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ABSTRACT A method is introduced which allows us to pre-
dict the performance of a photorefractive material quantita-
tively using electron paramagnetic resonance (EPR)-based de-
fect studies. This includes the determination of the defect den-
sities and the parameters governing their light-induced charge
changes. On this basis the effective trap densities and the pho-
torefractive response times are calculated. All quantities can
be determined without theoretical simplifications such as em-
ployed in previous approaches to the problem. The method is
applied to BaTiO3 and congruently melting Ba0.77Ca0.23TiO3,
both doped with rhodium. The iron defects, present as back-
ground contaminations, are fully taken into account. Their influ-
ence on the intensity saturating the space charges is calculated
on this basis. The complete energy dependences of the absorp-
tion cross sections of all optically active Rh and Fe defects are
given.

PACS 42.70.Nq; 76.30.Mi; 78.40.-q

1 Introduction

The strength of the light-induced space-charge
fields, Esc, is the central quantity determining the photorefrac-
tive performance of materials showing a linear electrooptic ef-
fect. These fields are caused by the photoionization of defects
under inhomogeneous illumination and by the subsequent
transport of the liberated charge carriers towards the darker
regions of the crystal, where they are trapped by the exist-
ing lattice perturbations. In the absence of an external electric
field, diffusion is the predominant transport mechanism active
in BaTiO3 and Ba1−xCaxTiO3 [1, 2]. The space-charge fields
are related to the effective trap density Neff , a quantity depend-
ing on the charge states of the defects and their concentrations;
see below. In order to predict the performance of a material it
is thus necessary to determine these quantities.

In the most straightforward way this can be performed by
electron paramagnetic resonance (EPR) investigations of the
relevant materials, yielding information on these defect items:
charge and density. This, however, refers to an ideal situation.
Not all defects are EPR-active, even if they happen to be para-
magnetic. The problem can be circumvented if emphasis is
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first laid on the optical absorption of the defects, usually avail-
able irrespective of whether the defects are EPR-active or
EPR-silent. If the corresponding absorption bands and their
intensities can be assigned to the responsible defects, their
charge states, and their concentrations, all necessary informa-
tion is available to infer Neff. The route towards this goal starts
with the simultaneous registration of the changes of the EPR
as well as of the optical signals of all defects in a specimen in-
duced by homogeneous illumination. The latter phenomenon
is based on the photochromicity usually exhibited by inor-
ganic photorefractive materials – if not at room temperature
then at low ones. The common and consistent interpretation of
both types of signal changes leads to the wanted information:
charge and density of the EPR-silent defects also. Examples
will be given below.

By studying the time dependences of the defect concen-
trations after the illuminating light is switched on or off, the
parameters describing the temporal response of the related
charge-transfer processes can additionally be obtained. This
will allow us to determine the parameters governing the trans-
fer events and, from them, the photorefractive response times.

The method will be applied to the photorefractive mate-
rials BaTiO3 (BT) and Ba0.77Ca0.23TiO3 (BCT), doped with
rhodium (Rh), known to improve the photorefractive sensitiv-
ity of the materials in the near infrared [2–7]. BCT, in prin-
ciple, is a useful replacement of BT in this context, avoiding
the drawbacks of the latter connected with its cubic to tetrag-
onal phase transition near 8 ◦C [8, 9]. The indicated compo-
sition of BCT refers to its congruently melting composition.
Some general properties of both materials are listed in Table 1.
Extending a similar previous study of the photorefractive per-
formance of BT:Rh [10], we now quantitatively include not
only the Rh impurities but also the subsystem of Fe back-
ground defects usually contained in such crystals [11]. Based
on the experience gathered with BT:Rh we shall extend the
investigation to BCT:Rh, where the so far unavoidable Fe con-
tamination is assumed to be still more important [7].

Huot et al. [12] and Corner et al. [13] were the first to study
the photorefractive performance of the system BT:Rh by in-
vestigating the consequences of the three-valence model [14]
constituted by the three charge states Rh3+, Rh4+, and Rh5+
occurring in as-grown or oxidized crystals [10, 15]. Using
experimentally determined values of light-induced absorp-
tion and beam-coupling gains at 1.06 µm, the authors derived
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BT [50] BCT

density (tetragonal phase) � (g/cm3) 6.02 5.58 [8]

lattice parameter a (nm) 0.3992 0.3962 [8]
(tetragonal phase) c (nm) 0.4036 0.3999 [8]

band gap energy Eg (eV) ∼ 3.1 ∼ 3.2 [9]

refractive index no (λ = 800 nm) 2.37 [51] 2.36 [52]
(ordinary polarized light) no (λ = 632 nm) 2.41 [51] 2.40 [52]

no (λ = 400 nm) 2.71 [51] 2.68 [52]

dielectric constant εr ε11 4300 [53] 120 [8]
ε33 168 [53] 240 [8]

transition temperature
(tetragonal–cubic) Tc (K) ∼ 403 ∼ 371 [8]
(orthorhombic–tetragonal) Tc (K) ∼ 281 < 30 [54]

TABLE 1 Comparison of some BT and BCT crystal data. Where not
stated differently, the data refer to room temperature

the parameters governing the charge-transfer processes. Bern-
hardt et al. [7, 16] transferred this analysis to the operation
of BCT:Rh at 850 nm. They also took into account the pres-
ence of Fe as a background contamination by considering
the charge states Fe3+ and Fe4+, neglecting the presence of
Fe5+. Since in these approaches the available experimental
information was limited, the authors furthermore had to use
a simplified theoretical basis to determine some of the wanted
parameters. With a similar approach, Radoua et al. studied
the photorefractive performance of BCT:Rh at 1.06 µm [17].
Veber et al. [10] recently introduced EPR to obtain more com-
plete experimental knowledge on BT:Rh and derived the de-
fect densities and the charge-transfer parameters using the full
theoretical basis. However, in that paper the influence of Fe
was only estimated. This drawback is removed in the present
approach; we arrive at the most detailed experimental results
and interpret them with the full theory.

The procedure exploited in this paper has grown from
previous studies which were focussed on the qualitative clar-
ification of the question of between which defects charge
transfers occur in a series of photorefractive crystals [18–22]
under illumination. Based on the photochromicity of the ma-
terials, EPR studies allowed us to establish the identity and
charge states of the defects involved. The present work ex-
tends these investigations to the quantitative aspects of light-
induced transfers in crystals.

The paper is organized in the following way: after giving
some information about the experimental basis of the investi-
gation, in Sect. 2 the knowledge about the EPR-active defects
in BT:Rh is summarized. Then it is described how information
about the EPR-silent defects is acquired. From the collected
data quantities are deduced which can be compared with ex-
perimental results, such as Neff. In Sect. 3 a similar procedure
is applied to obtain and assess the corresponding data for
BCT:Rh. Some further experimental questions, concerning
both BT:Rh and BCT:Rh, are treated in Sect. 4. A discus-
sion of the general aspects, the merits and the outlook of the
method used follows in Sect. 5. Also the parameters derived
on this basis, as well as special features of BCT:Rh are treated
in this section.

sample doped doping size comment,
(crystal with (ppm in melt) [mm3] treatment
label)

BT
(‘ob 1’) Rh ? 0.7×4.0×3.0 as grown+
(X17) Rh 1000 0.9×3.5×3.3 as grown
(X70) Rh 10 000 0.5×4.0×3.8 as grown
(X70ox) Rh 10 000 0.5×4.0×3.8 oxidized 2 h,

800 ◦C, 20 bar in O2
(X70red1) Rh 10 000 0.5×3.8×3.3 reduced 2 h,

800 ◦C, 10−3 mbar
(X70red2) Rh 10 000 0.5×3.8×3.3 reduced 2 h,

400 ◦C, 10−3 mbar
(GR120) Fe 750 1.0×4.0×2.9 as grown+
(GR87) Fe 50 1.2×3.7×2.8 as grown

+ chemical analysis available

TABLE 2 List of BT samples and their treatments

2 BaTiO3:Rh

2.1 Experimental details

Table 2 gives a general overview of the studied BT
specimens. Those listed in Table 3, column 1, were investi-
gated in most detail with the present method. Column 2 shows
the doping concentrations in the melts, where known. These
crystals were kindly made available by H. Hesse, M. Kacz-
marek, and D. Rytz. Three of the specimens contain Rh; two
are doped only with Fe. EPR measurements were performed
with a Bruker 200 D spectrometer, operating near 9.8 GHz.
Temperatures below room temperature were achieved with an
Oxford Instruments helium-flow cryostat. A two-beam opti-
cal spectrometer served to register optical absorption spectra
at room temperature. Light-induced absorption changes were
recorded with a special setup [23] facilitating simultaneous
measurements of the accompanying EPR signal changes, also
at low temperatures. This apparatus allows the illumination
with pump light – monochromatic and intense – followed by
application of probing light – weak and wideband. For de-
tails see below. Care was taken to avoid measurement-induced
changes of the absorption status of the crystals by keeping
the probe light as weak as possible. Photorefractive data of
the investigated crystals has been reported before [10, 16].
The specimens were oxidized under 20 bar of pure oxygen
at 800 ◦C for 2 h, whereas reduction was typically performed
in a vacuum of 10−3 mbar, also at 800 ◦C for 2 h, where not
stated differently. A poling of the specimens after the men-
tioned heat treatments is not necessary, since the EPR and
optical investigations, on which our investigations are based,
do not require monodomain crystals.

2.2 Assignment of the defect optical absorption bands

In as-grown and oxidized BT:Rh crystals, EPR
identifies the charge state Rh4+ [15, 24] and, resulting from
the Fe background contamination, Fe3+ and Fe5+ [10, 24].
These EPR-active valencies are complemented by the EPR-
silent ones Rh5+, Rh3+, and Fe4+ [10]. Their presence is
proved, as will be discussed in the following, by a plot
showing how the photochromicity depends on the pump en-
ergy, such as Fig. 1a. Here the colors indicate the absorption
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1 2 3 4 5 6 7 8 9 10 11 12 13
sample doping Fe3+ Fe4+ Fe5+ Fetot Rh3+ Rh4+ Rh5+ Fetot Neff (pred.) Neff (meas.)
(lable) (ppm) method (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 1017 cm−3 1017 cm−3

BT : Rh
(‘ob 1’) ? optical < 1.0 < 1.0 < 10 [31] 15.5 4.0 1.5 14 [31] 1.4±0.8 0.9 [10]

EPR 5.0 < 1.0 8.0
(X17) 1000 optical < 1.0 < 1.0 17.5 4.5 1.5 1.7±1.2 1.7 [16]

EPR 10.0 < 1.0 8.0
(X70) 10 000 optical 4.0 2.0 60.0 25.0 5.0 4.8±2.8

EPR ∼ 30.0 < 1.0 ∼ 40.0
(X70ox) 10 000 optical 4.0 4.0 53.0 29.0 6.0 4.9±2.9

EPR
BT : Fe
(GR120) 750 optical 10.0 6.0 380 [32, 33] 3.0±1.8

EPR 360.0 ∼ 5.0
(GR87) 50 optical < 1.0 < 1.0 < 0.4 0.1 [55]

EPR 40.0 < 1.0

TABLE 3 Concentrations of the Rh and Fe charge states in the investigated BT:Rh and BT:Fe crystals and the determined Neff . The table lists the experi-
mentally determined Fe defect concentrations (columns 4–6), determined by the indicated methods (column 3). For comparison, the chemically determined
total Fe concentrations are listed in column 7, where available. Columns 8–11 list the corresponding Rh data. In columns 12 and 13 the Neff predicted on the
basis of the measured defect concentrations are compared with those measured experimentally, where available

changes, as calibrated by the bar above the figure. The ab-
scissa is the probe-light energy, Eprobe, and the ordinate the
pump-light energy, Epump. Such a plot results from monitoring
the sequence of absorption spectra induced by a succession of
pump energies, indicated by the numbered horizontal lines at
the left. Illumination starts at the lowest pump energy, number
1, and proceeds according to the rising numbers. After each
illumination, lasting 1 min and leading to saturation of the
defect charge changes at room temperature, the status of the
light-induced absorption is monitored by weak white probe
light during about 20 ms. Numerical interpolation between

FIGURE 1 Pump-energy dependence of the photochromicity of BT:Rh (a) and BCT:Rh (c) at room temperature, as plotted in a color code over the field of
Epump (vertical) and Eprobe (horizontal). The colors are calibrated by the bar at the top. The sequence of pump energies, inducing the absorption changes, are
shown as horizontal lines at the left. The numbers indicate the order of their application. In (b) the absorption changes for Eprobe = 1.9 eV (vertical line in (a))
are compared to the changes of the EPR signals of Rh4+, measured simultaneously. The continuous plots in (a) and (c) result from interpolation between the
corresponding discrete absorption spectra

the discrete absorption spectra leads to the continuous ‘land-
scape’ shown by Fig. 1a.

Valleys (colors tending towards blue) indicate light-
induced transparency, hills (colors towards red) light-induced
absorption. The initial, primary charge transfer processes,
each resulting from the absorption of a pump-light quantum
and thus triggering the light-induced recharging of defects,
are characterized by more ‘blue’ transparency features along
the diagonal, Eprobe = Epump [10]. The subsequent processes,
following the primary ones, usually lead to structures outside
of this diagonal. By studying the changes of the EPR signals
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FIGURE 2 Three-valence models representing the pump-light-triggered
recharging among the three charge states of Rh (left) and Fe (right). Ex-
change of the holes between both systems is also possible. The double arrows
indicate the (primary) processes resulting from absorption of the pump quan-
tum, the single arrow the (secondary) follow-up recombination process

simultaneously with those of the optical ones, i.e. under the
same pump-light variations, correlations between both phe-
nomena are established. It turns out (Fig. 1b) in this way that
the change of the Rh4+ EPR mirrors the variation of the optical
absorption along the vertical line in Fig. 1a at Eprobe = 1.9 eV.
Therefore, an optical band with a maximum near 1.9 eV was
ascribed to Rh4+; by consistency arguments those at 1.6 eV
and 3.0 eV were shown to be due to the EPR-silent charge
states Rh5+ and Rh3+, respectively [10]. This assignment ful-
fills the features of the ‘three-valence model’ [14] (Fig. 2):
the pump photon is absorbed in a primary step, in this way
exciting a valence-band electron to the Rh3+/4+ level, creat-
ing Rh3+, while the hole left in the valence band is captured
by another Rh4+ ion, leading to Rh5+. This sequence is sum-
marized by 2Rh4+ → Rh3+ +Rh5+. Such a scheme leads to
photochromicity, as observed, since the metastable trapping
of the transferred electrons means that the defect valencies
have changed.

It is one of the advantages of the present method that in
principle all relevant defects in a material can be taken into
account in detail, i.e. here also those related to Fe. In previ-
ous studies this was not possible [12, 13], or such ions were
considered only in a qualitative way [10]. In a way analo-
gous to the Rh procedure a weak absorption structure near
2.3 eV is assigned to background Fe5+ [22], while the EPR-
silent charge state Fe4+ is attributed to an absorption band
near 2.8 eV. The absorption of Fe3+, expected at 3.5 eV or
higher [25], is covered by the fundamental absorption. All
absorption features appearing in the landscape of Fig. 1a are
assigned in this way to the indicated defect charge states.
The pronounced changes occurring for Epump > 2.5 eV, not
significant in the present context, are attributed to the light-
induced creation of electrons and holes, captured at low tem-
peratures at levels close to the conduction- and valence-band
edges, respectively, leading to Ti3+- and O−-type EPR spec-
tra [26]. At room temperature a part of these carriers recom-
bines; another is trapped at deeper defects. For instance, holes
are accommodated at Rh4+, leading to the strong rise of Rh5+
under Epump > 2.5 eV, Fig. 1a.

2.3 Determination of the defect concentrations

The next aim is to determine the absorption cross
sections of each of the indicated defect absorption bands
quantitatively. This will allow us to infer the defect concen-
trations from the optical data. First, it is realized that optical

absorption bands, which are wide mainly because of strong
carrier coupling to the lattice, are represented by functions of
the type [27, 28]

α(E) = CNE f(E) . (1)

Here C is a constant, N the defect concentration, E stands
for Eprobe, and f(E) is a Gaussian-type shape function [27]. In
the previous work on BT:Rh [10] the proportionality of α(E)

to E was mistakenly not considered. The optical absorption
features appearing in the entire plane of Fig. 1a can be ana-
lyzed with a maximal deviation ∆α < 10−3 cm−1 into bands
of the indicated type, their forms being shown in Fig. 4. An
example is given in Fig. 3, where the absorption change ∆α

reached after pumping with Epump = 2.4 eV is analyzed into
five component bands:

∆α(E) = C
5∑

i=1

Ni E fi(E) . (2)

Here i indicates the features attributed to Rh5+, Rh4+,
Rh3+, Fe5+, and Fe4+, respectively. Since analogous decom-
positions can be made for any of the pump energies by
using the same component bands, these are determined quite
uniquely. In addition to treating these light-induced absorp-
tion changes ∆α, it is also possible to decompose the total
absorptions α into the same bands. It should be noted that the
investigation of BT crystals containing only Fe leads to iden-
tical Fe4+ and Fe5+ band shapes, as expected.

The optical absorption function of defect i, αi(E) or
∆αi(E), can be written alternatively as

αi(E) = Si(E)Ni or ∆αi(E) = Si(E)∆Ni , (3)

where Si is the respective absorption cross section. Its shape is
given, from comparison with (1), by

Si(E) = CE fi(E) (4)

and has been obtained using the above fitting procedure. We
start by determining the absolute values of the Si(E) from the
measured ∆αi(E) by finding the defect concentrations ∆Ni .

This task begins with the determination of the density of
the EPR-active defects. By comparing the EPR signals (or
their changes) of these defects with those of a CuSO4•5H2O
EPR standard, containing paramagnetic Cu2+ (spin S = 1/2),
of known mass and therefore of known number of spins, the
concentrations of these defects (or their changes) are inferred
according to an evaluation procedure given e.g. by Weil et
al. [29]. In this way the concentration changes ∆Ni of the
EPR-active charge states Rh4+, Fe5+, and Fe3+ are deter-
mined. Since the ∆αi(E) functions of each of these centers
have been identified before, the corresponding Si(E) func-
tions are now known.

The following strategy is used to determine the ∆Ni(E)

of the EPR-silent defects: since the total number of Rh and
Fe impurities in a specific crystal is fixed (mass conservation)
and assuming that 5+, 4+, and 3+ are the only valencies oc-
curring for both elements, we have

∆Rh3+ +∆Rh4+ +∆Rh5+ = 0 ,

∆Fe3+ +∆Fe4+ +∆Fe5+ = 0 ,
(5)
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FIGURE 3 Decomposition of the absorption changes induced by Epump = 2.4 eV (horizontal line in plot at left) into five functions of the type
α ∼ Eprobe f(Eprobe) (1), with a Gaussian shape function f(E). The vertical dotted lines (at left) label the defects causing the features in the ‘landscape’,
see text

FIGURE 4 Absorption cross sections of the indicated five defects for
BT:Rh (a) and BCT:Rh (b). For BT:Rh the respective oscillator strengths,
determined from EPR calibration, are indicated. They are transferred to the
homologous defects in BCT

where the ∆Ni are now replaced, in self-evident notation,
by the corresponding chemical symbols. The concentrations
of the EPR-active defects are underlined. Another relation
among concentration changes of the defects results from
charge conservation; since only transfers via the valence band
occur in the present case (Fig. 2), this is equivalent to hole
conservation. This leads to

(
∆Rh5+ −∆Rh3+)+ (

∆Fe5+ −∆Fe3+) = 0 . (6)

This equation is based on the following facts: (1) Rh4+ and
Fe4+, having charges equal to the replaced Ti4+, are taken as
reference states with no stored holes. (2) At each of the Rh5+
and Fe5+ sites one hole is stored, if compared to the 4+ ref-
erence states. A complementary reasoning holds for the 3+
valencies. (3) The light-induced transfer of the holes occurs
only between the indicated Fe and Rh species. The donors and
acceptors present in a crystal, serving to fix the initial equi-
librium concentrations of the defects by compensating their
charges, do not take part in the recharging process. This as-
sumption is usually made [1].

From the above conservation equations, (5) and (6), the
light-induced concentration changes ∆Ni of the EPR-silent
defects can be inferred, since those of the EPR-active ones
had been determined directly, as explained before. Because all
∆Ni are available now, the corresponding Si(E) can be de-
duced from the measured ∆αi . The resulting Si(E) are plotted
in Fig. 4 and the parameters defining their mathematical de-
scription in Table 5.

The integrated absorption cross sections are related to the
oscillator strengths by Smakula’s equation (see e.g. [30]),
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BT BCT

Fe Fe
qF

4 0.15±0.10 0.21±0.11
qF

5 1 1
γ F

3 (1.1±0.7)×10−13 cm3s−1 (1.2±0.8)×10−13 cm3s−1

γ F
4 (3.3±2.5)×10−11 cm3s−1 (2.6±1.7)×10−11 cm3s−1

βF
4 (2.8±2.1)×10−3 s−1 (2.4±1.7)×10−3 s−1

βF
5 (1.2±0.9)×10−1 s−1 (1.0±0.7)×10−1 s−1

Rh Rh
qR

4 0.02±0.01 0.009±0.006
qR

5 1 1
γ R

3 (1.7±0.8)×10−13 cm3s−1 (2.8±2.1)×10−13 cm3s−1

γ R
4 (2.7±1.2)×10−11 cm3s−1 (4.6±3.5)×10−11 cm3s−1

βR
4 (14.5±5.5)×10−3 s−1 (4.0±2.5)×10−3 s−1

βR
5 (15.0±7.0)×10−1 s−1 (11.0±8.5)×10−1 s−1

p∗,+ (1.1±0.7)×1011 cm−3 (0.7±0.4)×1011 cm−3

p∗,++ (2.4±1.1)×1011 cm−3 (1.6±0.7)×1011 cm−3

∗ stationary hole density, calculated for a light energy of 1.96 eV and power
densities of 20+ and 50++ mW/cm2

TABLE 4 Parameters governing the light-induced charge transfers in
BT:Rh, BT:Fe and BCT:Rh, BCT:Fe at room temperature

given here for the case of a Gaussian shape function:

Ni fi = 0.87 ×1017(n/(n2 +2)2)αmax,iΓi (7)

(Ni : concentration of defect i in cm−3, fi : the related oscil-
lator strength, n: refractive index, αmax,i : maximal absorption
coefficient of band i in cm−1, Γi : full width of band i at half
maximum in eV). For the treated defects the derived oscillator
strengths fi are shown in Fig. 4 and in Table 5.

Using the absorption cross sections we determined the
total concentrations of the defects Rh5+, Rh4+, Rh3+, Fe5+,
and Fe4+ by analyzing the total absorption spectra of BT:Rh
(Fig. 5a). The results are listed in columns 4 to 6 and columns
8 to 10 of Table 3. These are based on the absorption spectra
of the indicated BT:Rh crystals. It is seen that the values de-
termined by the described optical procedure (see column 3 of
Table 3) compare well, where possible, with those obtained
directly by calibration of the EPR signals (see also column 3
of Table 3) of the EPR-active defect charge states. Further-
more, the total Fe and Rh concentrations, obtained by sum-
ming the Fe3+, Fe4+, and Fe5+ and the Rh3+, Rh4+, and Rh5+
densities, can be compared with the total Fe and Rh concentra-
tions, known for crystals ‘ob 1’ and GR120 from quantitative
chemical analyses; see columns 7 and 11 [31–33]. Both these

BaTiO3 Ba0.77Ca0.23TiO3

Smax,i [10−17 cm2] Emax,i [eV] ΓFWHM,i [eV] oscillator Smax,i [10−17 cm2] Emax,i [eV] ΓFWHM,i [eV]
strength

Rh5+ 4.6(±2.2) 1.65(±0.05) 0.45(±0.10) 0.07(±0.03) 2.7(±1.3) 1.70(±0.05) 0.75(±0.20)

Rh4+ 4.1(±2.0) 1.90(±0.05) 0.35(±0.10) 0.05(±0.02) 3.2(±1.6) 1.95(±0.05) 0.45(±0.10)
Rh3+ 6.0(±2.4) 3.00(±0.10) 0.30(±0.10) 0.02(±0.01) 4.9(±2.2) 3.05(±0.10) 0.40(±0.10)

Fe5+ 2.7(±1.3) 2.30(±0.05) 0.40(±0.10) 0.04(±0.02) 2.0(±1.0) 2.40(±0.05) 0.60(±0.10)

Fe4+ 3.9(±1.9) 2.65(±0.05) 0.40(±0.10) 0.02(±0.01) 3.0(±1.5) 2.75(±0.05) 0.60(±0.10)

Si(E) = S0,i × E ×exp

(
− 4×ln(2)

Γ 2
FWHM,i

× (
E − Emax,i

)2
)

with S0,i = Smax,i/Emax,i

TABLE 5 Parameters of Gaussian bands describing the various absorption cross sections, as defined below the table (see also (4))

FIGURE 5 Total absorptions at room temperature of BT:(10 000 ppm
Rh) (a) decomposed by the absorption cross sections indicated in Fig. 4.
This leads to the defect concentrations listed in Table 3. b Same for
BCT:(10 000 ppm Rh)

cross-checks attest to the consistency and reliability of the
method used. A general assessment of the errors involved in
the procedure used will be given below. The results in Table 3
again [31] demonstrate the low distribution coefficient of Rh
in BT; only between 1% and 3% of the Rh in the melt is found
in the grown crystals, with a slight increase of incorporation
with rising Rh in the melt. That of Fe, on the other hand, is
high (∼ 50%), leading to considerable background concentra-
tions even for low melt concentrations. Similar remarks will
be seen to hold for BCT (Sect. 3).
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2.4 Quantitative determination of Neff and the
charge-transfer parameters

Once the concentrations of the individual defects
are known, further useful information can be deduced: at first
we deal with the effective trap density Neff, related to the
space-charge fields Esc. Then the parameters governing the
charge-transfer processes will be determined. On this basis
the photorefractive response times will be treated.

2.4.1 Effective trap densities Neff. For a sinusoidal light pat-
tern of wavevector k, impinging on a photorefractive material,
in which the charge transport of the photoionized charge car-
riers is dominated by diffusion, the space-charge wave Esc(k),
of course, is also characterized by the wavevector k, and its
size is given by [34]:

Esc = m
kBT

e

k

1 + k2

k2
0

η(I ) , (8)

with m: degree of sinusoidal modulation of the light pattern;
η(I ) = (1 + Isat/I )−1: saturation factor; Isat = σd/(σd +σph)

(σd and σph: dark conductivity and photoconductivity, respec-
tively). Here

k2
0 = e2 Neff/kBTε0εr = (2π/Λ0)

2 , (9)

where Λ0 is the Debye screening length. Neff is determined
experimentally by finding the k value of the maximum of
Esc(k). Equation (8) predicts that it occurs at k = k0 and thus
allows us to infer Neff. Theoretically, Neff is given – for the
superposition of two ‘three-valence’ systems symbolized in
Fig. 2 – by

Neff = NRh
eff + NFe

eff, (10)

with

NRh
eff = Rhtot −Rh4+(I )− (1/Rhtot)

(
Rh3+ −Rh5+)2

, (11)

NFe
eff = Fetot −Fe4+(I )− (1/Fetot)

(
Fe3+ −Fe5+)2

, (12)

where the chemical symbols mean the concentrations of the
respective defects. This is a generalization of a relation given

FIGURE 7 Changes of the concentrations
in ‘as-grown’ BT:Rh (crystal ‘ob1’, Table 2),
after pump light (Epump = 1.96 eV) has been
switched on (a) and switched off (b). The
lines are optimally fitted solutions of the rate
equations shown in Fig. 8b

FIGURE 6 Intensity dependence of the predicted Neff for BT:Rh (crystal
‘ob1’) at a pump-light energy of 1.92 eV, as calculated by (10)–(12) based on
data in Table 3 and Fig. 4a. The intensity I is given in (photons cm−2 s−1).
The parameter uncertainties lead to the shown band of Neff. The experi-
mental Neff [10] is marked as well; it is seen to lie within the error range.
A corresponding plot has been shown in [10] on the basis of (1), where the
factor E was not taken into account. The inclusion of this factor improves the
coincidence between experiment and prediction

by Huot et al. [12] and was kindly communicated by De-
laye [35]. It should be noted that here the homogeneous defect
distribution, i.e. its zeroth-order Fourier component, enters,
although Esc in (1) is of first order [1]. All experimentally de-
termined densities quoted in Table 3 are concerned with such
homogeneous concentrations, and thus Neff can now be calcu-
lated. The results are given in column 12 of this table. They
are compared to the experimentally determined ones [10, 16];
see column 13. Where such data are available, a rather good
coincidence is found. Apparently, the indicated EPR optical
method is useful to predict the defect-related performance of
the material.

The intensity dependence of Neff ((10)–(12)), inferred be-
low, is seen to be rather small (Fig. 6).

2.4.2 Charge-transfer parameters. Figure 7 shows how the
concentrations of the Rh defects in a BT:Rh crystal (‘ob1’, see
Table 2, column 1) adapt to changing illumination, when light
is switched on (Fig. 7a) and off (Fig. 7b). Similar plots have
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FIGURE 8 a Hole-recharging processes among the indicated Rh and Fe de-
fects. All defects are coupled by the reservoir of holes in the valence band.
Wavy (straight double) arrows indicate thermally (optically) induced elec-
tronic excitations. Thermal and optical level positions are not distinguished.
Wavy (straight double) arrows would end in thermal (optical) levels, if in-
dicated. The energies of the thermal (optical) levels above the valence-band
edge are: ∼ 0.95 eV (1.9 eV) for Rh3+/4+; ∼ 0.7 eV (1.6 eV) for Rh4+/5+;
∼ 0.9 eV (2.8 eV) for Fe3+/4+; and ∼ 0.7 eV (2.3 eV) for Fe4+/5+. The en-
ergies of the thermal (optical) levels in BT are taken from [11] (this work). I :
intensity; S: respective absorption cross section; q: quantum efficiency, i.e.
probability that an absorbed quantum leads to ionization; β: thermal exci-
tation rate; γ : recombination coefficient; p: hole density. b Rate equations
corresponding to the scheme in the upper part

been obtained for the Fe changes. These concentration vari-
ations are based on the processes illustrated in Fig. 8a. They
are cast into rate equations, which are a generalization of those
given in [34], in Fig. 8b. Their numerical integrals can be fitted
to the observed concentration changes by varying the parame-
ters in the equations. In order to facilitate the fitting procedure
it is subdivided into separate steps. First, the processes in crys-
tals containing only Fe are analyzed. Since for I = 0 only
the parameters γ F

3 , γ F
4 , βF

3 , and βF
4 are relevant, these I = 0

branches are fitted first. Then the values of qF
4 and qF

5 are taken
from the Fe concentrations changing under I �= 0. Using the
parameters obtained in this way, crystals containing Rh – and
background Fe – are studied. Again, first the parameters re-
lated to I = 0 are identified and then the final ones determined
by the situation I �= 0. The parameters optimized in this way
are presented in Table 4.

2.4.3 Photorefractive response time. For one of the investi-
gated crystals, X17 in Table 2 and Table 3, the response time
τsc is known [16] to be 9 s, measured for long grating periods,
k ∼ 0, at an intensity of 650 mW/cm2 (at 850 nm). The re-
sponse time is determined by the following relation [34, 36]:

τsc = τM

(
1 + k2/k2

p

)
/
(
1 + k2/k2

0

)
, (13)

with the Maxwell time τM = ε0εr/σ . kp is proportional to
the inverse diffusion length of the holes, and all other pa-
rameters are as defined for (8) and (9). For the experimen-
tal situation, k ∼ 0, τsc = τM. The conductivity is given by
σ = peµ, with p the hole density in the valence band and µ

the hole mobility. To obtain a representative value of p, it is
estimated in the stationary state by setting all time derivatives
in Fig. 8 equal to zero and employing the parameters from
Table 3 in these equations. For an intensity 20 mW/cm2 at
1.96 eV (633 nm) a value p = 1.1 ×1011 cm−3 is found; for
50 mW cm−2, p = 2.4 ×1011 cm−3. Both values are listed at
the end of Table 4. (In the dark (I = 0) the hole density is
0.1 ×1011 cm−3.) For the above intensity of 650 mW/cm2,
for which the quoted response time was measured at 1.45 eV
(850 nm), a hole density p = 3.5 ×1011 cm−3 is calculated.
On this basis the response time τsc = 9 s corresponds to a hole
mobility µ = 2 ×10−4 cm2/V s. This lies in the range of
values quoted previously [37].

3 Ba0.77Ca0.23TiO3:Rh

3.1 Experimental details

BCT crystals grown from melts containing 1000,
2000, 4000, and 10 000 ppm Rh, respectively, were investi-
gated; see column 1 of Tables 6 and 7. The method of crystal
growth is outlined in [8]. Since it is possible [38] that Ca is
not only incorporated on Ba but also on Ti sites, care was
taken [8] to avoid this by preparing the melts with a Ti surplus,
[Ti] > [Ba+Ca]. The conditions for oxidation and reduction
were identical to those quoted for BT in Sect. 2.1. The pho-
torefractive properties of crystals cut from the same boules
have been investigated previously [7, 16].

Also, BCT:Rh crystals grown from melts containing up
to 2000 ppm Na in addition were studied. No Na-specific
features were identified. This is in accord with a neutron-
activation analysis, indicating [39] that less Na is incorporated
into the growing crystal in this way than the sensitivity limit
of the method (15 ppm). So far the question is unanswered as
to why BCT behaves so differently in comparison with BT,
where Na is easily found in doped material by EPR [40] and
where special purification techniques have to be applied to get
rid of unintended Na in the material [41].

sample doped doping size comment,
(crystal label) with (ppm in melt) [mm3] treatment

BCT
(B96) Rh 1000 1.5×4.2×3.2 as grown+
(B97) Rh 2000 1.4×5.3×3.0 as grown+
(B98) Rh 4000 1.4×5.0×3.0 as grown+
(B99) Rh 10 000 0.6×4.5×2.9 as grown+
(B99ox) Rh 10 000 0.6×4.5×2.9 oxidized 2 h,

800 ◦C, 20 bar in O2
(B99red1) Rh 10 000 0.6×3.5×3.4 reduced 2 h,

800 ◦C, 10−3 mbar
(B99red2) Rh 10 000 0.6×3.5×3.4 reduced 2 h,

400 ◦C, 10−4 mbar
(B48) Fe 77 1.6×4.4×4.3 as grown+

+ chemical analysis available

TABLE 6 List of BCT samples and their treatments
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1 2 3 4 5 6 7 8 9 10 11 12
sample doping Fe3+ Fe4+ Fe5+ Fetot Rh3+ Rh4+ Rh5+ Fetot Neff (pred.) Neff (meas.)
(lable) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 1017 cm−3 1017 cm−3

BCT : Rh
(B96) 1000 24.0 2.0 2.0 28 [32] 12.0 4.5 1.5 10 [33] 1.8±1.2 0.6 [16]
(B97) 2000 49.5 2.5 2.0 54 [33] 13.0 5.0 1.5 1.9±1.3 0.7 [16]
(B98) 4000 42.5 4.0 2.5 49 [33] 26.0 11.0 2.0 18 [33] 2.8±1.7 1.3 [16]
(B99) 10 000 39.0 4.0 3.0 46 [32] 50.0 24.5 3.5 76 [33] 5.4±3.4 2.6 [16]
(B99ox) 10 000 37.0 4.5 4.5 46 [33] 38.0 30.0 6.0 76 [33] 6.0±4.0
(B99red1) 10 000 > 44.5 1.0 < 1.0 46 [33] ∼ 70.0 2.0 < 1.0 76 [33] ∼ 1.0±0.6
BCT : Fe
(B48) 77 65.0 2.0 1.0 68 [32] 0.8±0.5

TABLE 7 Concentrations of the Rh and Fe defects in BCT:Rh, doped with different amounts of Rh (in the melt), and the determined Neff. The structure
of the table is similar to that of Table 3. The defect concentrations could only be determined by optical means. Since Fe3+ could not be monitored in this
way, its concentration (column 3) is determined by deducing the measured Fe4+ and Fe5+ concentrations (columns 4 and 5) from the chemically determined
Fetot (column 6). All individual Rh densities can be determined optically and are compared to the total concentrations where available, determined chemically
(column 10). The lowest two lines of the BCT:Rh section indicate the effect of oxidation and reduction on the concentrations

3.2 EPR of defects in BCT:Rh

While the results of EPR studies of defects in BT
have been extensively documented [24, 42], less is known in
this context about BCT. Special difficulties are encountered
when defects in BCT are investigated by EPR. Here part of
the Ba2+ ions is replaced by the smaller Ca2+ ions. At their
twelvefold-coordinated sites the respective ionic radii are
161 pm (Ba2+) and 134 pm (Ca2+) [43]. Ca is thus expected
to go off-center, probably in uncorrelated directions. In this
way possibly local dipoles are created with statistical orien-
tations. Such dipoles and their relaxational behavior have
been identified in the related compound SrxCa1−xTiO3 [44],
where the difference between the ionic radii is less extreme
(Sr2+: 144 pm). In BCT the Ca disorder will have two types
of effects on transition-metal ions, usually incorporated at Ti
sites: off-center Ca ions next to such a transition-metal pos-
ition tend to create low-symmetry crystal fields at such ions.
Many such transition-metal–calcium configurations can be
envisaged, each leading to a special type of low-symmetry
EPR spectrum. Their superpositions cause complicated pat-
terns, which are difficult to disentangle. If, on the other
hand, the transition-metal ions happen to be surrounded in
their first neighborhood by rather regular arrangements of
Ba or Ca, the spatially fluctuating positions of the ions far-
ther away will lead to inhomogeneous crystal fields, creat-
ing rather wide lines in optical and especially EPR spec-
troscopy. Furthermore, severe microwave damping is ob-
served when studying BCT crystals in an EPR spectrom-
eter; this is possibly caused by relaxation of the off-center
dipoles.

In spite of these difficulties, several paramagnetic centers
could be identified by EPR in the material [45]. The most pro-
nounced ones result from the ubiquitous Fe background con-
tamination. Four centers containing Fe3+ were detected. Two
of them have nearly cubic Fe3+ surroundings. They can be as-
cribed to Fe3+ replacing Ti4+ at normal lattice sites, with two
types of Ca associations. The third center is low-symmetry
Fe3+, characterized by a moderately strong axial field directed
along [100]-type directions approximately. The fourth center
has a strong axial field, similar to that found previously [24]
for Fe3+ − V0 pairs in BT. The center can thus tentatively by
assigned to such a type of defect in BCT [45].

High-intensity illumination at low temperatures creates
additional paramagnetic defects. For Epump > 2.3 eV these fall
into mainly two classes, those of Ti3+ type, i.e. electrons cap-
tured at levels close to the conduction band, and those typical
for captured valence-band holes, leading to O− defects close
to trapping defects. The essential threshold energy for this
process is about 2.3 eV, similar to what has been found in
BT [26].

Because of their strong sensitivity to strains, unfortunately
neither of the EPR-active charge states Rh4+ or Fe5+ could
be detected by EPR in BCT. The gross features of the EPR
results found with BCT are consistent with those previously
identified for BT. They show mainly that even in nominally
undoped or Rh-doped crystals there is a strong background
contamination by iron. Because paramagnetic centers in the
well-ordered BT:Rh could be studied in more detail and be-
cause the relation to the relevant Rh and Fe optical spectra of
these defects has been established previously, we thus transfer
these optical results from BT:Rh to BCT:Rh and use them as
the optical fingerprints of the defects occurring in the material.
On this basis the light-induced defect-recharging processes in
BCT will be elucidated.

3.3 Optical absorption bands of Rh and Fe in BCT:Rh

Figure 5b shows the room-temperature optical ab-
sorption of a BCT crystal, doped with 10 000 ppm Rh in the
melt in its ‘as-grown’ state. Using an optimized decompos-
ition into bands of the type defined in (1), five peaks are seen
to contribute to the total absorption, which are assigned to
three charge states of Rh and two of Fe, as shown. These same
bands also lead to the best decomposition of the light-induced
absorption changes of BCT, shown in Fig. 1c. The optimally
fitting component bands, Fig. 4b, turn out to be quite similar to
those obtained for BT:Rh, Fig. 4a. However slight shifts of the
band maxima in BCT to higher energies are clearly seen. Also,
the band widths are larger in BCT. The first feature might
be caused by the somewhat lower lattice constants of BCT
(Table 1), while the increased band widths can be attributed to
the influence of disorder of the material.

BCT crystals containing only Fe, in which the optical
bands of Fe5+ and Fe4+ could be monitored without interfer-
ence with Rh absorptions, were studied separately. This leads
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to an independent determination of the relevant iron bands,
identical to those given in Fig. 4b. For an overview of the fea-
tures introduced into BCT by Fe doping see [46].

In spite of the different Fe sites identified by the EPR stud-
ies of Fe3+ in the material, only one band has been assigned
to each of the Fe charges appearing in the optical absorption
spectra (Figs. 4b and 5b). Previous experience with absorp-
tion spectra of Fe in different surroundings indicates that this
is not a contradiction. In studies of Fe4+ and Fe4+ − V0 in
SrTiO3 [47], identified by EPR, it was noticed that rather
similar absorption bands were observed in both cases. Analo-
gous observations were made recently for Fe2+ and Fe3+ and
its various associations in KTaO3 [25], where the absorption
bands varied only a little depending on the different surround-
ings. While low-symmetry influences on a paramagnetic ion
lead to profound variations of its EPR features, being sensitive
to rather small ground-state splittings, the optical excitations
are less affected by associations. Here the changes of the elec-
tronic levels, caused by low-symmetry influences, are com-
paratively small relative to the larger mean transition energies.
These changes, however, tend to increase the line widths. As
mentioned, this might explain why the optical line widths in
BCT (Fig. 4b) are larger than those in the well-ordered BT
(Fig. 4a).

3.4 Determination of the defect concentrations

Because EPR signals of Rh4+ and Fe5+, observ-
able in BT, cannot be detected in BCT and since the Fe3+-
related defects have rather wide and odd-shaped EPR spectra
– their integration leading to large errors – quantitative infor-
mation on defect concentrations cannot be derived from the
EPR spectra for BCT. Since, however, the optical bands of
BCT:Rh are quite similar to those of BT:Rh, we assume that
the oscillator strengths, determined for each of the defects in
BT:Rh (Fig. 4a), are equal to those in BCT:Rh. On the basis
of Smakula’s formula, (7), which connects the concentration
of a defect with its oscillator strength, the defect densities can
then be inferred. From these values the absorption cross sec-
tions, Fig. 4b, are deduced. Although the knowledge of the
oscillator strengths, together with those of the band param-
eters αmax and Γ , is sufficient to obtain the defect densities
directly, we prefer to use the indirect method employing the
derived absorption cross sections in the following, in order to
keep the evaluation process in parallel to that used for BT:Rh.

Table 7 lists the concentrations determined in this way
of the various Fe valencies (columns 3 to 5) and Rh defects
(columns 7 to 9) in the investigated BCT samples. Also, the
data pertaining to a crystal doped only with Fe are shown.
Since, in contrast to BT, the concentrations of the Fe3+-related
defects cannot be taken from EPR (nor from optical studies)
in BCT, here the determination of the total Fe defect den-
sities, column 6, obtained from chemical analysis, has been
used to infer the Fe3+ concentration (column 3) by subtract-
ing the Fe4+ (column 4) and Fe5+ (column 5) densities from
the Fetot values in column 6. The densities of Rh3+, Rh4+,
and Rh5+, on the other hand, are all available from the de-
scribed optical studies. Their sums compare rather favorably
with the chemically determined total concentrations (column
10), where available.

Knowing the defect densities, the component bands were
translated into the absorption cross sections, Fig. 4b. This of-
fers the opportunity to analyze further optical absorption data
also, such as the light-induced absorption changes, with re-
spect to the defect concentrations involved in the specific
studied cases.

3.5 Determination of Neff, the charge-transfer
parameters, and the response times

From the data in Table 7 (columns 3 to 5 and
columns 7 to 9) the values of Neff are calculated (Table 7, col-
umn 11), using (10)–(12). Considering the indirect way in
which the BCT defect concentrations are evaluated, the com-
parison with the experimental values of Neff (column 12) still
shows a remarkable coincidence, much better than an order of
magnitude.

The time-dependent light-induced absorption changes in
BCT, translated into the related concentration variations, are
studied in a way analogous to that used for BT (Sect. 2.4.2).
The obtained charge-transfer parameters are listed in Table 4,
right-hand side. These values are comparable to those deter-
mined for BT:Rh. They thus appear to be plausible, support-
ing the method by which they are derived.

For the BCT crystals B96 and B97, values of the response
times τsc are available [16], measured with 850-nm light, an
intensity of 1 W/cm2, and long grating periods: they are 9 s
for B96 and 8 s for B97. A rough estimate of the hole den-
sities, calculated with the mean values of the parameters in
Table 4 and the absorption cross sections in Fig. 4b, leads to
1.6 ×1011 /cm3 and 1.7 ×1011 /cm3 for both crystals under
the indicated illumination. This is accord (see Sect. 2.4.3)
with the measured Maxwell times τM for a mobility in the
range of 10−4 cm2/V s. Within the estimate, the mobility is the
same as that found for BT:Rh.

3.6 Further analysis of the absorption spectra of
BCT:Rh and BT:Rh

In Fig. 9a the sequence of spectra of the total ab-
sorptions of all investigated BCT:Rh crystals in their ‘as-
grown’ state is shown. From these spectra and also from Ta-
bles 3 and 7 it can be seen that the Rh4+ absorptions do not
increase proportionally to the Rh content in the melts; see
also [7]. Only starting at 4000 ppm can a clear increase of
the Rh4+ absorption near 1.9 eV and that of Rh3+ close to
the fundamental absorption edge be discerned. These bands,
however, are not separated distinctly from each other, but are
connected by a wide ‘bridge’ between 2.0 and 2.8 eV. As sug-
gested by Fig. 5, this ‘bridge’ is decomposed into absorption
bands attributed to Fe4+ and Fe5+. Similar features are ob-
served with the investigated BT:Rh crystals, Fig. 10a.

In Fig. 9b and Table 6 the reduction/oxidation behaviors
of BCT crystals, grown from melts with 10 000 ppm Rh, are
compared. It is seen that oxidation shifts the absorption edge
to higher energies. Quite similar changes are observed for
BT:Rh, Fig. 10b. This must certainly be attributed to a de-
crease of the Rh3+ concentration, since simultaneously the
Rh4+ content rises. Also, a small increase of Rh5+ is seen.
The opposite behavior is observed under weak reduction at
400 ◦C: the energy of the absorption edge is lowered, caused
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FIGURE 9 a Room-temperature optical absorptions of (multidomain) BCT
crystals with the indicated Rh contents in the melts. Only Rh contents larger
than 2000 ppm lead to pronounced Rh-related bands. b Dependence of the
optical absorption of BCT:(10 000 ppm Rh) on oxidation and reduction

by a rising Rh3+ content, and the Rh4+ and Rh5+ concen-
trations decrease. These qualitative arguments are supported
quantitatively in Table 7. It should be added that reduction at
a higher temperature, 800 ◦C, leads to an optical band, not
shown, with a maximum at 2.7 eV, which can possibly be at-
tributed to the association of a so far unknown Rh charge state
with an oxygen vacancy.

4 Further observations
4.1 On the decay of the light-induced-absorption

changes

In Fig. 7b it is seen that the light-induced concen-
tration changes of BT:Rh do not decay completely to the ini-
tial state, ∆Ni = 0, if the illumination is stopped, but remain at
about 8%. In BCT the corresponding long-time level is about
30%. The final decay relaxation takes days at room tempera-
ture and has not been analyzed in detail. The phenomenon
is certainly to be attributed to disorder in the crystals, larger
in BCT than in BT. For an explanation it must be consid-
ered that it is mainly the thermal ionization of Rh5+ under

FIGURE 10 a Total absorptions at room temperature of the indicated
(multidomain) BT crystals (Table 2, column 1). b Total absorptions of
BT:(10 000 ppm Rh) under the indicated reduction and oxidation treatments

I = 0 which furnishes the holes which eventually recombine
with Rh3+, leading to the equilibrium concentrations ∆Ni = 0
(see Fig. 7). A spatial variation of the depth of the Rh4+/5+
levels might be one cause for the observed behavior. A cor-
responding argument holds for the Fe charge states. However,
the influence of disorder on the hole mobility is expected to
be more decisive. Because short-time and long-time equili-
brations must be distinguished, it appears that the mobility is
determined by two types of influences. As a model it can be
assumed that recombination in less disordered regions must
be separated from that in more disordered ones. Only in the
less disordered regions will the holes reach the Rh3+ and Fe3+
recombination centers quickly, causing the fast initial decay.
High disorder tends to localize the holes, possibly leading to
shallow traps. Only the initial decay is the basis for the re-
combination parameters in Table 4; it could be shown that
assumed variations of the slow behavior influence the param-
eters listed in Table 4 only within the given limits of error.

Corner et al. [13], likewise investigating the decay of light-
induced-absorption changes in BT:Rh, have also observed
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that a short decay is accompanied by a rather long one. In
evaluating the decay behavior with equations analogous to
those in Fig. 8, they also took into account only the initial fast
branch.

4.2 On the reliability of the obtained results

At various points it has been demonstrated that the
obtained results are internally consistent, e.g. with respect to
the congruence of defect-density data obtained with optical
and EPR methods and their agreement with chemical analysis
results for BT:Rh mentioned at the end of Sect. 2.3. For BCT
similar observations have been listed near the end of Sects. 3.4
and 3.5. Thus the method appears to furnish reliable results, in
spite of the somewhat indirect evaluation paths involved.

In the following we comment on the possible sources of
errors. For BT:Rh these are mainly: (1) the determination of
the Rh4+, Fe3+, and Fe5+ EPR intensities and their calibra-
tion in absolute concentrations by comparison with the EPR
standard; (2) the comparison of the changes of the EPR in-
tensities with those of the light-induced absorptions; (3) the
decomposition of the absorption features into bands of the
type given by (1); (4) the fitting of the rate-equation param-
eters (Fig. 8) to the measured time dependences of the light-
induced-absorption changes (Fig. 7). Errors of about 50% in-
cluded in Table 3 are assumed to take account of these items.
Since the evaluation of the BCT data depends on the trans-
fer of the BT oscillator strengths, a further source of error is
present. Therefore, the BCT values tend to have larger error
ranges.

5 Discussion

The new experimental method, on which the paper
is based, has been developed here to its most general scope. In
its basic stage it allows the qualitative elucidation of the light-
induced charge transfers between defects in a photorefractive
or, rather, photochromic, material. Its second stage, realized
here, permits the quantitative determination of the various de-
fect concentrations in the individual crystals as well as the
complete set of charge-transfer parameters, globally valid for
a certain photorefractive material with a definite doping. The
method is applied here to BT:Rh and to BCT:Rh crystals. All
data are based on EPR studies, mediated if necessary by ac-
companying optical absorption studies. At present, we do not
see any other procedure to arrive at such results. Previously,
charge-transfer parameters have been inferred from measured
values of Neff, supported by investigations of light-induced
absorptions [12, 13]. Since this represents a rather limited in-
formation, more simple expressions than the general ones in
Fig. 8 had to be used for the evaluation of the data. Espe-
cially, the quantum efficiencies qi were assumed to have the
values 1 throughout, and not all defect charge states, such as
Fe5+, were taken into account. Furthermore, in these studies
the values of Neff could not be predicted. The experimental
Neff were rather used as an input for the evaluation. Here we
have a series of independent information on the defect densi-
ties and are thus able to predict Neff and the related aspects of
the photorefractive performance of the materials.

It has to be stressed that the method in no way is restricted
to the studied sample cases, BT:Rh and BCT:Rh. These serve

here as examples for the scope of the method, which can be
applied to all photochromic materials, not only photorefrac-
tive ones, where information on light-induced EPR changes
is available simultaneously with that on the optical absorption
changes.

In the following we list further advantages of the method.
(1) After determination of the absorption cross sections at
low temperatures, where the density-calibrating EPR inves-
tigations have to be performed generally, these absorption
data can be transferred with little error to room temperature.
The resulting uncertainties are small since the optical bands
are intrinsically wide because of carrier–phonon coupling.
Compared to that the increase of the bandwidths with rising
temperature is negligible. Thus the method allows us to char-
acterize photorefractive materials at room temperature, where
such devices are expected to operate and where, however,
direct EPR investigations in contrast to optical ones usually
are impossible. (2) The investigations can be performed with
multidomain crystals; poling of the specimens, needed for
photorefractive studies, is thus not required. (3) The plots rep-
resenting the photochromic behavior of the materials, Fig. 1,
can be used for a fast room-temperature assessment of the de-
fect content of a specific material, of the optical response of
their changes, and the responsible charge-transfer processes.
Since, as inferred from experience, such ‘landscapes’ (see e.g.
Fig. 1) vary slightly from crystal to crystal, even if these are
cut from the same boule, they can be used for a quality check
of the crystals, giving hints to their improvement. This offers
a basis on which a systematic investigation concerning the
interrelation between crystal quality, depending on the mode
of preparation, and the photorefractive performance of e.g.
BT:Rh could be started. Such studies would have extended be-
yond the scope of the present work and have thus not yet been
attempted.

It has to be pointed out that the oscillator strengths of the
bands are rather high (Fig. 4), as compared with the physically
highest possible value 1; this is expected for charge-transfer
excitations. Internal transitions between defect levels, such as
crystal field excitations, essentially of d–d type, are largely
parity forbidden and should be much weaker. Therefore, they
were not considered in the analysis of the optical absorption
spectra.

A few remarks concerning the transfer parameters in
Table 4 are appropriate. For the thermal ionization parameters
the relation β4 � β5 holds, since the corresponding charge
states belong to the deeper and more shallow thermal levels,
respectively; see Fig. 8a. The recombination coefficients γ for
both Rh and Fe are related to those of the corresponding β

values by the mass-action relations derived from Fig. 8b for
I = 0. For thermal equilibrium all time derivatives are zero
and therefore

(
βR

5 γ R
3

)
/
(
βR

4 γ R
4

) = (Rh4+)2 / (Rh5+) (Rh3+)
and for the Fe defects correspondingly. This relation should
be globally valid, i.e. independent of the existing defect con-
centrations in all crystals. Indeed the mass-action constant is
found to be roughly 1 for the Rh concentrations for all Rh en-
tries of Tables 3 and 7, and about 0.1 for the Fe entries. The
ionization probabilities qi are mainly determined by the over-
lap of the optically excited defect states with the valence-band
Bloch waves; the larger the overlap, the higher the probability
for an excited hole to diffuse away. Because of the lower en-
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ergy distance of the Rh5+ and Fe5+ levels to the valence band,
the corresponding wavefunctions are expected to be farther
extended than those of Rh4+ and Fe4+. This may explain why
the q5 parameters are so much larger than the q4. It should be
noted that the q4, even if small, must not be taken to be zero in
order to obtain a fit to the time dependences in Fig. 7.

As stated above, previous investigations [12, 13, 48] of
the transfer parameters in BT:Rh employed experimental
methods providing much less information than the procedure
which we use here. All the information on the defect densities
had to be taken from photorefractive measurements yielding
the single quantity Neff, which comprises all charge states of
Rh; see (11). The presence of Fe as background impurities
was not considered in these investigations. From the present
EPR-based studies, on the other hand, we could obtain the in-
dividual Rh defect concentrations separately. It is thus not sur-
prising that the previous limited knowledge about the system
tended to lead to different values of the Rh-related parameters
than those listed in Table 5. The most important difference to
the present results is the relation γ3/γ4 > 1, quoted in all these
studies [12, 13, 48]. According to the arguments given in the
previous paragraph, this is not consistent with the validity of
the mass-action relation and the fact that β5 � β4, for Rh as
well as for Fe. Since the mass-action constant is about 1 for
all Rh crystals, this requires γ R

3 /γ R
4 < 1 for BT:Rh. The re-

combination parameters γi obtained by us (Table 4) fulfill this
required sequence. Since the βR

i values are rather directly ac-
cessible in the earlier experiments also, such values reported
previously are roughly comparable with ours; the discrepan-
cies thus result from the γ R

i .
Further differences are found for the absorption cross sec-

tions S (Fig. 4 and Table 5). Huot et al., for example, reported
1.2 ×10−5 m2/J (at 1.06 µm) for S(Rh4+) [12], correspond-
ing to 3 ×10−20 cm2 (per photon), whereas our analysis yields
2 ×10−18 cm2, about two orders of magnitude larger. This
difference is mainly caused by the fact that we could deter-
mine the quantum efficiencies qi separately from the products
qi Si . Because of limited information in the previous stud-
ies [13, 48], qi = 1 was assumed for all qi . Since absorption
is not necessarily connected with ionization, this is not justi-
fied a priori. Since the qi are always appearing (Fig. 8) in the
products qi Si , the derived absorption cross sections were af-
fected by the initial choice of the qi . By our method we have
enough information to determine the qi individually. It can be
seen as a further advantage of our evaluations that they lead to
the total energy dependence of the Si (Fig. 4). In the previous
investigations only Si values for selected energies were given.

Bernhardt et al. [7] discovered that rather high intensities I
have to be applied to BCT:Rh in order that the factor η(I )
in (8) approaches its saturation value 1. For BCT : (1000 ppm
Rh) (B96), as an example, the saturation intensity Isat was
found to be about 100 times higher than for BT : (1000 ppm
Rh) (X17). The authors attributed this to the higher Fe back-
ground contamination, increasing the dark conductivity, pre-
sumed to be present in BCT:Rh. Indeed, we identify some-
what larger Fe concentrations in BCT:Rh than in BT:Rh (com-
pare Tables 3 and 7). The difference, however, is not sufficient
to explain the higher saturation intensity. Bernhardt et al. had
to postulate a Fe density of 64 ×1017 cm−3 [7] (∼ 400 ppm)
for specimen B96 (1000 ppm Rh) in Table 4, in order to ex-

plain the high value of Isat, whereas the chemical analysis
finds only 28 ppm total Fe in crystals grown from the same
boule. The argument of Bernhardt et al. [7], however, takes
only one Fe level into account, defined by Fe3+/4+. Consid-
ering in addition the shallow Fe4+/5+ level can predict higher
values of Isat for the same total Fe concentrations. Even under
this consistent treatment, however, the available crystal data
do not reproduce the measured high saturation intensities for
BCT. Therefore, another reason must be found to explain this
phenomenon. The presence of shallow, disorder-induced hole
traps, not considered so far in detail, could possibly account
for the discrepancy. A definite proof for this model, however,
still is lacking. Optical absorption signals peaked at ener-
gies below the Rh5+ band have sometimes been observed in
BCT:Rh – and not in BT:Rh – after illumination, but a consis-
tent, reproducible behavior could not be distilled so far from
the observed phenomena. The observed low absorption ener-
gies are expected for shallow hole traps, as investigated for
instance in BT:Na [40]. Corresponding EPR signals could not
be identified in BCT:Rh.

It has been pointed out by Roosen et al. [49] that the gen-
eral properties of BCT:Rh, in spite of its high saturation inten-
sity, still recommend the material as a favorable replacement
of BT:Rh in those cases where the detrimental influence of the
tetragonal–orthorhombic phase transition of the latter poses
a problem for applications.

6 Conclusion

An experimental route has been drawn from the
defects in a photorefractive material to its performance. It is
based on a combination of EPR and optical absorption stud-
ies and leads to the most detailed conceivable quantitative
information involved in the processes determining the space-
charge fields. The method has a more general scope than the
application to the special cases BT:Rh and BCT:Rh presented
here. It is expected that the improvement of these and also fur-
ther photorefractive materials will be supported by the use of
the procedures outlined here.
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