton 80/g
of the light will excite Ar excitons and only 0.003 jg

should ionize the Xe guest atoms directly for the
film thickness of 50 A. The n=1 and n=2 excitons
lie below the Ar vacuum level. They can con-
tribute to photoemission only by secondary pro-
cesses. (This is evident from an extrapolation of
the kinetic energy of the Ar valence-band excita-
tions in Fig. 3.) Now let us consider the various
possible processes. Energy transfer to the gold
substrate yields only a small contribution. As ob-
served for pure'7 Ar and studied for pure "Xe it
has a much lower efficiency and a different de-
pendence on thickness (see Figs. 5 and 5, and Hef.
17) than observed for Xe in Ar. Further, the shape
of the EDC from pure Ar at h(d =12.25 eV is similar
to that of Au and does not correspond to that of Xe
in Ar (Fig. 5). We conclude that almost all of the
emitted electrons in the excitonic region are pro-
duced by an energy-transfer process to the Xe
atoms. There the yield almost reaches the same
value as in the maximum of host emission in the
interband regime at @co= 15 eV.

In Ref. 12 the dependence of the total yield on
film thickness and Xe concentration was studied
and interpreted in terms of a diffusion model. The
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EDC's give more detailed insight in the transfer
process.

Energy transfer from the n=2 excitons. For
photon energies of 11 and 11.5 eV the Ar matrix
is transparent and the Xe atoms are excited di-
rectly. No deviations from the straight connections
of onsets and peak positions in the EDC's from
direct excitations at 5{d= 11 and 11.5 eV with those
at 8{d=16 and19eVareobserved for 5+=12.07 and
12.25 eV. Thus we have to exclude dissipation of
energy by relaxation prior to energy transfer from
the n = 1 and n'= 1 exciton states (n' denotes the
spin-orbit partner to n) to the Xe guest, at lea, st
within the experimental limit of 0.2 eV.

Qn the basis of luminescence spectra resonant
energy transfer from the self-trapped matrix ex-
citons to the guest atoms was assumed in Bef. 35.
Generally in luminescence experiments of pure
solid Ar emission from the self-trapped excitons
is observed (Fig. 8). The strongest emission band
found in all investigations is centered at 9.8 eV.
Its intensity falls below 10% within +0.5 eV (Fig. 8).
Therefore even the high-energy part of this molec-
ular emission band is not sufficient to ionize the
Xe atoms with the observed efficiency. (Note that
the ionization energy for Xe atoms in an Ar matrix
is 10.4 eV.) Furthermore the energy of the self-
trapped excitons is more than 2 eV too low to
ionize both spin-orbit-split levels (Fig. 8). There-
fore we have to reject the resonant energy-trans-
fer process from self-trapped host excitons, which
was proposed in Bef. 35 as the major energy-
transfer mechanism. Rather, the energy of the
free excitons is transferred to Xe guest atoms.
In Befs. 5 and 6 weak luminescence bands at higher
energies have been detected under certain con-

ditions (Fig. 8). It is still an open question if they
belong partly to emission from free excitons.
Again the intensity and the energies are too small
to explain the EDC.

The difference in the shape of the EDC for ex-
citation of the n( ', ) =—1 at 12.07 eV and of the n'(&)
= 1 at 12.25 eV {Fig. 4) can be attributed to larger
values of the transferred energy, which allows
also ionization of the lower Xe 5Py/g level. This
difference demonstrates that relaxation of the
n' = 1-n = 1 needs more time than energy transfer.
Summarizing the observations for the n =1 and
n'= 1 exciton we obtain for l-at. %Xe in Ar:

(i) Energy transfer (time constant rr) is faster
radiative decay (To): Tr& ro.

(ii) rr is smaller than the relaxation time con-
stant r~ to bound states {trapped exciton): sr& rts.

(iii) rr is smaller than the relaxation time con-
stant rs(n=1-n'=I) for relaxation of n' =1 to n=1
exciton: 7 r- ra(n = I -n' = 1).

Using the oscillator strength of the n=1 exciton
of Ar,"a time constant of v'~=10 sec is esti-
mated for the radiative decay of these excitons.
From the dominant contribution of the self-trapped
excitons to luminescence of pure Ar a ratio of
rs'/ro& ~+, was estimated by Gedanken et a/. " re-
sulting in an upper limit for ~~+ of 10 " sec. This
agrees with a calculation of Martin, "which pre-
dicts a dissipation of energy of 0.5 to 1 eV within
a time of 10 '2 sec by self-trapping of the ex-
citon in solid Ar. According to our EDC's, the
relaxation energy before energy transfer is
smaller than 0.2 eV leading to the following tim
hierarchy:

A,B,E

LUMIHESCENt:E

SOUO Ar

I: la('/. Xe io Ar

&&=Q25eY

lo Tl ll lj
El(E((Sent feYj

FIG. 8. Comparison of luminescence spectra of pure
Ax' (solid curves A, 8, C ax'e measurements from Refs.
35, 5, and 6, respectively) with the EDC gmtched
curve) of a Xe-doped Ar film. The energy scale refex's
to the energy of the emitted photons. For the EDC it
denotes the energy of the photoelectrons relative to the
top of the Xe guest levels. The dashed vertical line
marks the vacuum level, denoting the minimum energy
required for ionization of the Xe impurity levels.

rs(n = 1-n'= 1)& rr .

Energy transfer from higher excitons n =2, n'=2
The shape of the EDC's changes with photon en-
ergy (Fig. 4). At higher energies a third maxi-
mum, A, appears near the vacuum level. At lower
photon energies this maximum partly overlaps
with that of the Xe 5P, / level. But at energies
corresponding to the n = 2 (h&u = 13.58 eV) and n'= 2

(h&o = 13.79 eV) exciton states the maxima 8 and C
are clearly separated from maximum A. (Fig. 4).
Thus the EDC can be separated into two parts:
maxima B and C, which are caused by electrons
from an ionization process of the Xe 5P3/2 and Xe
5~&/2 levels, and maximum A at higher energies,
which possibly contributes with a flat background
to I3 and C.

First we conclude that the relaxations times
r„(n=2-n=1) and r„(n=2'-n= 1') for the pro-
cesses n=2-n= 1, 1' and n= 2'-n= 1,1' are long
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compared to the processes leading to photoemis-
sion, because the maxima A, B, and C do not cor-
I'espond 1Q theil klnet1c enelg1es and shape to the
EDC'8 at the excitation energies of the n = 1 or
n' = 1 excitons. Next we attribute the maxima B
and C to energy transfer of the free (i.e. , not
relaxed) n = 2 (n' =2) excitons to the Xe guest
atoms, because they are located at the diagonal
Illles [Fig. 4, Eg. (1)].

The origin of the maximum A and the back-
gound contribution to B and C cause some prob-
lems. Since they appear at photon energies below
EA~~ they must originate from an energy-transfer
pl ocess. One posslblllty mRy be ener'gy tl RQ8fex'

to the gold substrate as was observed for pure Ar
(Fig. 6). For a 135-A-thick film of pure Ar the
intensity of slow electrons is reduced in the region
of the n = 1 exciton, as we would expect fr'om the
Small penetration depth of the light, with the con-
sequence that the excitons Rre excited a greater
distance from the substrate, leading to lower ef-
ficiency of energy transfer to the gold (see also
Ref. 34). In the region of the s =2 and n'=2 ex-
citons of pure Ar, because of the larger penetra-
tion of the light, photoemission stays constant ac-
cording to the balance of increased absorption in
the film and reduced efficiency of energy transfex'
to the substxate. However, for the origin of the
peak A in the EDC's from Xe-doped Ar we rule out
the energy transfer to the Au substrate:

(i) For a 45-A-thick film of pure Ar there is an
increase in photoemission compared to pure gold,
but the increase is a factor of 3 less than the con-
tribution of maximum A for R 50-A-thick film of
1-at. /g in Ar (see Figs. 5 and 6).

(li) in addition the ratio of maximum A 'to maxi-
mum B or C did not change markedly with film
thickness. If maxixnum A would be produced by
energy transfer to the substrate, the ratio should
be lowered for thicker films because the excitons
Rx'e excited Rt a 1R1gel dlstRnce fI'oIQ the substl Rte
and energy transfer to the Xe atoms (maxima B
and C) should be favored.

For these reasons energy transfer to the goM
substrate can only be R px'ocess of minor signif-
lcRQce 1Q formlHg max1mum A. %e rather suggest
that maximum A is due to energy transfer from
partly relaxed excitons. Since the major part of
peak A has kinetic energies lower than from the
direct transfer from n = 1 and n = 2 states, maxi-
mum A originates from energy transfer of bound
exciton states.

Vfe then would have to state that the excitation of the
n = 1, 1' excitons leads to a direct energy txansfer
prior to relaxation, whereas excitation of the
n=2, 2' excitons partly leads to direct energy
transfer (peaks B and C) and partly to energy

transfer from a relaxed bound exciton state (peak
A). This different behavior of the n=1 ands=2 ex-
citons can be attributed to a lower-energy transfer
rate or a faster trapping time T~z of the n=2 ex-
citons.

After relaxation by = 0.3 eP the energy above the
trapping minimum is dissipated very fast, accord-
ing to the calculation of Maxtin. '0 Because we ob-
serve in the EDC of the n=2 excitons also ap-
preciable energy transfer of free excitons„ the
time constant for energy transfer, v~, may be
onl, y slightly larger than the trapping time wz'.

Radiative decay (rn) has only been detected from
states lower than n, =2. Thus the following time
hierarchy is obtained:

r~ & r(n = 2 -n = I) & r r w v ts.

%ith our estimated 7~ and 7'z' from the calculation
of Martin we get upper and lower limits fox
7'z(n=2-n=l): 10'&v„(n=2 n=1')& 10"sec.
Webman et al."deduced from a model calcula-
tion a relaxation time constant for an impurity
state in solid Ar: 7z(n = 2-n' = 1) = 10 " sec, a
result coxnpatible with the limits obtained above.
Taking these numbers leads to

r =10 '&r (n=2-n'=1) =10 "&r 7'—
=10 "sec-

The consequences of the energy dependence of
the energy-transfer rate constant should be re-
conciled with the explanations in terms of an ex-
citon diffusion or Forster-Dexter model, or with
an integration of both. ' For this discussion the
information from the px'esent EDC measurements
seems not to be sufficient.

%e note that in Ref. 12 for Xe in Ar a rate con-
stant for energy transfer of 8=6 X10 ' cm sec '
was determined„ in particular from the line shape
and the concentration dependence of the photo-
electron emission yield in the n= 2 exciton regime.
This value r'esults for l-at. k Xe in Ar in an ef-
fective lifetime of 5 x 10 '~ sec which is mainly
deterIQlned by ene1gy transfer. Thus, within the
experimental accuracy, this value is not far from
the estimated limit for v~.

For I-at.% Xe in Ne we find again an efficient
energy-transfer process from the excitons of the
matrix to the guest atoms. This transfer process
was also found in recent photoemission yield mea-
Sur'ements. " The EDC'8 presented in Fig. 7
are evidence for thisprocess. Both the shape
and t.he energy of the two maxima observed
are within the experimental accuracy the same
fox' excltRt1OQ energ1es corx'esponding to the



n =1 and @=2 excitons. This behavior is very dif-
ferent from the results discussed above for Xe-
doped Ar and leads us to the following statements:

(i) The relaxation time constant rs (s =2-n =1)
is small relative to the time constants for energy
transfer v~. Thus an enexgy of = 3.6 6V is dissi-
pated before enexgy transfer takes place. %6 note
that this is the difference of the excitation energies
for the n=1 and @=2 states.

(ii) When the n = 2 excitons are excited in the Ne
matrix there is no indication for an additional re-
laxation to bound exciton states before energy
transfer compared to n=1. This is contrary to
the case of Ax „where such a process vexy likely
caused peak A (Fig. 4). For Ne the Au background
(subtracted in Fig. 7) was the same for excitation
into the n=2 and @=1 exciton states.

(iii) At the photon energy of 16 eV the Ne matrix
ls trRnspRrent and the absol'bed photons lonlze the
Xe guest Rtonls directly The EDC fox' the R = 1
exciton is shifted by 0.7+0.2 6V to lower energies
comps, red with the energy expected from Eq. (1).
In Fig. 7 this fact is evident in the distance to the
diagonal line. This relaxation energy corresponds
to the Stokes shift of 0.9 eV for the strong exnission
band obsex'ved ln luminescence. ' As was dis-
cussed by Jox'tner 8t gl. y

this luminescence ls
due to the x'adiative decay of the free but phonon-
dressed excitons.

Thus the energy of the free n = 1 excitons is
transferred to the Xe guest atoms with the ex-
cltons ln an intermediate state of phonon relaxation
but without relaxation to the trapped state. The

transferred energy is independent of whether the
n= 1 or v = 2 excitons of the Ne host are excited.

From the above observations the following time
hierarchy, with 7 „the phonon relaxation time
constant and v'z' the time constant for relaxation to
tl apped excltons, ls deduced:

From the oscillator strength of the n = 1 excitons
from Ref. 31 R lifetime 7'~ 10 sec fox' the x'adi-

ative decay can be estimated. The rate constant
$70 between 1 ~Svo ~ 10 ppm

1 from Ref. 19 for
the energy tx'ansfer of Ne exciton energy to guest
atoxns gives an effective exciton lifetime v' which
is mainly determined by enex'gy transfer: 10 '3

~7 ~10" sec. Using these values we get (in sec)

A theoretical estimate of %'ebmann et cl."for
rs (n = 2 n= 1—) with vs(n = 2 n= —1) = 5 x 10""sec
is compatible with this time hierarchy.
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