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Picosecond time-resolved optical absorption spectra induced by two-photon interband excitation of LaBr; are
reported. The spectra are similar in general characteristics to self-trapped exciton (STE) absorption previously
measured in alkali halides and alkaline-earth halides. A broad ultraviolet absorption band results from excitation
of the self-trapped hole within the STE. A series of infrared and red-visible bands results from excitation of the
bound outer electron within the STE similar to bands found in alkali halides corresponding to different degrees of
“off-center” relaxation. Induced absorption in cerium-doped LaBr; after band-gap excitation of the host exhibits
similar STE spectra, except it decays faster on the tens-of-picoseconds scale in proportion to the Ce concentration.
This is attributed to dipole-dipole energy transfer from STE to Ce** dopant ions. The absorption spectra were
also measured after direct excitation of the Ce** ions with sufficient intensity to drive two- and three-photon
resonantly enhanced excitation. In this case, the spectrum attributed to STEs created adjacent to Ce*" ions decays
in 1 ps suggesting dipole-dipole transfer from the nearest-neighbor separation. A transient absorption band at 2.1
eV growing with Ce concentration is found and attributed to a charge-transfer excitation of the Ce’** excited
state responsible for scintillation in LaBr;:Ce crystals. This study concludes that the energy transport from host to
activator responsible for the scintillation of LaBr;:Ce proceeds by STE creation and dipole-dipole transfer more

than by sequential trapping of holes and electrons on Ce*" ions.
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I. INTRODUCTION

Lanthanum halide crystals with the formula La X3 comprise
the trihalide member of a progression of binary metal halide
crystalline compounds in which both cations and anions have
closed p shells similar to rare-gas atoms. The simplest struc-
tures are the alkali halides, AX, then alkaline-earth halides,
(AE)X,, and then lanthanum halides, LaX3. LaBr3, in partic-
ular, is the topic of this study. All have fairly wide transparency
gaps and, among other applications, the three material groups
have been found to make good hosts for luminescence and
scintillation when suitably doped. Their “hard sphere” ions
with closed p shells are pulled or pushed as tightly against
each other as ion sizes allow in the crystal ground state. Things
change dramatically upon removal of a p-shell electron from
halide ions comprising the top of the valence band in all three
of the considered compound classes. Valence electron removal
may be viewed as creating a highly reactive open-shell halogen
atom which relaxes to localize the hole in a bond with a
neighboring halide ion. Kénzig first discovered the V; center
or self-trapped hole (STH) in alkali halides [1], comprising a
diatomic halide molecular ion pair localizing a valence hole,
and symmetrically situated about the mid-point of the halide
pair in the perfect lattice. Other examples of STH are found in
various crystals, most commonly metal halides [2].
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When an excited electron is bound to the STH, the resulting
self-trapped exciton (STE) exhibits transient optical absorption
in the ultraviolet that is similar to the stable V; spectrum and
is often described as a hole transition of the STE involving
mainly molecular orbitals of the bonded halide pair [3]. The
STE also exhibits infrared or visible transitions of the more
loosely bound outer electron, the so-called electron transitions
of the STE. The STE relaxed lattice configuration may or may
not preserve the same symmetric disposition and orientation
of the STH (V; center). STE excited states have been studied
by transient optical absorption spectroscopy in alkali halides
[3-5] and alkaline-earth halides [6]. The lanthanum halides
have not been studied by transient induced absorption spec-
troscopy until the present work.

In LaClj, optically detected EPR of STEs [7] was found
on both of the CI-Cl pair axes that are directed out of the
basal plane in the LaCl; crystal structure (the A and B sites
in the terminology of Canning et al. [8]), and each was
associated experimentally with one of the two identified STE
luminescence bands [7]. The same study commented that the
authors were unable to find a stable EPR signal of a V center
in undoped or Ce-doped LaCl; after X irradiation at low
temperature.

LaBr;:Ce was discovered as a scintillator two years fol-
lowing LaCls:Ce [9]. It exhibits better light yield and gamma-
ray energy resolution than LaCls:Ce, but many other aspects
of their behavior as scintillators are similar. There has not
yet been an ODEPR study of LaBrj, so the findings of
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the Rogulis e al. study of LaCls are often assumed likely
to characterize LaBrs as well. Cerium-doped LaBr; is an
important high-performance scintillator with applications in
security inspection, medicine, and oil-well logging [10-12].
LaBrj3:Ce is one of the paradigms among scintillators in the
sense that it was the first of a new generation of scintillator
materials to dramatically exceed the energy resolution of the
widely used alkali halide scintillator Nal:TI as well as having
a much faster pulse shape useful for timing applications and
avoidance of pulse pile-up [9,13,14]. Furthermore, as bright
and proportional as LaBr;:Ce is, studies showed that it can
be made even better by co-doping with divalent metal ions
such as Sr>* [14-16]. The physical mechanism for the latter
finding is not yet fully understood. Fundamental time-resolved
studies of excited states in LaBr; and LaBr;:Ce as in the present
work are helpful in understanding more fully how the material
operates as a scintillator, and on that basis how it and related
scintillators may be further improved by co-doping or other
material engineering for specific applications.

An experimental study of LaBrs:Ce luminescence and
scintillation on nanosecond and longer time scales versus
temperature and Ce concentration was conducted by Bizarri
and Dorenbos [17]. The authors suggested a model in which
prompt sequential capture of holes and electrons on Ce (labeled
process I) was followed by slower thermally activated transfer
of energy from diffusing STEs to Ce (processes Ilg, and
IIgjow). The prompt capture was regarded as faster than 1
ns, since the luminescence of Ce*™* excited ions with 16-ns
radiative lifetime was the signal being measured. STE energy
transport to Ce®" was found to be thermally activated. Bizarri
and Dorenbos measured STE luminescence as well as Ce®**
luminescence, and deduced largely from the anticorrelation of
their yields vs temperature that STE energy transport to Ce
is more important than binary transport of self-trapped holes
(Vi centers) and electrons. Other reasons for the conclusion
are similar to those given in Ref. [18], including the absence
of stable V; centers in LaCl; and LaCl;:Ce [7]. The optical
transitions measured (absorption vs emission) of both STE and
Ce excited states, and the measured time scales (0.5-700 ps
versus 1 ns—4 us) are different between the present study
and that of Bizarri and Dorenbos. They are two important
time windows on the same basic phenomena that contribute to
recombination and scintillation in LaBr;:Ce. The first steps to
synthesize an understanding of the recombination physics from
these complementary experimental perspectives are discussed
in Conclusions. Rounding out the La X 3:Ce family, Lal3:Ce has
been the subject of a few experimental and theoretical studies
as well [19,20].

Picosecond measurements of excitation-induced absorption
allow tracking energy transfer and evolution of trapped carriers
and excited states faster than the 16-ns radiative lifetime of
Ce*™*. Modeling studies and previous picosecond absorption

studies of alkali halide scintillators doped with TI* have
established that carrier trapping after hot-electron transport
and the resulting establishment of electric fields governing
subsequent transport in a particle track occur within a few
picoseconds [21-23]. A challenge of undertaking picosecond
absorption spectroscopy for the first time in a new material such
as LaBr; is that one must first identify the transient absorption
spectra of excited states of the host and of the activator. This
study begins with that challenge.

II. EXPERIMENTAL METHOD

Samples for this study were grown, cut, polished, and
encapsulated at Saint Gobain Crystals. Sample characteristics
are summarized in Table I. Cerium dopant concentrations
were measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). Partly because the not-intentionally
doped (“undoped”) sample was grown as a special scientific
sample in a production furnace normally used for Ce-doped
crystals, it had a trace Ce concentration measured as 0.0041
mole %. LaBr; samples doped with 4.4 mole% and 22 mole%
Ce (measured by ICP-AES) completed the set of three samples
studied in these experiments. For brevity, the figures and text
references to follow will be labeled as “undoped LaBrs,”
4% Ce, and 20% Ce doped, referring to the same samples
characterized more precisely above. The samples, of thickness
5 mm and diameter 12 mm, were processed in dry atmosphere
before being sealed in cemented fused silica optical cells.
Experiments in the present study were all conducted at room
temperature, approximately 295 K.

The laser system comprises a Ti-sapphire oscillator and
regenerative amplifier producing pulses at 840 nm with 200 fs
pulse duration and about 3-mJ pulse energy at 10 Hz. Specifi-
cally, the system has a Coherent Verdi G7 diode driven continu-
ous laser pumping a Coherent Mira 900 mode-locked oscillator
whose output is amplified in a Positive Light regenerative
cavity followed by a double-pass final power amplifier before
recompression. The pulse is split to generate second harmonic
(420 nm, 2.95 eV) and third harmonic (280 nm, 4.43 eV) pump
pulses, which we can choose to bring to a soft focus in the
sample to produce two-photon absorption across the band gap
of LaBrj creating electron-hole pairs, or direct excitation of
Ce dopant as described following. If the LaBrs; is undoped,
both of the pump wavelengths can reach the focus and produce
interband excitation of the LaBrs host. However, if the sample
is doped with 4% or 20% Ce, the 280-nm third harmonic
photons are strongly absorbed by Ce** (4 f-5d transitions)
as shown by the spectrum in Fig. 1.

As illustrated in the lower part of Fig. 2, before the third
harmonic beam can come to a focus and produce two-photon
interband excitation in a Ce-doped sample, it is absorbed and
thus attenuated by direct excitation of Ce3*. In contrast, the

TABLE I. Some properties of the LaBr; samples

pulse height, channel resolution at 662 keV, %

Crystal Ce in melt, mole% Ce in crystal, mole%
LaBr; undoped - 0.0041
LaBr;:Ce (4%) 5.0 4.39
LaBr;:Ce (20%) 20.0 22.21

No scintillation N/A
668 2.89
828 5.58
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FIG. 1. Theblack line shows the excitation spectrum of Ce (5d-4f)
luminescence at 10 K in LaBr;:Ce reported by Dorenbos et al.,
including their identification of Ce states and estimation of the exciton
energy and band gap at 10 K [24]. The red line shows the spectrum
of optical absorption at 295 K measured in our laboratory in the
LaBr;:Ce(4%) sample. The blue arrows show the photon energies of
our second harmonic and third harmonic laser pulses in comparison
to the spectrum of Ce** absorption.

second harmonic laser pulse at 420 nm lies below the Ce**
absorption bands and will reach the focus at full power to
produce two-photon host excitation even when Ce doping
is present. Selecting the laser harmonic used for the pump
pulse in Ce-doped samples thus controls whether the excitation
is electron-hole pair generation in the host crystal of LaBr;
and LaBr;:Ce (comparable in some ways to scintillation
conditions), or direct excitation of the Ce dopant itself. In
the undoped samples, both laser harmonics produce mainly
two-photon excitation of the LaBrj3. The free-carrier band gap
of LaBr; at low temperature (10 K) has been estimated from
luminescence excitation spectra as 5.9 eV, with an excitonic
peak at 5.4 eV and empirical transparency gap of about 5.2 eV
[24,25]. The free-carrier band gap of LaBr; at room temper-
ature should be lower than the value at 10 K, perhaps 5.8 eV.
Thus, two-photon absorption of the second harmonic pump
pulse totaling 5.9 eV in our experiment produces free carriers
near the band edges. In contrast, two-photon absorption of the
4.43-eV third harmonic in undoped LaBr; creates hot electrons
and holes with the pair having excess energy of 3.06 eV above
the band gap.

The probe pulses that assess the induced absorption are
generated and detected in two ways depending on whether
visible/ultraviolet or red/infrared spectral ranges are being

2-photon abs. 5.9 eV
— cool e and h*
3" harmonic: 4.43 eV
2-photon abs. 8.86 eV
— hot e and h*
LaBr;:Ce

i 2-photon abs. 5.9 eV
: - cool e and h*

1-photon absorption
before focus

— Ce3** + resonantly

enhanced excitations

2" harmonic: 2.95 eV

3 harmonic: 4.43 eV

FIG. 2. Tllustrations of different products and spatial distributions
for excitation of undoped and Ce-doped LaBr; by the two laser
harmonics used as pump pulses in this experiment.

measured. For visible/ultraviolet, a channel-plate intensified
dual diode-array detector is used with a grating spectrograph
as an optical multichannel analyzer (OMA) to capture the
spectrum at a given pump-to-probe delay set by a mirror on
a translation stage. A white-light continuum probe pulse is
generated by focusing the fundamental or second-harmonic
laser pulse in a sapphire plate. The dual diode array captures a
reference spectrum directed around the sample on one array
simultaneously with the transmitted spectrum on the other
array to correct for pulse-to-pulse fluctuations in the continuum
spectrum. In addition, each stored data spectrum at a given
delay is the average of 100 laser shots. Measurements taken in
this way exhibit noise fluctuations particularly along the time
axis.

The channel-plate intensified OMA was not sensitive in the
red and infrared spectrum, so an optical parametric amplifier
(OPA) employing a beta barium borate crystal was tuned over
the required infrared range, and its frequency-doubled output
covered the red visible range. The OPA power per wavelength
interval was much higher than that of the continuum, so
measurement by a PbS detector sensitive from 1 to 2.9 um
and a biased Si photodiode for wavelengths below 1 um was
used. In this way, wavelengths from 575 to 3000 nm could be
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measured with the OPA and doubled OPA output as the probe.
At each delay setting, 30 shots were averaged. Time-delay data
with this method were of good quality over the 0-200 ps range
for each wavelength. Changing wavelength to acquire spectra
required that the OPA be retuned for each wavelength, followed
by pump/probe spot realignment as well. This was a source of
possible noise from wavelength to wavelength in the spectra,
and indeed there is a streakiness in the red/infrared spectra.
Using both the continuum and OPA probe methods together,
we could acquire induced-absorption data over a wide spectral
range from 350 to 3000 nm or about 3.5 to 0.41 eV.

The excitation-induced change in optical density was calcu-
lated as described in Ref. [23]. Weak residual absorption due to
defects created by interband excitation with the pump laser was
produced at some ultraviolet and visible wavelengths. We are
interested in transient induced absorption in the present study,
so the residual absorption was subtracted. We tested whether
luminescence was being detected in the transmission channel
by blocking the probe and exciting with the pump pulse. If
detected, the luminescence was subtracted from the transmitted
signal spectrum before calculating induced absorption.

III. RESULTS AND DISCUSSION
A. Transient ultraviolet absorption spectra

The ultraviolet absorption was probed by a continuum pulse
generated by the second harmonic laser pulse focused in a
sapphire crystal and delayed relative to the pump pulse by a
translation stage. Figure 3(a) shows a smoothed representation
of the white light continuum (WLC) and the transmission curve
of the filter chosen to prevent the 420 nm second harmonic
pump pulse (also the WLC generating pulse) from entering
the detection system. The V. absorption band of KBr, taken as
an example of alkali bromides, peaks at about 3.3 eV and has
a full width at half maximum of about 0.6 eV at 10 K as shown
in Fig. 5. Thus the necessary filter to block the laser second
harmonic curtails measurements on the low-energy side of the
likely range of V; bands involving Br-Br ion pairs. Figure 3(b)
illustrates that to block the 280-nm third harmonic pump pulse

100 100
@ Laser (®) nLdaser
@ harm.) Laser (2" harm.)
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FIG. 3. Approximated spectrum of the white-light continuum
(WLC) used for measurement, the laser pump spectral line, and
transmission of the optical filter employed to block (a) the 2.95-eV
laser line used both for pump and generator of WLC in second
harmonic pumping, and (b) the 4.43-eV third harmonic pump and
WLC generator.

and the 420-nm continuum generation pulse from entering the
detector, a pair of filters transmitting photon energies only
between 3.2 and 3.9 eV was used.

Figure 4 shows induced ultraviolet absorption spectra ver-
sus time (0-700 ps) for undoped LaBrs in the top row and
4% Ce-doped LaBr3 in the bottom row. The contour plots in
the left column display induced absorption (optical density) vs
time increasing toward the reader, following excitation at = 0
ps by the second harmonic 300-fs pulse, which produces two-
photon host excitation in both undoped and Ce-doped LaBrs3.
The persistent feature in both samples, lasting from a few
picoseconds to at least 700 ps, is an absorption band centered
near 3.3 eV and having a width of roughly 0.4 eV. The very
strong peak at zero delay is believed to be due to two-photon
absorption of a pump photon and a probe photon when they
overlap temporally [26], not absorption by induced carriers,
excitons, or defects. Unfortunately, this effect obscures the first
picosecond of rising real absorption by the induced V; centers
or STE hole transitions. The data indicate that there may be
a delay of about 10 ps between the pump-probe correlation
peak and the rise to full O.D. of the suggested V; or STE
hole transition in LaBr;. Canning et al. commented that their
calculations indicated a barrier to V; relaxation in LaBr3; in
the sense that they had to start the calculations from a distorted
lattice with two bromines closer than equilibrium in order to
initiate the V, relaxation [8]. In alkali halides, a small barrier
against self-trapping of excitons (11 to 33 meV in different
alkali iodides) has been seen experimentally as free-exciton
emission lines and delay of self-trapped exciton emission at
low temperature [27,28], but no barrier against STH formation
has been observed in alkali halides [5]. Deciding whether the
present observations indicate a barrier to exciton self-trapping
in LaBr3; will require further experiments.

The central column of Fig. 4 shows the same data for second
harmonic excitation plotted as a false-color two-dimensional
map, with time increasing from top to bottom to match the time
axis of the contour plots. Together, the left and center columns
show in two plotting formats that two-photon excitation of
electrons and holes in LaBr; with and without Ce doping
produces broadband absorption near 3.3 eV. This is the same
spectral region where Br, V; centers in KBr have their main
absorption band [29]. We emphasize that this is the case in
which electrons and holes are produced in the host lattice
by two-photon interband excitation with the laser second
harmonic.

The right-hand column of Fig. 4 shows ultraviolet absorp-
tion induced after third harmonic (280-nm) excitation. The
280-nm light does not produce two-photon excitation of the
host crystal when Ce®t is doped at substantial levels, but
instead direct excitation of the Ce®" dopant in a probable
multiphoton cascade to be discussed later. The undoped LaBr3
when excited by third harmonic does experience two-photon
excitation at the focus, and exhibits a broad ultraviolet ab-
sorption band centered near 3.5 eV rather than 3.3 eV, but
otherwise appearing similar to the absorption induced by the
second harmonic.

In summary, the top row of Fig. 4 compares results for
undoped LaBr; under two-photon excitation of the host pro-
ducing carriers near the band edges from second harmonic
(5.9-eV versus 5.8-eV band gap) in the center column, and
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FIG. 4. Contour and color-map views of induced absorption in the ultraviolet spectral range where V,-like absorption can be expected vs
time after excitation. The top row shows results for undoped LaBr; and the lower row, 4% Ce-doped. The left and center columns are for second
harmonic excitation which creates electron-hole pairs in the host LaBr; by two-photon absorption, while the right column is for third harmonic
excitation which creates e-h pairs in the undoped LaBr; but excites Ce directly in LaBr;:Ce(4%), rather than carriers in the host.

initially hot carriers from third harmonic excitation (8.86-eV
versus 5.8-eV band gap) on the right. In both cases, an
ultraviolet absorption band near 3.4 eV is produced. The
bottom row of Fig. 4 makes a different comparison in the 4%
Ce-doped sample: production of carriers near the band edges
from second harmonic in the center lower figure versus direct
excitation of Ce rather than production of carriers in the host
LaBr; in the right lower figure. Notice that the right lower
figure is missing the induced ultraviolet absorption band near
3.4 eV. This observation provides support for attributing the
3.3-3.5 eV absorption to a V,-like transition. The 2.75-eV
absorption in the lower right panel of Fig. 4 might be a charge
transfer transition associated with excited Ce.

The transient spectra were averaged over the time interval
from 5 to 500 ps and the result is plotted in Fig. 5. Superimposed
on the time-resolved LaBr; and LaBrs:Ce spectra in Fig. 5
is the published steady-state V; spectrum in KBr: NO, at
77 K [29]. In alkali halides, the V; spectrum has been found
to be most strongly correlated with the halogen constituent,
so the KBr V; spectrum could be a reasonable guide to the
peak energy and width that characterize Br-Br bonded pairs
in another crystal such as LaBr;. In the molecular orbital
treatment by Jette, Gilbert, and Das [30], the ultraviolet V
band was ascribed to a hole transition from the o, to the o
molecular orbital of the (halogen,)™ molecular ion.

The UV absorption band in Fig. 5 is probably not mainly
produced by V; centers (self-trapped holes) in LaBrj;. It is

being observed in undoped LaBr; without known electron traps
and in LaBrj:Ce, where Ce’" is unlikely to be an electron trap.
It will be shown in the next section on infrared and visible
absorption that self-trapped excitons, identified by their bound-
electron transitions, are the dominant species produced within
the first picosecond after excitation of LaBr3. Therefore the

0.15
Mean OD (11.6 to 688 ps) LaBr,:Ce
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---- KBr:NO
2 0.10- ’
@
c
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[m]
©
Q
£0054 S ee-el
(e}
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FIG. 5. The transient induced uv absorption spectra of LaBr; and
LaBr;:Ce(4%) were averaged over time from 12 to 690 ps. The probe
light intensity becomes small (producing noise) below about 3 eV
due to a filter (Fig. 3) and above about 4 eV due to poor continuum
generation. The superimposed dashed line is the published steady-
state V. spectrum in KBr:NO, at 77 K [29].
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FIG. 6. Induced absorption (0-180 ps) of undoped (0.0041 mole% Ce), 4% Ce-, and 20% Ce-doped LaBr; after excitation by a 2.95 eV
pulse of the laser second harmonic (two-photon excitation 5.9 eV). Zero on the time scale corresponds to pump/probe coincidence.

ultraviolet absorption band in Figs. 4 and 5 is attributed to the
Vi-like hole transition of the STE in LaBr;.

Calculations by A. Canning and M. del Ben, using hybrid
density functional theory (PBEQ), have found two theoretically
stable STH configurations in LaBrj3, one associated with each
of the out-of-plane halogen ion pair sites (denoted A and
B) in the LaX; lattice [8]. The halogen pair in the basal
plane (C) was not found to localize a hole or exciton in
their calculations. The STH formed on the A and B sites
was found theoretically to be “two-center” meaning there is a
symmetrically relaxed (Br,)~ halogen molecular ion pair. The
hybrid functional DFT calculations of V; structure in LaBr3
found Br-Br bond distance of 2.96 A in the “site-A” V. center
and 2.89 A in the “site B” V, referring to the two out-of-plane
Br-Br configurations among the three that exist within the unit
cell of LaBrs3 [8]. When a bound electron was added to the Vy
core to form a STE, Canning et al. found that the V, core
on site A remained nearly on-center (Vi-like) in the STE,
whereas the V; core on site B was driven off-center in the STE
[8], in the terms familiar from alkali halide STE relaxations
[5,31].

Undoped LaBr3

W

[ing
o
N
<)

N
@

N

<3

-
o

-

[}

N
N

-

N

-
o

Photon energy (eV)
N
5

Photon energy (eV)
i

o
o
o
©

o
o
o
o

0 20 40 60 80 100 120 140 160
Time (ps)

LaBr3:Ce (4%)

0 20 40 60 80 100120 140 160
Time (ps)

B. Infrared absorption spectra: bound-electron transitions
of STE and effects of Ce doping

Having looked in the ultraviolet spectral range at the o, —
oy hole transition between molecular orbitals of the diatomic
halogen core of the STE, we now present induced picosecond
absorption spectra in the infrared and red-visible ranges in
Figs. 6 and 7. Interpretation of the spectra will take into
account what has previously been learned about STE relaxation
and transitions of the bound outer electron in alkali halides.
When a self-trapped hole in alkali halides captures an electron
in a bound excited state, the halogen molecular-ion pair on
which the STH resides may translate off-center with respect
to the normal V; configuration [5,31-33]. Configurations of
increasing translational relaxation of the pair’s midpoint vary
in alkali halides from zero (called type I or “on-center”), to
intermediate (type Il or “weakly off-center”’), where the trailing
halogen of the pair has not fully cleared its cation cage, to type
IIT or “strongly off-center,” where the trailing halogen of the
pair has cleared the cation cage creating a relaxed electronic
excited state resembling a nearest-neighbor defect pair of an
electron-occupied vacancy (nascent F center) and a nearest-
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FIG. 7. Excitation-induced absorption (0—180 ps) of undoped (0.0041 mole% Ce), 4% Ce-, and 20% Ce-doped LaBr; after excitation by a
4.43-eV pulse of the laser third harmonic, which produces two-photon 8.86-eV excitation of the undoped sample or direct excitation of Ce in

doped samples.
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neighbor interstitial halogen molecular ion [5,32]. Which
configurations occur in a given alkali halide is determined
mainly by ion-size factors and energy minimization as the STE
outer electron wave function is progressively able to approach
that of an F center electron [5].

Previously studied self-trapped exciton absorption spectra
in alkali halides have shown that when the off-center relaxation
of the halogen molecular-ion core of the STE is small to
moderate, the excited state absorption transitions of the outer
bound electron component of the STE tend to be in the
infrared spectral range [5]. This makes sense at a conceptual
level because in the absence of large lattice relaxation, the
outer electron may be considered bound mainly by Coulomb
attraction to the self-trapped hole. Regarding the attractive
potential simply as the screened charge of a localized hole,
the binding energy of the electron in the on-center STE could
be expected to be similar to its binding energy in a free
exciton, which is a few tenths of an eV in halide insulators,
depending on the dielectric constant. The STE in Nal occurs
only as type I (on-center halogen ion pair), and exhibits its
bound electron transitions at ~0.2 eV [34]. CsI exhibits STEs
with both types I and II (mildly off-center) lattice relaxation
[27,35]. From the 5.9-eV free-carrier band gap and 5.4-eV
exciton absorption peak in LaBrs estimated from synchrotron
excitation experiments at 7 =~ 10 K by Dorenbos et al. [24],
one may deduce a free-exciton binding energy in LaBr; of
about 0.5 eV. Based on this, we should look for an on-center
STE in LaBr3 to have ~0.5-eV binding energy.

As the STE relaxes off-center, the halogen diatomic core
moves to open up a partially formed halogen vacancy in the
space left behind. The binding energy of an electron in a fully
formed halogen vacancy is that of an F center, known to be 1
to 2 eV depending on the alkali halide. The electron binding
energy in type II and III STEs approach toward the F center
binding energy in that material to the degree that the STE
resembles an F center still partially occupied by a halogen
molecular ion pair or an F center with a neighboring interstitial
molecular ion pair (H center), respectively. Such a partial or
full vacancy can accommodate the bound excited electron of
the STE in a lower energy configuration than the on-center
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STE binding energy estimated above as 0.5 eV or less. Based
on type-III STE absorption peaks near 1.5 eV in the alkali
bromides KBr and RbBr [3,5] we might look for type-III STE
absorption bands in LaBrj at a similar energy and type-II bands
intermediate between types I and III at around 1 eV.

Figures 6 and 7 display induced absorption spectra from
570 to 3000 nm on the 0-180 ps scale, for host excitation
(second harmonic) and direct Ce excitation if doped (third
harmonic), respectively. Figures 8 and 9 present corresponding
data measured on a finer time scale from 0—14 ps.

Consider first the results of LaBr3; host excitation in Fig. 6.
Our initial interest is in the spectrum without focusing on the
time dependence. In the rightmost figure for LaBr;:Ce(20%),
a division of the induced absorption spectrum into three parts
can be most clearly seen. There is an intense band at the lowest
energy measured, with a peak evidently at about 0.47 eV. Then
there is a fully observed broad band or group of narrow bands
extending from 0.7 to 1.15 eV. Finally, from 1.2 to 1.8 eV, there
is a third grouping of absorption bands, more broadly dispersed
than the other two groupings. We noted in the Experimental
Method section that retuning the OPA for each wavelength
could lend streakiness to the spectra within each identified
grouping. On the other hand, Canning and del Ben point out that
there are three different Br-Br pair environments in the unit cell
of LaBrj [8], so there is a possibility of multiple STE sites with
different transition energies comprising each group. Until these
possibilities are resolved, we will discuss the absorption in
terms of the three evident large groupings rather than individual
bands on the finer scale.

Looking back toward the left in Figs. 6 and 8 at the color
maps of induced absorption in LaBr3;:Ce(4%) and undoped
LaBrs3, it will be seen that the same three spectral groupings can
be recognized as were noted in the 20% Ce sample. The bands
decay more slowly as the amount of Ce doping decreases. A
strong but narrow 0.47-eV band is seen in the undoped and
Ce-doped samples at the bottom of our spectral range.

In line with the alkali halide examples cited in the opening
paragraph of this section, as well as additional evidence on
the effect of third harmonic excitation to follow, we tentatively
identify the band near 0.5 eV as the outer electron excitation of

LaBr3:Ce (20%)
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FIG. 8. Excitation-induced absorption (0-14 ps) of undoped (0.0041 mole% Ce), 4% Ce-, and 20% Ce-doped LaBr; after excitation
by a 2.95-eV light pulse (two-photon energy 5.9 eV). Zero on the time scale corresponds to pump/probe coincidence. These are repeated

measurements as in Fig. 6 taken with finer time resolution.
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FIG. 9. Excitation-induced absorption (0-14 ps) of undoped (0.0041 mole% Ce), 4% Ce-, and 20% Ce-doped LaBr; after excitation by a

4.43-eV light pulse (two-photon energy 8.83 eV).

the on-center (type I) STE in LaBr; with or without Ce doping.
The completely observed band or grouping in the middle range
from 0.7 to 1.2 eV in Figs. 6 and 8 is likewise attributed to
outer electron excitations of a weakly off-center (type II) STE.
Finally, the broad band or grouping from 1.25 to 1.8 eV in
Figs. 6 and 8 is attributed to strongly off-center (type III) STEs.

Figure 7 displays spectra of the same three samples, this
time with excitation by third harmonic laser pump pulses at
4.43 eV. Comparing to Fig. 6, there are at least two dramatic
changes in the induced absorption spectra of Ce-doped samples
when excited directly in the Ce** absorption band. The lower
half of the false-color map goes blue, indicating little induced
absorption in the infrared STE bound-electron region in the Ce
doped samples. At the same time, the upper 1/3 of the photon
energy range goes red, indicating intense absorption. This same
region was mostly blue in Fig. 6. As discussed in the Exper-
imental Methods section and Fig. 1, we expect that the third
harmonic pump pulse in Ce-doped samples is absorbed mainly
in direct excitation of the Ce®* 4 f-54 transition, suppressing
the intensity at the focus, which could excite free carriers by
two-photon interband transitions. Hence absorption features
that are strong with second harmonic excitation (Figs. 6 and 8)
and suppressed with third harmonic excitation (Figs. 7 and 9)
can be interpreted as resulting from creation of electrons
and holes in the host crystal itself. The bands suppressed in
Figs. 7 and 9 clearly include the ones identified as type-I and
type-II STE electron transitions. We regard this dependence on
excitation wavelength as confirmation of the STE assignments.
The suggested type-III band(s) have a less clear behavior, but
are in any case changed under third harmonic excitation.

Figures 8 and 9 are not simply expanded plots of the same
data as Figs. 6 and 7, but separate measurements taken at finer
spacings on the optical delay stage. The main bands rise to
their initial maximum in less than 1 ps. In undoped LaBr;
with second harmonic excitation, the bands remain basically
unchanged over the duration of the 14-ps range in Fig. §, and
almost so for the 4% Ce-doped sample.

The appearance of a strong new band in the 2.0 to 2.2 eV
range after direct excitation of Ce>* in the Ce-doped samples
by the laser third harmonic in Figs. 7 and 9 implies that
the 2.1 eV band is a signature of excited or ionized Ce*™

ions. Charge transfer transitions involving the ionized charge
state Ce*™ or the excited state Ce®™* (responsible for Ce
luminescence and scintillation) are the main possibilities to be
considered. The left diagram of Fig. 10 shows the energy of the
ground state of the Ce>* ion in LaBrj calculated by Dorenbos
[36] to be 0.5 eV above the valence-band maximum (VBM)
using the chemical shift model [37] together with values
of the inter-4 f-electron Coulomb repulsion energy and the
5d-centroid shift determined from spectroscopy as described
in [36]. An earlier estimate of 0.9 eV £ 0.4 eV for the Ce>t
VBM energy [24] is in agreement within its uncertainty. The
Ce* ground state would be the lattice-relaxed final state of a
charge-transfer (CT) transition of a valence electron into Ce*t.
In Ref. [38], Dorenbos presented evidence for an empirical rule
that the onset of CT transitions from the valence band to Ce**
corresponds approximately to the energy of the Ce** ground
state with respect to the VBM. It was pointed out that the
width of the VB — Ce** CT band is typically large. Blahuta
et al. measured the VB — Ce** CT band in LYSO:Ce:Mg
annealed in an oxidizing atmosphere and it extends about 1
eV from onset to the maximum of absorption [39]. If the band
width is similar in LaBrs:Ce, we might expect the onset of VB
— Ce** CT absorption to be about 0.5 eV with a broad peak
near 1.5 eV in LaBrj;:Ce. This is indicated schematically in
the middle panel of Fig. 10. The Gaussian band is meant to
suggest an optical absorption spectrum rising up from 0.5 eV
to a peak near 1.5 eV, but not to imply that there is such a
distribution of final states in the band gap. The broad width of
the optical band might reflect a broad density of initial states
in the valence band.

Experimentally, in Figs. 7 and 9, we do not find evidence
of induced absorption at 1.5 eV or below that clearly increases
in proportion to the Ce doping. The strong induced absorption
band that increases with Ce doping is at 2.0 to 2.2 eV, higher
in energy than seems likely for the Ce** absorption peak. We
suggest a different attribution for it below. In Fig. 9, there
appears to be a weak Ce dependence of absorption near 1.75 eV.
This signal and its Ce-dependence is weak compared to the
2.0-2.2 eV absorption, so if the 1.75-eV band is attributed to
VB — Ce** CT absorption, the number of Ce** charge states
produced even by direct (high intensity) laser excitation of Ce
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Ce3* levels in LaBrs
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FIG. 10. Schematic energy levels involved in (a) 4 f-5d excitation of Ce** and [(b) and (c)] two possible charge transfer transitions that
might account for the strong 2.1-eV absorption band induced by direct excitation of Ce in Fig. 7. We suggest that photoionization of Ce*** to

the conduction band is the most likely identification.

appears to be much smaller than whatever is causing the 2.1-eV
absorption after direct laser excitation of Ce.

For reasons described in the following, we suggest that the
2.0-2.2 eV absorption band seen in Fig. 7 after exciting Ce** is
the photoionization of the 5d electron from the Ce*** excited
state into the conduction band as illustrated on the right side of
Fig. 10. The challenge to consider is whether the 2.1-eV tran-
sition energy fits along with other energy steps and transitions
that promote an electron from the top of the valence band to
final states in the conduction band, given the 5.9-eV band gap of
LaBr3. Consider the following sequence of transitions and en-
ergy steps as depicted in Fig. 11: (a) energy of ce’ti4 relaxed
with respect to VBM =~ 0.5 eV [36]; (b) optical absorption

B D
CB DOS >

E t%'
CBM (distorted lattice)._sd._Noof_~---- , (e)

CBM (relaxed lattice) | —

(d) = 2.1 eV
X | }(C) = -0.4 eV
(b) = 4.0 eV
Ce3+ (4f)
VBM (a) = 0.5eV

FIG. 11. Energy intervals, transitions, and lattice relaxations pro-
moting an electron from the valence band top through ground and
excited states of Ce*" and Ce***, respectively, terminating in the
conduction band with density of states calculated by Aberg et al.
[40].

Ce3+(4f)relaxed - Ce3+*(5d)unrelaxed = 4.0eV [24]; (c) lattice
relaxation Ce?™*(5d)unretaxed = C& 7 (5d)relaxed ~ —0.4 €V
~ !/, Stokes shift Ce>** (5d-4f); (d) optical absorption
Ce* ™ (5d)selaxea — electron in CB + Ceﬁ;“relaxed ~ 2.1 eV (this
work); (e) lattice distortion in optical final state Cell = —
Cel 1 ea ®0.X eV; and (f) peak of final electron DOS
relative to CBM ~ (.5 eV if corresponding to CB DOS [40].

Starting from the valence band maximum (VBM), the
energy of Ce’t F)relaxed has been calculated to be 0.5 eV as
noted above [36]. It was measured by XPS in the closely related
material CeBrs as 1.0eV £ 0.8 eV [41]. The measured optical
absorption transition from Ce>* (4 f )reaxed t0 Ce> 7 (5d)unrelaxed
is 4.0 eV at 10K [24]. The configuration coordinate lattice re-
laxation from Ce>**(5d)unrelaxed 10 C&>+*(5d)selaxed 1S estimated
as —0.4 eV, taken as half of the Stokes shift of Ce***(5d-4 f)
luminescence in LaBrj. This step is added with a negative sign
because it is a step downward in progress across the gap. The
optical absorption transition from Ce* ™ (5d )relaxed to a final
photoionized state of an electron in the conduction band +
Celt | .4 is assigned our experimentally observed value of
2.1 eV, which is the hypothesis being tested.

The sum of the steps (a)—(d) is 6.2 eV, which exceeds the
5.9-eV (low-temperature) band gap of LaBrs by 0.3 eV. This
is a minor disagreement if the peak of the 2.1-eV absorption
band is regarded as coinciding with the conduction band
minimum (CBM) of LaBr; with a perfect lattice. Aberg et al.
have calculated the conduction band density of states (DOS)
of LaBrs [40] and also confirmed that the joint density of
states matches at least the first 3 eV of measured interband
absorption [41]. Their CB DOS for the first 0.9 eV above
the CBM is reproduced in the top of Fig. 11 to represent
our suggestion that the 2.1-eV absorption band final state
should correspond roughly to the first significant peak in the
CB DOS, which is about 0.5 eV above the CBM. The band
structure of LaBrs is somewhat unusual in the slow rise of
DOS from the CBM onset to the first significant peak, in
common with the lower conduction band structure of another
very good scintillator Srl, as previously noted by Setyawan
et al. [42]. Finally, the conduction band state populated by the
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photoionization transition is in a lattice distorted according to
the relaxed configuration of the Ce*™*(5d)relaxea State that was
photoionized. This unknown but probably small addition to the
band gap energy should raise the conduction band by 0.X eV,
where 0.X may be of order 0.3 eV. In summary, the sequence
of energy steps in Fig. 11 and the list as discussed appears
consistent with our assignment of the 2.1-eV photoionization
transition.

Further support for the conclusion of Fig. 11 is available
directly from the calculated Ce*" (5d) electron binding energy
of about 1.3 eV below the conduction-band minimum (CBM)
of LaBrj given in Ref. [36]. With respect to Fig. 11 starting
from relaxed Ce>t* (5d), we may add 1.3eV+[0.X =0.3eV
in step (e)] + (0.5 eV to the peak of the CB DOS) to obtain 2.1
eV for step (d) in Fig. 11. The two routes are consistent, and
in these terms a 2.1-eV absorption band peak for ionization of
Ce?** (5d) excited ions seems reasonable.

Looking again at Figs. 7 and 9, the undoped sample does
not suffer suppression of the absorption bands in its lower
half spectral range when excited with 280-nm pulses, in
contrast to the Ce-doped samples. This is reasonable because
there is not a significant concentration of Ce in the undoped
sample to deplete the third harmonic pump light. The (almost)
full-strength pump pulse thus reaches its focus and produces
interband excitation of the host, this time ending in hot
carriers (8.86-eV excitation energy versus 5.8-eV band gap).
The end result of third harmonic excitation in the undoped
sample is creation of similar infrared absorption bands that we
have already attributed to STE electron transitions. Recall the
similar behavior versus Ce doping and laser harmonic observed
in ultraviolet spectroscopy of the STE hole transition in Fig. 4.
On the other hand, a 2.1-eV band is also found (being attributed
to excited Ce***) in the undoped sample produced by third
harmonic excitation. The undoped sample contains 0.0041
mole% Ce. This is apparently enough to produce some 2.1-eV
absorption when directly excited, but not enough to prevent or
significantly suppress two-photon interband excitation of the
LaBr3 host.

Figure 9 shows data for the same samples and 0—14 ps time
range as Fig. 8, but for a third harmonic (4.43-eV) pump pulse
producing direct excitation of the Ce** dopant in the 4% and

20% Ce samples. In the undoped sample, the absorption bands
at about 0.55 eV, about 0.9 eV, and about 1.25 eV attributed
to types I, II, and IIT STE are seen similar to Fig. 8, except
instead of rising to full intensity and remaining there for most
of 14 ps, the bands now have a component that is produced
quickly but decays with a characteristic time of about 1 ps.
For reasons to be discussed below, we attribute the rapidly
decaying component of the STE bands under third harmonic
excitation to the special location of STEs created immediately
adjacent to Ce** substitutional ions by three-step excitation of
Ce’*t. Within this hypothesis, illustrated in Fig. 12, the rapid
1-ps decay indicates conversion of the adjacent STE to the
excited state of Ce*, i.e., Ce>**. Specifically, this 1-ps lifetime
will be attributed to the dipole-dipole transfer time from STEs
directly adjacent to the Ce®* ion. In the highly-doped 4% and
20% samples, we see in Fig. 9 a dominance of the rapidly
decaying component of the attributed types I and II STE bands,
indicating that most of the pump photons are expended exciting
Ce directly in these crystals to produce adjacent STEs as
proposed below.

The high-intensity excitation of Ce*" ions probably pro-
duces the first excitation within Ce" itself as a 4f-5d
transition. Since the amplified fs pulse is at high intensity, we
can expect that there will be a high number of second and
third excitations of the excited Ce’™* real intermediate state.
The second excitation of what is now Ce*™ could put the
Ce 5d electron into the conduction band, leaving Ce** and a
conduction electron nearby. A third excitation by the intense
laser pulse could fill the Ce 4 f hole by charge transfer from
the valence band. One result of intense excitation of a Ce**
ion could thus be creation of an electron-hole pair initially on
the shell of host LaBrj ions adjacent to the Ce** ion at which
the resonantly enhanced multiphoton transition occurs. This is
what we suggest is the origin of the very early and short-lived
(~1 ps) STE-like absorption spectrum in Ce-doped samples
that are excited by 4.43-eV photons, illustrated in Fig. 12. The
decay time of STE absorption in ~1 ps could then represent
the time for dipole-dipole transfer of the STE energy to Ce**
at the closest separation. Under these excitation conditions in
the Ce-doped LaBr; samples, the 2.1-eV absorption attributed
to Ce®** is formed within ~1 ps.
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FIG. 12. Possible steps in high-intensity femtosecond excitation of a Ce*" dopant ion by the third harmonic laser pulse, exciting 4 f-5d

transitions directly. Three sequential excitations including charge transfer (pulse on) could leave Ce*" in its electronic ground state with an
electron and a hole transferred to the shell of adjacent ions. The (pulse off) schematics illustrate that the transferred electron and hole could
form an STE on the nearest-neighbor ion shell adjacent to Ce**, which could be followed by dipole-dipole energy transfer from that closest
site.
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FIG. 13. [(a)-(c)] Induced absorption normalized at its initial peak is plotted vs time for types I, I, and III STE bands and for the spectral

region of 2.1 to 2.2 eV in which an absorption band of Ce***

is believed to occur. All of these decay data were measured following second

harmonic pulse excitation which creates electrons and holes throughout the LaBr; host lattice. The time-dependent absorption has been averaged
over spectral ranges associated with each band as follows: STE I = 0.47 eV; STE Il = 0.8 t0 0.993 eV; STE IIl = 1.24 to 1.77 eV; Ce>** = 2.07

to 2.18 eV.

C. STE decay rates

It can be seen on inspection that the decay times of the
absorption bands in Fig. 6, which we attribute to type-II
STE (0.7-1.1 eV) and type-I STE (upper edge visible at
0.46 eV), become shorter as the Ce concentration increases
from 0.0041% to 4%, to 20%. The absorption bands from
1.25 to 1.8 eV attributed to type-III STE have a similar but
less obvious decay-time dependence on Ce concentration.
Additionally, the excited Ce absorption band is found in the
range 2.0 to 2.2 eV. The decay curves for all four of these
spectral regions in samples with the three Ce concentrations are
plotted as a compact survey comparison in Figs. 13(a)—13(c).
The complete set of data were fitted to a single exponential
decay plus a constant, for each band type and Ce concentration.
Figure 14 shows preliminary induced absorption data out to
5 ns. The fitted plots are shown in Figs. 15-18. Values of
the decay time, pre-exponential coefficient, and constant are
tabulated for the 12 curves in Table II.

The following generalizations can be made. In Fig. 13(a) for
the undoped sample with host excitation (second harmonic),
the decay curves of all three STE types and the spectral range
of the “Ce* band” are almost identical in the 0—180 ps range.
For the three STE types, it is not unexpected to find similar
decay rates. On the other hand, a Ce* band produced as a result
of energy transfer from STE should grow as the STE decays.
Finding nearly the same decay characteristics at the Ce* band
wavelength near 2.1 eV could occur if there is a background
of STE absorption underlying that spectral range.

Figures 8 and 13, measured following 5.9-eV excitation of
the LaBr; host show that self-trapped excitons in LaBr; and
LaBrj;:Ce are formed at their maximum population within less
than 1 ps of (cool) e-h pair generation. Figure 9 shows that
excitation of hot e-h pairs (total energy 8.86 eV) in undoped
LaBr; also creates STEs at their maximum population within 1
ps. This is worth noting because scintillation should resemble
the case of hot e-h pair production.

The data summarized in Table II demonstrate that roughly
50% of the created STEs decay with time constants of tens of
picoseconds. The decay is faster and the fast-decaying fraction
is larger for higher Ce concentration. Averaging the tabulated

data for the types I, II, and III STE bands, the STE decay time
is about 92, 69, and 38 ps respectively in undoped, 4% Ce-,
and 20% Ce-doped LaBr3. In the same sequence, the averaged
values of the coefficients A of the exponentially decaying STE
bands are 0.033, 0.035, and 0.044 in undoped, 4% Ce-, and
20% Ce-doped LaBrs. After this fast decay stage occurring
in tens of picoseconds in Ce-doped samples, roughly 50%
of the absorption remains. The fraction remaining depends
on Ce concentration and is fitted as a constant, B, in the
0-180 ps range of the present data. We expect that it is not
a constant, but the coefficient of a later stage or stages of
STE decay occurring in the nanoseconds time range in these
room-temperature measurements.

LaBr3:Ce (4%)
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FIG. 14. Induced absorption measured on a nanosecond time
scale. The sample is excited by 300-fs laser pulses producing 5.9-eV
host excitation as in other parts of this work, but the induced absorption
is measured with a xenon flashlamp and streak camera. Trigger jitter
of the streak camera, averaged over many measurements produces a
slowing of the rise time. Comparing the indicated wavelength ranges
suggests that the 550-600 nm (average 2.15 eV) absorption rise is
slower than the jitter contribution.
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FIG. 15. Absorption at the wavelength range of type I STEs induced by second harmonic excitation is shown fitted by a single exponential
decay and a constant, listed in Table II.
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FIG. 16. Absorption at the wavelength range of type II STEs induced by second harmonic excitation is shown fitted by a single exponential
decay and a constant, listed in Table II.
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FIG. 17. Absorption at the wavelength range of type III STEs induced by second harmonic excitation is shown fitted by a single exponential
decay and a constant, listed in Table II.
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FIG. 18. Absorption at the wavelength range attributed to Ce*+* induced by second harmonic excitation is shown fitted by a single exponential
decay and a constant, listed in Table II.
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We suggest that the fast STE decay in tens of picoseconds
depending on Ce concentration is the prompt or “process I”
transfer of STE energy to Ce>™™ in the terms of Bizarri and
Dorenbos [17]. They defined process I as prompt sequen-
tial capture of a free hole and then an electron on Ce’*,
whereas we do not observe hole capture on Ce** in the fast
(picosecond) time scale when the excitation is electron-hole
pair production in the LaBr; host. Instead, we observe STEs
created promptly in less than 1 picosecond and then decaying
in tens of picoseconds presumably by energy transfer to
Ce*. The STEs should decay primarily by energy transfer
rather than quenching because LaBr;:Ce is a very efficient
scintillator. Tens of picoseconds appears instantaneous on the
time scale of the luminescence measurements in Ref. [17], so
we identify this picosecond transfer as their process I resulting
in “initial” population of the Ce*>™* emissive state. We suggest
that the physical mechanism of this tens-of-picoseconds energy
transfer process is dipole-dipole transfer from STEs at the
location of their first creation near a Ce>* dopant. Near is
defined as being within a sphere of radius R,,, where R, is the
characteristic Forster dipole-dipole transfer radius, typically of
order 3 nm. The second-order rate constant of dipole-dipole
transfer in a rate equation of form

ONex 2

7|dipole-dipole = —ka(t)ng,, (1
can be expressed in the following form [43,44]:
2 R, 1
ky(t) = 2 —44 — 2
2(7) 3" e i (2)

The tens-of-picoseconds Ce-concentration dependent trans-
fer rate should represent the average of transfer rates over
multiple dipole-dipole distances consistent with the lattice
structure and falling within the sphere of radius R;,. The higher
the Ce concentration, the more randomly created STEs on these
sites will fall within R4, of a given Ce, hence the fast-decaying
STE fraction should become larger as observed in Table II.
Furthermore, each STE will gain multiple dd transfer channels
to different Ce neighbors at high Ce concentration. The decay
rates to each neighboring Ce should add to give the effective
decay rate of a given STE, hence the decay time of STE due

TABLE II. Decay time, pre-exponential coefficient, and con-
stant used to fit absorption (OD) decay to the function OD =
Aexp(—t/t)+ B, vs band type and Ce concentration in the sample.

Band Doping A T (ps) B

1(0.48 eV) undoped 0.037 80 0.051
I 4%Ce 0.037 72 0.027
I 20%Ce 0.060 42 0.031
1I (0.8-0.99 eV) undoped 0.037 99 0.041
1I 4%Ce 0.046 60 0.039
II 20%Ce 0.049 25 0.029
III (1.24-1.8 eV) undoped 0.024 97 0.031
III 4%Ce 0.022 74 0.026
1 20%Ce 0.023 47 0.032
Ce* (2.1-2.2¢eV) undoped 0.008 50 0.021
Ce* 4%Ce 0.012 55 0.018
Ce* 20%Ce 0.010 90 0.022

to dipole-dipole transfer will become faster with increasing
Ce concentration, as also seen in Table II. This trend agrees
qualitatively with the dependence of Ce* scintillation rise time
on Ce concentration measured by Glodo et al [45].

The constant, B, in our fitting of the STE decay is assumed to
represent a decay time in the nanoseconds range in these room
temperature data. Bizarri and Dorenbos found that the room-
temperature decay of Ce luminescence in Ce-doped LaBrj
occurs with the 16-ns Ce* radiative lifetime, implying that the
“Process II"” of thermally-activated STE transfer occurs in less
than 16 ns. Detailed scintillation rise-time measurements in
LaBr;:Ce with fast coincidence methods by Glodo er al. [45]
and Seifert et al. [46] have identified prompt and slower stages
of scintillation rise for 5% Ce given as 380 ps [45] or 270 ps
[46], and 2.2 ns [45] or 2.0 ns [46], respectively. We suggest
that the ~300 ps rise reported in Refs. [45,46] corresponds
to a limited-resolution measurement of what we identify as
dipole-dipole transfer to Ce from STEs created in place (no
thermal migration), and the ~2.1 ns process is the thermally
activated process II at room temperature in a 5% Ce doped
sample.

If we are correct in attributing the tens-of-picoseconds
decay of STE to dipole-dipole transfer of the STE energy to
create Ce3t* excited states, and if we correctly identified the
2.1-eV absorption band in Figs. 7 and 9 as charge-transfer
excitation out of Ce®>** 54, then we should expect to see
the 2.1 eV band in Figs. 6 and 8 as well, growing at a
tens-of-picoseconds rate to match the decay of the STEs which
are transferring energy. We do not see that closure of the loop
clearly. There is not a distinct 2.1-eV band in Figs. 6 and 8.
According to the false color legend, the blue color at 2.1 eV
does not indicate zero induced absorption, but rather about
40% of the value induced there by third harmonic excitation.
This indicates that the absorption observed in the region around
2.1 eV is created promptly on the scale of picoseconds upon
host crystal excitations rather than growing at the rate of STE
decay. This can be seen most clearly in the decay time plots
of Fig. 13 and the amplitude coefficients in Table II. There
are at least two circumstances that could produce this result
and still be consistent with our above identifications of STE
and Ce*™* excited states. One is if STE absorption and the
Ce’** absorption band overlie each other in the 2.1-eV range.
The STE absorption is created suddenly and then partly decays
with an exponential time constant t. If it spectrally overlaps
a band such as Ce*"* that grows with the same time constant
due to dipole-dipole transfer, and has equal strength, their sum
would be a step function. If the strengths are not equal, there
will be a smaller net decay or net growth relative to the step
function. The plots of 2.1-eV absorption in Fig. 9 allow such
an interpretation.

A second circumstance that could make the observation of
growing Ce>** absorption after host excitation difficult is if the
STE has an additional decay channel besides transfer to Ce.
This could be thermal quenching since these measurements
were made at room temperature. In that case the time constants
for decay of STE and for growth of Ce*** would not be the
same. Unfortunately, the thermal quenching rate of STEs in
pure LaBr; has not been measured yet. If thermal quenching
is significant at room temperature, the growth of Ce*** would
be slower than the total decay rate of STE. Time constants
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longer than 180 ps are difficult to measure with the delay line
and optics in our experiment. Related to this, the luminescence
rise data [17,45,46] indicate that there is a much slower 2.1-ns
growth stage in Ce*™* population at room temperature, likely
attributable to thermally activated migration of STEs over some
distance [17].

Coverage of the gap between picoseconds and multiple
nanoseconds is being pursued in ongoing experimental work
in which the sample is excited by 300-fs laser pulses as before,
but induced absorption is measured with a xenon flashlamp and
streak camera. Preliminary data of this kind shown in Fig. 14
suggest slower growth of the supposed Ce*** band at ~2.15eV
in 4% Ce-doped LaBrj at room temperature, compared to the
growth of absorption at 2.37 and 2.62 eV. The 10%-90% rise
times are 1, 0.62, and 0.5ns at 2.15, 2.37, and 2.62 eV spectral
ranges, respectively, where ~0.5 ns rise may be attributed to
trigger jitter of the streak camera.

IV. CONCLUSION

The following conclusions are drawn from the results
presented. (1) A Vi-type ultraviolet band is found in LaBrj
and LaBr;:Ce when interband excitation of the host LaBrs
is accomplished by two-photon absorption. A supporting
corollary to this is that when the excitation pulse wavelength
causes it to be absorbed directly on Ce rather than two-photon
excitation of the host, the Vi -type ultraviolet band is not found.
Since the V-type band is found in both undoped LaBr; and
Ce-doped LaBrj, and furthermore since Ce’t in LaBr; is
widely considered not to be an electron trap, we conclude that
the observed UV band is probably the o, — o, hole transition
of self-trapped excitons rather than of bare self-trapped holes
(V). Finding a V;-like hole transition of the STE in transient
optical absorption of LaBrj is not unexpected, since existence
of STEs in this material has been well established by obser-
vations of STE luminescence [17] and optically-detected EPR
in the similar material LaCls [7]. Furthermore, calculations by
Canning and del Ben have reproduced the Br; based structures
of both STHs and STEs in LaBr; [8]. This report is the
first study of excitation-induced transient (picosecond) optical
absorption in LaBr; without and with Ce doping, and it finds
the absorption signature expected for a (Br,)~ based STE hole
transition.

(2) The bound-electron absorption bands of the self-trapped
exciton have been observed and identified in the red/infrared
spectrum. Their identification and classification as on-center,
weakly off-center, and strongly off-center (types I, II, III)
was facilitated by similarities to corresponding observations
in the well-studied alkali halides. The theoretical calculations
of Canning et al also found on-center, weakly off-center, and
strongly off-center configurations of STEs in LaBrj [8].

(3) Self-trapped excitons are the dominant species observed
to be produced by interband excitation of electron-hole pairs
in the host LaBr;, even when Ce dopant is present. This
finding is consistent with the main part of the STE-transport
based model previously proposed by Bizarri and Dorenbos
[17] to account for their observations on STE and Ce* gamma-
excited luminescence (scintillation) in LaBr; with different Ce
concentrations and at different temperatures. Their lumines-
cence measurements were on ~1 ns and longer time scales,

whereas the present induced absorption measurements are on
the 0.5 to 180 ps time scale. Alternative species such as holes
promptly trapped on Ce** (forming Ce*"), promptly excited
cerium, Ce>**, or electrons trapped on a recognizable defect or
activator site were not found in any significant number in the
first 180 ps when electron-hole pairs in the LaBr; host crystal
were being excited. Rather than prompt Ce** formation by hole
capture followed by electron capture to create excited Ce>™*
corresponding to the “prompt process I’ suggested in Ref. [17],
we observe STE formation in <1 ps and partial decay in tens
of picoseconds attributed to dipole-dipole energy transfer to
Ce. Our 5.9-eV two-photon interband excitation of the LaBrs
produces electrons and holes near the band edges, which could
favor STE formation relative to the hotter carriers produced
by gamma rays. However, 8.83-eV excitation of hot carriers
in the undoped LaBr; also indicates STE formation within a
picosecond. It is important to link and correlate the two kinds
of data and the two not-quite-overlapping time scales in this
study and in Ref. [17]. We are making a start on that in some
of the discussion to follow.

(4)As observed particularly in their bound-electron absorp-
tion spectra, self-trapped excitons are formed at their maximum
population within less than 1 ps of e-h pair generation, and very
roughly 50% of them (the fraction varying with Ce concen-
tration) decay with time constants of tens of picoseconds, also
depending on Ce concentration. The behavior was summarized
in the fitting coefficients of Table II. This fast decay of STEs
probably occurs by energy transfer to Ce** because LaBr3:Ce
has a very high light yield, which would be inconsistent with
losing the observed ~50% fraction of fast decaying STEs to a
decay channel other than Ce>** production. Furthermore, the
STE decay rate increases with higher Ce concentration so the
decay rate of STE is somehow linked to the presence of Ce
dopant. Tens of picoseconds is instantaneous on the time scale
of the luminescence measurements in Ref. [17], so this transfer
qualifies as part or all of the prompt Ce®™* production that they
observed and labeled as process I. We suggest that the physical
mechanism of this tens-of-picoseconds energy transfer process
is dipole-dipole transfer from STEs at the location of their first
creation close to a Ce?t ion, so that no thermally activated
migration of the STE is required. The tens-of-picosecond
Ce-concentration dependent transfer rate should represent the
average of transfer rates over multiple dipole-dipole distances
consistent with the lattice structure and falling within a sphere
of radius R;,. The higher the Ce concentration, the higher the
probability that randomly created STEs will fall within Ry,
of a given Ce. Hence the fast-decaying STE fraction should
become larger with increased Ce concentration, as observed.
Furthermore, each STE will gain multiple diple-dipole transfer
channels to different Ce neighbors at high Ce concentration.
The decay rates to each neighboring Ce should add to give a
faster decay time with increasing Ce concentration. Fast photon
coincidence measurements have shown that the scintillation
risetime in LaBrj3:Ce decreases significantly with increasing
Ce concentration, from 9 to 0.16 ns as [Ce] goes from 0.5% to
20% [45]. This supports the conclusion above.

(5) The constant in our fitting of the STE decay is assumed
to represent the amplitude of a decay component in the
nanoseconds range in these room temperature data. Bizarri
and Dorenbos found that the room-temperature decay of Ce
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luminescence in Ce-doped LaBr; matches the 16-ns radia-
tive lifetime of excited Ce*, implying that the process II of
thermally-activated STE transfer occurs in less than 16 ns at
room temperature. Detailed scintillation rise-time measure-
ments in LaBr;:Ce with fast coincidence methods by Glodo
et al. [45] and Seifert et al. [46] have identified a fast stage
and a slower stage of scintillation rise reported as ~300 ps
and ~2.1 ns, respectively. We suggest that the ~300 ps rise
corresponds within the time resolution of the measurement to
what we identified in No. 4 above as dipole-dipole transfer
to Ce from STEs created in the close neighborhood, and that
the 2.1-ns process is the thermally activated slow process II at
room temperature in 5% Ce-doped LaBr3. Slow process Il was
described in Ref. [17] as the thermal migration of STE over a
distance to encounter a Ce dopant.

(6) In addition, the experiments of Ref. [17] at lower
temperature and lower Ce concentrations revealed evidence
of a “fast process II” that was thermally activated with a
different activation energy than was measured for the “slow
process II” attributed to migration of STEs over some distance.
They proposed that fast process II is a thermally activated
process governing the rate of the final step in energy transfer
from STEs to Ce after STEs reach the near-neighborhood
of Ce. The existence of thermal activation of STE-to-Ce
energy transfer at close range, which is distinct from thermally
activated diffusion of STEs at long range was indicated by
the temperature-dependent data in Ref. [17]. It is an intriguing
concept. We can suggest two possible physical origins for the
effect, which may be amenable to testing upon future comple-
tion of low-temperature picosecond absorption spectroscopy.
The two possible mechanisms we suggest for fast process 11
temperature dependence are summarized as follows.

(a) Resonant transfer of energy from the STE luminescent
state in LaBr; to the emissive Ce*™*(5d) state is already on the
verge of being energetically problematic as an uphill transfer.
Some overlap of the emission band of the energy-donor and
the absorption band of the energy-acceptor is required for
dipole-dipole transfer. The peak of the LaBr; STE emission
band at 125 K is at 440 nm (2.8 eV) and its high-energy
wing barely extends to 4 eV at 125 K [17]. The threshold
of Ce*t(4f-5d) absorption is about 4 eV at 10 K [24]. The
temperature-dependent increase of dipole-dipole transfer rate
due to thermally enhanced overlap of the STE emission and
Ce(4 f-5d) absorption bands could be the fast process II
that was observed [17]. STE emission bands typically retain
a significant spectral width at low temperature because of
their steep dissociative ground-state potential curve. It is
therefore reasonable to expect a finite emission/absorption
overlap at 4 eV to persist independent of temperature at low
temperatures. The dipole-dipole transfer rate is proportional
to emission/absorption overlap [43,44,47]. To play with labels
a bit, the temperature-independent “prompt” and temperature-
dependent “Ilg,” processes observed by Bizarri and Dorenbos
[17] could be the temperature-independent and temperature-
dependent terms in STE/Ce>* emission/absorption overlap
determining dipole-dipole transfer rate.

(b) The rate of dipole-dipole transfer scales as (1/r44)°,
where 44 is the (variable) distance between the two dipoles,
in this case STE and Ce [43,44,47]. Now imagine that just
a single thermally activated hop of the STE occurs. In some

cases, the hop will increase 744, and in those cases the transfer
is suppressed. But in other cases, the hop decreases r;,, and
because of the strong inverse sixth power dependence, the
transfer rate in that case becomes much faster because of a
single hop of the order of a lattice constant. We have suggested
that the temperature-independent prompt process I is mainly
the dipole-dipole transfer rate averaged over the r,, distances
corresponding to sites of STE creation in the lattice. The
average r,y decreases with increasing Ce concentration, so
both the fraction of STEs participating in the transfer and the
average rate of transfer increase correspondingly. Then if the
temperature is such that STEs can make a hop before they
decay by other paths, there will be additional dipole-dipole
transfers because of the hops to closer ry4; as outlined above.
This might be an alternative reason for the fast process II. The
activation energy and/or pre-exponential factor would have to
be different for these STE hops in the near neighborhood of Ce
compared to STE migration over a distance in order to agree
with the experiments in Ref. [17]. That has not been tested yet.

(7) When exciting Ce** directly with an intense pulse of
4.43-eV light (third harmonic of our laser), a strong new band
is seen at 2.1 eV, becoming stronger as Ce concentration
increases. For reasons detailed below Figs. 10 and 11, we
tentatively assign the 2.1 eV absorption band to electron excita-
tion from the Ce*** (4 f-hole, 5d-electron) excited dopant into
the conduction band. Therefore 2.1-eV absorption is a useful
signature of the population of the Ce* excited states that are
responsible for scintillation in LaBr3:Ce. If correctly assigned,
this absorption signature of luminescent Ce* excited states
can be measured on faster (picosecond and subpicosecond)
time scales than can the scintillation itself by typically used
methods. We have presented in Fig. 14 preliminary absorption
results excited by the subpicosecond laser pulse but probed
by a xenon flashlamp and streak camera in an effort to bridge
the time gap between picosecond absorption and the existing
fast scintillation data. The medium-fast (subnanosecond and
nanosecond) range of absorption and emission data under sub-
picosecond laser excitation will be studied more in future work.

(8) We observed very short-lived absorption bands resem-
bling STE bound-electron spectra upon the direct excitation
of Ce by a 4.43-eV laser pulse capable of driving two- and
three-photon transitions on Ce assisted by real intermediate
states, namely the Ce®™ empty 4 f and filled 5d levels. As
was illustrated in Fig. 12, a three-step excitation of Ce’*
could result in production of an electron-hole pair immediately
adjacenttoaCe’" ioninits ground state, which could then form
an STE immediately adjacent to Ce>*. We suggest that this is
the origin of the very short-lived STE bands seen in the third
harmonic experiments on Ce-doped samples. Furthermore,
their ~1 ps decay time seen in Figs. 7 and 9 could be the
direct observation of dipole-dipole transfer from the closest
STE site adjacent to Ce**. Interestingly, D. L. Dexter evaluated
the dipole-dipole transfer time at the distance between two
closest positive ions in NaCl (0.397 nm) for assumed good
overlap of absorption and emission, finding T =~ 0.1 to 1 ps
[47]. For moderately poor overlap in LaBrs as discussed in
conclusion 1(a), the 1-ps upper limit of Dexter’s 1953 estimate
seems spot-on. In the same experiment that shows 1-ps decay
of the STE adjacent to Ce, the 2.1 eV absorption band attributed
to Ce®** is seen to be formed within 1 ps.
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In summary, intrinsic relaxed electronic excited states in
pure alkali mono-halide, alkaline-earth di-halide, and lan-
thanum trihalide compounds have now been characterized in
all the three material classes by transient optical absorption.
This complements previous x-ray-excited luminescence and
optically detected EPR studies as well as first-principles cal-
culations of the relaxed excited states in these three compound
classes. Several observations common to the studied members
of all three compound classes can be recognized. Holes self-
trap in a Vi-type halide pair configuration in all three materials,
and electrons and holes form self-trapped excitons within
about 1 ps. Further optical excitations of the STE can be seen
as transient absorption bands that divide into an ultraviolet
hole band and infrared or visible bound-electron transitions of
roughly similar form in all three compound classes. Presence
of the bound electron in the STE causes the halide pair bearing
the hole in an initially Vi-like configuration to translate and/or
rotate to one or more (typically three) relaxed configurations
in which the halide pair is displaced. The STH and STE are
mobile by thermal activation, and can in that way transport
charge (STH) or energy (STE). In alkali halides doped with
thallium, specifically Nal:T1 and CsL:Tl, it has been shown
that energy is transported mainly by separated charges, i.e.,
STH and electrons trapped on T1[21,22,48]. The present study
confirms the conclusion of Bizarri and Dorenbos that energy
transport in LaBr;:Ce proceeds mainly by STE [17]. This
difference between the recombination physics in alkali halide
and lanthanum halide scintillators seems to follow from the
properties of the dopants: T1" in alkali iodides is an excellent
trap for both electrons and holes, so its presence actually
suppresses STE formation by out-competing the STH for
initial electron capture [21-23,48], whereas Ce’* inlanthanum

bromide is apparently not an electron trap. At least in our
experiments with laser interband excitation, self-trapped holes
in LaBr; appear to be better at capturing electrons than Ce"
ions are at capturing holes. For one reason, the STH is a
coulombic electron trap from a distance, whereas substitutional
Ce*t in LaBrs is a neutral trap (at best) for either carrier. The
result seems to be that STEs are created first before substantial
excitation of Ce** or formation of Ce*". The present study
indicates that dipole-dipole transfer of energy from STE to
Ce" is very effective in LaBrs:Ce despite their rather poor
emission/absorption overlap, with transfer time of 1 ps from
an adjacent lattice site and ~30 to 90 ps when averaged over
a number of close sites. Thermal broadening of STE emission
and Ce>' absorption bands should increase STE/Ce emis-
sion/absorption overlap and may thereby produce the observed
temperature-dependent “fast process II of energy transfer.”
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