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Energy and Time Resolved Spectroscopy

Nikolaus Schwentner, University of Kiel,
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Germany/w.

The electronic structure and the excited state
relaxatian phenomena in condensed rare gases have
been studied by absorption spectroscopy, photo-
electron spectroscopy and time resolved luminescence
spectroscopy all using selective excitation by
monochromntized synchrotron radiation. Rodiationless
and radiative electronic transitions in excited
states and the rearrasngement of surrounding matrix
atoms will be discussed for excited rare gos ztoms
in rere gas matrices. Furthermore experimental
results concerning the scattering of excitons within
the free exciton branches, localization of excitons,
relaxation within the selftrapped exciton states

and energy transfer to guest atoms and boundaries

will be presented.

to be published in "Applied Gptics" in December 1980.

1) Introduction

Excitation of a solid or liquid sample leads to a
conversion of the deposited energy into phonons,
photons and in some cases to the emission of electrons
or desorption of  ions. Upon excitation a nonequilibrium
configuration of the electronic and nuclear structure
is prepared. The new electron distribution at the
excited site initiates nuclear rearrangements around
this site. These structural changes cause nonradiative
transitions to lower lying electronic states.1_15
Therefore structural changes and electronic transitions
are strongly coupled. During the time elapsing
between the fast (= 107 9s) electronic excitation
process and the radiative decay process which tskes
plece after 10—95 or lenger for VUV radiation, an
interesting cascade of nonradiative electronic tran-
sitions and of structural changes is pzssed. A
complete experimentsl investigation should provide
the following set of informations:
1) electronic and geometric structure in the ground
state
2) electronic structure in the primary excited state
3) new nuclear equilibrium configuration for this
electronic state
4) rate constants for the relaxation to this structure

5) all intermediate electronic states and all rate



» . : . intermediate states oint 5 and are accessible
constants for the corresponding radistive and e es (p 7 7 e N

R . o . . Basy of cess ar hose states from which enough light
nonradiative transitions in the relaxation wasy acce e those € & &

) is emitted to be detected by time resolved luminescenceT?
cascade to lower states

6) all intermediszte nuclear confilgurations and all
ratz constants involved in their formation

7) electronic states and

8) equilibrium configurations from which finally

radiative decay to the ground state is observed.

Compared to these high aims the available experiments
yield only some parts of the whole cascade. The
structural changes in excited states are in general
beyond the scope of direct structure investigation
techniques like X-ray diffraction and extended X-ray
absorption fine structure analysis (EXAFS).14 The
difficulties arise from the short lifetimes and small
densities of the excited states. To get a safe ground
concerning the structure in the excited states the
development of time resolved EXAFS15 with & time
resolution of 10'105 will be of prime importance.

Up to now the information concerning the points 3, 4,
6 and 8 has to be extracted from spectroscopic
investigations in an indirect way. More data are
available concerning the electronic states and the
rate constants involved in electronic transitions.
ibsorption and photoelectron spectroscopy16 provide

a safe ground for point 2. But only some of the

spectroscopy or states which live long enough to be
studied by transient absorption spectroscopy.18
Due to these difficulties many questions remein open
in the descripticn of even a simple relaxation cascade
in electronically excited states. From the experi-
mental point of view it seems worthwhile to search
for systems where the central process i.e. the
coupling of electronic excitations with structural
changes might be accessible, This for example will be
systems where electronic excitation initiates large
geometric rearrangements. Furthermore there should
be an easy way to modify the electronic states and
the rate constants to allow for a derivation of
general trends. During the last years it turned out
that pure and doped condensed rare gases are con-
venient systems for these studies7 because of the
following reasons:
-~ Electronic excitation breaks up the closed shell
configuration. The chemical nature changes from
inert to 3:~eac‘c:‘ure]9 and the excited electron
interacts strongly with the surrounding.
- The lattice is very soft20 which allows quite large

structural changes in response to the new electronic

configuration.
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- The lattice phonon energies are extremly smell 2) Relzxation chennels in condensed rare gases

(some meV). The dissipation of electronic energy to

heat needs in generzl the emission of many phonons. For an introductory overview some electronic stutes
Thus nonrcdiative electronic relexation processes relevunt in the relaxsation ciscade in liquide He are
are siowed down. shown in Fig. 1. The scheme describes atomic and

- The chemicrl nature is similar in the gas, liguid molecular states in the gas phese. The arrows indi-
and solid phose. Thus relsxstion processes and their cate trensitions which have been observed in lumines-
dependence on density and on structursl order can cence ermission and in transient cbsorption experiments
be investiguted in all three phases ot compurable in the liquid phase.25 sccording to these experiments
conditions. the same electronic states with only minor changes

~ Different rare gi.ses nnd moleculur gases c=n be in the erergies appear 1n liguid and gaseous lle. This
easily nixed in the gss phise Aand codeposited os close correspondence 1s due to a rearrangement cf the
doped samples.22 This allows & systematic variation ol liguié around the excited He ztoms. After the
electronic =nd structurual parameters ot comparable rearrzngement of the liquid the centers can te
conditions. grouped into atomic like excited centers He' and mole-

- Rare gases ore transpirent up to 17 eV photon cular like centers Heé. Loth species zre surrounded
energy. Therefore they are favoruble matrices for by eupty bubbles. The radius of the bubble exceeds

22

i : 5t5 2z i R
matrix isolation spectroscopy in gener .l. the nearest neighbour separation of 3 " of He atoms

in the ground state by fare. The rasdius of the bubble

In the folliowing some oxumples of experimentol (5 - 20 9) and its shave which 1s nonspherical for

progress towards an understanding of the dynumics in states with symmetry unlike s, depend strongly on the

electronically excited states of pure and dopesd con- railn cuantum number and the symmetry of the specific

densed rare gases will be presented. Reviews huve

JJortner7, Zimmererzh,

excited electronic state. The configurstiion around

> - 2
been prepered by Fitzsimmons,
26

some of the excited atowmic like states and its
D
, Bondeby rnd Prus®’ cnd

o
3chwentner, Koch and Jortnera“. In this issue the

. 25 L B . . . 34~3
3chwentner®™ , Fugol® Jependence on externszl pressure has been calculated.” >8

:1lso the sizes and the shapes of bubbles zround mole-

relevant theory is treated by Toyczawa and bassani cular centers have heen estimnted from electron
and a discussion of one and two puoton zbsorntion

results is given by snile.



density calculations in excited states of He} mole~
cules.BO Despite the interesting experimental results
concerning the dynamics in these excited states,ZB’33
there exists no consistent description of the various
relaxation channels neither from a theoreticsl nor
from an experimental point of view even for this
simple system consisting of He atoms with only two
electrons. One of the main problems is the quite
large manifold of channels which are possible due

to the formation of two types of centers., In addition
the atomic and molecular like centers interact via

dissociation and recombination processes.

This example i1llustrates thut in the case of pure
liquid and solid rare gases we have to deul With?’23_28
- electronic relaxation of atomic like states in
bubble
- electronic, vibrational and rotational relaxation
of molecular like states in a bubble

- interaction of these channels by dissociction and

recombination.

In rere gos crystals excitation creates excitons which
move free before the deformation of the lattice leads
to localized centers described above. Therefore the
fate of these free excitons until they are localized

as atomic or molecular centers has to be analysed.

Q
This includes>?S:

~ scattering within a free exciton branch

-~ scattering to lower free exciton branches

- localization of excitons

In doped sauples energy transfer processes become

important. The competition of the processes listed

above with3

- energy transfer by coherent or diffusive migration
of free excitons

- energy transfer of localized excitons by & Fdérster-

Dexter type interactiont’qo

has to be considered.

To disentangle all these competing processes systems have

been analysed where only a few of these channels

are open. We will start with o discussion of rare gas

atoms in rare gus matrices. ln the excited states of

the guest atoms only the first channel contributes to

relaxation. In this way this channel can be

studied separately. Next we turn to the localization

processes 0f free excitons, the branching into the

two types of localized states and to vibrational

relaxation within the molecular type centers. Finally

some experiments sare described which represent a

first attempt to tackle the problem of relaxation

in the free exciton states and of localization of free

excitons in competition to energy transfer.



3) Excited states of rare gos guest atoms in solid

rare pos matrices

after a short churacterization of the excited elec-
tronic states of the guest atoms, the rearrangement
of the matrix atous around the excited atoms and the
nonradiative and radiative electronic transitions
within the guest atom states will be described. The
energetic positions of the occupled valence states of

heavy rore zas guest wtoms within the bandgap of the

matrix have been derived from absorption experiments41’42

from photoelectron yieldL‘LB’L‘L5 and from photoelectron
energy distribution measurements“6’47. Absorption
and luminescence excitation spectru17 (Fig.2) yiela
the exited states of the guest ntoms within the host
band gap. The excited states form for each kind of
suest ctoms two series of excitons which are separated
by the spin orbit splitting of the valence states

and which will be denoted by n ~nd n's & survey of

the velence states and the exciton states for Xe, Kr
and Ar guest atoms in 2 solid ke matrix is shown in
Fig. 3. The binding energies of the exciton series
where members up to n = 5 have been identified are
determinded by the dielectric constunt of the host

and the effective mass of electrons in the conduction
band of the nost! 7o 1=45,48 iccording to the experi-

mentzl results these stites are Wonnler excitons which

41,42
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obey the effective mass approximation. The electron
orbit for n 2 2 is large compored to the nearest
neighbour separstion. For the n = 1 excitons some
corrections have to be included to zccount for the

- L h2,48 i +
smaller electron orbit . Relative to the corres-
vonding Rydbers transitions of the free atom the
abscrption energies of the excitons in the mntrix

are strongly blue shifted by about C.5 - 1 eV (tezble 1).

The emission bands have been studied first by ao-

7 49

particle’and X-ray excitation. The relaxation

chonnels have been investigated by time and energy
resolved luminescence spectroscopy using monochro-
matized synchrotron radiation for excitation17n The
emission spectrum for excitation of & specific

exclton aliows an identification of the corresponding
ewitting state and the energy difference ylelds the
Stokesshlft between sbsorption and emission (Flg. 2).
For the guest ztowms in Ne atomic type emission due

to the fine structure components of ns and (n - 1)d
states hoas been observed. n is the mwain guantium

number of the lowest excited state. The emitting states
wre 154, 132 ond 3d5 for sr and Kr =and 134, 185, Eda for
¥e in He. The emission bonds are redshifted compared

to the excitation enersies by about G.5 - 1 eV,
Therefore they are now close to the free atomic
tronsitions (teble 1). Furthermore the radiative

17

lifetires in the wmatrix derived from decay curves
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(7ig. 2) are similar to the free atomic values (table 1).
From these observations the formation of a bubble
around the excited atom has been postulated7’17
similar to the case of He, In this bubble the elec~
tronic wave function resembles the free atomic limit.
From the density dependence (Fig. 4) of the n = 1,
n' = 1 and n= 2 exciton transition energies17’55 an
increase by about 30 % - 100 % of the nearest neigh-
bour separation in the bubble compared to the
groundstate configuration has been estimated17, The
large Stokesshifts correspond to very strong differences
in the electron lattice couplings between the ground
state and the excited states. From the Stokesshift
E, and independently from the large line width H(T)
in emission49 a value of S5 = 50 for the Huang Rhys
coupling constant5’15 is derived for example for
the qu decay of Kr. From S again an increase in the
nearest neighbour separation of about Q=2 R
(i.e. 70 %) can be predicted. For these estimates the
following relations have been used which are based
on the harmonic approximation with linear coupling
and a single characteristic phonon frequency fwwp
in the strong coupling limit4_13. M is the reduced
mass of the system.
By = 2 Shu, (1)
H(1=0) = 2.36 V3 hw (2)

p
Sﬁwp =1/2 % wpa ( AQ)d (3)

-12 -

A similar strong coupling has been derived for the
n = 1 state of Xe in Ar from the temperature depen-

7,280 The risetimes17

dence of the absorption line
in the time resolved emission spectra which are shorter
than 10—]18 represent an upper limit for the time
required for the rearrangement of the matrix. This

upper limit is consistent with theoretical

estimates’ of 10'153°

From the total intensity of individual emission bands
for excitation of the n =1, n® = 1 and n = 2 exciton
states and from the corresponding time dependence

of the intensity in the emission bands a gquantitative
cascade for electronic relaxation has been determined17
The relative intensities of the emission bands for

one excitation energy yield the branching ratio

for radiative and nonradiative decay to different
lower lying electronic states. The rise and decay
times in one emission band correspond to the times

for population(for example via relaxation from higher
states) and depopulation (for example due to rela-
xation to lower states). Thus the cascade can be

built up consistently in populating first the lowest
state and going up stepwise to higher primary excited
states17. Since Ne does not form bound molecular

states with Xe, Kr and Ar atoms the complications due

to molecular states like in the pure gases (see He)



are absent. Exciltaticn of the n = 1 impurity stste

of £e, Ar and Kr in solid he causes & reurrangemeﬁt

cf the matrix leading to the formation of the 1sL+
(5P1) impurity stete. On the basis of the expe;imental
data (table 1) for the radiative decay, it 1s apparent
that the major contribution to the lifetime of the

1sL+ state originates from the radiative decay

channel to the ground state which is nmuch faster

than the two competing radiationless processes

(¥ig. 5,6), i.e. radiationless relaxation either to
the only lower lylng exited state 155 (5P2) or to

the ground state17. Radi:tionless transitions rates

W for relsxution between electronic stites which

are separated by an energy difference A& of the two
minima of the potential surraces are determined by

the coupling constant S which essentiully describes
the displacements AQ of the equilibrium coordinates
of the twe states involved {(equ. 3) znd the order

N o= Eﬁ%wp. I corresponds to the nuwmber of phonons
which are emitted in the dissivation of the electronic
energy difference AEQ_]S. For low temperatures #n
exponential decresse of the transition rates witn
increasing energy gap AE or order I is predicted

provided that 5 is not too large,

Wnr(T ) {; - expl- 3)exp {-yk) ’ (L)

1 . (5)

y=1n (%)
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A contains the electronic matrix element. sccording

to this well known "energy gap law' the radistionless
relaxztion to the ground state is hindered by the

very large energy gap. The separation from 1sl+ to

the 1s5 state i1s only 0.1 = 0.2 eV requiring a
radintionless transition of the order of N =10 - 3C,
In the case that the corresponding & is not too large
the radintionless 1s; -~ 155 decay will be effectively

blocked by the apprecisble energy gap. The energy gsp

—

fw 1s slso manifested in the photoselection of the

n = 1' impurity states of Xe and of ar in soliid lie.
This excitation process which populates tne spin orbit
mzte of the n= 1 exciton, leads to the formwution of
the medium relaxed 132(]P1) stote (Fig. 5,6). The
experimental lifetimes (takle 1) are agcin
dominated by the pure radistive decay channel17,so
thzt rodictionless electronic relaxation from 182<]P1)
to 183(5P0)’ 154(3P1) znd 155(3P2) is not exhibited

on the time scale of 10_6 sec. The energy szvs

of 0.2 eV for ar and 1.1 eV for Xe determined by the
spin orbit coupling :wre sufficiently largeto prohibit
electronic relaxstion. For ¥Kr in solid Ne there is un
luteresting complication due to impurity-iwpurity
energy transfer, as in this system there is an acci-
dental energetic overlep between the medium relaxed
1e,('®,) stute ang the n = 1 (°P,) state. The rise and

decrny times of the emission bonds of the 1s2 and the
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15, states after excitation of n' = 1 exitons indi-~
cate that a resonant dipole-dipole energy transfeng’qo
takes place from an excited Kr atom in the 132 state
17

to 2 nearby Kr atom in the ground state ‘. The Forster-

Dexter radius for this transfer is 21 2.

Next we consider the fate of n = 2 guest atom exci-
tations in solid Ne. There are several characteristic
differences for the n = 2 exciton relaxation cascades
for Xe, Kr and Ar guest atoms in a Ne matrix. The
origin is an increasing spread on an energy scale of
the (n + 1)s, the (n - 1)d, the np and the ns' states
in going from Xe to 4r. This spread results in groups
of close lying levels which are separated by increasing
gaps (Fig. 5,6). Excitation of n = 2 excitons in Xe
leads to a population of the medium relaxed qu and
3d2 states (Fig. 5). The 5d2 state 1s separated from
the next state 3d1' by a gap of 0.18 eV. It was
experimentally established that the Bda state decays
radiatively to the ground state with a time constant
of 1.3 x 10775 as well as nonradiatively to 3d,' with
2 time constant of 1.0 x 1077s. We note that in this
case radiationless processes of the order of N = 30

9

can have time constants as fast as 10" 7s. This obser-
vation is incompatible with the considerations based
on the energy gap law and can be rationalized in

terms of the cancellation effect which is exhibited

- 16 -

when N# S in eqgs 4,5. The energy interval between

the 3d1‘ and the 152 states 1s s0 densely populated
with other states (Fige. 5) that the radiationless
processes will be extremely fast. Radiative transitions,
i.e. the dipole allowed decay from the 3d5 state, are
not observed. In the 1s, state the radiationless
relaxation cascade terminates as has been previously

noted. No relaxation to 153, 154 or 135 is observeds

The relaxation cascade for the n = 2 excitation of
Ar in solid Ne (Fig. 6) results in an initial popu=-
lation of the medium relaxed 254 state which relaxes
effectively to the lowest 3d states (3d5 and3d6)o
The gap between the 3d and (4p, 4p') states is
sufficiently large to make nonradiative decay rather
slow. There 1s branching between radiative decay of
the 5d5 state (420 x 10—9s) and slow nonradiative
decay to 4p' and 4p stotes. The(4p', 4p) states are
separated by a large energy gap from the 4s and 4s!
levels., Therefore both the 4p' and Lp states are
depopulated radiatively to the 4s as well as 4s!
state with similar time constants. The intensity

is distributed between radiative channels from the
fine structure components of the 4p! (152, 1s3) and
the 4p (154, 155) states with the branching ratios
given in Fig. €. The relaxation cascade of Kr in
solid Ne is similar to that of the ir impurity state

in the same matrix1z
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The radiationless relaxation rates are strongly L) Sxciton states of pure rare gas solids
influenced by the matrix and by the tempersture.

The temperature dependence of the lifetime of the kr The anelysls of the dynamics in the excited states

184(5P1> state in 2n sr matrix his been studied cs of pure rore gas solids requires the spectrum of

an exumple56. The 1SL+ state is depopulated by exciton states1b as input data.

radiative decay to the ground state and by nonradiative
decay to the 155(519) state. Fig. 7 shows the tempe- kel Free and localized exciton states

rature dependence of the decay rate of the 154(3P1)

The spectrum of free exciton states with wave vector
state which exhibits the temperature independent

k = 0 is well known from reflection and absorption
relaxation to 155 at low temperatures and as activated pro-

spectroscopy16’58’59. It consists of two series of
cess at higher tempratures. -n anelysis of the date with the

excitons which are separzted by the spin orbit splitting
expressions given in ref. 57 can be performed (fit in Fig.7)

of the valence bsnds. Up to 5 members of the series
taking AE:?Zmﬂ%mdﬁwp=L+mV,Le.N:18.

have been identified. For the n = 1 excitons the
The separation of 1SL+ =nd 155 in the Kr matrix of

enercy of the longitudinazl excltons at k = O has been
72 meV derived in this way is close to the sepnration

determined in 28dition to the transverse excitons59

°

in the free atom (toble 1). . 560 o ]
The calculations of Enox”? show that two additionsl

n = 1 branches exist which are not accessible by
optical absorption. The dispersion of the n = 1
exciton bands versus wave vector k has been calcu-
lated for nr5’6o. The bandwidth 2B has been estimated
also from the width of the valence bands61 for Xe,
Kr, ar and He by Fugol'26 (table 2). & schematic
illustration for the n =1 and n' = 1 states in Kr

is shown in Fig. 8. In addition to these bulk exci-

tons slso surface excitons have been observedsg.



inree typess of locelized exclton statez have been

observed in luminescence spectra7’2q—2b’28. They have

been ldentified in enezlogy to emission spectra in the
7
gas gnase‘?‘B

o

,28 aT high and low pressure. stomic
7,2L4-26,28,65-68

type localized n = 1 excitons are
excited rare gas atoms where a2 cavity has been
forusd similar to He and similar to guest atom states

in rare gas matrices. In molecular type localized

g
states’»eh=26,28,63-76 neighbouring rare gas atom
moves to the excited wtom and an excimer with a
smzaller equilibrium separation than the nearest
neignbour distance in the undistorted crystzl is
formed (see He£ in Fig. 1). Ywo species of molecular
type states with different 1]'.fe‘t:'Lmes2L‘L’25’28’67’68’75-75
in the 10™% and in the 10™°s region huve been
identified. They belong to the ?Zu and EZu branches
of the molecular potential curves (Fig. 8 ). The
energy versus the internuclesr distance in the mole-
cular type states is sketched also in Fig. 8. By

transient absorption spectroscopy18

higher stomic
states i.e. the fine structure cowmponents of the 2p
states have been observed in solid Ne and higher
molecular states have been found in solid ke, or and

Kr., Now we proceed to the dynamics in the exciton

states.
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L.2 Selftrapping of free excitons and relaxation in

localized states

The emission bands and their relative intensities
are summarized in table 2 in a tentntive way
indicztes emission from free excitons, "b" from
atomic centers, "c" from vibrationally hot molecular
centers and "d" from vibrationally relaxed molecular
centers. 1t is immedistely apparent from tzble 2 that
99 » of the luminescence intensity is emitted from
localized stetes in all solid rare gases. This implies
thet the selftrzpping process is at leszst a factor of
100 faster than the radiative decay time of free
excitons. selftrapping occurs within a time <1O—]TS.
Selftrapping can be treated by the theory developped
by "t‘oyozawa8 =nd Rgshba11 wihicn is presented .lsc in
the preceeding paper by Toyozswa. The Lorentzian line
shepe of the excitons in absorption59 indicates that
initially free excitons =re created in solid rare
guses. The free excitons are stable when the lattice

relexation energy E

glven by the bundwidth in k space i.e. ELQ<<B or vice versa.

furthermore this continuum theory8 predicts a barrier
of height Hm between the free and localized states
which has to be crossed for localizntion either by
thermsl activation or by tunneling. Fugol' and

26,66

Tarasova derived in ¢ semiempirical analysis

2h,26,28,68,71

R is smnaller thnn the exciton kinetic energy
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ELH’ Hmand 2B from spectroscopy data (see tsble 2).
This analysis explains the experimental results in o
qualitative wny. It predicts the observed stubility

of the molecular type centers in e, Ar =znd Kr snd it
describes the trend to stronger emission from free
excitons in going from Ne to Xe by an increusing
barrier Hm‘ But the predicted instability of atomic
type centers in Xe and the very large barrier for
formation of molecular type centers are in disagreement

with the weak free exciton emission band "a" (tzble 2).

This continuum theory8 does not include the microscopic
structure of the selftrapped centers without addition-l
input data. 4 microscopic culcule,.tion??’78 similar

to that for selftrasnping of holes in alknlihalides79
can go further. In the case of rare gus solids the
calculated moleculur potentist curves for exci~
19,29,30,8u,81

mers provide information concerning

the branching ratio into atomic :@nd molecular centers.
The potential curves for He; 19,29,50 ng he; 81
show up humps around 2 - 4 2 which have to be crossed
in the formation of molecular centers. These humps
reduce the probability for the molecule formstion.
They push away neighbouring :ctoms thus favouring
atomic centers as observed in solid ke. Hunsch and

82

Colettl calculated the local structure around an

excited ie atom from these potentiasl curves. The

- 22 -

separation of the excited atoms from the first shell
of neighbouring atoms increases by a factor of 1.37
compured to the undistorted lattice.This distortion
extends up to the 16th shell causing still deviations

of 1 %

After formation of moleculer centers vibrational
relaxation in the moleculsr potentisl curve will
reduce the energy of the centers further7. Vibrz-
tionnl relaxation follows an energy gsp luw similar
to equ. 4o The rate constant decreases exponentially
with the order N given by the rutio of the vibra-
tional spacing and & chsrocteristic phonon energye.

I increases from 4 to 6 in going from Xe to Air
which explsins the stronger hot lumlinescence band c.
K jumps to 18 in the case of Ne thus vibrational
relaxation will be incomplete7. Due to the anharmo-
nicity in the potential curves of Ne the relaxation

is stopped within the 4th or Brd vibrational levelBB.

L,3 Txciton scettering, selftrapping and energy

transfer

Since stronzg luminescence emisslon is observed only
from the lowest localized states it is necessary to
search for faster processes than radiative decay to
analyse reluxation vrocesses in free and in higher

selftrapped exciton states. Two photon spectroscopy
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ce provide a teel for future investigations as will electrons produced by ionisation of the guest atoms
be uiscussed by Saile in the following contribution. leave the sample and can be detected. The energy

I< hss beern shown that energy transfer processes are distribution of the emitted electrons has been

1 to coupete with %Ocalizatignqqsg6,84—86 measured. The electrons are ejected either by direct
and free exviton scattering46’86, Two different ways ionisation of the guest atoms via absorption of the
of energy transport by excltons are possible apart exciting photons by the guest atoms or via absorption

]

rom slectromagnetic transport’: hopping transport of the light in the matrix and creation of excitons
e N ) 39,40
NN . a P - H .
of selftrapped excitons via a Forster-Dexter of the matrix and subsequent energy transfer from the

type of energy transfer and wave packet transport matrix excitons to the guest atoms. In the second case

of free excitons. In the cuse of wave packel trans- the energy of the emitted electrons carries the in-

port either coherent or diffusive motion will formation about the status of relaxation of the matrix

dominate depending on whether the mean free path excitons at the moment of energy transfer. Fig. 9(lowest curves)
between scattering events with phonons and lattice shows the energy distribution of the emitted elec—
imperfections 1s lerger or of the order of the trons for photon energies lower than the n = 1 exciton

lattice constent. To distinguish between energy energy of the matrix where a2ll the light 1s absorbed

transfer from localized or free in the guest atoms which are directly ionised46°
excitons three criteria have been used in the Purther results are shown for photon energies

experimental investilgatlons. corresponding to the n = 1, n' = 1 (not for Ne) and

n =2 and n' = 2 (not for Ne) excitons. In these
First the amount of transfered energy per exciton

cases essentially 21l the light is absorbed by matrix
is characteristic for a specific exciton state. For

excitons and the observed electrons stem from energy
example the energy of localized excitons is more

transfer of the matrix excitons to the Xe guest. The
than 1 eV lower than the energy of free excitons.

N a4 b n 5 B 4 with X N 45 electrons ejected by ionisation of 1 % Xe in Ar matrix
r and Ne matrices have been doped wi e atoms™ .

. carry the full energy of the free n = 1 and n' = 1
The ionisation energy of Xe atoms in these matrices

excitons of the Ar matrix when these excitons have
is lower than the energy of the free n = 1 excitons

been excited. 41lso & considerable number of n = 2 and
of the matrices (see Fig. 1). Some of the free

n' = 2 excitons transfer the full free n = 2 (n' = 2)
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exciton energies. But nlso smaller energies due to

partly relaxed exciton states are transfered. The low
energetic electrons ure attributed to transfer from
loculized n = 2 excitons. For 1 5 Xe in ke mwrtrix and exci-
tation of the n =1 and n = 2 excitons of the We matrix
only the energy of the localized atomic lie centers

is transfered to e atoms. This shows that for
~example in the cuse of n = 2 excitons in we more llrn
3 eV of the free cxciton energy n:ve been dissipnted

to the Ke lattice nnd the exciton has been ~lso
locnlized before energy truansfer is completad. Froo
these experiments ~ time hicrurchy for relaxation

and energy transfer has been derivedZB’qb.
Sccondly the roange of the arerfy {ransfer process
is typicnl for the exciton stote involved. Loczlized
excitons in solid rare sases re deeply trovaed by
sbout 1 eV and therm:l nctivation con be excluded. In
this cose energy can be only trensported vic pairwise
dipol-dipol intercction””?* between tue ioc lized
exciton and a guest atom or ~n siom 2t o bounderye.
The efficiency of tune tronsfer process decreases

-3 . . . . R N
with r”© or v 2 when r is trne distunce to tiue accepior
s 39,40,856,87
atow or metallic houndary respectlvelyj” .
Free excitons zre oble to migrate to the vicinity

of = ruest otom or houndary. Yhe range of energy
- 8

transport can depend in this crse on the wnve vector

and electronic state of the free exciton. For a
diffusive motion the range is determined by the
diffusion length 1 which follows from the diffusion

constant D snd the lifetime T of the free exciton
stzte. )

1 =77 (6)
T is not the radistive lifetime but the selftrapping
time or even shorter. When D is dependent on the
specific free exciton state Or even on the kinetic
energy of the specific exciton than T corresponds to
the lifetime of this state concerning scattering to
lower kinetic energies or to lower exciton states. In
solid e films deposited onto an Au substrate exciton
diffusion to the Au substrate has been observedaq.
£t the metal surface electrons are ejected due to a
Fennine type trensfer of the exciton energy to the
metzl. Part of the ejected electrons penetrates the
solid Ae films, reaches the vocuum interface and cun
be detected. The energy transfer range has been deter-
wined from the thickness (100 2 to 1000 2) dependence
of the number of emitted electrons for different Xe
excitons. ..n averssged diffusion length of 300 ? hos
been obtained84. oimilar experiments have been per-
formed for Kr overlayers on &n su substrateg6. The
efficiency for conversion of excitons to free elec-
trons af the ..u substrate is 10U times larger than

the photoelectron emission efficiéncy at the sunme
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enargy. This proves that the conversiocn is a true
surface process similar to electfon emission by

decay of metastable rare gas atoms on metal surfacesaSn
Sven more interesting the derived diffusion length is
strongly dependend on the primary excited exciton state.
The diffusion length increases monotonously with

86

increasing energy of the free excitons~ -, starting
with about 1 = 30 £ at the low energy tail of the Kr
n = 1 exciton and reaching about 300 £ in the n= 2
exciton (Fig. 10). Fig. 10 demonstrates that energy
transport is conducted essentially by free excitons
because in the transport by localized excitons only
one type of excitons independend on the excitation
process would be involved. Furthermore transport is
faster than relaxation within the free exciton
states and it is more efficlent for higher exciton
states as is evident from the monotonous increase of
1l fromn=1ton =1 ton=2(Fig. 10)s Fin:lly
the increase of 1 within each exciton band raises
interesting questions concerning the relution between
transfer probability and kinetic energy of excitons
and concerning the rate constoents for thermclisction

in an exciton band and energy transfer.

Thirdly the investigation of the time dependence of
the depopulation of the primary excited exciton

states and the population of the acceptor states is

- 28 -

a _ powerful method to study the nature of energy
transfer processes as has been shown for molecular

crystals90’91

. Such time resolved luminescences
experiments have been carried out for rare gas solids
only for energy transfer between Kr atoms in a Ne

17

matrix "« A combination of time resolved technigques

in the 10_123 regime, using synchrotron radiation

for excitation, with electron spectroscopy as dis-
cussed above will be a interesting diagnostic
tool. The investigation of ejected electrons utilizes
the advantages of a prompt process and avoids the
restrictions due to the limited radiative decay

rates involved in luminescence studies.
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5) Summary

The dynamics of electronically excited states in

pure and matrix isolated systems can be tackled

now due to progress in experimental technigues

by combining lineshape analysls in absorption und
emission with time and energy resolved luminescence
and electron spectroscopy und with transient and

two photon absorption spectroscopy. These experiments
profit from the tunability and time structure of

synchrotron radiation92

analysis in the 107'Ys renge will stimulate this

. The advent of structure

field further.
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Figure captions

1) Fotentizl curves for He. The curves have been

cdopted from Ginter and Battino2?, except the

ts : (Guberman and Goddardgo).

o

singulet stotesabove C
srrows indicate observed transitions in liquid He.
Uransitions to the ground state: Stockton et a1.51;
radiative decay between excited states: Dennis

et al.SZ; transient absorption: Soley and
FitzsimmonsiB.

Excitation spectres (emission intensity versus
excit:tion energy) for Xe in we (hatched curves)

for euach of the three emission bands I, 1I sand III,

ch emission band is shown infront of the corres-
ronding excitation spectrum on the same energy
scale. Frominent maxime in the excitation spectra
ore marked by a, b, ¢, d, e. Further the positions
of excitonic states n=1, 2, 3, 4 and n = 1%, 2V,
5', 4' ar morked. Yhe inserts at the right hand
side provide -~ survey about the time dependence

of the intensity in the emission bands at prominent
excitation energies. The left hund side insert

shows the complete emission spectrum. irom ref. 17.

wnersy level scheme for a solid ke host and Xe,

kr .nd »r guest stom states. Arrows indicate the
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5)

exciton states n =1, n'* = 1, n = 2 of Xe for which

the relaxation cascade (Fig. 4) has been determined.

Dependence of the energy position of the lowest
states of Xe atoms on the density of surrounding

Ne atoms (55). The density is expressed by the

mean nearest neighbour separstion between a Xe

atom and surrounding Ne atoms. The Ne density

ranges from O through liquid and solid phase. For
s01id Ne (density 1.4k (g cm™) 2 3,13 R) the

maxima of the excitation spectra17 (left hand

side) have been included. The density around relaxed
Xe atoms follows from = comparison with the emission
spectra (right hand side, horizontal lines) From

ref. 17.

Left part: experimental radiative (~») and non-

radiative (—) electronic relaxation pathways

and time constants (in 10"9s) for Xe in Ne in a
configuration coordinate diagram. The excitation channels
n=1,n" =1 and n = 2 and the matrix relaxation

() are included. Right part: atomic energy levels
(Faschen notation) of Xe with some lifetimes for
radiative transitions to the ground siste ().

Long bars correspond to states with allowed, short

bars to forbidden trensitions to the ground stote

(from ref. 17).

&)

7)

8)

9

Relaxation cascade for Ar in Ne similar to the
results shown in Fig. 5. Important radiative
transitions between excited atomic transitions

are included (=) (from ref. 17).

Temperature dependence of the transition rate
of Kr n = 1 excitons in an Ar metrix. Crosses,
experimental points; solid line, fit (see text)

(from ref. 56).

Scheme for exciton states in solid Kr. Right

hand side: dispersion of the n = 1 and n' = 1
excitons versus the wave vector k of the excitons
in analogy to the calculation for ArB’BO. T and L
indicate fransversal and longitudinal excitons
and the dashed lines correspond to optical for-
bidden exciton branches. Center: exciton series
at k = 0 observed in absorption experiment516’5g.
Left hand side: energy of molecular type localiced
excitons versus the internuclear separastion r of
an excited Kr atom and a neighbouring Kr atom in

analogy to molecular potential curves for Xe62.

Electron energy distribution curves (counting
rates versus kinetic energy) from films of 1 % Xe

in Ar and 1 % ¥e in We for several excitation



10)

energies (below and within the n = 1, n' = 1 and
n =2, n'= 2 host exciton bands) (after ref. LH).
The diagonal bars indicete the highest possible
electron energies. Llectrons up to this energy
are expected when the whole free sxciton energy
is transfered.The two mexima are separsited by the

spin orbit splitting Aso of Xe (see Fig. 3)

Lower part: diffusion length of Kr excitons

versus the excitstion energy of the excitons.

The dashed lines indicate the trend. The scattering
of the points corresponds to the uncertainities
involved in the evaluation of 1 (fvom ref. 88),
Upper part: absorption coefficient k of Kr
(imaginary part of the complex refrzctive index)
versus photon energy (from ref. 89) used in the
evaluation. The maxiwms correspond Lo the n =1,

nt = 1 and n = 2 excitons.
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