IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Resonant inelastic x-ray scattering and UV-VUV luminescence at the Be 1s edge in BeO

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2010 J. Phys.: Condens. Matter 22 375505
(http://iopscience.iop.org/0953-8984/22/37/375505)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 131.169.221.207
The article was downloaded on 01/12/2010 at 01:55

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/22/37
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

IOP PUBLISHING

JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 22 (2010) 375505 (8pp)

doi:10.1088/0953-8984/22/37/375505

Resonant inelastic x-ray scattering and
UV=-VUYV luminescence at the Be 1s edge

in BeO

A Kikas', T Kiimbre', K Kooser'-?, I Kuusik', V Kisand',
E Nommiste', M Kirm!, E Feldbach', V Ivanov’, V Pustovarov’

and I Martinson*>

! Institute of Physics, University of Tartu, Riia 142, 51014 Tartu, Estonia

2 Department of Physics and Astronomy, University of Turku, FIN-20014 Turku, Finland
3 Ural State Technical University-UPI, Mira street 19, Ekaterinburg, 620002, Russia

* Department of Physics, Lund University, PO Box 118, SE-22100, Lund, Sweden

E-mail: Arvo.Kikas@ut.ee

Received 9 April 2010, in final form 9 July 2010
Published 31 August 2010
Online at stacks.iop.org/JPhysCM/22/375505

Abstract

We carried out a combined study of UV=VUYV luminescence and resonant x-ray emission from
BeO single crystals with incident photon energies in the vicinity of the Be 1s absorption edge.
The x-ray emission spectra show that at the Be 1s photoabsorption edge the lattice relaxation
processes in the excitation site take place already on the timescale of the radiative decay of the
core excitation. Comparison of the x-ray emission and the luminescence spectra indicates that

the maximum energy loss of the process of lattice relaxation during the decay of inner-shell
holes is similar to the loss that occurs in the self-trapping process of valence excitons. The
possible decay channels of core excitations have been discussed and the mechanism for the
creation of 5.2 eV luminescence at the photoabsorption resonances has been suggested.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Insulating oxides have physical properties that make them
useful in a wide range of applications. BeO has attracted
attention due to its high thermal stability (melting temperature
Tm = 2550°C), wide transparency range extending from 120
to 7000 nm, high heat conductivity, mechanical hardness and
radiation resistance. BeO crystallizes in the hexagonal wurtzite
crystal structure, with the lattice point symmetry as low as Csy.
A consequence of the low symmetry is the strong anisotropy of
the optical constants and luminescence properties.

A luminescence study using excitation in the vacuum
ultraviolet (VUV) region (8-35 eV) [1] proposed that the
excited states of excitons have a variety of configurations,
which can be varied by choosing the excitation energy and the
sample orientation, initially revealed in [2]. Two kinds of self-
trapped excitons (STE) have been identified—excitons with
axial localization of the hole component (STE1) and excitons
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with radial localization of the hole component (STE2). It
has been suggested [3], that the 6.7 eV emission corresponds
to the decay of triplet STEl and the 4.9 eV emission to the
decay of triplet STE2. In this work we pay special attention
to the peculiarities of the formation of the STE at Be Is
photoabsorption resonances.

However, the analysis of the soft x-ray excited
luminescence spectra is a sophisticated task because the
luminescence is a result of a sequence of the relaxation
processes, which start from the creation of a core excitation (a
core exciton or photoelectron and core hole). The inner-shell
hole can decay radiatively, by emission of x-ray photon, or
non-radiatively, when an Auger electron is emitted. As a result
of this first relaxation step a photon or an Auger electron with
energy slightly below the binding energy of the core electron
is emitted. Alternatively, the incident photons have enough
energy to ionize the valence shell, creating photoelectrons and
valence holes. All the created electrons with energies above the
ionization threshold lose energy mainly by electron—electron

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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scattering, creating secondary electrons and holes. When
the energy of electrons is no longer sufficient for ionization,
the consecutive energy loss occurs via scattering on phonons.
During the terminal stage of the scattering sequence, the
slow secondary electrons can become captured (i.e. become
localized) by the valence holes, resulting in the formation of
additional valence excitons. Due to the abundance of details
and parameters in this sequence, no experiment follows all the
steps of the relaxation. In this paper we look for analogous
features in the emission spectra generated in the initial and the
final stages of such a sequence—the resonant inelastic x-ray
scattering (RIXS) and the STE radiative decay (luminescence)
spectra.

The RIXS spectroscopy has proven useful for investiga-
tions of electronic processes, including the dynamics of core
excitations. Unlike photoelectron spectroscopies RIXS is not
affected by sample charging, thus it is particularly useful for
crystalline bulk insulator studies for materials, like BeO, which
are not easily obtained as thin films.

A few RIXS studies [4, 5] are closely related to the present
work. Ma et al [4] observed the long energy loss tail to
the elastic scattering peak, while in the absorption spectrum
only a relatively sharp core exciton peak was observed. The
authors suggested that strong vibronic coupling leads to a local
lattice distortion, and to the corresponding shifts in the excited
electronic state. The appearance of the energy loss wing in
the electronically elastic part of the RIXS spectra indicates
that such distortion occurs already during the lifetime of the
inner-shell hole. More recently Harada er al [5] reported
polarization dependence of such an energy loss tail at o core
excitations in graphite, and interpreted it as direct evidence
of dynamic symmetry breaking upon core excitation. A
similar phenomenon is typical of valence excitons in solids,
where self-trapping of valence excitons occurs in the course of
lattice relaxation, and the radiation emitted during the lattice
relaxation process has been called ‘hot luminescence’ [6]. The
term hot luminescence has even been introduced to describe
the processes related to the appearance of the energy loss
wing of the elastic peak in RIXS spectra [5, 7]. A similar
energy loss wing has been observed in the RIXS spectra of
LiNO; [8], where it was attributed to the dynamics of x-
ray emission, accompanying the distortion of NO3 species.
For BeO, we found in the RIXS spectra at the Be 1s edge
an extraordinarily strong energy loss wing to the elastic
peak, indicating overwhelming local reconfigurations in the
vicinity of the absorption site during the lifetime of the core
excitation [9].

Although quite different as regards the time-span, the
similarities in the scope of the observed relaxational energy
loss in the RIXS and luminescence spectra and in the possible
pathways that may lead to these losses led us to the present
comparative study. Such combination of the luminescence
and the RIXS spectroscopies would provide insight into the
understanding of the cascade of soft x-ray induced processes,
which in the far end lead to the luminescence in the UV-VUV
spectral region. BeO is a particularly suitable material for this
study, because in the UV-VUYV region both the STE and the
free excitons have been observed [3, 10]. Additionally, the

resonant x-ray scattering elastic peak has acquired a dominant
energy loss wing, which suggests that vigorous relaxation
mechanisms become promptly activated.

2. Experimental details

A BeO single crystal of hexagonal prism shape with natural
growth faces was used in this study. The shape of the
sample allowed easy orientation with respect to the crystal
axes. The crystallographic c-axis was parallel to the probed
sample surface, and the crystal was oriented so that the c-axis
was perpendicular to both the polarization and the detection
directions.

The x-ray emission measurements were carried out on
beamline 1511-3 at MAX-Lab, Lund, Sweden [11]. The
incidence angle was 10° (from the surface normal). The
spectrometer (a Gammadata Scienta XES300) was at 90° to
the incident beam propagation direction, and parallel to the
polarization. The resolution of the beamline monochromator
(a modified SX700 by Zeiss) was set to 0.1 eV. The resolution
of the spectrometer on the end station was set to 0.2 eV. The
size of the photon beam was approximately 30 um x 30 pm.
The base pressure of the system was 1 x 10~ Torr. The x-ray
emission measurements were performed at room temperature.

The Iluminescence experiments were performed at
beamline BW3 at HASYLAB, DESY. The time-resolved
luminescence spectra and luminescence excitation spectra as
well as the decay kinetics of luminescence were recorded at
temperatures of 10 and 295 K, as described in [12]. The
resolution of the beamline monochromator (a Zeiss SX700)
was 0.04 eV in the measurements of the excitation spectra.
The size of the photon beam was approximately 200 um X
100 um. The luminescence spectra in the 2.5-8 eV region were
measured by a 0.4 m vacuum monochromator (Seya—Namioka
scheme) equipped with a microchannel plate-photomultiplier
(MCP-PMT 1645, Hamamatsu).

The effective time-resolution of the detection system
was approximately 250 ps (FWHM). Simultaneously with the
time-integrated luminescence spectra, the spectra in the three
time windows delayed relative to the excitation pulse were
registered: the fast component with a delay time 67; = 0.2 ns,
length of the time window A#; = 3.4 ns; the first slow
component with 6t = 7.3 ns, A, = 28 ns; and the second
slow component with 6ts = 34 ns, Atz = 118 ns.

Cathodoluminescence of BeO crystals at 5 K was
measured using the laboratory setup in Tartu. In these
measurements the luminescence was detected by two
spectrometers working in different spectral ranges: by a double
grating VUV spectrometer equipped with a solar-blind PMT
(Hamamatsu R6838) and by the spectrometer for UV/visible
spectral range equipped with a Hamamatsu photon counting
head H6240 as described in [13]. The electron gun has tunable
electron energy in the range 1-30 keV, electron current 10—
100 nA with a typical spot size 0.5 mm?. In the present study
the energy of electrons was tuned to 20 keV, which ensures
their rather deep penetration depth to avoid disturbing surface
effects.
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Figure 1. Panel (a) shows the Be 1s fluorescence yields of BeO. Crosse
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s denote the photon yield of the ‘spectator’ (energy window

93-110 eV) and points the yield of the ‘participator’ (111-130 eV) transitions, measured using the XE spectrometer. The solid line denotes
the total Be 1s fluorescence yield (the sum of the spectator and the participator yield spectra). The numbered tags denote the excitation
energies of the x-ray emission spectra, presented in panel (b). Excitation energies for the off-resonant x-ray emission spectra 12, 13 and 14 are

131 eV, 133 eV and 145 eV, correspondingly.

3. The spectra

3.1. X-ray emission

Figure 1(a) displays the x-ray fluorescence yield spectra in the
111-130 eV (the ‘participator’ curve in the figure) and 93—
110 eV (the ‘spectator’) detector energy windows. Two strong
peaks are seen, at excitation energies 119.3 and 124.6 eV.
These main peaks align well with the energy loss spectrum
in the non-resonant inelastic x-ray scattering (NRIXS) study
of BeO of [14]. This study also states that the NRIXS
spectrum can only be reproduced by calculations if the core
hole interaction with the excited electron is taken into account.
Their calculations also gave a value of 0.74 eV for the energy
distance from the exciton level to the bottom of the conduction
band. A recent theoretical calculation of x-ray photoabsorption
by Gao et al [15] has also confirmed that the presence of
the core hole dramatically alters the distribution of spectral
features and a sharp peak near the threshold is generated, when
the core hole interaction is included into the calculation.

The development of the RIXS and several off-resonant x-
ray emission spectra at the Be 1s edge of BeO is presented
in figure 1(b). In the photon energy region 99-109 eV the
emission band corresponding to the decay transition from VB
to Be 1s level is seen. In the case of resonant excitation this
emission band can be described as the ‘spectator’ emission,
because the excited electron acts as a spectator during the core
hole decay process. The spectator band emission is known in
the case of off-resonant excitation as Be Ko x-ray fluorescence

and it is commonly assumed that due to the dipole selection
rules it reflects the density of p-states at the Be ion.

The high energy end of each spectrum is terminated by
the sharp elastic scattering peak at incident photon energy.
The elastic peak is seen to have an unusually strong energy
loss wing at its low energy side, when the excitation is in
the proximity of the photoabsorption resonance of 119.3 eV.
We call the emission above the valence band top emission
energies (the elastic peak and its low energy tail (LET)) the
‘participator’ emission (the excited electron participates in the
decay event, i.e., the emission is due to the transition of the
excited electron to the 1s level).

The low energy cut-off of LET of the elastic peak is at
nearly constant photon energy, 113 eV, and it extends up to the
elastic peak until the excitation energies reach the maximum
of the photoabsorption peak at 119.3 eV. Thus its maximum
width is about 6 eV. When the excitation energy is increased
beyond the photoabsorption resonance energy, a valley appears
between the LET and the elastic peak and the intensity of
the LET quickly decreases. For excitations a few eV above
the resonance the LET emission is no longer observable. We
suggest that the LET band to the elastic peak appears due to
the dynamic lattice distortion at the absorption site on the x-ray
emission timescale, in line with the arguments in [5] and [8].
When the excitation energy is increased further and reaches
values of approximately 130 eV, a satellite band, similar to
the LET, appears again to the off-resonant x-ray emission
spectra, although its intensity then is substantially weaker. This
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energy, 130 eV, coincides well with the sum of band gap energy
(10.6 eV) and photoabsorption maximum (119.3 eV) of BeO.
Such a second threshold indicates that the band, which we
observe as the LET in the case of resonant excitation, can be
excited when the energy of valence photoelectron reaches the
energy of core exciton.

The area of the sharp elastic scattering peak measures
the transition without relaxation and the area of LET is a
measure of the transition with the relaxation. At resonance,
the small area of the sharp elastic peak in comparison to
the LET shows that at photoabsorption resonance in most
cases the relaxation has started (see curve 7 in figure 1(b)).
However, we would like to mention here that the intensity ratio
between LET of the elastic peak and the spectator emission is
constant for fixed excitation energy, but the relative intensity
of the sharp elastic peak changed strongly when we changed
position at the crystal surface. This shows that the elastic
scattering at the surface (reflection) gives its contribution to the
sharp elastic scattering peak, but the intensities of the inelastic
processes (the spectator and the LET participator band) reflect
the fundamental properties of the bulk crystal. At the same
time it should be kept in mind that the elastic peaks are weaker,
but do not vanish elsewhere. The participator emission is,
however, the only possible channel for the LET emission,
because there are no other electrons available for this transition.

We now draw attention to the observation that the LET
of the elastic peak has two maxima—at approximately 114.7
and 118.4 eV. Note that the lower energy maximum (114.7 eV)
shifts slightly (less than 0.5 eV) to lower emission energies
when the excitation energy exceeds the photoabsorption
resonance. The higher energy maximum at 118.4 eV has an
emission energy which is about 1 eV lower than the energy of
photoabsorption resonance.

The participator transitions in solids can be treated as
Franck—Condon transitions in systems of two potential curves,
presented as a function of internuclear distance for molecules,
or as a function of the configuration coordinate in solids. In
the framework of this model the appearance of intense phonon
losses demands sufficiently long lifetime for the system to
relax to the new equilibrium position before the decay of the
excited state, comparatively high phonon energies and strong
shift of the excitonic state equilibrium position from the ground
state equilibrium position, whereas most of the phonons are
generated after the system decays back to the ground state.
For BeO appearance of intense LET is made possible by a
combination of the relatively long lifetime of the inner-shell
hole (13 fs [16]) and the high energies of the lattice vibrations,
which can extend up to 0.12 eV [17]. It is difficult to estimate
the displacements, but we believe that observation of the
self-trapped valence excitons confirms that sufficiently large
displacements are possible. However, if the neighborhood of
the excitation site becomes considerably altered during the
core excited state lifetime, it becomes meaningful to introduce
a third potential curve (see figure 2), which can be shifted
in equilibrium coordinate and elasticity parameters. Earlier,
Ma [4] has emphasized the similarity between the core exciton
in carbon and the STE in alkali halides as they both relax to
an off-center configuration upon generation. Soon after that it
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Figure 2. Schemes of possible transitions in the RIXS participator
channel. Bottom curve: ground electronic state; left curve at top:
unperturbed unoccupied state potential; right curve at top: excited
state potential modified by local lattice relaxation. See text for
further details.

has been shown for carbon that the reason for the appearance
of a LET is the self-trapping of core exciton [18]. If we now
suppose that even the Be 1s exciton in BeO becomes, similarly,
self-trapped then the whole process should be described in the
following manner—the photoabsorption makes the transition
of an electron from the ground state to the intermediate state
(green curve at top left in figure 2); however lattice distortion
will change the potential curve so that the decay already occurs
from a relaxed state (top right blue curve in figure 2). The
relaxation processes also cause the system to ‘slide down’
along the excited state potential curves, and if the relaxation
rate is comparable to that of the decay processes, this leads to
the emission from different states on the potential curves of the
excited state. If the relaxation is very fast, the system promptly
relaxes to the minimum of the excited state curve, and only
the transition from the minimum should be seen (shown as
the middle blue arrow). The observed wide LET shows that
the transitions are from a progression of intermediate states in
different stages of relaxation, which makes the whole process
similar to the hot luminescence in the optical region. It is
interesting to note that in the excitation spectra of the spectator
band the two peaks are of almost equal intensity (similarly
to the energy loss spectrum of NRIXS in BeO [14] and
calculated x-ray absorption spectra [15]), but in the participator
band excitation spectrum the 124 eV maximum is almost
absent, indicating the absence of core excitons at this excitation
energy. Even the first excitation resonance can be divided into
two energy regions: below the participator peak maximum
(at 119.2 eV) a strong LET appears in RIXS to the elastic
peak, indicating strong localization of the excited electron.
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Above this energy, the participator band loses its intensity
faster than the spectator band, and the spectator channel (with
maximum at 119.4 eV) starts to dominate. The weakening
of the participator band suggests increasing delocalization
probability for the excited electron. As stated above, the
appearance of the broad participator emission indicates strong
localization of the excited electron. Therefore we consider
the participator excitation spectrum as predominantly the core
exciton excitation curve.

Note that increasing the excitation energy in the
absorption resonance region makes the spectator band
maximum shift to higher photon energies, which reflects the
RIXS energy conservation. In the case of resonant excitation
the maximum of this band is at about 1 eV lower photon energy
as compared to the off-resonant excitations. A similar shift has
been observed earlier for spectator transitions in many cases.
It reflects the phenomenon that the ionization energy for the
spectator electron is usually larger in the core excited state than
in the valence excited state ([8] and references therein). The
spectator shows additional structures at off-resonant excitation
(spectra 12—14 in figure 1(b)).

Above we described the participator emission as strongly
influenced by the lattice relaxation. We speculate that even the
Be 1s spectator emission should be sensitive to the relaxations.
This is supported by a recent study on adsorbed ethylene [19],
where it is shown by the comparison of calculated and
measured spectra. Similarly to the case of radiative participator
decay, this may lead to the widening of the corresponding
VB spectra in comparison with the calculated VB density of
states [20, 21]. Considering this, we may interpret the changes
in the spectator spectrum as indications of analogous energy
loss features. However, due to the overlap of different final
states these effects are not as clearly distinguished as in the
case of the participator band.

3.2. Luminescence

The lower panel of figure 3 shows the cathodoluminescence
spectra of BeO at 5 K, excited by 20 keV electrons. This is a
good starting point for the analysis of the luminescence spectra
of soft x-ray excitation because it gives the general view and
the positions of the luminescence bands, which can be assumed
to appear at the selective excitation with narrow band radiation.

The faint sharp peak at 10.3 eV is due to the decay of free
excitons [10]. The radiation in the 8-9 eV range is emitted
during ongoing relaxation, i.e., this is hot luminescence of
valence excitons. The two relatively broad luminescence bands
peaked at 4.9 and at 6.7 eV are induced by the radiative decay
of two different STEs, which are distinguished on the basis of
their valence hole configuration within the crystal unit cell [3].

The building blocks of a BeO crystal are distorted
tetrahedra (Csy symmetry) with the beryllium ion at center
position and the O ions at vertices: the axial position (more
distant from the Be cation) and three equivalent radial positions
can be identified for each local tetrahedron. It has been
suggested [3] that the 6.7 eV emission corresponds to the STE
with the valence hole localized on the axial anions (STEI)
and the 4.9 eV emission to the excitons with the hole nucleus
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Figure 3. Lower panel: cathodoluminescence spectra of BeO crystal
at T = 5 K, excited by 20 keV electrons. Middle panels: x-ray
excited luminescence spectra of BeO crystals for 7 = 8 K. Dots
denote spectra measured in the fast time window (measured

0.2-3.6 ns after the excitation). Lines denote the time-integrated
luminescence spectra. Upper panel: the x-ray emission spectra. The
spectra are shifted so that at the resonant excitation the elastic peak
coincides with the luminescence of free excitons at 10.3 eV.

localized on the radial anions (STE2). The 6.7 eV emission
originates mainly from the STEs, which arise as result of self-
trapping of free excitons, but the 4.9 eV emission originates
mainly from excitons which are created by the recapture of a
slow photoelectron to a self-trapped hole [3]. Also it has been
suggested [3] that the 6.7 eV emission corresponds to the decay
of triplet STE1 and the 4.9 eV emission decay of triplet STE2.

In the x-ray excited luminescence spectra, presented in the
middle panels of figure 3, the strong STE peak dominates at
6.7 eV for all excitation energies. It has a shoulder, which
extends from 4 to 5.5 eV. For the spectra which were measured
in the ‘fast’ time window (0.2-3.6 ns after the excitation) this
shoulder is strongly enhanced at resonant excitation (at 119.5
and 124.5 eV), resulting in a band with a maximum at 5.2 eV.
It has been suggested that this band originates from decay of
the singlet STE2 states [22]. Note that the spectra measured
in slower time windows practically coincide with the integral
spectra [22] and thus they are not presented here.

Earlier we mentioned that decay of core excitations and
valence excitons can be described by using a similar scheme
of potential curves (see figure 2), consequently there should
be also some similarities in decay patterns. To see them, we
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present in figure 3 also the x-ray emission spectra. They are core state

shifted so that the elastic peak at resonant excitation coincides
with the emission of free excitons in luminescence spectra,
i.e. it is compared with luminescence in energy loss scale. Note
that the off-resonant x-ray emission spectrum in figure 3 is not
aligned to zero loss because this spectrum reflects the decay
of core excitations, created by the photoelectrons, resulting in
valence photoabsorption (see section 3.1). Thus the selected
alignment compares the energy losses during the different
creation—decay sequences. From this comparison it can be seen
that in the x-ray fluorescence all values of losses up to 6 eV
are possible, but in the x-ray excited luminescence the 6.7 eV
emission dominates, corresponding to the loss of 3.9 eV. The
energy loss for the relaxation is stronger in the case of x-ray
emission than in the case of luminescence. Probably this is due
to the circumstance that the core hole is more localized than the
valence hole, and thus has a stronger influence on the final state
electron. However, it is clearly seen that losses up to 6 eV are
possible in luminescence spectra, showing that the maximum
loss energy is similar in both processes.

Figure 4 shows the excitation spectra of the 6.7 eV band
(the actual detector energy was set to 7.3 eV to minimize the
contribution from the energy bands of lower emission energy)
and the 5.2 eV bands. As usual in the soft x-ray region, the
excitation spectra show the minima at 119.3 and 124.6 eV,
where the photoabsorption has maxima. This reflects the
circumstance that with the increase of the photoabsorption the
mean absorption depth decreases. Correspondingly there is
higher probability to lose the non-thermalized charge carriers
through the surface, and thus the probability for luminescence
decreases. The excitation spectra of both luminescence bands
are very similar. It is because these spectra are time-integrated
spectra, but the 5.2 eV band appears clearly in the fast time
window, and probably its intensity is too small to change the
time-integrated spectra. Note that at the 124.4 eV excitation
energy the luminescence intensity has similar value to at
119 eV excitation energy. This leads us to the conclusion that
these spectra may be connected with the excitation of spectator
x-ray emission, where the intensities of photoabsorption peaks
are also similar, contrary to the participator emission, where
the high energy maximum is absent.

Figure 5. Scheme of decay channels of Be 1s core exciton state.

4. Discussion

In this section we will look for connections between the
decay of core excitation (exciton or hole) and luminescence
processes. At 119 eV excitation energy the excited electron is
moved to the excitonic state near the bottom of the conduction
band, and the core-hole—electron bound states, core excitons,
are created. There are at least four possible decay channels of
the core exciton state (see figure 5): (I) radiative participator,
(IT) radiative spectator decay, (III) non-radiative participator
(Auger) and (IV) non-radiative spectator (Auger) decays.

Process (I), the radiative participator decay is the transition
where the excited electron fills the core hole. Above we
saw that during this transition the lattice relaxation occurs,
causing the appearance of the long (about 6 eV) LET to the
elastic peak. Thus the mean energy of the resulting photon
can be written as iw; = E; — E — E;, where E; and
E. denote the binding energy of electron in inner level and
excitonic level, correspondingly, and E;; denotes the energy
loss due to relaxation during this process. The whole process
of radiative participator decay is similar to hot luminescence,
which is emitted during the creation of valence STEs in alkali
halides [6]. This process results in relaxed lattice and x-ray
photon.

Process 11, the radiative spectator decay, is a process where
the core hole is filled by a valence electron. It was speculated
above that the lattice relaxation should influence also this
process. Then the energy of the photon emitted during this
process can be written as fiwy = E; — Ey — Eyp, where E,
denotes the binding energy of the electron in the valence band
and E), denotes the energy loss to lattice relaxation during
the radiative spectator decay. The final products of this decay
channel of core exciton are valence hole and excited electron—
i.e., valence exciton. When the core exciton is self-trapped, i.e.,
the lattice relaxation has taken place during the timescale of the
decay of the core exciton, this lattice relaxation can promote
also the anion excitation self-trapping.
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Besides the radiative decay processes also the non-
radiative decay processes should be taken into account. Also in
that case we will assume that the lattice relaxation has occurred
before the decay, i.e., core exciton is self-trapped. Non-
radiative participator decay (process III in figure 5) is an Auger
process, where the electron from the valence band fills the core
hole and the electron from the excitonic level is removed from
the atom. The corresponding participator Auger electron has
energy Epp = Ej — Ex — Ey — E = hwexe — Ey — Eg3.
Note that if we do not take into account relaxation (E;3 = 0),
then the energy of this electron is equal to the energy of the
photoelectron, arising in ionization of the valence band. The
final state of the ion is a state with valence hole, and as the core
hole is self-trapped (i.e., local lattice distortion has occurred at
the core hole site), we suggest that the created valence hole is
also self-trapped.

Process IV, non-radiative spectator decay, is a process
where the inner-shell hole is filled by the valence electron,
and another valence electron is removed from the atom. This
process gives us an ion with two valence holes, excited electron
and Auger electron with energy Esp = E; —2E, — E4. In the
soft x-ray region the Auger process is a dominating process of
decay of core hole, we believe that it also is in this case. Often
the products of non-radiative decay of core excitations can be
studied by resonant Auger spectroscopy. Unfortunately we
cannot apply it for BeO, because for insulating monocrystals
the measurement of resonant Auger spectra is practically
impossible due to charging effects. Also, to our knowledge
there are no stoichiometric thin films of BeO available. It
is difficult to estimate the strength of the Auger processes.
The atomic approaches cannot be used in this case, because
the initial state is localized at the Be atom, but the final
valence states are originating mainly from oxygen, and thus
probably the overlapping between the initial and final states
is small. We believe that this decreases the probability of
non-radiative decay and increases the probability of radiative
decay, making the lifetime of the inner-shell hole longer than
in atomic beryllium, where it is 13 fs [16]. Thus there
exists similarity with cross-luminescence, where Auger decay
is energetically forbidden, but here it is suppressed due to weak
overlap of wavefunctions. Probably this inhibition of non-
radiative transitions is a reason why in BeO the radiative decay
(x-ray emission) is quite strong and also the lattice relaxation
is well observable.

To account for the possible initial states of the
luminescence, we should also keep in mind that both
the spectator and the participator radiative decay produce
soft x-ray photons (with energy around 105 or 117 eV,
correspondingly). Some of them are absorbed in the crystal,
ionizing the valence band and creating new electron—hole pairs
or valence excitons. This is similar to the processes which take
place in excitation with photons with energy below threshold
(for example, at 117 eV). Consequently, there will appear about
ten electron—valence hole pairs or valence excitons. Some
of the electrons are recaptured by holes, creating valence
excitons.

Note that process (I), the radiative participator decay,
produces a photon with energy (almost) equal to that of the

incident photons, and process (III), non-radiative participator
decay, gives the same final state as valence ionization.
Thus these processes cannot be responsible for changes in
luminescence at photoabsorption resonances. Process (II),
radiative spectator decay, may give us directly the valence
exciton, which is one way to self-trapping, and process (IV),
non-radiative spectator decay, gives us a trion, the bound
state of two holes and an electron. The latter two processes
appear to be the plausible candidates for causing changes in
luminescence spectra and kinetics at core exciton resonant
excitation. Note that all these processes will leave behind
either a photon or an electron with an energy of about 100 eV,
able to create about ten electron—hole pairs, similarly to the
off-resonant excitation process. Thus there will be about ten
‘usual’ electron—hole pairs, and less than one ‘special’.

If the energy of incident photons Zwex is higher than the
photoionization threshold, the participator processes are not
possible, because the excited electron is delocalized. Then
the core hole with binding energy E; and a slow photoelectron
with energy E, = hwex — Ej are created. The core hole can
decay by the non-resonant radiative or non-radiative (Auger)
process. In the case of radiative decay the final state will
consist of a valence hole with energy E, and an x-ray photon
with energy fiwemis = E; — Ey (and a slow photoelectron).
At low photoelectron energies the photoelectron may rapidly
lose energy by phonon scattering [23] and can be recaptured
to a core hole site and in that way give rise to additional core
excitons. After non-radiative Auger decay there will be final
state with two valence holes and an Auger electron with energy
Es = E; — 2E, — E:a, and a slow photoelectron. When the
photoelectron energy is small, it is also possible that the two-
hole state captures a photoelectron during the Auger process.
This is known as post-collision interaction induced recapture
(PCI) [24, 25]. In solids the phonon scattering will raise the
probability of similar a recapture process in comparison with
atoms [26].

To summarize: there are at least three possibilities for
creation of valence excitons—(a) by the inelastic collisions
during the electron—electron scattering and recapture of slow
electrons by holes during the phonon scattering stage, which
should be taken into account in the case of all four core
hole decay scenarios, described in the previous section;
(b) by the radiative spectator decay of the core exciton, as
a direct excitation in the course of RIXS, with energy loss
characteristic of a valence excitation (process II); and (c) by the
decay of the two hole—electron state, resulting from the Auger
spectator decay (process IV) or PCI induced recapture.

At all excitation energies the pathway (a) is likely
the dominating process, because most of the energy is
dissipated in the crystal in the course of the process of the
inelastic electron scattering in the crystal. This results in
electron-hole pairs, which by recombination create mainly
the STEs, emitting 4.9 eV photons, similarly to the case of
cathodoluminescence [10]. Observation of the enhancement
of 5.2 eV luminescence at resonant excitation shows that
additional channels are dominating at resonances. These are
probably the channels (b) and (c).

However, the 5.2 eV luminescence is enhanced at both
the 119.3 and the 124 eV resonances. Therefore the radiative
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spectator decay (process II) cannot be responsible for it,
because it is not available at the 124 eV resonance since the
excited electron is not localized. We suggest that the process
(IV), which produces a trion state, is responsible for this 5.2 eV
luminescence. At 124 eV excitation energy, which is clearly
above the photoionization threshold, the trions can be created
by the recapture of a slow photoelectron to an Auger decay site
with two valence holes, a phenomenon which has earlier been
observed in NaF [25].

Above we have seen that when the excitation energies
coincide with the photoabsorption maxima at 119.5 and
124.5 eV, there appears a fast (with lifetime of about 0.7 ns)
decay component of the UV-luminescence of BeO crystals with
characteristic energy of 5.2 eV. As this component appears
at both photoabsorption resonances, and we saw above that
for both resonances the trion creation is possible, we suggest
that trions play an important role in the appearance of the fast
5.2 eV band. A trion can recapture a thermalized electron,
which then can recombine with one of the holes of the trion,
resulting in a two hole—two electron state. This state can decay
into two (self-trapped) valence excitons, or into a photon and a
self-trapped valence exciton. The valence excitons produced
in such a way may have untypical localization of the hole
component, and therefore their radiative decay may lead to a
luminescence emission band at 5.2 eV (shifted 0.4 eV from
the typical 4.9 eV emission energy of the self-trapped valence
excitons).

To summarize, we therefore suggest that the core excited
states that display large energy loss to dynamic lattice
distortions are not straightforwardly seen to proceed through
decay transitions into the valence excited states, which display
similar energy loss due to self-trapping. It rather would seem
that the excitations, whether core or valence, would induce
local lattice relaxation which is of similar magnitude.

5. Conclusions

We present the results of a comparative study of x-ray emission
and luminescence emission on electronic and vibrational
processes in BeO by using for excitation the photons in the
vicinity of the Be 1s absorption edge. The x-ray emission
spectra show that at the Be 1s photoabsorption edge the lattice
relaxation processes in the excitation site take place already on
the timescale of the radiative decay of the core excitation. The
analysis of possible decay channels of core excitations showed
that the creation of bound states of two holes and excited
electrons (trions) plays an important role in the appearance of
the new fast luminescence band at 5.2 eV at photoabsorption
resonances. Comparison of the x-ray emission and the
luminescence spectra shows that the maximum value of energy
loss to the lattice relaxation during the decay of inner-shell
holes is similar to the loss due to the self-trapping of valence
excitons, even if the significant features in the luminescence
spectra do not straightforwardly appear to relate to the final
state of the core exciton decay.

Acknowledgments

This work was supported by the Estonian Science Foundation
(grants No 7615, 8216 and 8306), NordForsk and the
European Community Research Infrastructure Action under
the FP6 ‘Structuring the European Research Area’ Programme
(through the Integrated Infrastructure Initiative ‘Integrating
Activity on Synchrotron and Free Electron Laser Science’).
The authors also wish to thank MAX-lab and HASYLAB staff
for their support during the measurements.

References

[1] Pustovarov V, Ivanov V, Kirm M, Kruzhalov A,
Korotaev A and Zimmerer G 2001 Phys. Solid State 43 1233
[2] Feldbach E, Laasch W, Varding D and Zimmerer G 1992 Phys.
Solid State b 170 623
[3] Ivanov V, Pustovarov V, Gorbunov S and Kruzhalov A 1994
Phys. Solid State 36 1436
[4] Ma'Y, Skytt P, Wassdahl N, Glans P, Guo J and
Nordgren J 1993 Phys. Rev. Lett. 71 3725
[5] Harada Y, Tokushima T, Takata Y, Takeuchi T, Kitajima Y,
Tanaka S, Kayanuma Y and Shin S 2004 Phys. Rev. Lett.
93 017401
[6] Saari P and Rebane K 1969 Solid State Commun. 7 887
[7] Tanaka S and Kayanuma Y 2005 Phys. Rev. B 71 024302
[8] Preobrajenski A B, Vinogradov A S, Krasnikov S A,
Szargan R and Martensson N 2004 Phys. Rev. B 69 115116
[9] Kéddmbre T, Kikas A, Kooser K, Kisand V, Kirm M, Saar A,
Nommiste E, Ivanov V, Pustovarov V and Martinson I 2007
J. Electron Spectrosc. Relat. Phenom. 156-158 299
Ivanov V Yu, Feldbach E Kh, Gorbunov S V, Kruzhalov A and
Kuusmann I L 1988 Phys. Solid State 30 1572
Denecke R, Viterlein P, Béssler M, Wassdahl N, Butorin S,
Nilsson A, Rubensson J-E, Nordgren J, Martensson N and
Nyholm R 1999 J. Electron Spectrosc. Relat. Phenom.
101-103 971
Kirm M, Lushchik A, Lushchik Ch, Vielhauer S and
Zimmerer G 2003 J. Lumin. 102-103 307
Feldbach E, Kotlov A, Kudryavtseva I, Liblik P, Lushchik A,
Maaroos A, Martinson I, Nagirnyi V and
Vasilchenko E 2006 Nucl. Instrum. Methods B 250 159
Soininen J A, Himildinen K, Caliebe W A and Shirley E L
2001 J. Phys.: Condens. Matter 13 8039
Gao S-P, Pickard C J, Payne M C, Zhu J and Yuan J 2008 Phys.
Rev. B77 115122
Zshornack G 2007 Handbook of X-Ray Data (Berlin: Springer)
Loh E 1968 Phys. Rev. 166 673
Mauri F and Car R 1995 Phys. Rev. Lett. 75 3166
Hennies F, Polyutov S, Minkov I, Pietzsch A, Nagasono M,
Gelmukhanov F, Triguero L, Piancastelli M-N, Wurth W,
Agren H and Fohlisch A 2005 Phys. Rev. Lett. 95 163002
Makurin Yu N, Sofronov A A, Kijko V S, Emelyanova Yu V
and Ivanovskii A L 2002 J. Struct. Chem. 43 515
Xu Y-N and Ching W Y 1993 Phys. Rev. B 48 4335
Ivanov V, Kirm M, Pustovarov V and Kruzhalov A 2007 Rad.
Meas. 42 742
Ausmees A, Elango M, Kikas A and Pruulmann J 1986 Phys.
Status Solidi b 137 495
Eberhardt W, Bernstorff S, Jochims H W, Whitfield S B and
Crasemann B 1988 Phys. Rev. A 38 3808
Kikas A, Nommiste E, Ruus R, Saar A and Martinson I 2001
Phys. Rev. B 64 235120
Lundwall M, Lindblad A, Ohrwall G, Svensson S and
Bjorneholm O 2008 Phys. Rev. A 78 065201

[10]
(1]

[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]
(20]

(21]
(22]

(23]
(24]
(25]

(26]


http://dx.doi.org/10.1134/1.1386456
http://dx.doi.org/10.1002/pssb.2221700228
http://dx.doi.org/10.1103/PhysRevLett.71.3725
http://dx.doi.org/10.1103/PhysRevLett.93.017401
http://dx.doi.org/10.1016/0038-1098(69)90436-0
http://dx.doi.org/10.1103/PhysRevB.71.024302
http://dx.doi.org/10.1103/PhysRevB.69.115116
http://dx.doi.org/10.1016/j.elspec.2006.12.015
http://dx.doi.org/10.1016/S0368-2048(98)00358-2
http://dx.doi.org/10.1016/S0022-2313(02)00521-5
http://dx.doi.org/10.1016/j.nimb.2006.04.100
http://dx.doi.org/10.1088/0953-8984/13/35/311
http://dx.doi.org/10.1103/PhysRevB.77.115122
http://dx.doi.org/10.1103/PhysRev.166.673
http://dx.doi.org/10.1103/PhysRevLett.75.3166
http://dx.doi.org/10.1103/PhysRevLett.95.163002
http://dx.doi.org/10.1023/A:1020357604128
http://dx.doi.org/10.1103/PhysRevB.48.4335
http://dx.doi.org/10.1016/j.radmeas.2007.02.005
http://dx.doi.org/10.1002/pssb.2221370211
http://dx.doi.org/10.1103/PhysRevA.38.3808
http://dx.doi.org/10.1103/PhysRevB.64.235120
http://dx.doi.org/10.1103/PhysRevA.78.065201

	1. Introduction
	2. Experimental details
	3. The spectra
	3.1. X-ray emission
	3.2. Luminescence

	4. Discussion
	5. Conclusions
	Acknowledgments
	References

