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Optically generated small electron and hole polarons in nominally undoped and
Fe-doped KNbOQOj investigated by transient absorption spectroscopy
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Transient light-induced absorption in nominally undoped and Fe-doped KNbOj crystals is observed in the
visible and infrared spectral ranges after single pulse illumination with A=532 nm. For nominally undoped
KNbO; the decay of the light-induced absorption in a single step can be explained by incoherent hopping
transport of optically generated small bound O~ hole and small free Nb** electron polarons and their mutual
recombination. Iron doping causes an additional slow decay component and, remarkably, accelerates the initial
decay process. A consistent model for the formation, hopping, and recombination paths of hole and electron
polarons is deduced from the experimental data set for both nominally undoped and Fe-doped KNbOj3. The
decrease in the polaron hopping-transport length in Fe-doped samples is attributed to the increased number
densities of optically generated hole polarons by additional one-quantum excitations.

DOI: 10.1103/PhysRevB.78.125112

I. INTRODUCTION

Electrons in the conduction bands of most of the ABO;
oxide perovskites tend to be self-trapped as small polarons
(see, e.g., Refs. 1 and 2) at the B sites of the materials.’
Corresponding hole polarons in the valence band are not
known; however, such holes are rather trapped at deep ac-
ceptors, charged negatively with respect to the lattice. In this
way the valence of, e.g., a transition-metal defect such as
Fe* is increased to Fe**. In undoped material, however, ac-
ceptors are generally represented by cation vacancies; they
are surrounded by several symmetry-equivalent O’ ions. In
such cases, the hole, bound to the acceptor, is usually self-
trapped as a small polaron at one of these oxygen ions, being
stabilized by lattice distortion.*

Contrary to charge-transport processes of tunneling free
charge carriers, small polarons hop incoherently between the
symmetry-equivalent sites;"? free small polarons contribute
in this way to the electrical dc conductivity. Independent of
whether bound or free, small polarons are characterized by
intense and wide optical-absorption bands, approximately
having a Gaussian shape. This often causes the coloration of
the materials.!>* Since such polarons can be created by op-
tical excitations, they play an important role in optical dam-
age processes in oxide nonlinear optical materials.’ On the
other hand, the analysis of light-induced formation and decay
processes, monitored by the related optical absorptions, al-
lows one to gain insight into the number densities of the
metastably trapped carriers, the paths covered before recom-
bination, the hopping of the free-electron polarons, and the
detrapping of the bound hole polarons.® The lifetime of
metastable small polarons depends, among others, on the
hopping-transport length, the temperature, and the stabiliza-
tion energy of the lattice deformation. Here, the hopping-
transport length equals the sum of elementary hopping steps
between neighboring B cation sites spanning the distance
from creation to recombination. Doping with extrinsic de-
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fects allows for an intermediate trapping of quasifree charge
carriers [e.g., at Fe?*/Fe®* sites in Fe-doped LiNbO; (Ref.
7)]. Hence, an influence of the doping on the intrinsic defect
structure, and therefore on the hopping-transport length, can
be expected as well.

This paper reports on the hopping-transport properties of
metastable small polarons in potassium niobate (KNbOs)
crystals, i.e., of free Nby, electron polarons and of O~ hole
polarons probably bound to potassium vacancies V. Both
types of carriers are generated in nominally undoped and
Fe-doped KNbO; crystals by intense nanosecond pulses of
532 nm light from a Q-switched frequency-doubled YAG:Nd
laser. The pulse intensities are sufficient to produce valence-
band holes and conduction-band electrons simultaneously by
two-quantum transitions. In doped materials valence-band
holes can also result from one-quantum excitations of
valence-band electrons to Fe-related defects, having levels in
the band gap of the material. The presence and decay of the
electron and hole polarons is probed by the absorption of
weak continuous-wave probe light at four wavelengths suited
for the detection of the polaron and Fe-defect optical bands
in KNbO;. In nominally undoped KNbOs;, electrons and
holes recombine in a single and fast decay process with a
time dependence very well described by a stretched-
exponential function. In contrast, in Fe-containing crystals a
slowly decaying second stretched-exponential process is su-
perimposed, and an acceleration of the fast process is found.
The analysis of the data leads to a detailed understanding of
the mechanisms governing the excitation, self-trapping, inco-
herent hopping, and recombination of the small polarons in
KNbO;. Also the influence of the Fe defects as intermediate
trapping sites of hole polarons is clarified qualitatively. A
possible contribution of Nbgi and O~ polarons to the phe-
nomenon of blue-light-induced infrared absorption (BLIIRA)
in KNbOj; (Ref. 8) can be suggested.

©2008 The American Physical Society
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FIG. 1. (Color online) Optical steady-state absorption spectra
(ordinary probe-light polarization) for nominally undoped and Fe-
doped KNbOj single crystals. Doping concentrations: 5, 20, and
350 ppm Fe.

II. EXPERIMENTAL DETAILS AND RESULTS

Our investigations were performed with nominally un-
doped and Fe-doped KNbO; single crystals provided by
FEE-Idar-Oberstein, Germany and the crystal-growth depart-
ment of the University of Osnabriick, respectively. Samples
of dimensions aXhbhXc=7X3X6 mm® (nominally un-
doped) and 4% 3 X4 mm® (Fe doped), respectively, were
prepared from single-domain boules. The large a-c faces
were polished to optical quality. The doping concentrations
incorporated by adding Fe,O; to the melt were 5, 20, and
350 ppm Fe in the crystals. Corresponding absorption spectra
of the samples for ordinary probe light are shown in Fig. 1.

The spectra are corrected for reflection losses. The nomi-
nally undoped sample is highly transparent over the visible
and near-infrared spectral ranges (ay<<0.1 cm™). Its ultra-
violet absorption edge’ where the absorption coefficient
equals 20 cm™! lies at (385* 1) nm. Fe doping is reflected
by a significant redshift of the band edge: (385* 1) nm for 5
ppm Fe, (387 % 1) nm for 20 ppm Fe, and (419 1) nm for
350 ppm Fe. This redshift is in accordance with findings in
LiNbO;, where the spectral position of the fundamental ab-
sorption edge is an indicator for the composition.!® In com-
parison with nominally undoped KNbOs, the absorption co-
efficient slightly increases in the visible and near-infrared
spectral ranges by doping as depicted in the inset of Fig. 1.
The sample with 350 ppm Fe exhibits a weak absorption
band at 925 nm of unknown origin.

The samples were investigated by pump-probe-laser spec-
troscopy [cf. inset of Fig. 2(a)] using single intense laser
pulses of a Q-switched frequency-doubled YAG:Nd laser for
pumping  (Npymp=>532 nm, 7pwpy=8 ns, and maximum
pulse intensity I,,,,=705 GW/ m?). During and after the
pulse, the transmitted intensities Ipe(#) of four discrete
probe-laser beams are monitored simultaneously (Npope
=488, 633, 785, and 1310 nm and /=1.6 kW/m?). Intensi-
ties were detected by appropriate PIN diodes. The signals
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FIG. 2. (Color online) Temporal evolution of a;(f) at Iyymp
=420 GW/m? and \,p.=785 nm for (a) undoped KNbO; and (b)
20 ppm Fe-doped KNbOjs. The dashed lines represent fits according
to Eq. (2) with parameters (a) aff“:(léZi 10) m~!, 7t
=(2.1+0.8) us, and B™'=(0.61+0.05), respectively. (b) Fast
component: af*'=(130%5) m~!, 7#%'=(0.03+0.01) us, and B!
=(0.91%0.10); and slow component: alsi1°“’=(38i5) m~!, plow

=(1.3%0.2) s, and B°¥=(0.38 = 0.05) (dotted lines). The inset in
(a) sketches the pump-probe geometry of our experimental setup.

from the detectors are amplified and fed into a digital storage
oscilloscope. If not indicated otherwise, all measurements
were carried out at room temperature. Ordinary pump and
probe-light polarizations were chosen to get the maximum
signal amplitude (cf. Refs. 7 and 11). From ,,(7) the tem-
poral behavior of the light-induced absorption ay;() was de-
termined by

_ l I robe(t = 0)
%@—;{ %mﬂ)}’ M

with the effective crystal thickness d.

Figure 2 shows the characteristic temporal evolutions of
the light-induced absorption a;(7) for (a) a nominally un-
doped and (b) an Fe-doped KNbO; sample (20 ppm Fe),
respectively.

Note that a logarithmic time scale is chosen. The pump
intensity was I,,,,=420 GW/ m? and the data were shown
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TABLE 1. Parameters determined from fitting Eq. (2) to the
experimental data ay(r) of nominally undoped and Fe-doped
samples at maximum pump-beam intensity of I, =705 GW/m?
and for the probe wavelength Np,p.=785 nm.

cre[ppm] <1 5 20 350
a®™[m™']  (305+£20)  (193+10)  (177+10) (14+5)
M us]  (20+0.8)  (0.6+0.3) (0.03=0.01) (0.01%=0.01)
Bt (0.56£0.10) (0.690.10) (0.890.15) (0.49=0.10)
™ [m™'] (6+3) 49+5) (140 10)
oV ms] (12+3) (435+35) (1120*85)

B (0.14+0.05) (0.383=0.05) (0.39+0.05)

100 200 300
Cpre [PPM]
FIG. 3. Amplitude @}/ of the slow decay component as a func-
tion of iron concentration (Ipymp=705 GW/ m? and Nprobe

=785 nm). The dashed line represents a linear fit to the experimen-
tal data set. The dotted line is a guide to the eyes.

as an example for a probe wavelength of N\j,,.=785 nm. A
light-induced absorption with comparable maximum value of
af™ =155 and 160 m™!, respectively, appeared immediately
after the pump pulse in the two samples. Obviously, the
buildup of «a;(z) could not be resolved with our setup and is
to be expected in the range below 1 ns (cf. Ref. 12). After the
pump pulse, the light-induced absorption shows a temporal
decrease to zero. Remarkably, there are fundamental differ-
ences in the relaxation kinetics of the two samples: For the
nominally undoped sample, «j; relaxes from its maximum
value in a single step to zero and, hence, vanishes already
completely after about 100 us. In contrast, for the Fe-doped
sample, the relaxation process has to be divided into two
decay components in analogy to the results of Buse and
Kriitzig.!" The first decay relaxes within 0.1 us from its
maximum value to ~40 m~! and vanishes to zero in a sec-
ond step within about 10 s.

The temporal behavior of the decays can be modeled nei-
ther by a single-fold nor by a twofold exponential function.
For decay processes related to polaronic charge transport, the
relaxation is best described by a stretched-exponential func-
tion of type ay;(f)=ay; o exp[—(¢/7)P] (see, e.g., Refs. 13 and
14). Here, a0, 7, and B are the maximum amplitude, the
characteristic time constant, and the stretching factor of the
decay component, respectively. A single stretched-
exponential function is fitted to the relaxation kinetics of
(1) of the nominally undoped sample. The fit is represented
in Fig. 2(a) by the dashed line and yields the fit parameters as
given in the figure caption. In contrast, a sum of two
stretched-exponential functions, one for the fast and one for
the slow decay component, was fitted to the Fe-doped
KNbO; sample according to

ali(t) = afiaSl exp[_ (I/Tfast)ﬁfﬂsl] n alsilow exp[_ (f/ 7'510W)BSIOW]'
(2)

The least-squares fit to the measured data is represented by
the dashed line in Fig. 2(b). Note that the fast and slow decay

components of the fit are plotted separately as dotted lines.

The two-step relaxation process of stretched-exponential
type was observed in the KNbO; samples doped with 5 and
350 ppm Fe at the probe wavelength of 785 nm, as well.
Exemplarily, the related fit parameters determined at maxi-
mum pump-beam intensity (/,,;,,=705 GW/m?) are given
in Table 1.

Remarkably, we found that the lifetime of the fast decay
component 7% decreases and the amplitude &}°" increases
with higher doping concentration. This dependence suggests
that the fast decay component 7% found in the Fe-doped
samples may have the same origin as the single decay com-
ponent of the nominally undoped sample. At the same time,
the second decay component alsil"w has to be assigned to the
presence of Fe.

From the plot «}°"(cg,) shown in Fig. 3 we notice a linear
increase in a®" particularly for small Fe concentrations. Fit-
ting a linear function to the data set yields a}°"(cpe)
=[(2.0+0.1) m~!/ppm]c.. This might be applied as a tool
for the determination of residual Fe impurities in KNbO5
crystals.
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FIG. 4. Dispersion of the maximum amplitudes af*' and aj°"

(see inset) related to the photon energy E of the probe beam for
KNbO;:Fe (5 ppm) (Zpymp=705 GW/m?). The solid line represents
a superposition of two small polaron bands (individually indicated
by the dashed lines) peaking at 0.8 and 1.4 eV, respectively, and
adjusted in their amplitudes to reproduce the experimental data.
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FIG. 5. Dependence of o' and @}1°" on the pump-beam inten-
sity for the KNbOj; sample doped with 5 ppm Fe (Aprope
=785 nm). Dashed lines indicate fits to the experimental data with
a quadratic function and according to Eq. (3), respectively. Fit pa-
rameters: K=(4.2+0.5) X 10™* m3/GW? for the fast decay and

lsll‘;;’vt—(S +2) m~' and Ils)?fmp—(317 +20) GW/m? for the slow

decay.

The d1spers1on of the maximum amplitudes o™ (Nprobe)
and a (N probe) With respect to the probe beam wavelength
yields the spectra shown in Fig. 4.

The values are given as an example for the KNbO;
sample doped with 5 ppm Fe and result from the two-
component fitting procedure. The data set is plotted as a
function of the photon energy of the probe beam. Obviously,
the amplitudes of the fast and slow decays obey a comple-
mentary behavior. While afl‘M decreases with increasing pho-
ton energy from 690 m~' at 0.95 eV (=1310 nm) to
74 m~" at 2.54 eV (=488 nm), @} increases with increas-
ing photon energy (see inset of Fig. 4). Comparable results
for the fast decay component were obtained for all samples
including the nominally undoped one. However, we note that
at 1310 nm the amplitude of the fast component is remark-
ably twice as high for the 5 ppm Fe-doped sample in com-
parison with the nominally undoped sample. In contrast, we
could not resolve the slow decay component at this wave-
length.

Figure 4 additionally shows the plotted shapes of two in-
dividual small polaron bands>* (dotted lines) proportional to
(1/E)exp[—(ZEp—E)z/(4Ephwo)]. Here, E is the photon en-
ergy, E, is the polaron stabilization energy, and fw, is the
longitudinal optical phonon energy. According to Sec. IIT A,
the photon energies 0.8 and 1.4 eV as well as E[,(Nb“)
=0.45 eV and E,(07)=0.75 eV (Refs. 4, 15, and 16) have
been applied. For fiw, the value of 0.1 eV was assumed,
typical for polarons in oxide materials.* The solid line repre-
sents the superposition of the two individual small polaron
bands. Only the relative amplitudes of both component bands
in Fig. 4 were adjusted.

The kinetics of the light-induced absorption were investi-
gated as a function of temperature from 25 °C up to 65 °C
limited by the formation of randomly aligned domains at
higher temperatures. The lifetimes of all decay components
in all samples obey an Arrhenius law according to (7)
=(1/Z)explE,/ (kgT)]. Here, Z is the frequency factor, E, is
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FIG. 6. Schematic description for the different mechanisms of
excitation (left side) and relaxation of small polarons via hopping
(right side) in nominally undoped KNbOj;. Thick solid arrows de-
note excitation by pump light and dotted arrows mean trapping of
electrons/holes on polaron levels. Note that the energy levels are
shown only schematically; they do not represent absolute defect
energies.

the thermal activation energy, kg is the Boltzmann constant,
and T is the absolute temperature of the crystal. The fits yield
an activation energy E'=(0.14 = 0.05) eV for the fast de-
cay component independent of the probe wavelength and
doping concentration. The activation energy of the slow de-
cay component strongly varies as a function of the probe
wavelength: (0.38+0.06) eV at 488 nm, (0.61=0.07) eV
at 633 nm, and (0.82+0.09) eV at 785 nm. The obtained
maximum amplitudes as well as the stretching factors for
both decays did not reveal a temperature dependence.

Finally, the dependence of the maximum amplitudes of
fast and slow decay components was investigated as a func-
tion of pump-beam intensity As an example, Fig. 5 displays
the dependencies a;™( Ioymp) and (I ymp) for the KNDO;
sample doped with 5 ppm Fe.

A quadratlc increase 1n o Iump) is Obvious and can be
fitted by 01" (Zpymp) = Klpump In contrast @} *™ () saturates
at high pump-beam intensities according to

pump

I
Sl()W(Ipump) = alsll,(z\:t|: 1- exp( I%) :| s (3)
pump

where ah oo denotes the saturation value of the slow decay
component of the light-induced absorption and F is the
characteristic intensity. The quadratic dependence of the
maximum amplitude ;™" on the pump-beam intensity is
found for the nominally undoped KNbO; sample, as well.
This underlines again that the fast decay component in the
doped samples can be identified with the single decay com-

ponent in the nominally undoped sample.

III. DISCUSSION

Our systematic study on the light-induced absorption
upon nanosecond-pulse exposure in nominally undoped and
Fe-doped KNbO; samples obviously reveals two key results
with respect to the contribution of Fe to the recombination

125112-4



OPTICALLY GENERATED SMALL ELECTRON AND HOLE...

behavior: The Fe doping (1) accelerates the dominating fast
decay component and (2) it induces the appearance of a sec-
ond slow decay component of the light-induced absorption.
The found stretched-exponential behavior of both decay
components with characteristic lifetime and stretching factor
is a typical property of polaronic charge-transport processes
and can be attributed to a hopping-like charge transport via
polaronic levels.!”!® Equivalent stretched-exponential relax-
ations therefore are observed in various oxide crystals with
rich intrinsic and extrinsic defect structures investigated with
pump-multiprobe-laser spectroscopy.”-!314.19-20
Taking into account previous results
paramagnetic resonance (EPR) investigations?'?? and the re-
sults of radiation-induced absorption,lS’B’24 we can discuss
our findings in the frame of the intrinsic and extrinsic defect
structure of KNbO; and, in particular, in the frame of exci-
tation and recombination processes of small electron and
hole polarons. We take advantage of the fact that the struc-
ture of KNbOs, including the possible defect structures, can
be considered as closely related to BaTiO; and KTaOs.

of electron-

A. Intrinsic origin of the fast decay component

The results show that the presence of the Fe dopant is not
required for the appearance of the fast decay component of
the relaxation process. We hence can conclude that this de-
cay has to be accomplished with the intrinsic defect structure
of KNbO;. Here, Nby; free-electron polarons and O~ bound
hole polarons with absorption maxima at about 0.8 eV (Ref.
15) and at about 1.4 eV,'¢ respectively, have to be consid-
ered. We would like to note that the experimentally deter-
mined value of 1.4 eV is close to the theoretically predicted
one, 1.1 eV.?? The hole polaron is trapped most likely near a
potassium vacancy Vi (Refs. 23 and 25) and behaves thus
like a small bound polaron. Only a hole polaron bound to
such a K-site acceptor will cause an absorption band peaked
below 1.5 eV.* Since free O~ hole polarons are unlikely to
occur in oxide ABO; perovskites, in the following, we will
mean by hole polarons bound ones.

The first decay component features a quadratic depen-
dence of its maximum amplitude afia“ on the pump-beam
intensity. This points to a two-photon process for excitation.
Taking into account the band gap of KNbO; of approxi-
mately 3.3 eV,?! which fairly well corresponds to the position
of the band gap found in the absorption spectra in Fig. 1, we
can assume creation of free charge carriers by band-to-band
excitation.

This will simultaneously result in an electron self-
trapping at NbSNJ,;, forming small Nbﬁ,’3 polarons, and in hole
capture near a potassium vacancy yielding small bound O~
polarons*?324 as schematically depicted in Fig. 6 (left side).

In this case, the light-induced absorption, particularly at
A=1310 and 785 nm in Fig. 4, originates from the superpo-
sition of the electron and hole-polaronic absorption bands.
For this reason, the individual shapes of the small Nby; po-
laron and of the small bound O~ polaron peaking at 0.8 and
1.4 eV have been added>* in Fig. 4. Obviously, their super-
position expected on this basis reasonably reproduces the
experimental data (solid lines in Fig. 4). With respect to the

PHYSICAL REVIEW B 78, 125112 (2008)

slight discrepancies at the higher energies, it can be remarked
that the given theoretical band shapes tend to underestimate
the experimental polaron absorptions in the energy range
above their peak energies.*

As a consequence of this model the relaxation of the fast
decay component resembles the recombination of free Nby,
electron and O~ hole polarons by hopping charge transport
via Nbyy, polaron levels (right side in Fig. 6). This is particu-
larly supported by the determined activation energy E,
~(0.14 eV (cf. Figure 6), which is close to that expected
from the peak energy E,,~0.8 eV (Ref. 23) of the related
optical-absorption band (Refs. 1 and 2) E,~ 1/4E,,. In com-
parison with the theoretically deduced activation energy for
O~ of =0.5 eV (Ref. 25) it is apparent that the charge trans-
port in the excited state is dominated by electron migration
via the Nbyy, centers.

B. Acceleration of the fast decay component by Fe doping

The lifetime of the light-induced absorption depends on
the effective polaron hopping-transport length until recombi-
nation occurs. We remind that the hopping-transport length
equals the sum of elementary hopping steps between neigh-
boring B cation sites spanning the distance from creation to
recombination. Obviously, the lifetime can be decreased if
the number density of recombination partners or the polaron
mobility is increased. Applied to KNbO;:Fe, the lifetime of
the electron-polaron to hole-polaron recombination process
depends on the charge transport in the free Nb4N; polaron
level as well as on the number density of the O~ hole po-
larons or, possibly, of additional other recombination part-
ners, i.e., extrinsic defect centers having captured a hole.
Since the experimentally determined activation energy of the
fast decay showed no dependence on the doping concentra-
tion, we conclude that charge-transport processes via the
Nbi{{) polaron level are not influenced by Fe doping. Hence,
an increased number density of deep traps due to an in-
creased number of O~ hole polarons or due to additional
extrinsic defects has to be assumed to explain the accelerated
decay of the fast component within this model. The first case
is supported by the increased light-induced absorption in
KNbO;:Fe in the infrared spectral range where hole po-
larons have their absorption maximum. But also the presence
of Fe is clearly observed in the light-induced absorption
spectra of KNbOjs: Fe, reflecting the slow decay process. The
increase in the O~ hole-polaron number density can be ex-
plained within the model in Fig. 7 taking into account the Fe
doping via the additional X center. Details of the relation
between the X center and the Fe doping are discussed in Sec.
I C.

In analogy to the model for the nominally undoped
KNbO; (Fig. 6) Nby: electron and O~ hole-polaron centers
are populated by two-quantum excitations also for Fe-doped
material. This is well supported by our experimental findings
for the fast decay (activation energy independent on Fe dop-
ing, quadratic dependence on the pump-beam intensity, etc.).
In contrast to the nominally undoped sample, the presence of
the X center in principle allows optical excitations of elec-
trons from X° to the conduction band or from the valence
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FIG. 7. Mechanisms for the excitation (left side) and relaxation
(right side) in KNbO3 doped with iron. In addition to the two-
quantum excitation from the valence band (VB) to the conduction
band (CB), an excitation of electrons from the VB into an X center
leads to an increased density of holes and, hence, of hole polarons.
Thick solid arrows: excitation by pump light; dotted arrows: trap-
ping of electrons/holes on polaron levels; and wavy solid arrows:
thermal excitation.

band to X*, respectively. Transitions from cation defects to
the conduction band, having mainly Nb character, are next-
nearest-neighbor transitions. Hence, they are comparatively
weak unless the related cation defect level is close to the
conduction band, equivalent to a large extension of the wave
function of the defect. Transitions from the valence band,
mainly having oxygen character, are always nearest-neighbor
transitions and thus relatively strong. Hence, and according
to the findings in related materials such as BaTiO;,>? the
second type of one-photon processes will dominate. This will
be accompanied by the formation of holes in the valence
band, which are expected to be trapped subsequently as
bound hole polarons. The creation of additional O~ hole po-
larons as recombination partners will thus depend on the
number density of X levels and will be the natural conse-
quence of Fe doping. We therefore can conclude that the
lifetime of the fast decay process should decrease with in-
creasing number density of X centers, i.e., with the increas-
ing Fe concentration. This model is clearly consistent with
the results presented in Table I. The number of free-electron
polarons is determined by the band-to-band two-quantum ex-
citations independent of the presence of Fe defects. There-
fore, additional O~ holes, which have been created by one-
quantum transitions to the X centers, will be left over after
polaronic electron-hole recombination. While present, they
increase the probability of recombination with the electrons.
Those holes not consumed in this process will again be
trapped at the X level. This intermediate storage of the holes
is responsible for the second slow decay component of the
light-induced absorption.

We would like to note that our study in KNbO;:Fe re-
markably uncovers an entirely different behavior of the tran-
sient absorption than in Fe-doped LiNbO;.” The initial value
of the light-induced absorption in LiNbOj first increases,
reaches its maximum value at approximately 10~ s, and fi-
nally shows a single relaxation process when probing Fe-
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FIG. 8. More detailed scheme for the processes related to the X
center in Fig. 7 in analogy to the model presented in Ref. 22.

doped samples with light in the blue-green spectral range
(Fig. 2 in Ref. 7). We can attribute this remarkable difference
to the following two facts: (1) The energetic positions of the
absorption bands of the Fe?* center and O~ hole polaron are
both centered in the blue-green spectral range near 2.5 eV in
LiNbO;. In KNbOj3, the O™ hole polaron is centered at 1.4
eV. The differences in the O~ peak positions result from the
fact that in LiNbOj; the Vi; binding defect is surrounded by
six nearly equivalent oxygen sites, whereas Vi in KNbO;
has twelve equivalent oxygen neighbors.* (2) In LiNbO; the
electron-hole-polaron recombination is decelerated by charge
trapping of the electrons at the Fe center as an intermediate
step. In contrast, holes are captured at the Fe center in
KNbO;, i.e., the Nbgi-O~ recombination path remains unaf-
fected.

C. Nature of the X center

We will now discuss the possible nature of the X center
taking into account our experimental findings related to the
second slow decay component (dispersion of activation en-
ergy and of maximum amplitudes of the light-induced ab-
sorption). Obviously, from Fig. 7, it follows that optical ex-
citations of electrons from the valence band to the X center
are accompanied by strong charge-transfer absorption bands.
Such processes are typically observed for cation defects with
higher valence states in oxide perovskites. Because these
X-related phenomena are seen to increase with Fe doping, it
is likely that Fe is involved in the structure of the X defects.
Numerous Fe-containing defects in Fe-doped KNbO; have
been identified previously,'®?? but detailed information on
their structure could not yet be obtained. Hence, the pre-
sumed defect scenario will be discussed on the basis of avail-
able knowledge in the related perovskite oxides KTaO5 and
BaTiO;. A summary on such defects can be inferred from the
Appendix.

The band scheme depicted in Fig. 8 allows one to explain
the slow recombination process in KNbO;: Fe. One-quantum
transitions of the type shown have been established repeat-
edly for BaTiO5:Fe.?>?® After two-quantum optical excita-
tion of the crystal, the available valence-band holes will
partly be trapped also at the shallower levels, i.e., at Fe>*/4*,
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TABLE II. Fe-containing defects in Fe-doped KTaOs;, BaTiO;, and KNbO; with positions of the absorption bands in eV, where

available.

KTaOj; BaTiO; KNbO;
(Refs. 22 and 27) (Ref. 22) (Refs. 16 and 22)
Fel! (35eV) Felt (2.1eV) Fel:
Fei!-Vo (33 eV) Fei! (>3 eV) Felr-Vo
Fe3!-? (32 eV) Fetl (2.7 eV) Feyi-X
Fej!-Fep Fej’ (2.3 eV) Felr-Y
Fel! (1.5eV) Feli-Vo Feyi-Z
Fel:-Vo (1.5 eV); (2.8 eV) Feli-Vo Fei*
Fep'-Oy (1.8 eV); (2.8 eV) Fe},
Fey

Fey

This hole capture is connected with a light-induced absorp-
tion change ay; with respect to the equilibrium situation,
where holes can exist at most at the deeper level (Fe**/3+),
Thermal excitation of valence-band electrons to the shal-
lower Fe**>* levels and the subsequent recombination of the
created valence-band holes with electrons from the deeper
one, Fe****  will restore the initial absorptive state of the
crystal leading to a;;=0. We note that this model is only a
minimal one since various other Fe defects in KNbO; can
lead to further related gap levels. Nevertheless, it success-
fully serves to explain the presented data set. Equivalent con-
siderations were necessary to explain the photorefractive
properties in Fe-doped KNbO;.°

D. Blue-light-induced infrared absorption

Our results may give a hint in identifying shallow and
deep traps involved in the phenomenon of BLIIRA.® The
intrinsic nature of the shallow trap was already suggested by
Buse and Kriitzig.!" Here, it turns out that Nby: electron and
O~ hole polarons could essentially participate in BLIIRA be-
cause of their pronounced light-induced absorption in the
infrared spectral range. In contrast, although long living, the
contribution of the slow component to the blue-light-induced
absorption might be less significant because BLIIRA in Fe-
doped samples is not much different from nominally un-
doped crystals.®

IV. CONCLUSION

Concluding our results, the light-induced absorption with
a fast decay behavior can be related to the formation and
recombination of Nby; electron polarons with O~ hole po-
larons. Its shorter lifetime in Fe-doped samples is a result of
an increased number density of O~ hole polarons upon opti-
cal pumping. The larger amount of hole polarons results
from the additional optical transfer of electrons to an (extrin-
sic) trap center via one-quantum excitation. The second slow
decay process of the light-induced absorption can be related

unambiguously to the presence of Fe in the KNbO; samples.
Unfortunately, a clear assignment of the additional trap cen-
ter to Fe, and particularly to its valence states, cannot be
deduced from our investigations. Which of the conceivable
valence states of Fe (2+/3+/4+/5+) are present in KNbO;
hence remains an open question. Furthermore, it cannot be
excluded that in addition to such isolated defects also asso-
ciations of Fe with other lattice perturbations, such as oxy-
gen vacancies, are involved in the process.

In the frame of analytical spectroscopy, these results allow
nevertheless to determine the content of Fe impurities in
KNbO; samples by contact-free pump-probe-laser spectros-
copy. In particular it is shown that samples of high purity
(<1 ppm) are characterized by a single decay of the light-
induced absorption and a lifetime of 2 us.
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APPENDIX

Table II gives an overview on Fe-containing defects in
KNbOj;, KTaOs3, and BaTiO5;. Most of the entries have been
assigned by studies of EPR, optically detected paramagnetic
resonance, and combined EPR-optical studies. The lower va-
lencies are usually found in reduced material; the higher ones
in as-grown or oxidized crystals. In BaTiO;, FeX causes
intervalence transitions from the defect to the conduction
band,?® whereas charge-transfer transitions occur from the
valence band to Fej} and Fejf. The shown defects define a
series of levels in the band gap of the materials, from which
optical and/or thermal charge exchange of charge carriers
with the conduction and valence bands can occur. Defects
with higher valencies tend to have levels in the lower half of
the gap and are likely to lead to thermal and optical excita-
tions of holes to the valence band.
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