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Abstract
The creation and relaxation of secondary excitons in solid Kr was investigated
using energy- and time-resolved luminescence spectroscopy in the vacuum
ultraviolet region. The spectrally selected emission of the free exciton (FE) was
used as a probe for an investigation of the different exciton creation processes.
Delayed FE creation via electron–hole recombination and ‘prompt’ (in terms
of the time-resolution of the experiment) creation of excitons were separated.

The ‘prompt’ creation of a FE appears in the region above threshold energy
Eth , which is equal to the sum of the band gap energy and the free exciton energy.
‘Prompt’ creation of excitons above Eth is ascribed to a superposition of two
processes: (i) creation of the electronic polaron complex (one-step process)
and (ii) inelastic scattering of photoelectrons described in the framework of the
multiple-parabolic-branch band model (two-step process).

In addition, the ratio spectrum of the time-integrated FE and self-trapped
exciton (STE) emission was analysed. The behaviour of the ratio spectrum is
a proof that electron–hole recombination leads to STE states through FE states
as precursors.

1. Introduction

Solid Kr is an ideal model substance for investigations of excitonic excitations in insulators.
Excitonic effects are observable both in absorption/reflection and in the emission spectra of
solid Kr [1–3]. The most interesting aspect of excitonic luminescence in solid Kr is the
coexistence of free excitons (FEs) and self-trapped excitons (STEs) due to the energy barrier
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Figure 1. (a) Typical emission spectrum of a good quality Xe-free Kr sample excited by 10.42 eV
photons at 6 K. Resolution of the analysing monochromator was �λ = 1.2 Å. (b) The decay curve
of STE emission in solid Kr. (c) The decay curve of FE emission in solid Kr. Both decay curves are
excited by 10.42 eV photons at 6 K. STE emission was measured at 8.55 eV and FE luminescence
at 10.14 eV (analysing monochromator resolution �λ = 9 Å).

separating the respective states. As a result, strong broad-band STE emission (maximum
at ∼8.6 eV) as well as pronounced narrow-band emission of FEs (Eex = 10.14 eV) are
simultaneously observable.

In the present work, good quality solid krypton samples were grown, since significant FE
emission is observable only in this type of sample. The influence of the sample quality on the
emission spectrum of solid krypton was discussed in detail in our previous paper [4]. By good
quality samples we mean such polycrystalline samples where the size of the microcrystallites is
significantly larger than the scattering length of a FE on acoustic phonons. Practically Xe-free
Kr gas was used for sample preparation, because even some tens of ppm Xe in Kr cause strong
Xe emission, suppressing the FE luminescence of solid Kr. A typical emission spectrum of a
good quality Xe-free Kr sample is shown in figure 1(a).

The main subject of the present work is the investigation of the different exciton creation
processes using tunable photoexcitation,where the photon energy exceeds the band gap energy.
Previous studies of the FE luminescence of solid Kr were mainly restricted to the excitonic
energy region [3, 5, 6]. Due to their simple crystalline structure (monoatomic fcc lattice)
optical phonons are absent in rare gas crystals (RGC). All phonon-assisted relaxation processes
are therefore slowed down in comparison to alkali halide crystals. Because of this unique
property it is possible to distinguish between different relaxation processes in solid krypton on
a nanosecond timescale.

Though the STE luminescence signal is much stronger, the FE emission of solid krypton
was used as a probe for the following reasons. STE luminescence is a superposition of
emissions arising from two different states of the STE: the singlet and the triplet state. The
decay of the singlet component is detectable in the nanosecond range, but the strong triplet
component with a microsecond decay gives rise to a strong background, masking effects
observable only in the first few nanoseconds. In figure 1 the decay curves of FE (b) and STE
(c) luminescence, excited in the n = 1 exciton peak, are shown for comparison. Additionally,
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the self-trapping process is an extra relaxation step, which complicates the analysis. Therefore,
FE luminescence is better suited as a probe of exciton creation processes.

2. Experimental details

The experiments were carried out at the experimental station SUPERLUMI located in
HASYLAB (Hamburger Synchrotronstrahlungslabor) at DESY (Deutsches Elektronen-
Synchrotron) [7]. Selective photon excitation with a typical resolution of �λ = 3.2 Å was
used. Spectral- and time-resolved analysis of luminescence was carried out with a high-flux
VUV monochromator (typical resolution �λ = 8 Å) and a microsphere plate detector. At
HASYLAB, the synchrotron radiation pulses have a FWHM of 130 ps. Due to the response
of the detector and the electronics used, the measured FWHM of the excitation pulse was
350 ps. Reflection spectra were recorded simultaneously with excitation spectra at the angle
of incidence 17.5◦. The time-integrated emission spectrum in figure 1(a) was measured using a
high-resolution VUV monochromator in combination with a multichannel plate type position
sensitive detector (resolution �λ = 1.2 Å).

The crucial part of the experiments was sample preparation. Good quality polycrystalline
Kr samples with a thickness of about 0.3 mm were grown from the gas phase (with an average
growing rate of 2 µm min−1) near thermodynamic equilibrium conditions at 84 K. Finally,
the crystals were slowly cooled down (about 1 K min−1). For sample preparation, krypton
with the highest commercially available purity (Spectra Gases Inc., 99.999%, Xe less than
5.0 ppm) was used. During measurements, the pressure in the sample chamber was below
1 × 10−9 mbar.

3. Decay of free excitons

FE decay curves excited with different photon energies are presented in figure 2. The time
structure of the exciting light pulse is shown at the bottom of the figure. In the time structure
of the synchrotron radiation, side bunches with 2 ns periodicity following the main bunch are
detected during the beam time period used. Since the maximal relative intensity of the side
bunches was less than 0.005 compared to the main bunch (t = 0 ns), their influence on the
shape of decay curves is negligible.

As figure 2 demonstrates, the variation of photon energy of excitation causes considerable
changes in the shape of FE decay curves. Namely, different processes of FE creation are
responsible for the characteristic shapes of the FE decay curves. In the energy range of
SUPERLUMI, three regions with different FE creation processes are separable on the basis of
the decay curves and excitation spectra:

(i) Eex < hν < Eg . In the case of photoexcitation energies between the FE energy Eex

(Eex = 10.14 eV) and band gap energy Eg (Eg = 11.59 eV), direct optical creation of
excitons occurs. After their creation, excitons relax very quickly (in comparison with
the time resolution of experiment) to the lowest FE state. Radiative decay and self-
trapping depopulate this FE state. As shown in figure 2 the decay curves in the case of
excitonic excitation show a non-exponential behaviour. Such temporal behaviour of the
FE luminescence in solid Xe and Kr was analysed in a three-step model by Varding et al
[6, 8].

(ii) Eg < hν < Eth . Using primary excitation energies exceeding the forbidden gap energy
(hν > Eg), i.e. creating free electron–hole pairs, the situation becomes more complicated.
The FE decay exhibits a ‘prompt’ component (the maximum conforms with the excitation
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Figure 2. Decay curves of FE luminescence in solid Kr for a typical good quality sample at 5 K.
The shape of the excitation pulse is shown at the bottom. Time t = 0 corresponds to the maximum
signal intensity of the excitation pulse. Excitation energies are shown in the figure above the
respective curves. The resolution of the analysing monochromator was set to �λ = 8 Å.

pulse) and a ‘slow’ component with a clearly distinct additional delayed maximum (see
figure 2). The ‘prompt’ part is superimposed on the rising part of the ‘slow’ component.
Figure 2 shows clearly that the ‘slow’ component exists only when exciting above the
forbidden gap. It means that the ‘slow’ component is caused by FE creation through
electron–hole recombination. More precisely, the ‘slow’ component is a convolution of the
temporal evolution of electron–hole recombination into an excitonic state and the decay of
the free excitons. It is quite natural that by increasing the excitation energy, electrons with
higher kinetic energy need more time to relax down to the bottom of the conduction band
and the maximum of the ‘slow’ component becomes more delayed. A similar behaviour
of FE luminescence following creation of free electron–hole pairs is also observed for
solid Xe [9]. The decay curves of FE emission in solid Xe were reproduced with model
calculations [9]. The model used for FE formation via electron–hole recombination
includes (i) creation of electron–hole pairs in photoexcitation, (ii) thermalization of carriers
via scattering on acoustic phonons, and (iii) carrier recombination into the FE state.
In our recent paper [10] we demonstrated that applying a similar model it is also possible
to simulate experimental decay curves of the ‘slow’ component for solid Kr. However, the
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use of this model is restricted to the excitation region Eg < hν � Eg + 1.5 eV. Namely,
the parabolic band approximation of the model is only valid for a limited energy range.
For solid Kr, it is generally supposed that holes self-trap within a few picoseconds. This
means that recombination of mobile electrons and self-trapped holes leads to the formation
of a delocalized FE. This is far from non-trivial because in the past it was assumed that
trapped holes capture electrons forming STEs. The latter mechanism is not ruled out by
the results of our work, but this is at least not the only recombination process. Whether
the STE formed after the creation of free electron–hole pairs originates exclusively either
from self-trapping of free excitons or from the capture of electrons by self-trapped holes
will be discussed in section 5 of this paper.
The nature of the ‘prompt’ component in this energy region is not well understood. Partly,
it can be an experimental artefact originating from the FE luminescence signal excited by
scattered light of the primary monochromator. On the other hand, it cannot be excluded
that the ‘prompt’ component has an unknown physical origin. Consequently, the origin
of the ‘prompt’ component needs additional investigation.

(iii) hν > Eth . The shape of the decay curves changes significantly above a threshold energy
Eth ≈ 21.7 eV. The energy value of this threshold is deduced from the time-resolved
excitation spectra (see next section). This threshold value is nearly equal to the sum of
the band gap energy and the free exciton energy (Eth ≈ Eg + Eex). As figure 2 shows,
the intensity of the ‘prompt’ part of the FE decay curves increases essentially above this
threshold. This effect is caused by the prompt creation of two excitations per absorbed
photon, which becomes possible above the threshold at Eth ≈ 21.7 eV. The origin of this
threshold will be discussed in more detail in the next section.

4. Time-resolved excitation spectra of FE luminescence

While measuring time-resolved excitation spectra, two time-related parameters can be varied:
the length of the time window (�t) and the delay of the time window due to the excitation
pulse (δt; in this work, it is calculated starting from the maximum of the exciting light peak).
Time-resolved excitation spectra of FE luminescence are presented in figure 3. The time
windows are: ‘hot’ (�t = 0.94 ns, δt = 0 ns), ‘short’ (�t = 1.57 ns, δt = 0.59 ns), ‘long’
(�t = 5.04 ns, δt = 2.57 ns) and ‘very long’ (�t = 32.5 ns, δt = 7.2 ns). This ‘notation’
of the time windows will be used in the following discussions. For comparison, the time-
integrated FE excitation spectrum and the reflection spectrum are also shown. The latter one
indicates changes in the absorption coefficient of a Kr crystal.

Depending on the delay time and the length of the time window, different relaxation
processes are observed. It is important to note that the ‘prompt’ processes (in terms of the time
resolution of the experiment) are observable not only in the ‘hot’ time window but the ‘prompt’
processes also contribute to some extent to the time windows with longer delay, because the
decay of the ‘prompt’ excitons extends even to longer times.

Immediate creation of a FE (‘hot’ window, �t = 0.94 and δt = 0 ns) is predominant
in two regions: in the excitonic region (hν < Eg) and in the region above the experimental
threshold (hν > Eth ≈ 21.7 eV). In the excitonic region, direct creation of excitons and their
fast phonon-assisted relaxation to the lowest FE state occurs.

The value of the experimental threshold Eth ≈ 21.7 eV was determined with an accuracy
of ±0.2 eV from excitation spectra measured in a ‘hot’ time window. The measurements were
performed for several samples. The threshold is always distinct and reproducible. However,
some differences were observed in the shape of the spectra above the threshold for different
samples.
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Figure 3. Time-integrated and time-resolved excitation spectra of FE luminescence for a typical
good quality sample at 10.1 eV (T = 6 K). The resolution of the primary monochromator
was 2.2 Å (in excitation) and of the analysing monochromator was set to 11 Å (in emission).
For comparison, the reflection spectrum is also shown. The sharp peaks slightly above 20 eV,
pronounced in the ‘hot’ time window and time-integrated spectra, are caused by the second order
of the analysing monochromator. The parameters of the time windows are denoted in the figure.

The threshold at Eth ≈ 21.7 eV can be explained (i) by secondary exciton creation
via inelastic scattering of ‘hot’ photoelectrons in a two step process [11], or (ii) by
simultaneous creation of a FE and an electron–hole pair in a one-step process (electronic
polaron complex) [12]. The theoretical threshold for creation of an electronic polaron complex
is predicted at Eth = Eg + Eex [12].

The simplest ‘classical’ single-parabolic-branch band (SPBB) model of electron–electron
scattering takes into account transitions only within one parabolic band in k-space [13], while
the more complicated multiple-parabolic-branch band (MPPB) model of electron–electron
scattering includes transitions between the different branches [11]. The equations for threshold
energies for creation of two excitations using the SPBB model are given in [13] and using the
MPBB model in [11]. It turns out that the theoretical threshold energy for the creation of
an exciton and an electron–hole pair using the simplest SPBB model is always significantly
larger than Eg + Eex because part of the absorbed photon energy is divided between the created
electron and hole reciprocally to their effective masses. In the MPBB model, it has been
shown that the smallest theoretical threshold energy for FE and electron–hole pair creation in
the electron–electron scattering process is Eth ≈ Eg + Eex . Consequently, it is possible to
explain the experimental threshold Eth ≈ 21.7 ± 0.2 eV using the MPBB model describing
electron–electron scattering as well [11]. However, the MPBB model also considers the
conduction band using the parabolic approximation, neglecting the real electronic structure
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of the conduction band. In addition, it is important to note that in solid Kr the width of the
valence band (2.3 eV [14]) is much smaller than the band gap energy (Eg = 11.59 eV) and
therefore ‘hot’ holes cannot create any secondary electronic excitations.

The formation of two electronic excitations per one absorbed photon also has an influence
on the distribution of emitted photoelectrons. Below the threshold, photoelectrons with high
kinetic energy (∼10 eV) are observed. Above the threshold, an exciton and an electron–hole
pair with low kinetic energy are created, leading to the enhanced emission of low energy
electrons. According to the photoemission data of [14, 15] a sudden increase in the number of
low energy photoelectrons takes place above 21.6 eV, being in good agreement with our value
Eth .

Accordingly the two different models (MPBB model of electron–electron scattering,
creation of an electronic polaron complex) predict the same theoretical threshold at Eth =
Eg + Eex ≈ 21.7 eV which is in very good agreement with the experimental value Eth ≈
21.7 ± 0.2 eV. A remarkable change in the shape of the FE decay curves also correlates with
this threshold (see figure 2). However, it is not possible to discriminate between the two models
using only photoexcitation experimental data. Independently of the origin of the threshold,
it is reasonable to assume that the structures above the threshold in the ‘hot’ time window
include both processes, the FE creation via electron–electron scattering and the creation of an
electronic polaron complex.

Although the threshold itself is due to the creation of an exciton and an electron–hole pair,
at higher photon energies the creation of two electron–hole pairs occurs as well. The uppermost
curve in figure 2 excited by 26.37 eV photons again resembles the curves obtained at photon
energies above Eg, and the electrons with small kinetic energy are again close to the bottom
of the conduction band shifting the maximum of the ‘slow’ component back to shorter times.
However, the shape of the ‘slow’ component above Eth is not so well defined compared to that
directly excited above Eg , since the energy available can be distributed differently between
the two electrons in the conduction band at a given exciting photon energy.

A similar threshold at Eth = Eg + Eex was also observed in solid xenon [16, 17]. In
solid xenon, Steeg et al observed a double peak structure above the threshold, most probably
caused by the spin–orbit splitting of the valence band. The splitting of the maximum above
Eth is not clearly identified for solid Kr. Nevertheless, a small plateau on top of the maximum
(from 24 to 25 eV in the ‘hot’ time window) is visible. In solid Xe, the spin–orbit splitting
is significantly larger (1.37 eV) than in solid Kr (0.70 eV) [18]. Therefore, the origin of the
plateau from 24 to 25 eV in the ‘hot’ window of solid krypton is also tentatively ascribed to
spin–orbit splitting.

The contribution of slow electron–hole recombination increases in the time windows with
a longer delay δt . After a sufficiently long delay all other possible creation mechanisms of
FEs, except the electron–hole recombination, are excluded. The meaning of ‘sufficiently long’
is not well defined, being primarily determined by the decay time of the FE. In figure 3, a ‘very
long’ time window with a delay δt = 7.2 ns is shown. The intensity of the ‘prompt’ component
is practically diminished to the detector noise level after such a delay (see figure 2).

In the ‘very long’ time window (δt = 7.2 ns), the FE creation through electron–hole
recombination starts at the forbidden gap energy (a well pronouncedstep at 11.6 eV in figure 3).
In the energy range Eg < hν < Eth , the intensity in the ‘very long’ time window rises as
well. This is due to the retardation of electron–hole recombination, which shifts the intensity
maximum of the ‘slow’ component of FE decay curves to longer times, i.e. more intensity
is detected within this time window. The intensity modulations of excitation spectra in this
energy range can be explained by variation of the absorption coefficient (compare with the
reflection spectrum in figure 3).
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Above the threshold Eth , the creation of two electronic excitations takes place introducing
changes in the excitation spectra. The intensity increase takes place in all time windows,
except the ‘very long’ time window. The decrease in the intensity within the ‘very long’ time
window above Eth does not imply a reduction in the number of created electron–hole pairs, but
is rather the effect of a smaller kinetic energy of the created electrons. The number of created
electron–hole pairs slightly above Eth is the same as below Eth , since the photon energy is
sufficient to create an electron–hole pair plus an exciton, but not yet two electron–hole pairs.
An intensity growth in the ‘very long’ time window at ∼ 24 eV is caused by the following:

(i) photons have now sufficient energy for creation of two electron–hole pairs,
(ii) the initial kinetic energy of the electrons in the conduction band also increases and the

maximum of the ‘slow’ component of the decay curve shifts again to longer times, i.e. the
number of emitted photons in the ‘very long’ time window increases.

The spectra measured in two intermediate time windows (‘short’ and ‘long’) in figure 3
reflect the ‘prompt’ FE creation processes as well as the ‘slow’ FE creation through electron–
hole recombination. The ‘prompt’ FE creation dominates in the ‘short’ time window
(δt = 0.59 ns) and the electron–hole recombination in the ‘long’ time window (δt = 2.57 ns).

In the past, Biester et al investigated photoemission of pairs of electrons [19] (coincidence
measurements). Secondary double photoemission is a process where the absorption of a
photon by one atom is followed by the ejection of an electron with kinetic energy high enough
to ionize a second atom by electron–electron scattering. Such a process has been detected
with surprisingly high efficiency in solid Kr excited by photons above 25 eV [19]. Hence,
such phenomena should also be indirectly observable in our experiment as well. The double
photoemission results in the production of two low energy electrons with non-discrete energy
distribution. Its possible manifestations are expected in the ‘very long’ time window, where
recombination of slow electrons with holes contributes to the formation of free excitons. The
threshold observed by Biester includes twice the energy of the vacuum level (2*0.3 eV [14]).
In the present case, a value around 24.4 eV is expected. This corresponds quite well to the
increase in the signal in the ‘very long’ time window at ∼24 eV.

Finally, we point out that such an amount of information about formation of secondary
excitons and electron–hole pairs can be acquired only from time-resolved excitation spectra.
The smooth time-integrated excitation spectrum of FE emission with fewer features shown in
figure 3 demonstrates that the contribution of various processes mask each other.

5. Ratio of FE and STE luminescence excitation spectra

The ratio of the time-integrated FE and STE excitation spectra (ratio spectrum) offers additional
information about creation and relaxation of electronic excitations. At the same time, all kinds
of possible FE and STE creation processes contribute to the ratio spectrum and therefore
an interpretation of such a spectrum is far from non-trivial. Figure 4 depicts the FE/STE
ratio spectrum for a typical good quality sample of solid Kr. For comparison, the reflection
spectrum for the same sample is also shown. The sharp narrow minimum at ∼17 eV and
maximum at ∼20 eV are caused by the second order of the analysing monochromator. The
ratio spectra exclude experimental inaccuracies caused by the normalization of the recorded
spectra. Moreover, the disturbing influence of the reflection coefficient is removed, since
reflection losses are included in both excitation spectra, cancelling each other out in the ratio
spectra.

In the excitonic region, the modulations in the ratio spectra demonstrate that FE creation is
more probable (or STE creation is less probable), if the penetration depth of the exciting light is



Creation of free excitons in solid krypton 2031

10 11 12 15 20

gE

0

0

Photon energy (eV)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

st
ra

yl
ig

ht

Figure 4. Ratio spectrum of the time-integrated FE and STE emissions as a function of photon
energy of excitation for a typical good quality sample. FE emission was measured at 10.1 eV and
STE emission at 8.55 eV. The sharp dashed minimum at ∼17 and maximum at ∼20 eV are caused
by the second order of the analysing monochromator. The reflection spectrum for the same sample
is also shown at the bottom. The resolution of the primary monochromator was 2.2 Å (in excitation)
and the resolution of the analysing monochromator was set to 11 Å (in emission).

larger (i.e. the absorption coefficient is smaller). The correlations of modulations in this range
with the penetration depth of the exciting light might be caused by variations of the balance
between radiative FE decay and self-trapping. It is entirely reasonable that self-trapping is
more favourable near the surface than in the bulk.

In the region above the band gap energy (Eg < hν), the creation of the STE is clearly
proportional to the creation of the FE. The smooth behaviour of the FE/STE ratio spectra above
the band gap is a definite proof that the STE originating from electron–hole recombination has
FE states as precursors. In other words, recombination leads to the creation of free excitons
which then either radiate or get localized into the STE state. The FE/STE ratio spectrum was
also analysed for solid Xe [16] and this spectrum demonstrated a similar behaviour.

6. Conclusions

In the present work, time-resolved excitation spectra of FE emission in solid Kr were measured
for the first time, using VUV excitation up to ∼35 eV. Moreover, FE luminescence decay
curves were systematically investigated in the same energy range. Such measurements were
possible due to the intense FE emission, connected with the very good quality of the samples
grown from Kr gas of very high purity. A series of samples was grown and investigated,
demonstrating a good reproducibility of the main experimental results.

Delayed creation of excitons via electron–hole recombination and ‘prompt’ (in the
meaning of the time resolution of experimental set-up) creation of excitons were clearly
separated using the time-resolved experimental technique. If the exciting photon energy is
smaller than the band gap, hν < Eg (Eg = 11.59 eV), direct optical creation of excitons
occurs. After their creation, excitons relax ‘promptly’ to the lowest FE state and then emit
FE luminescence or become self-trapped. Using primary excitation energy exceeding the
forbidden gap energy (hν > Eg), i.e. creating electron–hole pairs, the FE decay curve exhibits
the ‘prompt’ component (the maximum is conforming with the excitation pulse) and also a
‘slow’ component with an additional delayed maximum.

It was experimentally demonstrated that preferential prompt creation of FE not only takes
place in the excitonic region, but also above the threshold Eth ≈ 21.7 eV. The experimental
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threshold value is nearly equal to the sum of the band gap energy and the free exciton energy
(Eth = Eg + Eex). ‘Prompt’ creation of excitons above Eth is ascribed to a superposition of
two processes:

(i) inelastic scattering of the electrons in the framework of the MPPB model (two-step
process), and

(ii) creation of the electronic polaron complex (one-step process).

At the threshold itself, the creation of the electronic polaron complex may be the dominant
process, and at higher excitation energies, electron–electron scattering prevails.

Additionally the ratio spectrum of the time-integrated FE and STE emissions of solid Kr
was analysed for the first time. The smooth behaviour of the FE/STE ratio spectrum above
the band gap shows that the STE originating from electron–hole recombination has FE states
as precursors. In other words, recombination leads to the creation of free excitons which then
either decay radiatively or get localized into the STE state.
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