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Although light continues to be emitted from insulating crystals used as scintillators over a period of nanoseconds
to microseconds after stopping of an energetic particle, much of what determines the nonlinearity of response
goes on in the first picoseconds. On this time scale, free carriers and excitons are at high density near the track
core and thus are subject to nonlinear quenching. The hot (free) electrons eventually cool to low enough energy
that trapping on holes, dopants, or defects can commence. In the track environment, spatial distributions of
trapped carriers determined on the picosecond time scale can influence the proportionality between light yield
and the initial particle energy throughout the whole light pulse. Picosecond spectroscopy of optical absorption
induced by a short pulse of above-gap excitation provides a useful window on what occurs during the crucial
early evolution of excited populations. The laser excitation can be tuned to excite carriers that are initially very
hot (∼3 eV) relative to the band edges, or that are almost thermalized (∼0.1 eV excess energy) at the outset.
Undoped and doped samples of NaI:Tl(0%, 0.1%), CsI:Tl(0%, 0.01%, 0.04%, 0.3%), and SrI2:Eu(0%, 0.2%,
0.5%, 3%) are studied in this work.
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I. INTRODUCTION

Recent experiments measuring interband photon density
response found the rather startling result that nonlinear quench-
ing of luminescence in iodide crystals including CsI and SrI2 is
nearly pure third order in excitation density when excited well
above the band gap [1,2]. There is no significant contribu-
tion from second-order quenching by dipole-dipole transfer
between excitons. Third order implies free-carrier Auger
recombination, suggesting that in the iodide crystals of heavier
metals, free carriers are the dominant excited-state population
during nonlinear quenching. In NaI and CsI excited close to
the band gap, mixed kinetic order of nonlinear quenching was
found depending on the energy of carriers excited above the
band gap in the range 0.1 to 0.4 eV. In oxides measured so far,
nearly pure second-order quenching is found [1,2].

Since the alkali and alkaline-earth iodides are insulators
having substantial exciton binding energy of 0.3 to 0.5 eV,
there must be something preventing exciton formation during
nonlinear quenching in iodides where pure third-order quench-
ing is observed, and conversely allowing rapid formation
of excitons (interacting dipole oscillators) in the oxides. It
may be concluded that the physical criterion responsible for
determining the dominant kinetic order of nonlinear quenching
is the rate of hot electron thermalization [1,2] mediated by
the optical phonon frequency ωLO [1,3–6]. Li et al. [7] and
Kerisit et al. [8] have shown by Monte Carlo simulations
of phonon scattering that in CsI when electrons start from
energies 3 to 5 eV above the conduction band minimum (cbm),
excitons should not start to form in significant number until
after a delay of about 3 to 4 ps, whereas in oxides such as
YAP [7] or fluorides such as CaF2 [3,4], exciton formation
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begins within 0.1 ps. Slow thermalization time may be the
only plausible explanation of free-carrier dominance (pure
third-order quenching) in iodide scintillators, and it appears to
be one of the most important material parameters for prediction
of scintillator proportionality and light yield [2,9,10].

Despite successes of the model of hot free carriers as the
reason for dominant third-order quenching in iodide crystals,
one would like to have independent experimental data on the
nature of excited states existing for the first few picoseconds
in these materials. Such data could shed light on fundamental
processes including exciton formation, trapping, and self-
trapping on the early time scale. In activated and/or codoped
[11] scintillators, such measurements can provide information
on trap identities and branching between fractional populations
of excited states existing as free carriers, excitons, self-trapped
excitons, activator-trapped charges or excitons, and charges
trapped on codopants or defects. We can draw on data and
analyses of previous picosecond optical absorption and other
time-resolved spectroscopic studies aimed at investigating
self-trapping of excitons and holes as well as lattice defect
formation in alkali halides [12–16], in alkaline-earth fluo-
rides [17,18], and in alkali iodides [19,20] specifically.

Beyond our immediate consideration of metal halide
insulators and their application for scintillation radiation
detectors, the methods and findings of this study overlap
interests in multiphonon carrier capture and nonradiative
recombination in wide-gap semiconductors for laser diode
and ambient lighting applications, hot electron phenomena,
and charge separation versus nonradiative recombination and
deep trapping in detectors, photovoltaics, and photocatalysts.
Recent progress in first-principles calculation of multiphonon
capture on defects in GaN [21] establishes a framework for
predicting capture rates during and after carrier thermalization
that are experimentally testable by measurements such as
described in this paper.
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It is the aim of this paper to survey picosecond optical
absorption in accessible infrared and visible spectral ranges,
induced by interband excitation of three alkali and alkaline-
earth iodide materials, namely, CsI, NaI, and SrI2. The survey
includes both undoped crystals and crystals doped with the
luminescence centers Tl+ and Eu2+ commonly employed in
the alkali halides and alkaline-earth halide, respectively, to
achieve scintillation, i.e., luminescence from energy deposited
initially in the crystal host. Our aim is to identify absorption
signatures of as many of the excited-state species as possible,
including free carriers, (self-trapped) excitons, (self-trapped)
holes, and charge states of the activator ions assignable to
trapped electrons, holes, or excitons. Using these signatures,
it is our goal to track the excited-state populations in
real time through the early part of the evolution of light
that is compatible with picosecond techniques. Motivating
reasons are that it is often easier to resolve picosecond
and subpicosecond phenomena in optical absorption than
in luminescence, and in any case the absorption viewpoint
gives an alternative perspective on transport and trapping
phenomena to complement luminescence data. By tuning the
photon energy of the two-photon interband excitation, we can
select the energy of the initial carriers and thus study the
dependence of capture rate on the energy of hot electrons
and their thermalization.

II. EXPERIMENT

Optical absorption induced by band-gap excitation in doped
and undoped CsI, NaI, and SrI2 samples was measured using
a standard pump-probe technique with two-photon excitation
of the sample as shown in Fig. 1. A portion of the output of
an amplified Ti:sapphire laser running at 840 nm (1.48 eV)
and 10-Hz repetition rate was used to generate either second
harmonic at 420 nm (2.95 eV) or third harmonic at 280 nm
(4.43 eV) to be used as the pump pulse. The samples were
excited by two-photon absorption (TPA) of the pump to
populate final states at 5.9 and 8.86 eV, respectively. Since
NaI and CsI have room-temperature band gaps in the range
of 5.8 to 5.9 eV, this allows excitation of electrons with
excess kinetic energies of about 0.1 and 3 eV for second-
harmonic and third-harmonic pump pulses, respectively. In
this way, it is possible to observe effects of changing the initial

FIG. 1. (Color online) Schematic pump-probe setup for measur-
ing transient optical absorption induced by two-photon interband
absorption of the 500-fs pump pulse, probed by a delayed white light
continuum pulse in the visible and near-ultraviolet spectrum or a
tunable optical parametric amplifier (OPA) pulse in the infrared.

electron energy above the conduction band minimum. In SrI2

with Eg ∼5.7 eV [22,23], the initial excess energies in this
experiment are slightly larger.

The energy deposited in the sample by two-photon absorp-
tion was measured by comparing transmitted to incident pump-
pulse energy as a function of pulse energy. With the pump beam
transverse profile measured by a CCD beam profiler (BC106-
UV, Thorlabs, NJ), the two-photon absorption coefficient β =
0.708 GW/cm for CsI was deduced from fitting. For typical
pump-pulse irradiance used in our absorption measurements,
an excitation density of about 2.5 × 1018 eh/cm3 was produced
on the beam axis at the entrance face of the sample. Due
to pump depletion, this decreased rapidly with depth into
the sample, decaying to 1/e in about 90 μm. The measured
absorption signal is thus a sum of attenuations in slabs of
varying excitation density, as well as an integral over the
probe pulse and excitation profile in the lateral dimension.
For purposes of rough estimates of kinetic rates in the sampled
volume, a typical excitation density of about half the maximum
on axis at the front surface, i.e., ∼1.2 × 1018 eh/cm3, can be
used in lieu of exact fitting of kinetic models. While this
spatially averaged excitation density is about two orders of
magnitude lower than the densities expected at the end of an
electron track, it is in a similar range with average excitation
densities expected in the high-energy beginning of a 662-keV
electron track, probably a bit lower. Therefore, the excitation
density produced in this experiment is roughly comparable to
densities at which much of the energy of a high-energy gamma
ray would be deposited.

For studying visible absorption, a white light continuum
between 350 nm (3.54 eV) and 650 nm (1.91 eV) was used
as a probe. Changes in induced transmission were recorded
by an optical multichannel analyzer yielding a spectrum at
each delay line setting. In the infrared, an optical parametric
amplifier tunable between 1200 nm (1.03 eV) and 2700 nm
(0.46 eV) probed the induced absorption as recorded by a PbS
detector. In this case, we recorded a delay-line time trace at
each OPA tuned wavelength. The pump and the OPA probe
beam were orthogonally polarized with respect to each other.
The recorded changes in induced transmission are converted
to an induced change in optical density as follows:

�(OD) = − log10

(
�T

T0
+ 1

)
. (1)

This change is with respect to any baseline of residual
absorption produced under 10-Hz repetition of the pump
pulses. Such residual absorption was found to be very weak in
CsI and NaI, and moderate in SrI2 at room temperature.

Samples of undoped CsI and CsI:Tl with 0.01, 0.04, and
0.3 wt % of thallium iodide in the starting material were grown
by the Stockbarger technique at the Institute for Single Crystals
in Kharkov, Ukraine. Samples of undoped NaI and NaI:Tl (0.1
wt % in starting material) were grown and encapsulated in
cells with quartz windows at the same institute. Samples of
undoped SrI2 and SrI2:Eu (0.2%, 0.5%, and 3% mole %) were
grown and encapsulated in cells with sapphire windows at
Fisk University. The segregation coefficients for Tl+ in CsI
and NaI are 0.18 and 0.20, respectively [24]. Although the
figure labels and discussions refer to the nominal wt % in the
starting material, it should be understood that the actual Tl
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FIG. 2. (Color) Time-resolved infrared absorption spectra induced by interband excitation of undoped CsI, CsI:Tl(0.01%), CsI:Tl(0.04%),
and CsI:Tl(0.3%) with 2hν = 5.9 eV are shown in pseudo 3D display format, where time increases left to right and photon energy from 0.45
to 1.0 eV increases from foreground to background.

content in the CsI and NaI samples is about five times lower
due to the segregation coefficient. The segregation coefficient
for Eu2+ in SrI2 is approximately 1 due to the close size match
of Eu2+ and Sr2+ [25].

III. RESULTS AND DISCUSSION

A. CsI and CsI:Tl

Figure 2 shows time-resolved infrared absorption spec-
tra of undoped CsI, CsI:Tl(0.01%), CsI:Tl(0.04%), and
CsI:Tl(0.3%) in pseudo three-dimensional (3D) display for-
mat, where time increases left to right and photon energy
increases from 0.45 to 1.0 eV from foreground to background.
The absorption in Fig. 2 was induced by two-photon interband
absorption of a 420-nm (2.95-eV) ps laser pulse of 0.5 ps
duration. The amplitude displayed with the help of false
color is proportional to the induced change in optical density
(� log10 I0/I ). The most prominent spectral feature induced
by interband excitation in undoped CsI [Fig. 2(a)] is a
band with peak at about 0.5 eV photon energy (2480 nm),
approaching the long-wavelength limit of our OPA tuning
range. There is a second peak at 0.65 eV (1900 nm) which

is hidden in the perspective of Fig. 2(a). It can be seen in
Fig. 3, which shows the absorption spectrum time averaged

FIG. 3. (Color online) Excitation-induced absorption spectrum
in undoped CsI averaged over the time interval 12 to 14 ps after
excitation, to better display the two infrared absorption bands at 0.5
and about 0.65 eV.
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over the interval 12 to 14 ps in undoped CsI. The 0.7-eV band
was the only one visible within the IR continuum spectral
range of Ref. [20]. We previously attributed it to the type-II
self-trapped exciton (STE) in undoped CsI at room temperature
[20], and we continue to assign that identification. Nishimura
et al. showed that at room temperature the self-trapped exciton
(STE) in CsI reaches a thermally equilibriated mixed state of
on-center (type-I) and off-center (type-II) STE populations
[26].

Based on free-exciton binding energy expected in alkali
iodides such as CsI, as well as experiments of Edamatsu
et al. on type-I absorption spectra in NaI [27], we might
expect a type-I STE in CsI to have an absorption band in
the 0.3–0.5 eV range. The electronic structure and relaxed
lattice configurations of the self-trapped hole (STH) and STE
in CsI have been calculated by Van Ginhoven et al. [28]
using plane-wave pseudopotential density functional theory
with Hartree-Fock exact exchange. They find that the STE
lattice configuration is similar to the STH, i.e., that the STE
is type I. Furthermore, they calculated a lattice relaxation
energy of 0.18 eV from the lowest triplet exciton in the
unrelaxed lattice to the STE minimum [28]. Comparison of
the two-photon absorption spectrum [29] and the one-photon
absorption spectrum [30] of CsI indicates the free-exciton
binding energy is about 0.25 eV. We suggest that the 0.5-eV
induced absorption band in pure CsI arises from the type-I
(on-center) component of the room-temperature equilibrated
STE population.

Empirical support for assignment of the absorption bands
in Fig. 3 to type-I and type-II STEs is found by making
a so-called Mollwo-Ivey plot [31,32] of the progression of
STE absorption band energies among the structurally similar
crystals CsCl, CsBr, and CsI in Fig. 4. Transient absorption
bands of type-II STEs in CsCl and CsBr have been measured
and identified by Itoh et al. [33] and Kravchenko et al. [34],
respectively. The Mollwo-Ivey plot is based on describing an
electron bound to a lattice vacancy with transitions using a
particle-in-a-box model, plotting transition energy versus log
of the box dimension (nearest-neighbor distance in Fig. 4).
A straight-line trend is often found in such plots of F-center
[35,36] and STE electron transitions [37], and other bound-

FIG. 4. (Color online) Mollwo-Ivey plot of published STE elec-
tron transition energies in CsCl and CsBr and the two infrared
absorption peaks in CsI as shown in Fig. 3.

electron centers. Figure 4 shows that such a trend fits the
known type-II STE electron transitions in CsCl, CsBr, and
the 0.65-eV induced absorption in CsI. The 0.5-eV band falls
below the type-II trend line, consistent with it being a type-I
STE having less associated lattice relaxation and consequent
smaller binding energy of the electron.

The lifetime of the type-I/type-II STE population equili-
brated at room temperature in CsI was measured by Nishimura
et al. [26] to be 15 ns. Our optical delay line could not extend
that far, but for the longest delays measured (100 ps), the
induced absorption appears constant after the initial transients,
and in that sense it is consistent with a 15-ns decay time. The
induced infrared absorption appears fully transient in CsI and
NaI, recovering before successive pulses at 10 Hz used for the
measurement.

Looking at Fig. 2(a) for undoped CsI, the other noticeable
feature aside from the STE band is a rapidly rising broad
spectrum extending across the full infrared range measured.
It will be seen later that it extends up to about 2.5 eV,
but not to higher photon energy. Spectrally broad and fast
absorption concentrated mainly in the infrared is the typical
behavior associated with free-carrier intraband absorption
by the photoexcited carrier populations [38]. The spectrum
of free-carrier absorption has been well studied in doped
semiconductors [39]. The classical Drude prediction of free-
electron absorption coefficient is proportional to the number
N of free carriers, to the square of the wavelength λ, to the
carrier scattering rate 〈1/τ 〉, and reciprocally to the effective
mass m∗, in the standard case of thermalized free electrons:

α ∝ N

m∗ λ2

〈
1

τ

〉
(2)

and a similar expression for holes. More detailed treatment
of different scattering interactions predicts different powers of
λ for each scattering contribution to free-carrier absorption:
λ1.5 for acoustic phonons, λ2.5 for optical phonons, and
λ3 for ionized impurities [40]. Based on the spectral and
time signatures, as well as the experiments of Martin et al.
[14] reviewed in the following, we conclude that free-carrier
absorption is responsible for the fast, broad long-wavelength
absorption in Fig. 2 and in Figs. 6–9 to be described below. It
will also be seen that the phenomenon is quite general, being
found also in the spectra of NaI and SrI2 to be discussed.
This is an important point to be established more firmly in
continuing work since it underpins the interpretation of these
data as giving insight into the interacting populations of free
carriers, self-trapped excitons, and trapped carriers in iodide
scintillators.

Sugiyama et al. [15] and Fujiwara et al. [19] observed a
broad, fast-growing, and fast-decaying band in alkali bromide
and alkali iodide crystals, which they labeled the B band,
denoting spectrally broad absorption. It is very likely to be the
same phenomenon that appears as the fast and broad initial
wall of absorption in our Figs. 2 and 6–10. References [15,19]
suggested that the B band was due to vibrationally relaxing
self-trapped holes in alkali bromides and iodides doped with
electron traps, and vibrationally relaxing self-trapped excitons
in pure alkali bromide and iodide crystals.

Martin et al. [14] made roughly contemporary measure-
ments of broad optical absorption in alkali halides and SiO2
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that is created promptly upon laser interband excitation and de-
cays in a few picoseconds or less depending on material. They
did not measure a complete spectrum to characterize how broad
it is, but they found the prompt and fast-decaying absorption
upon tuning away from known F-center or self-trapped exciton
bands which generally exhibit much longer decay and defined
spectral peaks. The fast absorption was in this way identified
as a broad background of induced absorption. Significantly,
they complemented the optical absorption measurements with
time-resolved interferometric phase-shift measurements of
refractive index change. They analyzed the induced change
in refractive index within a Drude-Lorentz oscillator model,
where free conduction electrons are well known to contribute
a negative shift to the index. In contrast, bound electrons
probed at frequencies below resonance characteristically make
a positive shift. They found that the initial optical absorption
induced by interband excitation in NaCl, KBr, and SiO2 was
accompanied by a negative excursion of the refractive index
which rose and decayed nearly coincident with the broad
absorption signal. On this basis, Martin et al. identified the
fast initial spike of absorption induced by interband excitation
as free-carrier absorption, mainly conduction electrons prior
to trapping by self-trapped holes or lattice defects [14].
Subsequent trapping of the free electrons by self-trapped holes
or defects on picosecond (NaCl, KBr) or subpicosecond (SiO2)
time scales was accompanied by a positive excursion of the
refractive index, further confirming the identification of free
carriers as the initial absorbing species over a broad spectrum.

In addition to this experimental evidence for attribution
of a fast and broad initial spike of absorption in excited
insulators to free-carrier absorption, Martin et al. presented
Monte Carlo simulations of hot electron thermalization time
in NaCl and SiO2, showing that the calculated thermalization
time correlated approximately with the observed trapping
time of the free electrons [14]. More recently, Wang et al.
[3,4], Kirkin et al. [5], and Li et al. [7] have calculated hot
electron thermalization and trapping times in alkali iodides,
other alkali halides, and oxide crystals establishing that the
iodides and other crystals with heavy anions and cations, and
thus low optical phonon frequencies, should have the most
persistent free carriers. Aside from free-carrier absorption, the
free carriers are also manifested physically through the kinetic
order of nonlinear quenching in densely excited insulators.
As mentioned in the Introduction, Grim et al. [1] recently
measured the kinetic order of nonlinear quenching in iodide
and oxide crystals, finding that iodides such as CsI and
SrI2 display pure third-order quenching due to free-carrier
Auger processes, whereas oxides such as BGO (bismuth
germinate) and CdWO4 display second-order quenching due
to dipole-dipole transfer between self-trapped excitons. It
was suggested in Refs. [1,2] that Auger decay dominates in
the iodides because the slow thermalization of hot electrons
prevents formation of excitons or other trapped electron states
throughout the main time of nonlinear quenching. Thus,
the early spectrum in picosecond absorption and its rate
of conversion to excitons or trapped excitations is closely
connected to the nonlinearity and resulting nonproportionality
of scintillator response. It seems clear that the dominant kinetic
order of nonlinear quenching [1], the B band absorption
observed in Refs. [15,19], the fast absorption and phase

shifts correlated in Ref. [14], and the broad initial spectrum
of excitation-induced picosecond absorption in the present
studies of CsI, NaI, and SrI2 are manifestations of hot free
electrons.

The familiar STE peak at 0.5 eV can be seen in the fast
initial infrared spectra of heavily doped CsI:Tl in Figs. 2(c)
and 2(d), suggesting that some STEs are formed initially in the
vibrationally relaxed state. However, the following argument
of fractional oscillator strength suggests that the number of
such prompt STEs is not large compared to the number of free
carriers. Admitting that we presently have a spectral gap in
the data from 1.0 up to 2.0 eV, Figs. 2 and 6 together suggest
that the broad fast absorption attributed to free carriers extends
from below 0.45 eV up to about 2.6 eV. If so, then the additional
integrated area under the 0.5-eV STE peak amounts to less than
5% that of the integrated area under the free-carrier spectrum.
Based on calculations of the states populated in excitation
of BaF2 by high-energy electrons [41], we have previously
remarked that the direct production of excitons in the primary
electron stopping event (e.g., evaluated at 0.04 fs) accounts
for only about 2% of total excitations [2]. The experimental
picosecond absorption spectrum is reasonably consistent with
this expectation, and would become even closer if we take into
account that free-carrier absorption would continue rising into
the infrared below the 0.45-eV spectral limit of our experiment.

The initial spike of directly created excitons coexists in
time with the hot free carriers and could be susceptible to
ionization by collision with them. This might explain why the
initial STE peak in Figs. 2(a), 2(b), and 5 decays in about
1.2 ps before new STEs begin to be created by mutual capture
of thermalized free carriers. It should also be kept in mind
that the initial STE peak around 0.5 eV rides on top of the
spectrally broad free-carrier absorption, and will appear to
decay as the free-carrier component under it also decays in a
few picoseconds.

Now, look at the effect on induced infrared absorption of
adding Tl ions to CsI, shown in Figs 2(b)–2(d). The broad and
fast free-carrier spectrum is still induced, but it drops away
to very low values everywhere in the 0.45–1.0 eV infrared
spectrum after a few picoseconds for the two heavier Tl
dopings. It drops faster and farther for higher Tl concentration.
In the lightly doped 0.01% Tl sample shown in Fig. 2(b), the
initial peak drops somewhat faster and farther than in pure
CsI, before the slower (∼4 ps) regrowth of the STE band at
0.5 eV starts. The 0.5-eV band can be seen to decay again
after about 10 ps for 0.01% Tl. This is seen more clearly in
Fig. 5(a), comparing the 0.5-eV absorption over a 17-ps range
for all four Tl doping levels in CsI. Figure 5(b) plots 0.78-eV
absorption in CsI:Tl(0.01%) over the full 100-ps range of our
optical delay stage, along with a fit to the two rising and falling
populations.

According to previously established understanding of hole
and electron trapping in CsI:Tl, the initially free holes are self-
trapped very quickly in the host lattice, and many of the initially
free electrons are trapped on the Tl+ dopant as Tl0. The rapid
disappearance of initial free-carrier absorption with no STE
bands growing in to replace it in Figs. 2(c) and 2(d) seems
at first to suggest that the Tl dopants have destroyed excited
states available for luminescence. Of course, this can not be the
case since at room temperature, CsI:Tl has significantly higher
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FIG. 5. (Color online) (a) Compares normalized 0.5-eV absorp-
tion over a 17-ps range for all four Tl doping levels in CsI. (b) Displays
and fits the two stages of rise and fall of 0.78-eV induced infrared
absorption in lightly doped (0.01% Tl) CsI at room temperature. The
initial decay constant is 1.23 ps. The slower rise and decay constants
are 2.74 and 167 ps, respectively.

light yield than undoped CsI. Clearly what has happened is
that trapping of electrons on Tl moves absorption oscillator
strength out of the infrared (where absorption is primarily
attributable to free carriers and self-trapped excitons), and into
some other part of the spectrum. Looking at Fig. 6 shows that
the visible spectrum is where much of the oscillator strength
of induced absorption was moved upon Tl doping.

The visible spectrum of induced absorption from 2.0 to
3.6 eV is shown for undoped CsI and three Tl dopings
of 0.01%, 0.04%, and 0.3% respectively in Figs. 6(a)–6(d).
Undoped CsI in Fig. 6(a) exhibits almost no persistent
absorption in the visible range. The only substantial absorption
is the fast rising and decaying absorption below 2.6 eV. In
line with the discussion of Fig. 2, we suggest that it is the
high-photon-energy limit of free-carrier absorption. There is
a weak persistent absorption band at about 2.3 eV in undoped
CsI. We tentatively attribute it to the σu − σg hole transition of
the STE in these room-temperature experiments. Observation
of a 3.4-eV induced absorption band in CsI has been reported
in Refs. [20,42]. Surprisingly, a 3.4-eV band is not observed
in Fig. 6(a) for undoped CsI, but it is indicated in Fig. 6(b) for

0.01% Tl in CsI. Note that there is no free-carrier absorption
at 3.4 eV in Fig. 6 because the wavelength is too short in view
of Eq. (2). Instead, the 3.4-eV band in Fig. 6(b) appears by
itself after a delayed growth.

Figures 6(b)–6(d) show that adding Tl dopant introduces a
persistent broad absorption spectrum with peak near 2.5 eV.
In this optical delay-line experiment conducted at 10-Hz
repetition rate, persistent implies a decay time less than 0.1 s
but much longer than 60 ps. The initial free-carrier absorption
is apparent up through 0.04% Tl, but it becomes only a shoulder
on the rising 2.5-eV band at 0.3% Tl doping. It should be
noted that the visible data of Fig. 6 were measured using
third-harmonic laser light exciting states at 2hν = 8.86 eV,
whereas the infrared data of Fig. 2 were measured with
second-harmonic, exciting states at 2hν = 5.9 eV. This was
dictated by experimental considerations of keeping the blue
second-harmonic pump beam out of the detector, but it means
that the initial carrier energies above the cbm were different in
Figs. 2 and 6.

Pursuant to our knowledge that self-trapped holes (STH)
and electrons trapped on thallium (Tl0) should be present
on this time scale after excitation of CsI:Tl, and should
represent roughly the same integrated oscillator strength as the
initial free-carrier absorption, it seems reasonable to tentatively
attribute the broad 2.5-eV absorption to a combination of STH
and Tl0 absorption. Sidler et al. [43] observed two absorption
bands attributable to Tl0 in CsI:Tl at low temperature after
irradiation: at 620 nm (2 eV) and 500 nm (2.5 eV). The
attribution to Tl0 is suggested because these two bands were
found in irradiated CsI:Tl but not in CsI:Na. In addition, they
observed a stronger band at 410 nm (3.05 eV) attributed to the
STH in both CsI:Tl and CsI:Na at 4 K. Since we do not see a
peak of any kind at 3 eV in Fig. 6, but feel sure that there should
be STH absorption in the Tl-doped samples, we surmise that
the STH absorption band shifts from 3 eV at T = 4 K to
about 2.5 eV at room temperature. This is at least qualitatively
consistent with the fact that the STH is becoming mobile
at room temperature and so occupies vibrational states that
are less strongly relaxed and have smaller σu − σg molecular
orbital splitting. The Tl0 bands may not have such a strong
temperature dependence, so it may be considered that the
2.5-eV transient absorption observed at room temperature in
our experiment is a composite of both STH and Tl0 absorption.
Performing low-temperature ps absorption spectroscopy in the
future will help clarify this assignment.

Yakovlev et al. [44] list transition energies of Tl0 in
CsI:Tl. The 62P1/2 → 62D3/2 band has been reported at 2.14
[45] and 2.25 eV [44]. The 62P1/2 → 62P3/2 band has been
reported at 1.31 [45] and 1.36 eV [46], but the 62P1/2 → 62P3/2

transition is in the 1 to 2 eV spectral gap of our current
measurements. According to Yakovlev et al. [47], the Tl0 level
is approximately mid-gap in CsI:Tl. All of the above reports
would be consistent with observing the 62P1/2 → 62P3/2

transition as part of the 2.5-eV band in Figs. 6(c) and 6(d).
Taking a summary view of Figs. 2 and 6 together, it is

striking how the oscillator strength of induced absorption shifts
from the infrared in undoped CsI to the visible in Tl-doped CsI.
This is a direct visualization of energy storage in the doped
scintillator, and as such these data can be used to deduce the
trapping rates on energy storage sites.
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FIG. 6. (Color) Visible absorption spectra induced by 2hν = 8.86 eV excitation in undoped CsI and CsI:Tl (0.01%, 0.04%, and 0.3%) at
room temperature.

B. NaI and NaI:Tl

Figures 7 and 8 present a similar study of absorption
induced by interband absorption in NaI and NaI:Tl for the
infrared spectrum (Fig. 7) and the visible spectrum (Fig. 8). For
NaI:Tl, we had only one doping level: 0.1% Tl. The infrared
spectra for undoped and doped NaI show the broad and fast
spectrum very similar to CsI, which we have attributed to
free carriers. Undoped NaI in Fig. 7(a) exhibits an absorption
band with persistence of at least 15 ps near 0.5 eV. It is
weak compared to the similar feature in CsI, which could
be consistent with only catching the beginning of absorption
rising to a peak below 0.5 eV as was found for the STE in NaI
by Edamatsu et al. [27]. The known type-I STE absorption
band has its peak at or below 0.25 eV in NaI at low temperature,
but the high-energy tail of this absorption extends to 0.6 eV
even at T = 4 K [27]. Anticipating a shift and broadening
of the absorption band from 4 K to room temperature, the
spectrum in Fig. 7(b) is at least consistent with how the NaI
STE infrared absorption may appear in the spectral range near
0.5 eV. As in CsI, the short-lived initial spectrum attributed
mainly to broad free-carrier absorption includes a peak at the
position of the STE band, but the exciton peak comprises a

small fraction of the total free-carrier absorption oscillator
strength as can be seen upon performing the integral over
spectrum. When Tl doping is added in Fig. 7(b), the spectrum
looks very similar except that the tail of STE absorption at
0.5 eV decays rather than remaining persistent on the 15-ps
time scale. The visible spectra of NaI and NaI:Tl in Figs. 8(a)
and 8(b) bear an interesting resemblance to the visible spectra
of CsI and CsI:Tl in Fig. 6. In particular, the fast absorption
attributed to free carriers extends from low energy to about
2.5 eV and then drops off toward 2.8 eV. This consistent
behavior in both infrared and visible ranges for two separate
hosts builds confidence in a universal occurrence of free
carriers in the earliest spectrum. There is a persistent (15-ps)
band of significant strength at 2.45 eV in NaI:Tl(0.1%), very
reminiscent of the 2.5-eV band in CsI:Tl. For reasons similar to
those discussed for CsI:Tl, we tentatively attribute the 2.45-eV
band in NaI:Tl to combined STH absorption and Tl0 absorption
at room temperature. The persistent 2.35-eV absorption in
undoped NaI [Fig. 8(a)] is suggested to be the σu − σg hole
transition of the STE in NaI, taking into account spectral shifts
at room temperature relative to known NaI STE transitions
at low temperature [12,48]. Parallel spectral features in the
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FIG. 7. (Color online) Infrared absorption spectra induced by
2hν = 8.86 eV excitation in (a) undoped NaI and (b) NaI:Tl (0.1%)
at room temperature.

early-time spectra of CsI and NaI are reassuring about common
origins.

C. SrI2 and SrI2:Eu

Figures 9(a) and 9(b) show infrared spectra of excitation-
induced absorption at room temperature in undoped SrI2 and
SrI2:Eu(3%), respectively, measured in a similar way as Figs. 2
and 7. The fast initial absorption behaves in many respects like
the similar feature attributed to free-carrier absorption in CsI
and NaI. It rises and falls in a few picoseconds and it extends
through much of the infrared and visible ranges measured,
terminating on the high-energy end between 2.5 and 2.8 eV.
At the low-energy infrared end, it seems less strong than in CsI
and NaI, but this appears the only major difference. Overall, the

FIG. 8. (Color online) Visible absorption spectra induced by
2hν = 8.86 eV excitation in (a) undoped NaI and (b) NaI:Tl (0.1%)
at room temperature.

constancy of this feature in the three materials measured in this
work contributes to our confidence in assigning the universal
phenomenon of free-carrier absorption in these iodides.

As we have noted above, existence of STEs in SrI2 is pre-
dicted by recent density functional theory (DFT) calculations
[49]. Luminescence attributed to STEs has been reported at
3.1 eV for T = 295 K [50,51] and at 3.4 eV for T < 100 K,
above which thermal quenching was observed [23,52]. The
fact that quenching of STE luminescence above 100 K was
observed in Refs. [23,52] but not in Refs. [50,51] might
be associated with the experimental circumstance that the
excitation was near the surface in Refs. [23,52] (ultraviolet on
crystal, x-ray on powder) but deeper in Refs. [50,51] (1-MeV
electrons on crystal). That is, the observed quenching could be
thermally activated mobility rather than crossing to the ground
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FIG. 9. (Color online) Infrared absorption spectra induced by
2hν = 5.9 eV excitation in (a) undoped SrI2 and (b) SrI2:Eu(3%)
at room temperature.

state. Based on calculations [49] and luminescence [50,51], the
STE should be observable in the absorption spectra of excited
SrI2 at room temperature.

Very little persistent infrared absorption (on the 15-ps time
scale) in undoped SrI2 is found in the 0.5 to 0.8 eV range
of a strength corresponding to the STE bands in CsI and
NaI. Certainly, there is nothing throughout the infrared range
measured that can compare with the STE in CsI. By default
of not seeing strong STE absorption bands in undoped SrI2

below 1 eV and above 2 eV, the spectral gap for 1 to 2 eV
in our present experiments is suspected as a likely location to
find them. The apparent tails of absorption bands near 1 eV
in Fig. 9(a) and near 2 eV in Fig. 10(a) are thus suggestive
of STE absorption bands due to electron transitions and hole
transitions, respectively.

Although the existence of the STE and its luminescence
transitions in SrI2 have been predicted from first-principles
electronic-structure calculations [49], the absorption spectra
have not been calculated. Rough guidance on absorption
energies of the hole and electron components of an STE in
SrI2 may be estimated from the energies of the STE hole
and electron states relative to their respective band edges
in the DFT hybrid functional calculations [49]. Li et al.
have estimated the F-center absorption band energy in SrI2

from hybrid functional DFT calculation of the F to F+
optical ionization and an empirical scaling of the F absorption
transition energy relative to its ionization limit, finding 1.67 eV
[36]. This should represent an upper limit (extreme type-III
relaxation) for the main electron band in optical absorption
of STEs [48]. The ∼1-eV infrared and 2-eV visible transient
bands in undoped SrI2 are tentatively suggested as possibilities
for the electron and hole transitions, respectively, of the STE
in SrI2.

The 1-eV absorption in Fig. 9(a) appears to be the low-
energy shoulder of a candidate STE absorption band somewhat
above the 1-eV limit of our present infrared spectra. There
are two other weaker bands at 0.9 and 0.7 eV that have a
persistence also possibly consistent with an STE. The 0.7-eV
persistent band grows stronger in the 3% Eu-doped sample
[Fig. 9(b)], so we guess that it may be more likely associated
with Eu than the STE.

Figures 10(a)–10(d) show visible spectra of excitation-
induced absorption at room temperature in undoped SrI2 and
three concentrations of Eu doping, 0.2%, 0.5%, and 3%, re-
spectively. The visible spectral range from 2 to 3.1 eV exhibits
substantially more induced absorption for both undoped and
Eu-doped SrI2 compared to the infrared. In undoped SrI2 there
are induced absorption bands of at least 70-ps persistence
occurring roughly around 2 and 2.9 eV, which might be due
to hole transitions of the STE or the STH. Adding Eu dopant
to SrI2 leads to an excitation-induced absorption band near
2.25 eV, clearly different from the 2-eV band in undoped SrI2.
At 3% Eu, the excitation-induced absorption includes a plateau
extending through much of the visible spectrum above the
2.25-eV peak.

Figure 11 compares the decay time of 1-eV absorption
in undoped and 3% Eu-doped SrI2. There is a 1.4-ps decay
component in undoped SrI2 followed by leveling off in a long-
lived absorption. For 3% Eu doping, Fig. 10 shows that the
initial decay of absorption becomes remarkably fast, i.e., 0.8 ps
including the convolved 0.5-ps pulse width. If this accelerated
drop in free-carrier absorption is due to capture on Eu2+, it is
remarkably faster than electron capture processes we deduced
in the previous sections on CsI:Tl and NaI:Tl. Part of the
reason is that 3% doping of Eu2+ in SrI2 is at least 70 times
higher concentration than the maximum Tl+ concentration in
our samples of the alkali halides. The apparent subpicosecond
capture time of free carriers on Eu2+ in SrI2 presses the limits of
hot free-electron cooling and capture time that we have invoked
to explain the pure third-order quenching observed in SrI2 [1].
Further work will seek to reconcile the two experiments and
decide if the higher concentration of Eu in SrI2 is mainly
responsible, or if Eu has an inherently faster trapping rate.

In the first place, we should note that Tl+ in the alkali
halides can trap both electrons and holes forming Tl0 and
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FIG. 10. (Color online) Visible absorption spectra induced by 2hν = 8.86 eV excitation in undoped SrI2 and SrI2:Eu(0.2%, 0.5%, and 3%)
at room temperature.

Tl++, respectively, and Tl+∗ when on the same ion. Due to the
very small mobility of self-trapped holes in the alkali halides,
Tl+ functions mainly as an electron trap in the picosecond
time range that we are probing. On the other hand, Eu2+ in

FIG. 11. (Color online) Time dependence of induced absorption
in undoped SrI2 and SrI2:Eu(3%) at 1 eV when the excitation
populates states 0.4 eV above the band gap.

SrI2 is believed to function initially as a hole trap and then
to Coulombically attract an electron after the hole is trapped.
Since holes also self-trap in SrI2, the ability to dope with
Eu2+ to percent levels should be important in this case. Taking
Tl segregation coefficient into account, the actual mole %
doping level in our nominal 0.3 wt % Tl:CsI sample is about
0.042 mole %, to be compared to our 0.2 mole % Eu:SrI2

sample. Comparing rise times of the visible absorption spectra
attributable to charges trapped on activators in SrI2:Eu(0.2%)
[Fig. 10(b)] and CsI:Tl(0.3%) [Fig. 6(d)], the rough conclusion
is that Tl is comparable to Eu in its ability to trap charge in
states responsible for visible absorption in the two hosts. This
is a rough comparison, but it points initially toward the higher
achievable activator concentration in SrI2:Eu as a main factor
in the remarkably fast capture of carriers evidenced in Fig. 11.

In all of the spectra displayed in this paper for CsI, NaI, and
SrI2, there is consistently found a fast-rising and fast-decaying
broad absorption band from infrared to mid-visible. We have
attributed it to free-carrier absorption, and free carriers are
central to the nonlinearity of light yield in heavy halides [2].
It is therefore important to be sure that this feature is not an
artifact due, e.g., to two-photon absorption of coincident pump
and probe photons (pump/probe TPA) [53]. A diagnostic to
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check for this artifact is to change the pump photon energy as
we have done in this study, and see if an absorption peak
moves corresponding to the shift in pump photon energy.
There was found no significant feature which behaves in that
way within the present probe spectral ranges. When using
2.95-eV pump photons, the onset of possible TPA probe photon
absorption would be Eg − 2.95 eV ∼ 3 eV in CsI and NaI. The
infrared and most of the visible spectrum are therefore free of
pump/probe TPA for the 2.95-eV pump beam. This establishes
that the fast and broad initial absorption we have seen is not a
pump/probe TPA artifact in any of the three iodide materials
in this study.

D. Hot electron cooling and capture, exciton formation, and
trapping on dopants

Figure 12 displays absorption at 1 eV in CsI with and with-
out Tl doping versus time after excitation. The measurements
were made for two different values of 2hν − Eg , the energy
of the initially excited electron-hole pair state in excess of
the band gap. The photon energy of the pump beam which is
two-photon absorbed in the sample is hν, selectable as second
harmonic (2.95 eV) and third harmonic (4.43 eV) of the laser
fundamental. In Fig. 12(a), the initially excited carriers in CsI

FIG. 12. (Color online) Induced absorption versus time at 1 eV
for undoped and Tl-doped CsI samples when the initial excitation
creates carriers (a) only ∼0.1 eV above the band gap or (b) 3 eV
above the band gap.

FIG. 13. (Color online) The 1-eV absorption data for undoped
CsI from Fig. 12 have been fit to the functions given in Eqs. (3) and
(4) for excess initial carrier energies of 0.1 and 3.06 eV, respectively.

start out almost thermalized, sharing excess energy of about
0.1 eV above the 5.8-eV band gap. In Fig. 12(b), the initially
excited carriers are quite hot, sharing excess energy of 3.06 eV.
Based on the spectra and discussion in Sec. III A, we have
associated the initial spike of absorption at 1 eV with free
carriers, and the slower rise of absorption in undoped CsI with
self-trapped excitons. Figure 12 shows the conversion from
free carriers to STEs moving to later time as the initial excited
electron energy becomes higher. The STE growth time seems
to remain about the same, but to start later with respect to the
free-carrier spike when the excitation energy is higher.

In Fig. 13, the data for undoped CsI at 1 eV have been
fit to exponential decay of the free-carrier component and
saturating exponential growth of the STE component starting
after a delay.

The fitting function for 2hν − Eg = 0.1 eV is

y = ae−bt + c(1 − e−dt ) for t > 0, (3)

where 1/b = 1.15 ps and 1/d = 4.31 ps. The fitting function
for 2hν − Eg = 3.06 eV is

y =
{
ae−bt for 0 < t < 4,

ae−bt + c(1 − e−d(t−4)) for t > 4,
(4)

where 1/b = 3.75 ps and 1/d = 4.42 ps and the thermaliza-
tion time (onset of electron capture) = 4 ps.
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The 4-ps delay before the onset of the slower growing
absorption found for 2hν − Eg = 3.06 eV is in reasonable
agreement with the calculation of hot electron cooling time and
subsequent time to capture on self-trapped holes by Li et al.
[2,7], starting from initial hot electron energy of 5 eV. The
criterion for capture was that the electron should have cooled
sufficiently that the next optical phonon scattering event with
energy loss could reach an energy 3 kT below the conduction
band edge in the local potential of the hole or activator. The
thermalization time is consistent with published simulations of
hot electron cooling and capture by Wang et al. [3,4]. Kerisit
et al. have recently performed Monte Carlo simulations of hot
electron cooling and capture on holes in CsI for precisely the
two initial energy conditions of the experiments in Fig. 12,
finding good agreement of the simulated and experimental
capture times under the capture criterion stated above [8]. This
experiment can be interpreted as providing a direct view of
electron thermalization as a function of the initial hot electron
energy, and its role in delaying exciton formation. It is com-
plementary to the recent study by Belsky et al. [54] analyzing
Ce3+ light yield in LiYF4:Ce crystals upon ionizing the Ce3+
directly with tunable synchrotron radiation. From analysis of
light yield and formation-decay kinetics, they could deduce the
thermalization length as a function of hot electron excitation
energy above the Ce4f →Y4d and Ce4f →Li2p thresholds.

Figure 14 shows the production and decay of the peak of
visible absorption (2.5 eV) in CsI and CsI:Tl. The growth of the
2.5-eV absorption we have attributed to a combination of STH
and Tl0 goes to completion in about 3 ps in CsI:Tl(0.3%).
There is an interesting qualitative resemblance of Fig. 14 to
the infrared data in Fig. 12, except that the dependence on Tl
doping is inverted. This is again consistent with energy storage
on Tl0 and STH moving oscillator strength from the infrared
to the visible spectrum. The intermediate Tl concentrations in
Fig. 14 indicate a trapping time of order 3 ps for electrons on
Tl0, which is consistent with interpreting the 2.5-eV band as
more strongly representative of Tl0 than of STH. At 0.3% Tl
by weight (423 ppm), or a volume concentration of 2.55 ×
1020 Tl+/cm3, the visible absorption rises noticeably faster
than the infrared STE absorption seen in Fig. 12. This Tl+
concentration is at least two orders of magnitude higher than

FIG. 14. (Color online) Production and decay of the peak of
visible absorption (2.5 eV) in CsI and CsI:Tl.

the hole concentration produced by two-photon absorption in
this experiment.

It will be noticed that in Fig. 14, the initial carrier energy is
3.06 eV in excess of the band gap, but there is not a 4-ps
thermalization delay before the onset of growth of visible
absorption, in contrast to the infrared absorption presumably
of the STE in Fig. 13. The compelling evidence for a 4-ps
thermalization delay before onset of electron capture on
the self-trapped hole in Fig. 13 seems not warranted for
the visible absorption attributed mostly to Tl0. The ability to
capture hot electrons seems to be much greater for Tl+ than for
the self-trapped hole. The STH in CsI is a shallow electron trap
(∼0.7 eV for type-I STE relaxation) whereas recent studies
indicate that Tl0 is a fairly deeply trapped electron in CsI,
about 2 eV below the conduction band minimum [47]. The
electron is believed to diffuse by tunneling in the Tl subband
[47]. Recent first-principles calculations of carrier capture
rates [21] have suggested to us that traps of different depth
and different linear coupling to local phonon modes can have
significantly different hot carrier capture rates. This will be
explored computationally and experimentally in future studies.
Without some significant variability of hot capture rates on
different traps, Figs. 13 and 14 seem difficult to reconcile.

FIG. 15. (Color online) (a) Shows 1-eV absorption rise and decay
in NaI and NaI:Tl induced by 8.86-eV excitation. (b) Shows a similar
set of data for absorption at 0.6 eV induced by 8.86-eV excitation.
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FIG. 16. (Color online) Visible absorption near 2.5 eV induced
in NaI and NaI:Tl by 8.86-eV excitation.

Figure 15(a) shows 1-eV absorption rise and decay in NaI
and NaI:Tl. This photon energy is not at a known absorption
transition of the STE nor of Tl0, so it mainly shows the rise,
and the decay due to cooling and trapping, of free-carrier
absorption, settling to a residual 30% absorption of unknown
origin. The behavior is nearly identical in undoped and Tl
doped NaI. Figure 15(b) shows a similar set of data for
absorption at 0.6 eV, which may include a tail of the infrared
STE absorption in NaI.

Figure 16 shows the time dependence of visible absorption
near 2.5 eV induced in NaI and NaI:Tl by 8.86-eV excitation.
Similar to CsI, after initial free-carrier absorption, the band
attributed to Tl0 and STH in NaI:Tl grows in about 1.75 ps as
fitted to Eq. (3) with 1/b = 0.81 ps and 1/d = 1.75 ps.

Figure 17 shows time dependence of absorption induced by
by 8.86-eV excitation in undoped and Eu-doped SrI2 measured
at the peak of induced visible absorption near 2.3 eV.

A spike of free-carrier absorption appears resolvable in
the undoped and 0.2% Eu-doped samples. In the more heavily
doped samples, transfer from free carriers to Eu dopant appears
to be so fast that free carriers can not be resolved as a separate

FIG. 17. (Color online) Time dependence of absorption induced
by 8.86-eV excitation in SrI2 and SrI2:Eu measured at the peak of
induced visible absorption near 2.3 eV.

population at this wavelength. Recall that a similar conclusion
was suggested by the visible spectra for SrI2:Eu in Fig. 10.

IV. CONCLUSIONS

Fast, spectrally broad absorption attributable to free carriers
is observed in all three metal iodides studied. Since holes are
self-trapped in all three of these metal iodide crystals, we
specifically attribute the fast, broad, red/infrared absorption to
conduction electrons. On the basis of Refs. [1–5] and Fig. 13,
an important reason for the electrons remaining free for one to
several picoseconds (depending on initial excitation energy) is
the hot electron thermalization time mediated by the optical
phonon frequency. Figure 13 provides a direct experimental
view of the dependence of electron thermalization and capture
time (on an STH to form STE) upon initially excited hot
electron energy.

The free-carrier absorption is replaced in a few picoseconds
or less by other species as the free electrons thermalize and
become trapped. In undoped CsI, peaks attributable to type-I
(0.5-eV) and type-II (0.7-eV) self-trapped excitons grow with
a 4-ps time constant. In NaI, the STE is purely type I with its
main electron transition somewhat below our 0.45-eV spectral
limit [27], but even so, Fig. 7 appears to capture the high-energy
tail of the type-I STE in NaI. There is a time offset in the
beginning of STE growth, depending on the excess energy of
initially excited carriers above the band gap. The time delay
before pairing of electrons and holes begins is observed to be
about 4 ps when the initial excitation energy is 3 eV above
Eg in CsI. This is in rather good agreement with Monte Carlo
simulations of hot electron thermalization and capture in CsI
[3,4,7,8], as compared in Ref. [2]. Adding Tl to CsI kills the
slow (∼4 ps) growth of self-trapped excitons in favor of visible
bands suggested to arise from Tl0 and STH.

CsI:Tl and NaI:Tl are similar in exhibiting transfer of
dominant oscillator strength from the infrared transitions of
STE in undoped material to the visible transitions of combined
STH and activator-trapped electrons in Tl-doped material. This
is a visualization of energy storage on spatially separated traps
(Tl0 and STH) that limits the duration of Auger quenching.
SrI2 appears similar in the visible transitions of the dopant (and
possibly STH) but the absorption strength of undoped SrI2 in
the infrared is comparatively weaker. There is currently a gap
in our spectral coverage from 1 to 2 eV for technical reasons.
The SrI2 data around 1 eV suggest that there may be a band of
induced absorption somewhat above 1 eV, allowing this as a
possibility for where a strong STE absorption band might yet
be found in SrI2.

The STE absorption in CsI has a “double-dip” time
signature. Absorption with the spectral signature of type-I
STE is initially created along with free-carrier absorption,
and it decays in 1 to 2 ps before a slower growth of STE
absorption discussed above sets in. The fast initial population
of STEs was shown by spectral analysis to amount to only a
few percent of the initial population of free carriers, consistent
with earlier calculations on BaF2 [2,41]. The fact that the
initially created STEs decay much faster than the STEs formed
more slowly (i.e., ∼4 ps) upon bimolecular electron-hole
recombination is unusual. An explanation that is consistent
with many other parts of our basic conclusion is that the
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initially created excitons are bathed in a population of hot free
electrons for several picoseconds. Impact ionization by the hot
free electrons constitutes a decay mechanism for the initially
produced excitons, but not for the more slowly formed excitons
in thermal equilibrium with the lattice. The decay of the slower
STE population was shown to be affected on a 167-ps time
scale even by very low Tl concentration of 0.0014 molar %.
The STE decay time descended to 1–2 ps decay when the Tl
concentration was raised about 30 times to 0.042 mole %.

The picosecond absorption measurements offer insight on
a long-debated question of the relative importance of self-
trapped exciton diffusion versus sequential capture of holes
and electrons as the agents of energy transport from the halide
scintillator host to the activator ion. In undoped CsI, the STE
can be identified by its distinctive bound electron transitions
at 0.5 and 0.7 eV. Adding Tl+ at typically used concentration
of about 0.01% was shown to destroy the infrared signature
of STEs in about 2 ps. Does that STE destruction signify
migration of the STE to Tl+, or scavenging of the STE electron
to create Tl0? The STE hopping rate at room temperature in CsI
is given by Kerisit et al. [55] as 1.3 × 1010 s−1, generalizing
from new theoretical findings that the activation barriers for
STH and STE motion in NaI are about the same [49]. The
STE hopping time of 80 ps corresponding to the above
room-temperature rate is significantly slower than the observed
time for scavenging or destruction of the STEs in CsI with
0.04 and 0.3 wt % Tl (estimated 0.006 and 0.04 mole %
respectively). This suggests to us that electron tunneling to
the nearest Tl+ ion is the likely mechanism terminating the
STE absorption signature when Tl is present at the indicated
concentrations. To relate this to scintillation measurements,
we note that Hamada et al. measured the rise and decay
times of CsI:Tl luminescence for direct photoexcitation of
the Tl ions and for high-energy excitation of the CsI host
by 662-keV gamma rays [56]. The relatively slow ∼100 ns
rising edge of the scintillation pulse at room temperature
was attributed by Hamada et al. to STH diffusion [56]. In
view of the above-mentioned recent theoretical finding that
activation barriers for hopping of the STE and STH are
about the same in NaI [49], the ∼100-ns rising component

of scintillation might also be considered as due to STE
migration. However, the picosecond absorption data reported
here seem to rule out any significant population of STEs
during the slow rise and extended decay of the scintillation
pulse in CsI:Tl at working concentrations near 0.1% Tl.
Even if STEs are formed much later by recombination of
released electrons and self-trapped holes, the absorption data
indicate that they would be electronically unstable in a lattice
containing Tl+, as concluded from Fig. 5. Sequential capture
of holes and electrons on Tl+ followed by migration of mainly
electrons (Tl0) on the Tl+ sublattice until recombination
creates Tl+∗, seems the transport route compatible with the
picosecond absorption data in CsI:Tl and NaI:Tl. SrI2:Eu still
needs better identification of STE features to make a similar
judgment.

Speculating that the 1-eV absorption in SrI2 may be due
to the STE and free carriers, Fig. 11 showed that doping with
3% Eu drives the decay to the remarkably short time scale of
800 fs, including the convoluted 500-fs laser pulse, implies a
physical time for transfer from STE or free carriers to capture
on 3% Eu2+ of about 400 fs. Such a fast excitation transfer
from host to activator is consistent with the very high light
yield of SrI2:Eu, considerably higher than CsI:Tl or NaI:Tl.
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