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The electronic structure properties of undoped single crystals of LiBaAlFs (LBAF) were determined using low-
temperature (7' = 10 K) time-resolved far-ultraviolet (3.7—40 eV) synchrotron radiation spectroscopy, calculations
for the spectra of optical functions, and x-ray photoelectron spectroscopy. The bandgap of the investigated com-
pound was found at E, = 12.3 eV, the energy threshold for creation of the unrelaxed excitons at E,_; = 11.6 eV,
and the low-energy fundamental absorption edge at 11.0 eV. The subnanosecond photoluminescence emission
band at 6.6 eV in LBAF single crystal is due to radiative valence-core transitions 2p F~ — 5pBa?*. © 2014 Optical
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1. INTRODUCTION

Fluoride crystals with the general formula Li M AlFg (M = Ca,
Sr, Ba) are traditionally used as optical laser materials oper-
ating in the ultraviolet (UV) and vacuum ultraviolet (VUV)
spectral ranges [1,2]. Among them, the LiCaAlF; and
LiSrAlF; crystalline systems have been studied in sufficient
detail. These crystals doped with Ce?t ions are promising
optical materials for near-infrared tunable lasers [1,3-5].
The LiCaAlFs:Eu?t and LiCaAlF:Ce3t crystals are promising
optical materials for thermoluminescent detectors [6] and
scintillators [7]. In this regard, the LiCaAlFg:Eu?* lumines-
cence has been studied in detail in [6]; the electron paramag-
netic resonance of ferric ions in LiSrAlFg crystals has
been studied in [8]; the energy transfer processes in
LiCaAlF;:Cet have been studied in [7]; the energy transfer
processes in undoped and Ce-doped LiCaAlFg and LiSrAlFg
crystals have been studied in [9]; VUV spectroscopy of
undoped LiCaAlFy crystals has been performed in [10]; the
5d-4f luminescence of Ce3t, Gd®t, and Lut ions in
LiCaAlFs has been investigated in [11]; and the refractive
indices of LiCaAlFy crystals for the visible spectral region
were reported in [12,13].

At the same time, the LiBaAlFy (LBAF) system has been
paid much less attention. We are aware of only a few research
works on this system. Luminescent properties and self-
trapped excitons (STEs) in undoped LBAF crystals have been
studied in [14]. From the luminescence optical spectroscopy
data it follows that the experimental estimation of the LBAF
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energy bandgap is E4~12.1 €V [14]. Luminescence of Pr3+
ions in LBAF crystals has been studied in [15]. Crystallo-
graphic data for the real LBAF crystals were presented
in [16]. At the same time, we are not aware of the research
work on the LBAF electronic structure. However, any practi-
cal application of LBAF as a functional material in quantum
optics requires knowledge of the electronic structure not only
for the rare-earth and transition dopants, but also for the
host crystal.

In this paper, we focus on the experimental study of the
electronic structure properties of LBAF single crystals by
means of several spectroscopic methods, because any de-
tailed study of the electronic structure should be based on
the experimental spectra of solids. First, we studied the
low-temperature reflection spectra in the wide energy range
including the low-energy tail of the host absorption. The cal-
culations of the spectra of the LBAF optical functions were
performed on the basis of the far-ultraviolet low-temperature
reflection spectra. These spectra provide information on the
location of the fundamental absorption edge, excitonic states,
and the width E, of the bandgap in LBAF crystal. Second, we
used x-ray photoelectron spectroscopy (XPS) methods to
study both the core states and the valence band spectra.
The valence band structure and specificity of the quasi-core
levels Ba 5p were discussed. Third, the low-temperature
(T = 10 K) luminescence VUV spectroscopy with a time res-
olution upon selective excitation with synchrotron radiation
(SR) in the 4-40 eV energy range was used to study the
radiative valence-core transitions F-2p — Ba?t bp.

© 2014 Optical Society of America
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2. EXPERIMENTAL DETAILS

All the examined LBAF crystals of high optical quality were
grown from the melt of the corresponding fluorides
(99.99%) at the Institute of Geology and Mineralogy SB RAS
(Novosibirsk, Russia) utilizing the Bridgman technique. The
crystal growth method was described in detail in [16]. A brief
description of the crystal growth process is as follows. The
initial LiBaAlFy powder mixture melts congruently in the
temperature range from 1113 to 1133 K. The partial pressure
of AlF; at this temperature is about 10° Pa (1 bar). The 2 wt. %
excess of AlF; was added to the initial composition to com-
pensate for the higher volatility of this component. The crystal
growing process was carried out in a graphite container
placed inside a quartz ampoule. All manipulations were
carried out in a dry argon box at overpressure of ca.
0.1 bar to avoid contamination by oxygen impurities. To pre-
vent decomposition, CF, was added to the reactor. The axial
temperature gradient in a growth region was 10-20 K/cm, and
the pulling speed of the ampoule was varied from 0.5 to 5 mm
per day. The crystal composition was analyzed by the energy
dispersive x-ray spectroscopy (EDS) method using a microp-
robe to 0.5% match the stoichiometric composition. The LBAF
samples studied were in the form of optically transparent
plane-parallel plates (ca. 7 mm x 7 mm x 1 mm) with the large
surface polished to laser-grade quality. The orientation of the
crystallographic axes of LBAF samples was arbitrary with
respect to the polarization vector of the SR.

The real crystal structure of LBAF was studied in [16].
These crystals belong to the monoclinic system (space
group P2,/c) with lattice parameters, nm: a = 0.53372(10),
b = 1.0150(2), ¢ = 0.8535(2), and the angle g = 90.34(3)%;
the crystallographic unit cell contains four formula units
(Z = 4) and has a volume of 0.46235(17) nm?®.

Photoluminescence (PL) spectra in the energy range of
1.2-6.2 eV, photoluminescence excitation (PLE) spectra, re-
flection spectra at incidence angle of 17° (3.7-20 eV), and
PL decay kinetics were measured at the SUPERLUMI exper-
imental station of HASYLAB [17] upon selective photoexcita-
tion with SR. The primary 2 m vacuum monochromator
equipped with two in situ interchangeable gratings, Al and
Pt coated, had a typical resolution of 0.32 nm. The PLE spectra
were corrected to an equal number of incident photons using
sodium salicylate—a luminophore with energy-independent
quantum yield over the studied spectral range. The 0.3 m
ARC Spectra Pro-300i monochromator equipped with an
R6358P (Hamamatsu) photomultiplier was used as a registra-
tion system. The measurements were performed at a
temperature of 10 K using a continuous-flow liquid helium
cryostat mounted in the ultrahigh vacuum chamber with a
pressure of residual gases lower than 1 x 10-8 Pa.

The PL emission spectra excited with 22 eV photons (2.5—
8.0 eV, Fig. 6), reflection spectra, and PLE spectra (1540 eV)
were recorded using the mobile luminescence setup [18]
attached to the branch-line FINEST of the I3 beamline at
MAX-lab, Lund [19]. PL emission spectra were measured by
the means of a 0.4 m vacuum monochromator (Seya—Namioka
scheme) equipped with a microchannel plate photomultiplier
(MCP 1645, Hamamatsu).

The time-resolved PL emission spectra (2.5-8.0 eV) and
decay curves of PL excited with the 120 eV photons were
recorded using the mobile luminescence setup [18] attached
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to the BW3 beamline of the DORIS storage ring (Hamburg,
Germany). At DORIS the full width at half-maximum (FWHM)
of SR pulses was 130 ps with a repetition period of 190 ns
(five-bunch mode). Such pulses of excitation enable the
recording of spectra within a time window (TW) correlated
with the arrival of SR pulses. In the present experiments
we recorded time-resolved spectra in two independent
TWs. The first one (TW1) was set for detection of the lumines-
cence signal within the 0-17 ns range relative to the beginning
of the SR pulse, and the second (TWZ2) was within the
54-139 ns range. TW parameters were chosen based on the
PL decay kinetics. Time-integrated (TI) spectra were recorded
within the full time range available between two sequential
excitation pulses, i.e., 190 ns. The convolution method was
used to analyze fast components of the PL decay kinetics.

The XPS spectra of LBAF crystals were measured at the
Institute of Solid States Chemistry of Ural Branch of RAS
(Yekaterinburg, Russia) by means of an ESCALAB MK II
x-ray photoelectron spectrometer equipped with nonmono-
chromatic Mg Ka;5 (1253.6 eV) and Al Ka;, (1486.6 eV)
sources, the ion-pumped chamber having a base pressure less
than 1 x 108 Pa, a three-channel hemispherical energy ana-
lyzer (150°, 12 in), and an AG-21 inert gas ion gun for sample
cleaning with Art-ions (E = 2-10 keV). The energy scale of
the spectrometer was calibrated by setting the measured
Au 4f7, binding energy to 84.0 eV [20], with regard to the
Fermi energy, Er. The binding energy was determined with
an accuracy of £0.1 eV. The electrical charging of the sample
surfaces was estimated from the C 1s line (284.6 eV).

The satellites arising due to the nonmonochromatic x-ray
source were subtracted using the special supplement for
LabView. The further experimental XPS spectra treatment
was carried out using special computer program XPSPEAK
4.0. The Shirley algorithm was used to remove a nonlinear
background.

It is known [21] that the XPS method is very sensitive to the
quality of the sample surfaces. Therefore, special attention in
our investigation was paid to the preparation of the crystal
surface, which was subject to electrochemical polishing. Just
before placing a crystal into the vacuum chamber of the
spectrometer, the surface of each sample was mechanically
processed with the ethanol solution of Al,O3 powder with
dispersity of 0.3 pm, and then the sample was ethanol washed.
Afterward it was mounted on the sample holder using a
double-sided conductive carbon tape and placed into the
preparation vacuum chamber of the spectrometer. In this
chamber the sample was warmed up by an incandescent
lamp at 400 K for 1 h. On the further stage the sample was
transferred into the analyzer chamber, where an additional
cleaning of the crystal surfaces was performed by 5 min bom-
bardment with the Art-ion beam (angle of incidence = 30°,
E =3 keV, I = 15 pA/cm?). The total Art flux was approxi-
mately 5 x 10'® jons/cm?.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Far-Ultraviolet Optical Spectroscopy

Reflection spectra were analyzed using two different meth-
ods: the oscillator model for the analysis of the fundamental
absorption edge in the energy range of 8-15 eV and the
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Kramers—Kronig transform for analysis in the energy range
from 8 to 40 eV.

Figure 1 displays the reflection spectrum recorded at T =
10 K in the energy range of the low-energy tail of the funda-
mental absorption of LBAF crystal. The reflection spectrum
was initially measured in arbitrary units. The normalization
procedure performed to calculate the absolute values of
the reflection coefficient used the refractive index spectra
for the transparency region of the crystal. The refractive index
of LBAF single crystal was measured at room temperature in
the UV spectral region, using the same sample from which the
reflection spectra were recorded. The refractive index of
LBAF single crystal at F = 4.13 eV was evaluated as n(E) =
1.4475 [22]. In the framework of the oscillator model [23,24],
the contribution of each oscillator, labeled as j, into the com-
plex dielectric constant of the optical material is given by
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where i is the imaginary unit; £ is the excitation energy; and
Ej;, T;, and M; are the spectral parameters of the oscillator—
the maximum position, the FWHM, and the amplitude, respec-
tively. The total contribution of the electronic transitions out-
side of the measured spectrum is accounted for by two
additional oscillators with indices j = v (red) for the low-
energy region and j = b (blue) for the high-energy region:
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where the summation over j = 1-7 takes into account the
contribution of the seven electronic transitions found in
our measurements; ¢, is the high-frequency dielectric
constant.

Complex refractive index # is associated with the dielectric
function through the relation & = #2. Here, # = n + ik, where
n and k are indices of refraction and absorption, respectively.
For a given incidence angle 6, the reflection coefficient for
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Fig. 1. Reflection spectrum of LBAF single crystal recorded at 10 K.
The points correspond to the experimental data, and the solid lines
are the results of the approximation. The vertical arrow indicates
the calculated value of E.

Pustovarov et al.

the s-polarized light in a vacuum can be calculated by the
formula [25]

2
. 3

R(E) = cos 0 —#n cos 6

cos 0 + f cos O

The complex refraction angle 0 is given by Snell’s law,
sin @ = 7 sin 6. The quality of the experimental data approxi-
mation was evaluated by the formula

1 |R(m) _R(C)|
D=— - 1 @)
vE

where R"™ and R\ are measured (m) and calculated (c) re-
flection spectra; N is the number of experimental points. The
results of the best fit, which are presented in Table 1 and Fig. 1,
correspond to D = 0.022. The specified approximation quality
had a required minimal set of seven oscillators (Table 1). The
oscillators should be compared with prospective electronic
transitions, which are manifested in our measurements.
Let us discuss a possible interpretation of the electronic
transitions j = 1-7.

From Fig. 1 it follows that the characteristic “excitonic” de-
cline between the extrema at 11.76-12.06 eV in the reflection
spectrum is due to electronic transition E,. This suggests that
the electronic transition F, can be ascribed to the excitation
of unrelaxed excitons in LBAF crystal. The energy threshold
(E,=1) for the creation of such excitons in LBAF at 10 K is
11.61 eV. The next higher-energy transition E; at 12.31 eV
should be attributed to the beginning of the interband transi-
tions, and a reasonable assessment of the bandgap will be
E; =12.3 eV. It should be noted that the calculated value
of E, is consistent with earlier qualitative assessment of
12.1 eV [14]. The E¢ and E; electronic transitions (Table 1),
which exceed the energy E, should be attributed to interband
transitions, and their reasonable interpretation requires quan-
tum-chemical calculation of the LBAF electronic structure. In-
terpretation of low-energy electronic transitions E; — E'5 does
not look unambiguous. It is worth noting that in our measure-
ments the samples were mounted without monitoring the

Table 1. Parameters of Approximation for
Reflection Spectra Recorded in the Energy
Range of the Low-Energy Tail of the Host
Absorption: Ordinal Number of a Transition (j),
Transition Energy (E;), Full Width at Half-
Maximum (/;), and Amplitude (M;)"

Oscillator E; M; T;
1 10.50 5.000 0.47
2 10.95 15.000 0.56
3 11.29 15.000 0.44
4 11.61 8.000 0.43
5 12.31 4.307 0.51
6 12.72 12.000 0.99
7 13.46 12.000 1.49
r 10.00 5.000 0.77
b 14.41 7.929 1.50
£oo 1.402

“Parameters E; and I'; are given in electron-volts.
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orientation of the crystallographic axes with respect to the
polarization vector of the exciting radiation, so the reflection
spectra can exhibit electronic transitions with different
polarizations. From the crystallographic structure of LBAF
it follows that we can also expect a disordering of one of
the cationic sublattices, which may lead to broadening and
shifting of the band corresponding to excitonic states.
Figure 2 shows a low-temperature reflection spectrum re-
corded in the energy range of 8-40 eV for LBAF single crystal
at 10 K, and the optical functions spectra calculated on the
basis of the experimental data using the Kramers—-Kronig
transform [26]. Let us compare the experimental and calcu-
lated data on the refractive indices of LBAF single crystal
obtained in this work with literature data for some related
crystals. The refractive index for LiCaAlFy crystal at E =
6.2 eV is 1.4383 [12], which is somewhat lower than that
for LBAF single crystal in the present work. It is worth noting
that the refractive indices for the simple binary compounds at
room temperature are 1.4758 for CaF, at 4 = 230 nm (5.39 eV)
[27] and 1.5103 for BaF, at 1 = 270 nm (4.59 eV) [13]. The
lowest-energy peak in the k(E) spectrum at 11.6 eV has exci-
tonic origin, and it is caused by the electronic transition E,.
Increase in intensity in the k(F) and &y (F) spectra in the en-
ergy region from 12.1 to 12.9 eV is due to the start of interband
transition Es, which was attributed to E, (Table 1). With
further increase in the energy range from E; to ca. 20 eV,
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Fig. 2. Spectra of LBAF single crystal: (a) reflection spectrum re-
corded at T = 10 K, (b),(c) spectra of the optical functions calculated
by Kramers—Kronig transform. The vertical arrows indicate the calcu-
lated value of E; and the possible interpretations of the electronic
transitions.
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the profiles of all of the spectra are determined by specificity
of the interband transitions in LBAF single crystal. Their
reasonable interpretation requires quantum-chemical calcula-
tions of the LBAF electronic structure. Electronic transitions
in the energy range of 20-22 eV occur involving core Ba 5p
electrons. We tentatively assign the structure at 20-22 eV
to excitation of the Ba 5p cationic excitons. A broad peak
in the reflection spectrum at 22-23 eV corresponds to the most
intense peak in the -Imé&! and —Im (1 + &)~! spectra. It is
known [28] that the energy position of the dominant peaks
in these spectra coincides with the energies of the bulk
(Ev) and surface (E) plasmons. According to our calcula-
tions, LBAF crystal has E,, = 25.2 and E; = 22.2 eV.

B. X-Ray Photoelectron Spectroscopy

Figure 3 shows the overview x-ray photoelectron spectrum of
LBAF single crystal registered at room temperature in the
range of binding energies from 0 to 1200 eV in increments
of 0.5 eV. The energy range from 0 to 500 eV is shown in en-
larged scale. The spectrum (Fig. 3) comprises photoelectron
emission lines from Ba, Al, F, C, and O. Besides them, there
are the Auger electron emission lines from F, O, and C. The
Auger lines were labeled as F(KLL), O(KVV), and C(KLL). The
main attention was paid to the analysis of chemical forms of
crystal elements—barium, aluminum, fluorine, and oxygen—
as well as the XPS spectrum of the valence band. A formula
composition of the compound was assessed using closely
spaced lines F 2s, Li 1s, Al 2p, and Ba 4d (Fig. 3). The concen-
tration ratio of the four elements Li, Ba, Al, and F was 15.0:
14.1: 9.2: 61.3. This ratio is very close to the formular compo-
sition of LBAF single crystal. The fairly high content of lithium
and barium on the surface as compared to aluminum can be
explained by the activity of these elements with respect to
oxygen and other oxidizing agents present in the air. The over-
view spectrum contains a weak line from oxygen, indicating
the existence of metal oxide forms on the surface of the fluo-
ride crystal. We suggest that a more detailed analysis of the 1s
carbon line will show the presence of the (CO;) 2-carbonate
groups on the surface, which are also preferentially associ-
ated with barium and lithium. In general, the above quantita-
tive estimations show that the LBAF crystal surface has a
chemical composition similar to the bulk composition and

Ba F
F(KLL) 4p

Intensity, arb.units

, , 1 , 1 ,
1000 800 600 400 200 0

Binding energy, eV

Fig. 3. Overview of x-ray photoelectron spectrum of LBAF single
crystal. The energy range from 0 to 500 eV is shown on an enlarged
scale.
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Fig. 4. X-ray photoelectron spectra registered for LBAF single crys-
tal in the energy range of quasi-core electronic levels: (a) Li 1s, (b) Al

2p, (¢) C 1s, (d) O 1s, (e) F 1s, and (f) Ba 3d. Line intensities are
normalized to the maximum for better viewing.

corresponds to the chemical formula of the LBAF compound.
Figure 4 shows the XPS spectra of the core levels of all these
elements, taking into account the charging of the samples. It
should be noted that the barium XPS spectra show only the
lines corresponding to one of the barium chemical states. The
same conclusion can also be derived for fluorine and oxygen.
The XPS spectrum of aluminum Al 2p differs from the pre-
vious spectra. In addition to the states of a given element
in fluoride, at the binding energy of 75.4 eV there has been
an increase from the low binding energies, which we can
attribute to Al,O3 oxide. The spectral line of the oxygen
(O 1s) at 531.2 eV can correspond either to this oxide or to
some other oxide comprising aluminum and barium. The in-
tensity of the Li 1s level is extremely low due to the low photo-
ionization cross section. So it is fairly difficult to say
something regarding the chemical form of lithium. The over-
view spectrum shows the Li 1s line; a fragment of the spec-
trum with the Li 1s line is shown in Fig. 4. The binding
energy of 56.4 eV corresponds to the chemical bonding in lith-
ium fluoride. The XPS spectra of the carbon C 1s include only
one band at 284.5 eV. We have attributed this band to uninten-
tional hydrocarbon contaminants adsorbed on the surface.
Figure 5 shows the valence band spectrum of the LBAF
crystal at room temperature. The XPS spectrum contains both
the quasi-core levels of fluorine F 2s and barium Ba 5p, and
electron density distributions of the electronic states of the
valence band. The last of them is located in the 6-12 eV range
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Fig. 5. X-ray photoelectron spectrum of the valence band and the
upper quasi-core states registered for LBAF single crystal at room
temperature. The vertical arrow indicates the estimated E,/2 value.

below the Fermi level EFrx and unambiguously characterizes
the crystal as a wide gap insulator. It is advisable to note that
the Fermi level is usually located in the middle of the bandgap,
so the energy gap of the crystal can be estimated from these
spectra as E, > 11 eV. It is important to note that the quasi-
core levels of barium Ba 5p partially overlap the valence band
spectrum. Unfortunately, the energy resolution of the spec-
trometer used does not allow us to resolve these bands in
more detail. We can assume that between them there is an
energy gap Eg. The Ba 5p;/» maximum was determined by
us at 16.0 eV below Ep. The pronounced maximum of the
valence band states is located at 8.5 eV, and there is another
weaker maximum of the valence band states at 10.5 eV.

It is still difficult to clearly determine which electronic
states are responsible for these peaks. It is understood that
the valence band of LBAF crystal, like of the most of the other
complex fluorides (see for example [29]), was formed by 2p
states of fluorine. The proximity of the quasi-core levels of ba-
rium Ba 5p to the valence band states can affect the internal
electronic transitions between them. From the above XPS
spectra it follows that the energy difference between the
maxima of the electron density of the valence band states
and the Ba 5p quasi-core states does not exceed 6-7 eV,
and the crystal bandgap E;~12.3 eV. In this regard, one can
expect in these crystals manifestation of valence-core radia-
tive transitions, the so-called cross luminescence. A detailed
study of the PL emission spectra in the far-ultraviolet spectral
range proves this conclusion.

C. Time-Resolved Luminescence Spectroscopy

Figure 6 shows the PL emission spectra recorded for LBAF
single crystal upon photoexcitation at 22 eV. A broad emission
band at 4.3 eV dominates the PL spectrum at 10 K. This PL
emission band is caused by radiative annihilation of STEs.
At room temperature the STE luminescence has negligible in-
tensity. A detailed study of this luminescence was carried out
earlier and presented in [14].

Figure 7 shows both the PLE spectra recorded for LBAF
single crystal monitoring emission at two different PL emis-
sion bands and the dispersion of the absorption coefficient
u(E) calculated on the basis of the extinction coefficient k
(Fig. 2) using the formula
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Fig. 6. PL emission spectra recorded for LBAF single crystal at 7' =
10 K (1,3) and 290 K (2) monitoring emission at TI mode (1,2) and at
0-0.5 ns time window upon selective photoexcitation at F,, = 22 eV.
Curves (1,2) are plotted in the same scale, while curve (3) is normal-
ized to the maximum.
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where y is the absorption coefficient, cm™!, and 1 is the wave-
length, nm.

Let us first discuss the PLE spectrum recorded monitoring
emission at 4.3 eV, i.e., the PLE spectrum of excitonic lumi-
nescence (Fig. 7). It is well known that many properties of
such PLE spectra in the far-ultraviolet region are determined
by the surface energy losses. In the framework of a simple
diffusion concept [30,31], the profile of the PLE spectrum
can be represented as

1 - exp(-u(E)d)

1(E) = n(B)(1 - ROE) =P o

©6)

where 7(F) is the photoluminescence quantum yield in the
bulk, R is the reflection coefficient, u is the absorption coef-
ficient, L is the diffusion length for electronic excitations, and
d is the crystal thickness. The profile of the PLE band at
11.2 eV (Fig. 7) is caused by two competing processes. The
low-energy slope of this band is determined by the factor
(1 - exp(-u(E)d)), and corresponds to an increase of the
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Fig. 7. Spectra of LBAF single crystal: PLE spectra recorded at 7' =
10 K monitoring emission at E,, = 4.3 and 6.6 eV; dispersion of the
absorption coefficient u(E) calculated by Kramers—Kronig transform.
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optical absorption up to several tens of inverse centimeters
in the low-energy tail of the fundamental absorption. From
the physical point of view, the PLE spectrum of the excitonic
luminescence at 4.3 eV has a low energy threshold corre-
sponding to the low-energy tail of the fundamental absorption
band of the crystal. Increasing the exciting photons’ energy
above this threshold increases the intensity of the excitonic
luminescence. In this connection, a reasonable estimation
for the fundamental absorption edge should coincide with
the cutoff energy for the low-energy tail of the PLE band.
For LBAF single crystal it is about 11 eV (Fig. 7), which is
consistent with the data on a similar LiCaAlF; crystal [2].

The maximum in the PLE spectra of LBAF recorded mon-
itoring excitonic luminescence occurs at 11.2 eV (Fig. 7). The
high-energy slope of this band and the PLE spectrum at higher
energies are determined by the denominator (1 + u(E)L),
which describes the surface energy losses. Because of this fac-
tor, the u(E) function can modulate the PLE spectrum. This
modulation effect explains, in particular, the presence of local
extrema at 11.45 and 11.85 eV and the subsequent gradual de-
cline in PLE spectrum (Fig. 7). From the physical point of
view, with further increase of the exciting photon energy,
there is an increase in the absorption coefficient and, ulti-
mately, a reduction of the thickness of the crystal area, where
the creation of unrelaxed excitons can occur. When the thick-
ness of the area becomes comparable with the mean free path
for the excitons, there is an increase of nonradiative energy
losses on the crystal surface. This process determines the
high-energy slope of the PLE band at 11.2 eV.

The PLE spectrum for the excitonic luminescence shows a
minimum at 11.9 eV, and a further increase in the excitation
energy to 20 eV leads to interband transitions from different
valence band states to the conduction band. In the energy
range of 20-22 eV there are electronic transitions from the
quasi-core states Ba 5p onto the conduction band bottom.
The PLE efficiency of the excitonic luminescence reaches a
minimum at 22-25 eV. Further increase of the exciting photon
energy in the investigated energy range up to 40 eV leads to a
monotonic increase in the intensity of the excitonic lumines-
cence. Since the calculated value of the absorption coefficient
u in the energy range above 2FE; is changed only slightly
(Fig. 7), this increase in luminescence intensity in the energy
range from 25 to 40 eV can be reasonably correlated with the
process of multiplication of electronic excitations. From the
above results, it follows that the total width of the valence
band of the LBAF crystal is less than the minimum energy
for interband transitions, so the generation of secondary
electron-hole pairs is due to the inelastic scattering of
photoelectrons.

All the facts discussed above clearly indicate that the mo-
bile electronic excitations and excitons exist in LBAF crystals.
Unfortunately, any quantitative simulation of the PLE spec-
trum through the use of formula (6) is very difficult. Indeed,
careful consideration of PLE spectrum (Fig. 7) reveals a hump
at 10-11 eV in the energy range of the proposed fundamental
absorption edge. In our opinion, the 10-11 eV hump in the PLE
spectrum is due to the contribution from the luminescence
centers originating from defects that have absorption bands
in the vicinity of the low-energy tail of the fundamental
absorption band of the crystal. In this connection, this
component of the PLE spectrum cannot be described by
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the formula (6). Therefore, for the quantitative modeling of the
PLE spectrum, it is necessary to carry out further detailed
studies in the energy region of low-energy tail of the funda-
mental absorption of LBAF single crystal.

In addition to the dominant band, the PL emission spectrum
shows luminescence in a wide energy range of 6-7 eV (Fig. 6).
The TI spectra are recorded in the same scale, which shows
that the emission intensity at 6.6 eV is the same at both studied
temperatures. The spectrum recorded in a fast TW shows,
that, unlike the excitonic band at 4.3 eV, the 6.6 eV emission
has mostly fast (subnanosecond) decay components and is
clearly manifested at 7 = 10 K as well as at room tempera-
ture. Figure 8 demonstrates the PL decay kinetics recorded
for LBAF crystal at 10 K monitoring emission at 6.6 eV upon
excitation in the energy range of 120 eV. Approximation of the
experimental data was made using the technology of integral
convolution of a Gaussian excitation pulse (FWHM = 0.15 ns)
and two exponential components of the PL decay kinetics
with lifetimes of 7; < 0.1 ns and 7z, = 1.8 ns. The time resolu-
tion of the system does not allow precise measurement of z;.
The partial light yield of the second component (z5) is less
than 5% of the total.

Let us discuss the basic properties of 6.6 eV luminescence.
It cannot be attributed to excitonic luminescence, because
the emission keeps a stable light output over a wide temper-
ature range from 10 K to temperatures above 290 K. Neither
can this emission originate from the transitions associated
with defects, because it cannot be excited with photons
below 21 eV.

Figure 9 shows time-resolved (TW1 and TW2) and TI PL
emission spectra recorded for LBAF single crystal at 10 K
upon excitation at 120 eV. From Fig. 9 it is obvious that the
PL emission spectrum recorded in a time window TWI,
which is dominated by the fast component of 7;, is concen-
trated in the PL band at 6.6 eV. At the same time, the TW2
and TI spectra demonstrate insignificant PL intensity in the
energy range near the 6-7 eV PL emission band.

The PLE spectrum recorded monitoring emission at 6.6 eV
is fundamentally different from the spectrum recorded mon-
itoring an excitonic luminescence (Fig. 7). First, we should
note a threshold character of the PLE spectrum recorded
monitoring emission at 6.6 eV. The 6.6 eV PL emission band
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Fig. 8. PL decay kinetics recorded for LBAF single crystal at T' =
10 K monitoring emission at 6.6 eV upon excitation at E,, = 120 eV.
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Fig. 9. Fragments of the time-resolved (TW1, TW2) and time-inte-

grated (TI) PL emission spectra recorded for LBAF single crystal

at T = 10 K upon selective excitation at E., = 120 eV. All spectra

are normalized to unity at the maximum at 4.3 eV.

can be excited by photons only at energies above 21 eV. At
lower excitation energies, the 6.6 eV PL emission band cannot
be observed, and a slight luminescence intensity, recorded in
this energy range, is due to the high-energy tail of the domi-
nant excitonic band located at 4.3 eV. Indeed, the fast compo-
nent of PL emission at 3.0 eV in LBAF has a lifetime of ca. 3 ns
[14], and it cannot be excluded from the PL spectra recorded
in the time window TW1.

The obtained data allow us to attribute the 6.6 eV lumi-
nescence in LBAF single crystals to the valence-core radia-
tive transitions, i.e., the so-called cross luminescence. The
radiative valence-core transitions are efficient in some
simple compounds, as well as bi-cation halides [32]. From
[32-34] it follows that the radiative valence-core transitions
are characterized by subnanosecond PL decay kinetics, and
their PL emission spectra are practically unchanged when
heated to 600 K. The subnanosecond PL decay component
appears in the PLE spectra when the exciting photon energy
exceeds the threshold value corresponding to the electronic
transitions from the upper core band onto the conduction
band of the crystal. In the previous section we have shown
that the upper core band of LBAF single crystal is formed
by predominantly Ba 5p states. From the PLE spectrum it
follows that the energy gap AFE.. between the upper core
band and the conduction band of the LBAF crystal is
21.5 eV. Since these transitions occur between different lev-
els of the valence band and the core band top, the low-en-
ergy edge of the PL emission band should be associated
with valence-core transitions corresponding to a gap Eg =
6-7 eV between the valence band and the core band top.
The width of the PL emission band in the first approxima-
tion corresponds to the width of the valence band of the
crystal AE).

The most noticeable feature of the electronic structure of
LBAF single crystal should be associated with an energy gap
Eg = 6-7 eV between the occupied Ba 5p states, which form
the top of the core band and the valence band states, formed
by 2p states of fluorine. Energy gap E; is half the bandgap E,.
Because of this, the Auger process is energetically impossible.
Under these conditions the valence-core transitions with a
lifetime less than 1 ns have been detected and interpreted
in a binary crystal BaF, [35]. It should be noted that the decay
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time of the valence-core luminescence in LBAF is significantly
smaller than in binary BaF,, where it is reported to be ~0.6 ns.
Indeed, XPS data do not exclude the possibility of overlap
between the upper core band and the valence band of a crys-
tal. If such overlap exists, it allows nonradiative relaxation of
upper core holes into the valence band, thus partly quenching
the valence-core luminescence.

The data obtained in this study confirm that the subnano-
second PL emission band at 6.6 eV in LBAF single crystal is
due to radiative valence-core transitions F~2p — Ba2* 5p.

4. CONCLUSION

This paper presents the results of a study of undoped LBAF
single crystals, carried out using the low-temperature
(T = 10 K) far-ultraviolet optical and luminescence spectros-
copy with a time resolution. The spectroscopy is conducted
upon excitation with SR in the energy range of 3.7-40 eV
and supported by the XPS at room temperature. Calculations
of the spectra of the optical functions were made on the basis
of the low-temperature (7' = 10 K) reflection spectra re-
corded in the energy range of 3.7-40 eV. The bandgap of
the investigated compound was found at E; = 12.3 eV, the en-
ergy threshold for creation of the unrelaxed excitons at
E,_; =11.6 eV, and the low-energy fundamental absorption
edge at 11.0 eV. The valence band of LBAF single crystal is
formed by 2p states of fluorine. The second energy gap Eq =
6-7 eV separates these states from the upper core states con-
sisting of filled 5p Ba states. The subnanosecond photolumi-
nescence emission band at 6.6 eV in LBAF single crystal is
due to radiative valence-core transitions 2p F- — 5p Ba?+.
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