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Results of a study of transient optical absorption (TOA) and luminescence of lithium-gadolinium
orthoborate Li6Gd(BO3)3 (LGBO) in the visible and ultraviolet spectral regions are presented. As
revealed by absorption optical spectroscopy with nanosecond time resolution, the LGBO TOA derives
from optical transitions in hole centers, with the optical density relaxation kinetics being mediated by
interdefect tunneling recombination involving these centers and neutral lithium atoms acting as elec-
tronic Li0 centers. At 290 K, the Li0 centers are involved in thermally stimulated migration, which is not
accompanied by carrier transfer to the conduction or valence band. The slow TOA decay kinetics
components, with characteristic times ranging from a few milliseconds to seconds, have been assigned to
diffusion-limited annihilation of lithium interstitials with vacancies. The mechanisms responsible for the
creation and relaxation of short-living Frenkel defect pairs in the LGBO cation sublattice have been
analyzed.

� 2010 Published by Elsevier Ltd.
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CCrystalline borates of alkali and alkaline-earth metals form

a broad class of wide-bandgap oxide dielectrics which have been
attracting considerable interest in the recent years, both in basic
science and in the field of applications as detector, conversion and
waveguide optical media intended for operation in the ultraviolet
and vacuum ultraviolet spectral regions (Chen et al., 1989). These
compounds share a number of common properties. Among them
are the low crystal symmetry, an intricate lattice cell and the
existence both of pure covalent chemical bonding within the
boron-oxygen anion groups and of comparatively weak ionic bonds
coupling the cation with the corresponding anion group.

A sublattice of weakly bonded cations combined with a stable
boron-oxygen framework should affect strongly the dynamics of
electronic excitations and characteristic features of radiation-
induced defect formation. This problem becomes particularly
acute in the case of lightweight mobile small-radius cations, for
instance, in lithium borate crystals. In our previous research works,
this aspect was studied in the particular example of crystals with
a lattice of mobile lithium cations (Li2B4O7 (Ogorodnikov et al.,
2002a,b), LiB3O5 (Ogorodnikov et al., 2003)) and model dihy-
drophosphates with a sublattice of mobile hydrogen cations
(NH4H2PO4 and KH2PO4 (Ogorodnikov et al., 2002a)).
þ7 343 3744391.
odnikov).

Elsevier Ltd.

ov, I.N., et al., Short-living de
s.2010.01.039
(Li6Gd(BO3)3) are in this respect of particular significance, primarily
as a promising optical material for neutron detection by the scin-
tillation technique (Czirr et al., 1999; van Eijk, 2004).

The main goal of the present work is a study of the processes
involved in the creation and evolution of short-living radiation-
induced defects on the cation sublattice of LGBO crystals by the
means of the time-resolved luminescence and optical spectroscopy
under excitation by a nanosecond-scale pulsed electron beam.
2. Experimental details

We used lithium-gadolinium borate crystals, both undoped
(LGBO) and cerium-doped (LGBO-Ce). The samples were plane-
parallel transparent plates measuring 6 � 5 � 1 mm3. The crys-
tals were grown at the Institute of Single Crystals, National
Academy of Sciences of Ukraine (Kharkov), by the Czochralski
method in the air atmosphere (Baumer et al., 2002).

The experimental setup and the main characteristics of the
luminescence and absorption spectroscopy with a nanosecond-
scale time-resolution employed are described in considerable
details in Yakovlev (1992).
105

106

107

108
3. Results and discussion

Excitation of LGBO crystals with a single nanosecond-range
electron pulse brought about a short drop in optical transparency
fects and recombination processes in Li6Gd(BO3)3 crystals, Radiation
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of the crystal, i.e., an induced transient optical absorption event
(TOA). The decay time of this absorption exceeds by many orders of
magnitude the length of the exciting electron beam pulse. The
broad (not unfolded) TOA spectrum (Fig. 1) is located in the region
of optical transparency of the crystal.

Fig. 2 plots the kinetics of TOA decay measured at hv ¼ 3.7 eV
and 100% excitation power. An analysis of the kinetics revealed that
while at T ¼ 290 K slow monotonic relaxation of induced optical
density occurs within a broad (9 decades) time interval, the
dynamic range of its variation is relatively small.

One could isolate two decay-time regions differing in the decay
pattern. In the micro- and millisecond region, experimental curves
allow readily rectification within 3–4 decay time decades when
plotted in log–log coordinates (Fig. 2).

They can formally be described by the relation

�logDðtÞ ¼ Aþ p$logt: (1)

The exponent p depends on decay time and lies within 0.04–0.20.
Such properties are characteristic of interdefect tunneling recom-
bination kinetics. In the case where the concentration of one of the
recombination partners N exceeds by far that of defects of another
species n which account for the observed TOA, one can write the
equation of Parmon et al. (1974)

nðtÞ ¼ n0exp
�
� 4

3
pa3N ln3ðn0tÞ

�
; (2)

where n0 is the prefactor, and a is one half of the Bohr radius, the
parameters which determine the electron tunneling transfer
probability W.

For long decay times, the TOA kinetics also follows the straight
line (1) but with an exponent p ¼ 1, which assumes a first-order
hyperbolic relation

DðtÞ ¼ Dh

1þ t=th
; (3)

where Dh is the optical density corresponding to the initial
concentration of the color centers accounting for the given TOA
decay kinetics component, and th is the characteristic half-life
time of these defects. Fig. 2 plots the results of approximation of
the LGBO TOA decay kinetics in the 3.7 eV band with a sum of
relations (2) and (3) for decay times extending over about nine
decades.

An increase of excitation pulse power gives rise to an increase of
the initial concentration of the radiation defects created by this
pulse. This brings about a certain ‘‘shortening’’ of the TOA decay
kinetics. When plotted in log–log coordinates, the initial optical
density D(0), which is proportional to the initial concentration of
U
N
C

Fig. 1. TOA spectrum of LGBO crystals measured at T ¼ 290 K. Dashed lines plot the
main deconvolved Gaussian bands, symbols relate to experimental data, and the solid
line is the result of approximation.

Please cite this article in press as: Ogorodnikov, I.N., et al., Short-living de
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radiation defects, grows by a linear law with a slope close to unity
throughout the spectral range covered (Fig. 3). This may suggest the
non-impurity nature of the LGBO color centers and a common
mechanism of breakup of the radiation defects accounting for the
different LGBO TOA bands.

Heating of the crystal likewise brings about ‘‘shortening’’ of the
TOA decay kinetics, but the initial optical density D(0) does not
exhibit here any noticeable changes. Both TOA decay kinetics
components in the 1.0–4.0 eV region exhibit the same behavior
with temperature. Fig. 4 shows the temperature dependence of the
time constant th for the hyperbolic component of the TOA decay
kinetics. An analysis revealed that 1/th(T) obeys the Arrhenius law
with a thermal activation energy Ea ¼ 0.32 eV and a prefactor Q
u0 ¼ 4 � 105 s–1

1
thðTÞ

¼ u0$exp
�
� Ea

kbT

�
; (4)

where kb is the Boltzmann constant.
Electron beam excitation of an LGBO crystal at T¼ 290 K initiates

also pulsed cathodoluminescence (PCL) in the 2.5–3.5 eV region
with a characteristic decay time comparable with the length of the
excitation pulse. The observed signal is in this case actually
a Gaussian excitation pulse (s ¼ 12 ns) convolved with the PCL
decay kinetics of the sample. A numerical analysis of the experi-
mental data suggests that the PCL decay kinetics in the band at
3.0 eV is dominated in intensity by an exponential component with
a time constant s ¼ 45 ns accompanied by slow and weak
components of the micro- and millisecond ranges. Fig. 5 displays
the slow PCL decay kinetics components measured within a lumi-
nescence intensity variation range extending over about 3.5
decades.

The main contribution to the PCL decay kinetics derives in this
time range from a slow component obeying the relation
I(t) f 1/t. The second slow component can be fitted by a second-
order hyperbolic relation with a time constant of 120 ms at
T ¼ 290 K and an initial intensity of about 3% of the maximum
PCL intensity.

Fig. 6 presents a pulsed cathodoluminescence spectrum based
on the amplitudes of observed signals (oscillograms), which were
measured at termination of the excitation pulse. As evident from
Fig. 6, the PCL spectrum of a LGBO crystal represents essentially
a composite band covering the 2.5–3.5 eV interval. The intensity of
this PCL band is higher in LGBO crystals doped by Ce3þ ions. This
may be considered as an indirect indication of the color centers
accounting for this PCL band being of the impurity nature.

To provide a basis for discussion of the nature of the radiation
defects formed, compare the characteristic features of the TOA
(Fig. 1) we found with known optical spectroscopy data for the
LGBO crystals. The starting undoped LGBO crystals are optically
transparent in the spectral region of up to 3.9 eV. At 4.4–5.2 eV one
can see groups of optical absorption lines corresponding to tran-
sitions from the 8S7/2 ground state of the Gd3þ ion to its 6Dj and 6Ij
excited states Garapon et al. (1985). Doping with cerium brings
about the appearance in the spectrum of steady-state optical
absorption of LGBO-Ce crystals maxima in the 3.54 and 3.88 eV
regions which correspond to the 4f–5d transitions in Ce3þ ions. One
observes also a composite band at 4.1 eV deriving from charge
transfer transitions, i.e., electron transfer from the 2p oxygen
orbital to the empty 4f orbital of the cerium ion.

Yavetskiy et al. (2007) established that following b irradiation,
spectra of steady-state optical absorption of LGBO and LGBO-Eu
exhibit enhancement of the amplitude of the band at 3.25 eV,
which was attributed to the absorption of O� centers coupled with
lithium growth vacancies.
fects and recombination processes in Li6Gd(BO3)3 crystals, Radiation
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FFig. 2. TOA decay kinetics of LGBO crystals in the 3.7 eV band. T ¼ 290 K. Dashed lines
show components of the decay kinetics, symbols are experimental data, and the solid
line is the result of approximation.

Fig. 4. Temperature dependence of the TOA decay kinetics parameter th of a LGBO
crystal in the 3.7 eV band. Symbols are experimental data, and the straight line is the
approximation.
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The properties of the transient optical absorption observed by us
in the 1.0–4.0 eV region (Fig. 1) can not be correlated with the above
data on the optical spectroscopy of LGBO and LGBO-Ce. All the more
so that available data bear only on steady-state optical absorption
bands which are stable at room temperature.

We believe that the nature of the observed TOA should rather be
attributed to formation in a LGBO crystal of short-living radiation
defects induced by the electron beam. An analysis of the crystal-
lographic structure of LGBO suggests that the most probable effect
of the action of an electron beam is creation of Frenkel defect pairs
on the sublattice of weakly bound lithium cations, namely, of an
interstitial lithium ion and a cation lithium vacancy. Subsequent
trapping of the band electron by the lithium ion may result in
formation of the Li0 electronic center, while trapping a band hole
into 2p orbitals of one of the oxygen ions surrounding a lithium
vacancy gives rise to formation of an O� type hole center. Such
mechanism of radiation defect formation was observed by us
earlier to realize in Li2B4O7 (Ogorodnikov et al., 2002a,b) and LiB3O5

(Ogorodnikov et al., 2003) lithium borate crystals.
The broad optical absorption bands of hole centers in oxides are

usually assigned to optical transitions between valence band states
of the crystal and a local level of the hole center. It is known that the
O 2p- and B 2p-like hybridized states provide a major contribution
to valence band top states of the borates, while levels of the
conduction band bottom derive from d-states of metals. In the
vicinity of a cation vacancy in oxides, valence band top states
become usually split off into the bandgap. Therefore, we are
inclined to associate the mechanism of transient optical absorption
in LGBO crystals with photoinduced hole transfer between the 2p
U
N
C
O

Fig. 3. Optical density in the 3.8 eV band measured immediately after termination of
the excitation pulse and plotted vs. electron beam power (percents of the maximum
power) for a LGBO crystal. T ¼ 290 K. Symbols are experimental data, and the straight
line is the approximation.
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states of neighboring anions surrounding a lithium vacancy.
Considered in the context of the theory of small-radius polarons,
this process is treated as interpolaron absorption. The profile of the
optical absorption spectrum is largely mediated in these conditions
by the distribution of the density of valence band states. At
T ¼ 290 K, a hole undergoes thermally activated and, possibly,
partially tunneling migration among the anions surrounding the
vacancy. The energy threshold of optical absorption (1.2 eV in Fig. 1)
is actually the energy of an optical transition between the local level
of the hole center and the valence band top, i.e., the optical acti-
vation energy of the O� hole center. Optical absorption of this type
was observed by us earlier in the Li2B4O7 (Ogorodnikov et al.,
2002a,b) and LiB3O5 (Ogorodnikov et al., 2003) lithium borate
crystals.

The concentration of the O� centers responsible for the TOA can
decrease not only through the ionic process of diffusion-limited
annihilation of lithium vacancies with Li0 interstitial atoms, but in
tunneling charge exchange of these defects involving tunneling
transfer of an electron from the interstitial Li0 atom to the O� center
as well. It is this transfer that accounts for the main ‘tunneling
component’ in the LGBO TOA decay kinetics. This appears to
provide reasonable grounds for the use of the theory of tunneling
charge exchange among randomly distributed defects and for
fitting Eq. (2) to the TOA kinetics in describing the above compo-
nent. The probability of tunneling electron transfer between the
tunneling recombination partners depends on the prefactor n0 and
distance r between the partners. The lithium cation mobility affects
the distribution of defect pairs in defect separations r and gives rise
to an increase in the ‘close pair’ concentration. This accounts for the
Fig. 5. Slow components of LGBO PCL decay kinetics in the 3.0 eV band. T ¼ 290 K.
Dashed lines indicate the decay kinetics components, symbols are experimental data,
and the solid line is the approximation.
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Fig. 6. PCL spectrum of LGBO crystals obtained at T ¼ 290 K. Dashed lines plot the
main Gaussian constituents, symbols are experimental data, and the straight line is the
approximation.
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observed temperature dependence of the ‘tunneling’ component of
the TOA decay kinetics. We observed a similar temperature
dependence of the ‘tunneling’ TOA decay kinetics component in an
earlier study of the Li2B4O7 (Ogorodnikov et al., 2002a,b) and LiB3O5

(Ogorodnikov et al., 2003) lithium borate crystals.
The hole color centers responsible for the TOA are intrinsic LGBO

lattice defects, whose concentration plotted in log–log coordinates
grows linearly with increasing excitation pulse power by nearly
two orders of magnitude. As follows directly from Eq. (2), the decay
kinetics of both TOA components should shorten with increasing
initial concentration of radiation defects. It is exactly this pattern
that we observed in the experiment.

A comprehensive comparison of the TOA (Fig. 2) and PCL (Fig. 5)
decay patterns suggests that the decay kinetics of the first slow PCL
component can be fitted by a time derivative of the ‘tunneling’
component of the TOA decay kinetics. Eq. (2) shows readily that

IðtÞ ¼ �dn
dt
¼ 4

3
pa3N$nðtÞ$ln2ðn0tÞ

t
: (5)

This implies that tunneling electron transfer between the tunneling
recombination partners accounting for the TOA kinetics is radiative,
and that this tunneling transfer of an electron from a defect to the
excited state of the color center occurs in resonant (or close to
resonant) conditions. It appears reasonable to maintain that the
‘tunneling’ component of the TOA decay kinetics and the first slow
component in the PCL decay kinetics are mediated by the same
relaxation process.

At the same time, the fast and the second slow components in
PCL decay and the TOA decay kinetics in LGBO are not related and
are mediated by different relaxation processes. The main PCL band
of LGBO-Ce at 3.0–3.1 eV (Fig. 6) can be identified in its spectral and
kinetics characteristics with the well-known luminescence band of
Ce3þ. We believe that excitation with an electron beam gives rise to
ionization of the Ce3þ impurity center involving electron transfer to
the conduction band, Ce3þ / e� þ Ce4þ. In relaxation, the band
electron becomes trapped in the excited 5d state of the Ce3þ ion,
with subsequent luminescence in the 3.0–3.1 eV band:
e� þ Ce4þ/ (Ce3þ)* / Ce3þ þ hv. On termination of the excitation
pulse, the luminescence decays. Because of the presence of shallow
Please cite this article in press as: Ogorodnikov, I.N., et al., Short-living de
Measurements (2010), doi:10.1016/j.radmeas.2010.01.039
band-electron trapping centers, the decay time constant of the
recombination luminescence (s ¼ 45 ns) exceeds slightly the
radiative lifetime of the Ce3þ luminescence center. The lumines-
cence decay time constant of the Ce3þ centers in the case of a direct
photoexcitation is sr¼ 28 ns. This mechanism of Ce3þ luminescence
is fairly universal; for the case of X-rays excitation it was considered
to realize in a number of crystals, in particular, in borates, and for
LGBO-Ce it was analyzed earlier by us in (Ogorodnikov et al., 2007).
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4. Conclusions

To sum up, we have carried out the first investigation of the
formation and evolution of short-living radiation-induced defects
on the cation sublattice in LGBO crystals by time-resolved lumi-
nescence and optical spectroscopy under a nanosecond time-range
electron beam excitation. The analysis performed has permitted
identification of the mechanism responsible for the creation and
relaxation of short-living Frenkel defect pairs on the LGBO cation
sublattice. By the concept developed, the observed transient optical
absorption in LGBO derives from photoinduced hole transfer
between 2p states of neighboring anions surrounding the lithium
vacancy, and TOA decay kinetics is mediated primarily by tunneling
electron transfer between the intrinsic lattice defects, namely, the
electronic Li0 and the hole O� centers. This mechanism of radiation-
induced defect formation appears fairly universal for crystals with
the sublattice of mobile lithium cations. Similar results were
obtained earlier in our studies of some other lithium-containing
crystals, Li2B4O7 (Ogorodnikov et al., 2002a,b) and LiB3O5

(Ogorodnikov et al., 2003).
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