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1. INTRODUCTION

Self-Trapping of Hot and Thermalized Excitons in Solid Xenon

The coexistence of free and self-trapped exciton states as a

consequence of exciton phonon interaction in a deformable lattice was

E. Roick, R. Gaethke, G. Zimmerer 2

11, Institut fiir Experimentalphysik, Universitidt Hamburg,
D-2000 Hamburg 53, Federal Republic of Germany

the subject of recent experimenlall' and lheoreticaIB-s investigations.
It was established in luminescence experiments in alkali hAlidesl and
rare gas solids2 which clearly yield luminescence of free excitons and
] broad band, Stokes-shifted emission of self-trapped excitons.
an
The coexistence is due to the fact that the adiabatic potential surface
P. Giirtler
Hamburger Synchrotronstrahlungslabor HASYLAB/DESY

D-2000 Hamburg 52, Federal Republic of Germany

of the exciton interacting with the lattice has two minima. One minimum
represents the exciton state in the undeformed lattice, the so-called
"“free exciton", FE. In the mentioned materials it is metastable. The
other minimum represents an exciton accompanied by a local lattice de-
formation (atomic displacements), the so-called "self-trapped exciton",
STE. Both states are separated by a potential barrier (self-trapping
barrier). If we represent the lattice deformation by a single configu-
ration coordinate, Q, we get the potential diagram shown in Fig. I.
It explains the qualitative behaviour of luminescence, As an example,
a typical luminescence spectrum of solid Xe is included with its FE
contribution at 8.3 eV and its STE contribution centered at "~ 7.1 eV,
The first direct measurement of the self-trapping rate, rST' Self-trapping of excitons is usually ascribed to tunneling through
of thermalized excitons in solid Xe is presented. The the barrier (low temperatures; path (l) in Fig. |, tunneling probability Fo)

temperature deg ence of rST is explained by thermal assisted and to thermal activation (higher temperatures; path (2), probability

tunneling through the self-trapping barrier separating free « axp(-W/ET)). In this paper it is shown that we have to distingaish
and ASlfrragpel Gaciten: atafes. The vesults agrée with recest between self-trapping of hot excitons and of thermalized excitons. For
theokiss cu' selfstrapping. The ratio of luminescence inteusity hot excitons, the self-trapping barrier is practically transparent.

of frés and selftrapped states disagrees vith the measured Thermalized excitons are self-trapped via thermal assisted tunneling

self-trapping rates and displays the role of self-trapping of (path (3) in Fig. 1).

hot excitons.

The self-trapping probability, rsr, of thermalized excitons reflects
the detailed nature of exciton phonon interaction. For rare gas solids
(RGS) only deformation potential interaction with acoustic phonons has
to be taken into accountz. RGS thus play the role of model substances
for self-trapping of excitons. This paper presents the first direct
measurement of rST of a RGS, Xe shows the most prominent FE luminescence
of all RGS, It is thus the most promising candidate for the experiment.
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The first theoretical estimate of FST in RGS yielded

11 _-1
rST 2 157 2 108

b. Especially for solid Xe, r‘s.I wag also
estimated from the relative intensities of FE and STI luminescence
according to lFE/ISTP = 7rR/FST‘ (Tg: rndi;tive decay probability of FE).
Values of A5 x 1010s~1 ' ana aj0!4s™! were obtained.

More rigorous calculations by Rashba (3) and Nasu and Toyozawa (5)
indicated that rST might be considerably smaller. This encouraged us
to measure the lifetime,t, of FE luminescence in & conventional time

resolved luminescence experiment.
2, EXPERIMENT

Our study was undertaken in the synchrotron radiation (SE) laboratory HASYLAB
(Hamburg) .SR from DORIS 11 consists of sharp light pulses (fwhm " 150 ps)
at a repetition rate of * | Miz and is well suited as an excitation source
for time resolution down to the * 50 ps range 8 + The experimental set up 9
and the method of measurement are described elsewhere k0 .

The measurements were performed under primary excitation of n = 2 exitons.
The excitation energy was chosen as a compromise between two requirements.
To avoid scattered light superimposed to luminescence it should be far off
the luminescence energy. On the other hand, to avoid the influence of hole -
electron recombination processes on the time evolution of luminescence,

excitation in the excitonic region of absorption is indispensable.

The samples were condensed near the sublimation temperature at 55 - 60 K
at a deposition rate of " 2000 %/min on a LiF substrate. The high deposition
temperature is indispensable to get FE luminescence. To ensure purity of
the samples, gas handling and sample chamber are ultrahigh vacuum systems.
Xe of a nominal purity of 99.997 I was used. The purity was checked with a
mass spectrometer,

3. RESULTS AND DISCUSSIOW

Fig., 2 shows decay curves of FE luminescence at different temperatures.
The lowest curve was measured with prompt stray light and thus yields
the convolution of the shape of the excitation pulse, the detector
response and electronics. It has a fwhm of « 200 ps but a tail to
longer times. The decay curves (1) to (4) contain luminescence light
and some residual scattered light (both monochromators of the set up
are only single pass instruments). The lifetimes given in Fig. 2 were
obtained from numerical evaluation including deconvolution with the

apparatus function,

The self-trapping rate rST is obtained from the decay rate I' = 1/1

via I, =T =R,. rl itself is not known. We take rR A 2.10%s7!

ST R
1
(approximately the decay rate of gas phase Xe 3P| atoms ! ). The
estimate influences the conclusions only marginally because rST >> FR.

In Fig. 3, rST is plotted as a function of temperature (lower curve).
Evidently, rST has a strong temperature dependence even at rather low
temperatures. The ratio, rx/ FST' therefore sharply decreases
(rx: independent of T ) with increasing T. This is in striking contrast
to the temperature dependence of the intensity ratio, IFEIISTE' A typical
measurement of the intensity ratio is included in Fig. 3 (see also Ref. 12),
A striking difference is also found for the values of rR/rsT and IFE/ISTE
at low T. The ratio of the probabilities is n.! whereas the intensity ratio
3 12

is 8.0 (this paper) to ~ 10 . It is obvious that we are not allowed

to identify rR/rST with IFE/ISTE as was done before. In other words, those
excitons which show up in the FE luminescence line are not the precursors

of the majority of self-trapped excitons,

This surprising result is supported by an analysis of the rise of STE
luminescence which does not display the decay of FE luminescence but which
is prompt (as fast as stray light). This was measured for different excita-
tion energies and different temperatures '3.

Obviously, under primary excitation of higher members of the exciton series,
in the course of electronic relaxation, excitons are self-trapped before they
reach thermal equilibrium. For hot excitons with an average kinetic energy
comparable to the height, W, of the barrier ( » 20 meV for Xe, see below)
the sel.ppiug barrier is practically transparent. Thus IFEIIS‘I‘E is mainly




hrd

determined by the branching between thermalization and self-trapping
of hot excitons. This conclusion is supperted by an estimste of this

branching. Self-trapping of hot excitons cannot be fasier than “ W
7 - -

(Debye frequency), " 8-101"5 1. The phonon scattering rate rph of
excitons  approaching the minimum of the exciton band is of the order
10 1T -1 14

D

-2 -3 . - . .
%10 “...107%is in qualitative

of 10" 7...10 s . The ratio I'__/uw,.
ph D
agreement with I.__/I_ . As I _ 1g¢ expected to increzsc with increasing
=5 - Fe/ Tgpp- & ph P s ©
temperature, even an increasing IT.I/ICTE can be raticmalized. The drop
o cik
cf IFE/ISTE around 553 K is explained below.

The measured self-trapping rate TSI displays the dynamical behavicur
only of that small fraction of excitcns which are scattered to states for
which the self-trapping barrier is effective. Then tliey have a chance to
thermalize. The conclusions drawn from IéT as a function of T concern only
these excitons. To explain the measured data we first assumed a superposi-
tion of tunneling (path(l)} and thermal activation (path (2) in Tig. 1).
TST = TO + a exp(~W/k1). 4 sactisfacrory fit of the mezsured data with
this expression was not possible.

Much better agreement was obtained with Rashba's theory of seli—trapping

via thermal assisted tunneling 315 It predicts
rCI = T . —1— (for T << €& ) (n
< 0 (I-T/G)Q

0: Debye temperature, o is an exponent cf the order of 2...3 and con-
tains information about the actual density of states of the exciton band.

The full curve in Fig. 3 is a fit of the measured pointe with Rashba's

. . - - . N A9 -1
expression. The agreement is cbvicus. From the fit we get Ig =1,3 + 107s
and o= 2,56 . The value of Ig has to be regarded as an upper limit because
quenching effects are ignored in our conmsideration. Moreover, Ig may also

be influenced by imperfection of the samples.

Though equ.(1l) is only valid for T<<§ it can be assumed that thermal
assisted tunneling drastically increases rST at higher temperatures. The
drop of the intensity ratio arcund 55 K is therefore ascribed to thermal
assisted tunneling at a temperature at which the barrier is practically

transparent even for thermalized excitenms.

Rashba has given an analytical expression which relates [’ tc other
o

quantities (3,15)

L= wem{-s6 L1 @-p )
mC”

£t density, s: velceity of sound, m: exciton mass, C: defcrmation potential.

ulation of To from equ.(2) is impeded because some of the

not kneown well enough. Moreover, Rashba indicates that a

5

. . . 15 .
decreases the numerical factor in the expconent . In spite

of thie we calculated the less well kmown quantities, m-C, from I =
A : : o

1,3710%s © and equ.{(2), mC q 1C mc(eT (me: {ree electron mass).(p an

d s were
from-relf.-2). This is scmewhat larger than what we obtain with C o [...2 eV
M
and m Q2. E
Tg has 5 alculated by Nasy and Toyozawa who combined the

theory of multiphonon ncnra tive transitions and the variaticnal method

fer the tunnel patl. In their paper, :o is not given analytically but

function of the halfwidth, B, of the exciton band, and

type dimensionless coupling coefficient, SI’ from which -

. . 5 . . -
iy the order of magnitude is known ~ . So, it is not possible to com-

pare directly theory and experiment. However, from our measured TO, in

2

ccnnection with Fig. 8 of ref. 5, S?/Z = 140 is obtained (hereby B = 0,45 eV,
fw,., = 5,5 meV i

the self-trapping barrier is determined, W 4 5 ﬁwD A 25 meV. Note, this

were used). Then, from Fig. 3 of ref. 5, the height of

value Is determined from a tumneling rate. It is in quite good agreement
with W A 20 meV deduced by Fugol < from the Stokes shift between FE
and ETE luminescence. Therefore, theory cf Ref. 5, the conclusion based on the

Z

measurement of relaxaticn energy and our results concerning the

tunneling rate I' are consistent with each other.
o
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