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Experimental study of the excitation threshold of fast intrinsic luminescence of Csl
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A type of intrinsic luminescence in crystals has been revealed. The excitation threshold of well-known
fast intrinsic luminescence of CsI (300 nm band) has been obtained from the excitation spectrum mea-
sured in the photon-energy range 5-125 eV at 300 K using synchrotron radiation. The excitation starts
from an energy of about 20 eV and exponentially increases up to the 4d I~ ionization energy ( ~ 50 eV).
Such high-energy broad threshold is not typical for any conventional mechanisms of luminescence exci-
tation. We attribute this type of luminescence to the emission center, which is created by the interaction
of several elementary excitations produced in the process of relaxation of a primary excitation. The pos-
sible role of 4d 1™ core levels is discussed. The nanosecond decay kinetics of this luminescence is nonex-

ponential for all energies of excitation.

I. INTRODUCTION

The quantum yield of most of the known types of
luminescence in the region of excitation photon energies
hv=(6-8)E, (E, is the forbidden gap of the crystal) can-
not exceed the quantum yield for the low-energy region
of the fundamental absorption hv=~E, or for direct exci-
tation of the luminescent center by more than three- to
fourfold. This is valid for the luminescence of impurity
centers, free or self-trapped excitons, and other lumines-
cent centers either stationary or created by photons with
the energy of about E,. The exception is the cross-
luminescence, the nature of which is similar to that of x-
ray fluorescence. This type of luminescence is observed
in crystals with an excitation energy for the upper core
band less than two forbidden gaps, which is not valid for
Csl. The excitation threshold of the cross-luminescence
is the onset of the transitions from the upper core cation
level (e.g., 5p Ba?* in BaF,, 5p Cs™ in CsCl, etc.) and the
threshold region is rather narrow (about 1 eV).!

Fast intrinsic luminescence (FIL) of CsI was observed
at room temperature 30 years ago.>? The properties of
this emission were intensively studied by different groups
due to good scintillation characteristics of this emis-
sion.3™3 Nevertheless, the mechanisms of this lumines-
cence is not established yet.

The specific feature of FIL is its high efficiency under
v- and x-ray excitation (energy yield is about 1% for 1
keV x-rays’) and a zero yield (or a very low yield) in the
region up to 30 eV.® This unusual property of the emis-
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sion together with fast nonexponential kinetics of the
luminescence decay after x-ray excitation’ makes FIL of
Csl different from other well-known types of emission ob-
served in ionic crystals. The establishment of the thresh-
old of the CslI FIL excitation and the study of its proper-
ties in the vicinity of this threshold seem to be very help-
ful to clarify the origin of these processes in crystals.

II. EXPERIMENTAL PROCEDURE

The measurements were carried out at the SuperACO
positron storage ring of LURE, France. The normal in-
cidence monochromator with 3 m toroidal holographic
grating with 300 lines/mm at the beam line SA61 allowed
to excite crystals by photons 4-40 eV, whereas the graz-
ing incidence monochromator with a 2.2 m toroidal grat-
ing with 1200, 1800, and 2400 lines/mm at the beam line
SA71 was used to excite crystals by photons 22—125 eV.
The FIL through interference filters was detected by a
PM-9789. The excitation spectrum of sodium salicylate
was used as a reference. The time-to-pulse converter and
multichannel analyzer (150 ps/channel) were used for
time-resolved experiments.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. FIL excitation spectrum

The FIL excitation spectrum measured at 300 K (Fig.
1) starts from the energies about 15-20 eV and gradually
increases with the energy. The FIL efficiency for the ex-
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FIG. 1. Excitation spectrum of the FIL of CsI (interference
filter 300 nm) measured at 300 K (top panel) and in semiloga-
rithmic scale (bottom panel) and exponential fitting of the start-
ing region (dashed line).

citation region above 50 eV is rather high, so the thresh-
old definitely lies below this energy. The spectrum of the
FIL has a doublet minimum at 53 and 55 eV correspond-
ing to 4d;,,—5p and 4ds,,—5p transitions in 1™ (the
position of which are slightly shifted from that in atomic
spectra®) and reaches the maximum at energies about 60
eV. The yield of FIL at this energy is comparable with
that after x-ray excitation. The features of the excitation
spectrum at the energies corresponding to the threshold
of 4d Cs™ core-level ionization and above (70-120 eV)
are inverse to those of the absorption spectrum of Cs*
ions in cesium compounds.” This effect of anticorrelation
of the quantum yield and absorption coefficient is often
displayed in excitation luminescence spectra in the VUV
region'® and is attributed to the effect of surface
losses.!"!2 The detailed analysis of the FIL excitation in
this region requires the knowledge of the absorption
coefficient for Csl where the transitions from 4d I~ and
4d Cs™ core states overlap.

The CsI FIL excitation starts at energies where the
multiplication of electronic excitations with the produc-
tion of secondary excitations becomes possible.!* The
multiplication threshold in Csl for processes of the pro-
duction of secondary excitons and/or low-energy
electron-hole pairs should be about (2-3)E,, i.e., 12-18
ev.

The essential difference in the excited state of the crys-
tal created by photons of the energies below and above
the multiplication threshold is that the spatial distribu-
tion are quite different in these two cases. The types of
excitations are the same in both cases, but when two exci-
tations are created in the process of inelastic scattering,
the distance between them is quite small as is defined by
the mean free path of the high-energy excitation and is
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FIG. 2. Excitation spectra of CsI luminescence: the FIL (300
K) (thick) and of triplet exciton (100 K) (thin) compared with
CslI absorption (dashed).

about 1-10 nm. Thus two excitations are created in
correlated positions. On the other hand, the absorption
of two photons is noncorrelated, so the mean distance be-
tween excitations created by two different photons with
lower energies is determined by the intensity of the exci-
tation I, mean lifetime 7, and absorption coefficient k and
is about (I7k) /3. This distance is much larger than 100
nm for typical excitation intensities.

Let us compare the CsI FIL excitation spectrum (thick
curves in Fig. 2) with that of triplet exciton emission in
the same crystal (thin curve), the behavior of which is
typical for one of the conventional mechanisms of excita-
tion. The luminescence of triplet excitons is excited well
in the exciton absorption region (about 6 eV), and its
efficiency strongly decreases at higher energies. This de-
crease is connected with the increase of the separation be-
tween an electron and a hole created by a vacuum ultra-
violet photon.!* The fine structure is connected with the
surface losses (compare the absorption spectrum, dashed
curve, with the triplet luminescence yield, thin one). In
the multiplication region the mean electron-hole separa-
tion decreases again and thus the increase of the yield is
expected. Nevertheless, the increase is rather slow and
the efficiency of the production of several triplet excitons
by a single absorbed photon due to the inelastic scatter-
ing of the primary electron becomes substantial only at
the energies about 35 eV. The comparison shows the
essential difference in the excitation spectra. The FIL ex-
citation spectrum flatly starts above (2—3)E,, and only in
the region of the prominent interaction of secondary exci-
tations is its profile, to a great extent, similar to that for
triplet excitons in the energy region 20-35 eV. Never-
theless, the absolute values of the quantum yield of the
triplet exciton emission are much higher than that of FIL
at these energies.

Thus the analysis of the FIL excitation spectrum in the
threshold region brings us to a conclusion that the
creation of two or more correlated excitations is of essen-
tial importance in the processes resulting in the FIL of
Csl.
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B. Excitation edge

The efficiency of the creation of such correlated excita-
tions (both stationary or nonstationary) becomes higher
after the excitation of inner core electrons. The distance
between two excitons is quite small if they are produced
by the Auger decay of the core hole at the 4d 1™ level.
This decay results in two holes in the valence 5p I band,
and the probability that these holes are at the same ion or
at the neighbor ions is rather high. The double ionization
of iodine atoms by a photon whose energy corresponds to
the 4d ionization energy has been shown recently.'

Let us return to the FIL excitation spectrum [Fig. 1
(bottom panel)]. The excitation edge of the FIL can be
fitted by the exponential curve [ <xexp(—hv/E,)] with
the typical energy E,~7 eV. This profile of the excita-
tion edge cannot be explained in an unambiguous
manner. Its exponential behavior can be connected not
only with the increase of the number of correlated excita-
tions after the inelgstic scattering but can have an addi-
tional origin connected with the Auger decay of 4d I~
hole. Nevertheless, one should suppose that the Auger
decay of 4d I hole starts at lower energies.

This hypothesis can be justified in the following way.
It is well-known that the Urbach tail of the near-exciton
absorption is exponential. One of the reasons for such an
Urbach tail is the multiparticle interaction of the exciton
state with optical phonons in the crystal, i.e., interaction
with boson field. The characteristic energy E; of the Ur-
bach law [exp(—ohv/E)] is the optical phonon energy,
o is in the region 0.5-2. For our case of the 4d core exci-
ton or hole, the interaction with another boson field is
possible, i.e., with valence band excitons (E, =6 eV).
The excitation spectrum of the FIL at the energies below
the 4d 1™ ionization energy should be proportional to the
Urbach-like tail of absorption. In this case the charac-
teristic energy E, of the exponential law of the excitation
is about exciton energy E.,. Such long tails of absorption
below the threshold energies are well known in the x-ray
appearance near-edge structure (XANES) region for deep
core levels (but the reasons of the tails are not discussed
in most articles).

C. Nature of FIL center and decay kinetics

We can make only suppositions about the structure of
the FIL emission center created by correlated excitations.
This center is the result of phonon relaxation of correlat-
ed excitations. The simplest supposition is the creation
of free or self-trapped biexciton. The alternative one is
the creation in this high excited region of crystal of
specific type of radiation defect, e.g., cation vacancy.
Some features of these centers are displayed in FIL kinet-
ics (Fig. 3).

The kinetics of the FIL of CsI definitely cannot be
fitted by a single or double exponential function. It is fast
(typical time shorter than 1 ns) in the initial part and be-
comes slower at the final stages. This fact displays that
the nonradiative decay of luminescent centers is impor-
tant at the initial stages of relaxation. Nevertheless, the
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FIG. 3. Decay curves of FIL of CsI excited by 30 and 62 eV
photons compared with x-ray excitation (Ref. 3).

asymptotic behavior can be fitted by exponential law with
a typical time about 20 ns. This time can serve as the ra-
diation time of the FIL emission centers.

The decay kinetics is faster for low energy of the exci-
tation and becomes slower for the excitation at the max-
imum of the efficiency of excitation (62 eV). For energies
below and above this energy the kinetics lies between the
curves of 30 and 62 eV shown in Fig. 3. For x-ray excita-
tion the kinetics is sufficiently slower than for vuv excita-
tion. The displayed kinetics differ in the initial region.
The difference in the initial stages may be due to nonradi-
ative relaxation processes between these centers and oth-
er excitations. The examination of these differences will
give the opportunity to extract the information about the
spatial distribution of electronic excitations in the excited
region.

IV. CONCLUSION

A type of intrinsic luminescence in crystals has been
revealed. The excitation threshold, which is several times
larger than the forbidden gap, was observed for fast in-
trinsic luminescence of Csl. The peculiarity of its excita-
tion edge is the exponential growth. These facts allow us
to suppose that there exists a type of luminescence center
created only by a high-energy photon. The main feature
of this phenomenon is that the centers are created as the
result of the strong interaction of hot excitations. Thus
the observation of such a threshold is also important for
examination of the dynamics of excited regions created in
a crystal by a high-energy photon, since all proposed
models are connected with the strong interaction of close
excitations created by a single photon. Therefore, the
kinetics of such luminescence can be a probe for the
dynamical distribution of electronic excitation at the pri-
mary stages of relaxation.!® The consideration allows one
to suppose that these processes are rather general and
such processes can be observed in some other crystals.
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