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We report on spectroscopic study of red-light-emitting centers in K2Al2B2O7 (KABO) single crystals con-
taining ca. 2 ppm of Fe3+. Owing to the low Fe3+-concentration, KABO does not show noticeable absorp-
tion due to Fe3+ d–d-transitions in the visible spectral region, but it exhibits the charge-transfer (CT) UV-
absorption bands O–Fe at 4.7, 5.7 and 6.5 eV. The red photoluminescence at 1.675 eV (FWHM = 0.173 eV)
is due to intracenter 4T1 (4G) ? 6A1 (6S) transitions in Fe3+ ions. Because of partial overlapping of the fun-
damental absorption edge of the crystal, where mobile excitons are created, and a broad CT absorption
band at 6.5 eV, the most intensive red emission occurs at 7 K upon excitation in the excitonic energy
region. The presence of two nonequivalent Al2O7 clusters in KABO lattice provides two different types
of red-light-emitting centers in the form of Fe3+ ion occupied the Al3+ tetrahedral site. Superposition of
their luminescence bands determines both the spectrum and temperature dependence of red emission
in KABO at T = 7–80 K: two bands with the ratio of intensities of ca. 2:1 are 20 meV-shifted relative to
each other; two-stage thermal quenching obeys the Mott law with ET = 9 and 20 meV.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Potassium aluminum borate, K2Al2B2O7 (KABO), is a compara-
tively novel optical material developed to operate in a broad spec-
tral range from 180 to 3600 nm [1–3]. The KABO crystals are non
hygroscopic, mechanically strong, and have excellent nonlinear
optical properties [4]. They are prospective to use in high-power
light sources of ultraviolet (UV) and vacuum ultraviolet (VUV)
coherent radiation, generated as the fourth harmonic (266 nm) or
sum frequencies (up to 193 nm) from the fundamental radiation
of Nd3+ lasers [5–8].

KABO belongs to a trigonal crystallographic system (space
group symmetry P321), its unit cell contains 39 atoms (Z = 3) [1–
3,5,9], and the lattice parameters are a = b = 0.85669(8) nm,
c = 0.8467(1) nm [3]. From literature it is known [3] that KABO
crystal lattice consists of a three-dimensional network composed
of corner sharing BO3 triangles and Al2O7 units. Because of the
crystal symmetry there are two different independent configura-
tions of Al2O7 units with the ratio of their amounts of 2:1. In all
cases, the Al3+ ion is four-coordinated by oxygen atoms, and the
deviation from ideal tetrahedral geometry is small [3].

Growing KABO crystals from ordinary pure raw materials leads
to the introduction of uncontrolled iron impurities [1]. Fe3+ defects
have been identified in KABO crystals by electron paramagnetic
resonance and optical absorption spectroscopy [10–12]. It is
ll rights reserved.
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known [13] that ions of 3d-transition metals in strongly correlated
compounds completely or partially determine their magnetic, opti-
cal, and other spectroscopic properties. The main reasons of this
have to do with the strong electronic correlations and tight cou-
pling between the spin, charge, and orbital degrees of freedom in
the compounds of the 3d metals. In this connection, even the fairly
low concentrations of impurity Fe3+ ions are responsible for inten-
sive optical absorption bands in the UV region at 190–280 nm. This
spectral region is very important for practical applications of KABO
crystals, so considerable research efforts have been directed to the
development of technology to reduce iron contamination in KABO
crystals, for example by introducing impurity alkali ions of Na+

[14–17] or the use of a reducing atmosphere in the growing pro-
cess [18,19]. These efforts led to the successful growing of KABO
crystals of high optical quality with relatively low iron contamina-
tion and thus with a fairly low UV optical absorption [18,19].

Luminescence spectroscopy method has high sensitivity and can
significantly complement the optical spectroscopy data, especially
at low concentration level of impurity Fe3+ ions. However, the lumi-
nescent properties of KABO crystals are poorly understood. We are
aware of only few publications. Ogorodnikov et al. have determined
the bandgap width of KABO crystals at 7 K as Eg = 8.0–8.5 eV; re-
vealed and investigated the intrinsic luminescence of the host crys-
tal at 3.28 eV, which is due to radiative annihilation of self-trapped
excitons in KABO as well as they found the luminescence of defects
at 2.68 and 3.54 eV [20,21]. The broadband red emission in KABO
crystals at 1.65–1.75 eV has been observed and tentatively assigned
to the 4T1(4G) ? 6A1(6S) intracenter transitions in impurity Fe3+ ions
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[12,20,21]. However, we are not aware of other research works on
the red luminescence in KABO crystals.

The aim of this work is a spectroscopic study of the red-light-
emitting centers in KABO:Fe, which are responsible for the red
luminescence. Two spectroscopic methods were used in the re-
search work: a low-temperature (7–293 K) luminescence spectros-
copy upon selective photoexcitation by synchrotron radiation and
optical absorption spectroscopy.
b

Fig. 1. Optical absorption spectrum (a) and PL excitation spectrum recorded
monitoring emission at Em = 1.7 eV (b) for KABO crystals at 293 (a) and 7 K (b).
Panel (c) shows an enlarged fragment of the spectrum in the vicinity of the 3.6-eV
absorption band. The insets show schematic energy diagrams illustrating (a) the
charge transfer transitions that contribute to the optical absorption bands I–III and
(b) energy transfer processes involved in deep-red luminescence upon excitation in
the energy region of the fundamental absorption edge. CT denotes the energy range
corresponding to the charge-transfer transitions; e0 represents a free exciton in
KABO.
2. Experimental details

The examined K2Al2B2O7 crystals of high optical quality were
grown at the Institute of Geology and Mineralogy SB RAS (Novosi-
birsk, Russia) using the flux method with top seed position. KABO
crystal was grown on a seed oriented along the (110) direction at
an initial temperature of 920 �C, thereafter the temperature was
decreased with a rate of 2–4 �C a day. This provided a transparent
hexagonal plates of 20 mm and a thickness of 1.5 mm. Other de-
tails of the growth process and crystal identification can be found
in our previous works [20–22]. The samples for spectroscopic stud-
ies were prepared in the form of plane-parallel transparent plate of
6 � 5 � 1 mm3 size. The concentration of the impurity Fe3+ ions
was chosen in the range of several few ppm to make its lumines-
cence comparable in intensity with the other emission bands found
previously in KABO crystals [21].

The present study was carried out by the means of the low-tem-
perature luminescence VUV spectroscopy. The photoluminescence
(PL) spectra in the energy range of Em from 1.2 eV to 6.2 eV and the
PL excitation (PLE) spectra in the energy range of Eex from 3.7 eV to
21 eV (spectral resolution 0.32 nm) were recorded in the tempera-
ture range of 7–293 K at the SUPERLUMI experimental station of
HASYLAB (DESY, Germany) [23] upon excitation with synchrotron
radiation. At the storage ring DORIS the full width at half maxi-
mum (FWHM) of synchrotron radiation pulses was 130 ps with
the repetition period of 96 ns. Samples were mounted in a sample
holder attached to a He-flow cryostat with vacuum not less than
7 � 10�10 Torr. The primary 2 m-vacuum monochromator,
equipped with Al-grating was used for selective PL excitation with
synchrotron radiation. The PL excitation spectra were corrected to
an equal number of photons incident on the sample using sodium
salicylate. The 0.3 m ARC Spectra Pro-300i monochromator
equipped with a cooled CCD-camera were used as a registration
system. The PL emission spectra were not corrected to the spectral
sensitivity of the recording system.

The UV–Vis optical absorption spectra were recorded at the lab-
oratory of Solid State Physics of Ural Federal University (Yekaterin-
burg, Russia) by the means of the Hekios Alpha UV–Vis
spectrophotometer equipped with a Vision32 software.
3. Experimental results

Fig. 1a shows the optical absorption spectrum of KABO crystal
recorded at room temperature. In the near-infrared and visible
spectral regions, there is only a slight optical absorption. In the en-
ergy range from 3 to 7 eV there are four broad absorption bands at
3.6, 4.7 (I), 5.7 (II) and 6.5 eV (III) with the ratio of their intensities
of 1:7:100:90. Three of the most intense absorption bands are indi-
cated with Roman numerals I–III and shown in Fig. 1. The domi-
nant absorption band at 5.7 eV is of 7.5 cm�1 in amplitude.
Monotonic exponential increase of the optical absorption (Fig. 1),
corresponding to the fundamental absorption edge of KABO crys-
tal, is observed in the energy region above 6.8 eV.

Optical stimulation in these absorption bands provides efficient
PL excitation in KABO. In this paper, we will focus on the study of
low-temperature red luminescence of KABO crystals. The KABO
Luminescence in the energy range of 2–5 eV has been previously
studied in detail [21]. Fig. 1b shows PLE spectrum recorded for
KABO crystal at 7 K monitoring emission at 1.7 eV. Energy posi-
tions of bands in PLE spectrum are coincident with those for the
optical absorption spectrum, Fig. 1, but the ratio of their intensities
are quite different. The 6.5 eV band dominates in PLE spectrum re-
corded monitoring emission at 1.7 eV, and all the other PLE bands
are one order of magnitude lower in intensity. The high-energy
slope of the 6.5 eV band is antibate to an increase of the optical
absorption coefficient at the fundamental absorption edge of KABO
crystal. In the energy range of the host absorption, PLE efficiency is
negligible.

Fig. 2 shows PL emission spectra in the energy range of 1.4–
2.0 eV recorded using CCD-camera for KABO crystal at various tem-
peratures ranging from 7 to 80 K upon photoexcitation at
Eex = 6.78 eV. An intensive red PL emission band (R-band) with
maximum at Em = 1.675 eV (FWHM = 0.173 eV) is observed at
7 K. It should be noted that this value is a bit different from
Em = 1.72 eV, recorded earlier by means of a photomultiplier tube
[20,21]. This is due to differences in the spectral sensitivity of the
photomultiplier tube and the CCD-camera in this spectral region.
The R-band is asymmetric in profile and has a more extended
low-energy slope. Its formal approximation requires a minimum
of two Gaussians with the intercenter distance of about 80 meV.
However, an accurate analysis of the R-band shape is quite prob-
lematic, because the band is located fairly close to the low energy
limit of operating spectral range of the recording system. An in-
crease in temperature from 7 to 80 K causes a smooth decrease
in the R-band intensity. For a correct measurement of the PL inten-
sity above 40 K, we have considered the contribution of the low-
energy tail from the PL emission bands located above 2.0 eV in
the visible and near-UV spectral region. This contribution is shown
by the dashed line in Fig. 2.
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Fig. 2. PL emission spectra in the energy range of 1.4–2.0 eV recorded using CCD-
camera upon photoexcitation at Eex = 6.78 eV for KABO crystal at temperatures (a) 7
– (1), 8 – (2), 11.5 – (3), 14 – (4), 16.5 – (5), 25 – (6), 28.5 – (7), 32.5 – (8), 39.5 – (9),
41.5 – (10), 49 K – (11) and (b) 54.5 – (12), 55.5 – (13), 59 – (14), 62 – (15), 80.5 K –
(16). The dashed line shows the contribution of PL emission bands located above
2.0 eV in the visible and near-UV spectral region.

Fig. 4. Temperature dependence of the PL emission intensity recorded for KABO
crystals monitoring emission at R-band upon excitation at Eex = 6.78 eV. The
experimental data are designated by open circles, smooth curve is the result of
approximation – (1), and the elementary components of the PL temperature
quenching – (2,3).
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In the temperature range from 15 to 25 K, the R-band is subject
to a 20 meV-blue shift, while the bandwidth increases by about
10 meV, Fig. 3.

Fig. 4 shows the temperature dependence of the PL emission
intensity recorded for KABO crystals monitoring emission at R-
band upon excitation at Eex = 6.78 eV. The experimental data are
designated by open circles. For fitting the experimental data we
used the sum of the two temperature quenching processes

IðTÞ ¼
X2

i¼1

Ii

1þxi expð�Ei=kBTÞ ; ð1Þ

here the best fit parameters are as follows: I1 = 0.650 and I2 = 0.345
are the low-temperature PL emission intensities before the tempera-
ture quenching started; E1 = 9 and E2 = 20 are the activation energies
(meV); x1 = 220 and x2 = 1790 are dimensionless pre-exponential
factors; kB is the Boltzmann constant (eV/K); T is temperature (K).
Fig. 3. Normalized PL emission spectra in the energy range of 1.4–2.0 eV recorded
using CCD-camera upon photoexcitation at Eex = 6.78 eV for KABO crystal at
temperatures 7 – (1) and 25 K – (2).
Vertical arrows in Fig. 4 denote the characteristic temperatures
T1 = 19 and T2 = 31 K, at which the PL emission intensities of the first
and second processes, are half their initial intensities. These data
indicate that the first process (E1 = 9 meV) has twice higher initial
intensity, and it dominates in the temperature range from 7 to
15 K, while the second process (E2 = 20 meV) dominates at 20–30 K.
This explains the differences in the PL spectral composition at 7
and 25 K. Indeed, the low-energy PL emission band (Fig. 3) may be
associated with the first process, while the 20 meV blue shifted PL
band is due to the second process.
4. Discussion

The experimental results obtained in this study, as well as pre-
viously published data [10,11,20,21] indicate that KABO crystals
contain minor concentrations of impurity Fe3+ ions, which, how-
ever, exert a significant influence on the optical and luminescent
properties of KABO. This is favored by crystal-chemical features
of KABO. Indeed, the crystallographic structure of K2Al2B2O7 con-
tains a host Al3+ ions located in regular sites with tetrahedral coor-
dination by oxygen ions. A regular tetrahedral site of host Al3+ ion
is the most probable position for the impurity Fe3+ ion in KABO
crystal (defect FeAl). Low defect creation energy of this center is
due to equal charge states of the ions, and similar values of their
radii (0.126 for Al3+ and 0.127 nm for Fe3+). Electron paramagnetic
resonance of KABO crystals indicated the presence of paramagnetic
Fe3+O4 centers with a linear dependence of the g = 1.999 signal
intensity on the concentration of iron impurity [10]. Let us discuss
in more detail the possible optical and luminescence transitions in
these centers.

4.1. Intraconfigurational d–d transitions in Fe3+ centers

A transition Fe3+ ion has the electron configuration [Ar] 3d5 with
a partially filled outer shell of 3d5 electrons that are in the high-
spin ground state and filling the sole spin sextet and orbital singlet
6S5/2 [24]. Impurity Fe3+ cations in oxide crystals usually occupy
positions of the Oh or Td symmetry, with the octahedral or tetrahe-
dral coordination by negative oxygen ions. Fe3+ ion has an equal
probability to occupy any of these positions [25]. The results of cal-
culations of the electronic energy structure of [FeO6]9� and [FeO4]5-

� clusters with Fe3+ ions in octahedral and tetrahedral sites
surrounded by oxygen ions [26–33] showed that in the high-spin
complexes of tetrahedral coordination, the lowest electron config-
uration (e)2 (t2)3 of 6S states of Fe3+ ion will generate the 6A1 ground
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state. The lowest excited state (4G) of free iron ion in a tetrahedral
crystal field will be split into 4T1, 4T2, and 4E, 4A1 levels [26]. Fig. 1b
shows a schematic energy diagram of Fe3+ ion a tetrahedral crystal
field. All the optical d–d transitions from the 6A1 ground state onto
the spin quartets and doublets are forbidden by spin and parity. In
the spectral region of these transitions one can expect only a rela-
tively weak optical absorption due to the partial removal of these
prohibitions by various perturbations, such as distortion of the
crystal field, the lattice vibrations, spin orbit coupling. This is quite
consistent with our experimental data: the value of the optical
absorption of KABO crystal at energies below 3 eV is extremely
low, and in the energy range of 3–4.5 eV one can observe only
the low-intensity broad bands of optical absorption, Fig. 1a. Intra-
configurational d–d transitions in KABO crystals can be observed
only at a sufficiently higher concentration of impurity Fe3+ ions.
For instance, Wang et al. observed d–d transitions in KABO crystals
at a concentration of impurity Fe3+ ions of 6.3 at.% [12].
4.2. Optical transitions with charge transfer O–Fe

The intensive optical absorption bands at 4.7, 5.7 and 6.5 eV
(Fig. 1a) should be attributed to electric dipole allowed optical
transitions with charge transfer O–Fe. Similar transitions have
been previously found in many crystals containing transition ions
[24,26,28]. However, the detailed theoretical interpretation of
these transitions has been made only for certain crystals, and in
most cases they used the cubic symmetry approximation. Lin
et al. performed first-principles electronic structure calculations
of KABO crystals with impurity Fe3+ ions [11]. The results [11]
shows that the upper part of the valence band (VB) of KABO, which
is located below the VB top in the energy range from �4 to 0 eV, is
due to O 2p orbitals, whereas K 4s orbitals contribute to the con-
duction band bottom. Substitution of host Al3+ ion by iron impurity
leads to the creation of a number of local states. Two peaks of the
local density of states in the bandgap of the crystal at 4 and 5 eV
above the VB top, are induced by the vacant Fe 3d ‘spin-down’ orbi-
tals. Filled Fe 3d ‘spin-up’ orbitals and local O2� 2p levels are lo-
cated in VB of KABO crystal. In this case, the O2� 2p ‘spin-down’
levels are located below the VB top at �0.3 and �1.3 eV [11]. These
energy levels are shown in Fig. 1 as the OA and OB levels, respec-
tively. From the crystal field theory, this result can be interpreted
as follows. Tetrahedral symmetry crystal field splits the fivefold
degenerate 6S level of 3d5 electrons of Fe3+ ion, into two energy lev-
els. Doubly degenerate lower level (e) and triply degenerate upper
level (t2), separated by the 10Dq energy gap, form a ‘spin-up’ elec-
tronic configuration (e)2" (t2)3" with an effective spin of 5/2. All the
‘spin-down’ configurations of Fe 3d orbitals are vacant, and com-
pletely filled O2� 2p orbitals correspond to the highest occupied
states of [FeO4]5�. If the photon energy is sufficient, we will ob-
serve the optical absorption due to the electron transitions from
the ‘spin-down’ O2� 2p states labeled as OA and OB (Fig. 1), onto
the vacant 3d states of Fe3+ ions located in the crystal bandgap.

These data allow us to interpret the most intensive optical
absorption bands at 4.7, 5.7 and 6.5 eV (Fig. 1a) in the following
manner. Two electronic transitions occur from O2� 2p level
(OA-level), which is located in VB at �0.3 eV, onto the vacant e
and t2 orbitals of impurity Fe3+ ions, which are located in the
crystal bandgap. Optical transition ? e causes the 4.7 eV band,
and the transition OA ? t2 contributes to the 5.7 eV band.

The difference between the energy positions of the maxima of
the charge transfer absorption bands can be an estimate of the en-
ergy gap of 10Dq � 5.7 � 4.7 = 1 eV. The resulting value of 10Dq is
consistent with the known data on aluminates of alkali metals with
tetrahedral coordination of the impurity Fe3+ ions, such as 0.99 eV
in LiAl5O8 [34], 1.2 eV in orthoclase [35], as well as with the
calculated data obtained by the SSF-Xa � SW method for the elec-
tronic structure of [FeO4]5� cluster [27].

Another two electronic transitions occur from O2� 2p level (OB-
level), which is located in VB at �1.3 eV, onto the vacant e and t2

orbitals of impurity Fe3+ ion, which are located in the crystal band-
gap. Transition OB ? e should contribute to the low-energy slope
of the 5.7 eV band, but this contribution was not recognized by
the decomposition of the absorption spectrum in Fig. 1a. Another
transition OB ? t2 causes the optical absorption band at 6.5 eV.

The concentration of impurity Fe3+ ions in KABO crystal deter-
mines the intensity of the optical absorption bands. The calibration
coefficient for the 4.7 eV absorption band is a = 0.27 cm�1/ppm
[10]. Applying this factor to our data (Fig. 1a), we found the con-
centration of Fe3+ ions in the KABO crystals is approximately
2 ppm. This looks quite plausible, since it is known [36], the con-
centration of iron impurity in several few ppm may cause the ob-
served UV absorption in many compounds.

4.3. Luminescence of impurity Fe3+ ions

Low-temperature red luminescence in KABO crystals containing
impurity Fe3+ ions (Fig. 2), manifests itself at 1.675 eV
(FWHM = 0.173 eV), and its properties correspond to intracenter
emissions caused by radiative transitions 4T1(G) ? 6A1(S) in the
impurity Fe3+ ion located in a tetrahedral site. Let us discuss this
in more detail.

Luminescence of Fe3+ ions in the deep-red spectral region was
found in many optical materials and natural minerals, such as
Li(Ga,Al)5O8 [37–40], (Sc, Lu, Y) PO4 [41], feldspars various compo-
sitions [35,42,43], PLZT-ceramics [44], a–Ga2O3[45], c-AlF3 [46],
ZnO [47] and Zn2SiO4 [48]. These studies have identified three
important facts. First, in all cases, the deep-red PL emission band
is due intracenter radiative transitions in Fe3+ ions from the lowest
excited 4T1(G) state onto the ground 6A1(S) state. Second, the en-
ergy position of this PL emission band depends on the coordination
of Fe3+ ions: in the case of tetrahedral coordination, the band max-
imum is observed in the red spectral region at 1.65–1.98 eV, and in
the case of octahedral coordination, the band maximum is located
in the near-infrared spectral region at 1.36–1.48 eV. Third, in most
cases, even at very low temperatures, the PL emission band has a
Gaussian shape with a FWHM of 0.18–0.37 eV [49]. The fine struc-
ture of the PL emission spectrum can be observed only in certain
compounds. For example, a narrow zero-phonon line and the
vibrational structure of the PL emission spectrum at 1.65–1.90 eV
can be observed at 4.2 K in the ordered phase of LiAl5O8:Fe3+ crys-
tals [34,37,50,51].

The repetition period of the excitation pulses of synchrotron
radiation in our measurements was 96 ns. In this regard, the PL de-
cay kinetics recorded monitoring emission at 1.675 eV looked like
a constant level – a pedestal, which corresponded to the total con-
tribution from the slow components of the micro- and millisecond
decay-time range. Such slow PL decay kinetics indicates the pro-
hibited nature of radiative transitions and provides indirect evi-
dence for its connection with the d–d transitions in Fe3+ ions.
This is quite consistent with published data on other matrices con-
taining Fe3+ ions: the time constant of the PL decay kinetics at
1.65–1.98 eV is 25.2 ms in ZnO:Fe3+ crystals [47], a few millisec-
onds in hydrated volcanic glasses doped with Fe3+ ions [52],
1.72–6.20 ms in LiAl5O8:Fe3+ [53].

PLE spectrum of R-band and optical absorption spectrum (Fig. 1)
are comparable on a set of observed peaks, the highest PLE-effi-
ciency is observed in the energy range of I–III optical absorption
bands corresponding to the charge transfer transitions. Such a cor-
respondence between the PLE-spectrum of R-band and optical
absorption spectrum is typical of many matrices containing Fe3+

ions. For example, PLE-spectra of R-band in aluminate and alkali



Fig. 5. Fragment of KABO crystallographic structure containing two nonequivalent
Al2O7 clusters.
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metal phosphates showed weak bands of d–d transitions in Fe3+

ions and dominant bands corresponding to the charge transfer
optical transitions [34,39,41]. However, the 6.5 eV dominant band
in the PLE-spectrum of R-band (Fig. 1b) exceeds all other PLE-
bands in intensity by more than one order of magnitude, whereas
the II and III bands in the optical absorption spectrum (Fig. 1a) are
approximately equal in intensity.

In our opinion, the direct photoexcitation of the charge-transfer
transitions O–Fe occurs in the energy region from ca. 4.5 to 7 eV. This
corresponds to a relatively moderate luminescence intensity upon
excitation in the energy range of the I and II bands (Fig. 1b). In addi-
tion to this mechanism, in the energy region of 6–7 eV there is an
excitonic channel for the energy transfer from the matrix to the
impurity Fe3+ ions. This leads to a substantial increase of PL intensity
upon excitation in the energy range of the III band. Fig. 1b shows a
schematic diagram illustrating the energy transfer processes in-
volved in deep-red luminescence upon excitation in the energy re-
gion of the fundamental absorption edge. The following arguments
are evidence in favor of this assertion. The energy range of 6–7 eV
corresponds to the fundamental absorption edge of KABO crystal.
Ogorodnikov et al. have revealed the direct photoexcitation of the
mobile excitons in this energy range [20]. PLE-spectrum recorded
monitoring emission of self-trapped excitons in KABO shows the
dominant peak at 6.84 eV (FWHM = 0.41 eV), but its low-energy
slope extends down to energy of 6 eV [21]. The 6.5 eV band is ob-
served in both the PLE and optical absorption spectra (Fig. 1), and
the values of its FWHM in these spectra are quite similar (0.78 and
0.65 eV, respectively). In addition, there is a coincidence of high-en-
ergy slopes of the excitation bands of both the R-luminescence
(Fig. 1b) and luminescence of self-trapped excitons [21]. A similar
excitation mechanism has been previously found in certain other
oxide crystals, e.g. in beryllium oxide [54] and lithium triborate [55].

It should be noted that the possible contribution from the impu-
rity-bound excitons into the R-luminescence excitation is not con-
sidered here, since the probability of their excitation is negligible
due to the low concentration of impurity Fe3+ ions (ca. 2 ppm).
Moreover, the relatively large band width (0.78 eV) of the 6.5 eV
PLE band (Fig. 1b) also indicates not in favor of the impurity-bound
excitons.

4.4. Temperature dependence of the red luminescence intensity

The 20 meV blue-shift of the PL emission band in the temper-
ature range from 15 to 25 K and its broadening by 10 meV
indicate, in our view, the manifestation of two different types
of red-light-emitting centers, causing the two different bands of
R-luminescence, Fig. 3. Indeed, R-luminescence in KABO crystals
is due to the radiative 6A1(S) ? 4T1(G) transitions. According to
the Tanabe–Sugano diagram for Fe3+ ion in tetrahedral coordina-
tion [27], these transitions are strongly dependent on the crystal
field, so that small changes in the field will significantly affect
both the energy position and band-width of the PL emission band.
Energy position of the first excited level of 4T1(G) in the cluster
[FeO4]5� determined by the strength of the ligand field 10Dq
and Racah parameters B and C: a decrease of 10Dq/B leads to a
shift in position of 4T1(G) level to higher energies, causing a blue
shift of the PL emission band. Crystal-field parameters depend on
the length and covalency of Fe–O bonds, which, in turn, is subject
to the influence of the elemental composition of the nearest envi-
ronment [42,43,46,49], the distribution of Al3+ cations between
nonequivalent positions [39,56], the creation of lattice defects,
compensating the impurity excess charge or the difference in
the ionic radii [39,48].

The most likely reason for the change in Fe–O bonds, in our
view, is the existence two non-equivalent regular positions of
KABO crystal lattice occupied by Al3+ ions. The concentration ratio
of these non-equivalent positions in KABO crystal is 2:1 [3].
Assuming that the impurity Fe3+ ions can occupy with equal prob-
ability any of these positions of KABO lattice, we should expect the
presence of two different impurity FeAl

3+ centers with concentra-
tion ratio of 2:1. Crystal-field parameters of these centers will also
vary, resulting in two different bands of R-luminescence. Fig. 5
shows a fragment of the KABO crystallographic structure contain-
ing two nonequivalent Al2O7 clusters. For each cluster with
Al3–O5–Al3 atoms there are two clusters with Al1–O4–Al2 atoms
[3]. The most intensive component (E1 = 9 meV) of the temperature
quenching (Fig. 4) dominates in the low-temperature PL emission
band (Fig. 3). It should be associated with the impurity Fe3+ ion,
which has replaced Al3+ ion in Al1–O4–Al2 cluster. The second com-
ponent (E1 = 20 meV) of the temperature quenching (Fig. 4) domi-
nates above 20 K and determines the PL emission spectrum at 25 K
(Fig. 3). It should be attributed to the impurity Fe3+ ion, which has
replaced Al3+ ion in Al3–O5–Al3 cluster. The activation energies of
thermal quenching (9 and 20 meV) fall into the phonon energy
band of KABO at 8–45 meV (69–360 cm�1), which is caused by
the external vibrations originating from the translational motions
of K ion and anion group plus the librational motion of the anion
group [57]. In this connection, the thermal quenching of R-lumi-
nescence can be attributed to the electron–phonon interaction in
the appropriate Al2O7 cluster.
5. Conclusions

Thus, we have investigated the low-temperature red-light-
emitting centers in K2Al2B2O7:Fe3+ using the methods of optical
absorption spectroscopy and low-temperature luminescence spec-
troscopy with selective excitation by synchrotron radiation. It was
found that the luminescence at 1.675 eV (FWHM = 0.173 eV) is due
to the intracenter 4T1(4G) ? 6A1(6S) transitions in impurity Fe3+

ions. At 7 K it is efficiently excited in the excited region at the fun-
damental absorption edge of KABO crystal. An elevated excitation
efficiency is due to partial overlapping of the fundamental absorp-
tion edge of the crystal, where the excitation of mobile excitons oc-
curs, and the broad absorption band of the charge transfer O–Fe
with a maximum at 6.5 eV. It is shown that the observed spectrum
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of the luminescence is due to the superposition of two Fe3+ lumi-
nescence centers with the ratio of their contributions of 2:1. The
temperature dependence of the luminescence is a superposition
of the processes of thermal quenching of these centers with activa-
tion energies of 9 and 20 meV, respectively. The nature of the red-
light-emitting centers can be associated with the presence of two
non-equivalent regular Al3+ positions of KABO lattice, which are lo-
cated in two non-equivalent Al2O7 clusters with a concentration
ratio of 2:1. Thermal quenching of R-luminescence, in our opinion,
can be attributed to the electron–phonon interaction in the appro-
priate cluster Al2O7.

The observed phenomenon of high energy excitation, leading to
photon yield in the red, where 3/4 of the energy is lost into the lat-
tice, is very important for practical applications of KABO crystals.
Indeed, the broad band at 6.5 eV is located in the energy region
of the fourth harmonic of the laser with a fundamental wavelength
of 1064 nm. Energy dissipation mechanism identified in this paper,
explains why such a low concentration of the iron impurity ions
(ca. 2 ppm) so strongly affect the optical properties of KABO at
the low energy tail of the host absorption.

Full spectroscopic characterization of these red-light-emitting
centers also requires polarization measurements for the absorption
and luminescence spectra, as it was done previously for some other
optical crystals, such as BeO [58] and LiB3O5 [59]. However, the ab-
sence of oriented crystals, large in all three crystallographic direc-
tions, does not allow yet to perform such measurements for KABO.
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