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Abstract. We report the measurement of the diffusion length,
the Debye screening length and the quantum efficiency of
photoelectron generation in strongly light absorbing photore-
fractive Bi12TiO20 crystals, using fringe-locked running holo-
gram experiments. The effective applied electric field inside
the sample is also computed and self-diffraction is consid-
ered. The novelty here, as compared to formerly reported
experiments, is that the diffraction efficiency is now meas-
ured simultaneously with the hologram speed v. From these
data the above referred to photorefractive and experimental
parameters are obtained without the need for additional ex-
periments. The method is used to analyze two photorefractive
Bi12TiO20 crystal samples, in different experimental condi-
tions, using the 514.5 nm wavelength. The computed param-
eters are in good agreement with the available information
about these samples.

PACS: 42.65Hw; 42.40p; 72.40

Running holograms in photorefractive Bi12SiO20 crystals
were first reported by Huignard et al. [1, 2], who pointed out
the resonant behavior of the two-wave mixing amplitude gain
and demonstrated its importance for coherent beam amplifi-
cation and vibration measurement. Stepanov et al. [3] further
developed the subject and established a sound theoretical ba-
sis to explain the main features of photorefractive running
holograms. The subject of moving holograms in photorefrac-
tives has been recently analyzed under the general approach
of the so-called space-charge wave formalism [4–7].

Running holograms are usually produced by moving the
pattern of fringes on the photorefractive material (by slightly
detuning one of the interfering beams in the two-wave mix-
ing setup) and applying an external electric field Eo to the
sample. It is also possible to produce running holograms by
means of a feedback mechanism [8] that imposes a value for
the phase difference between the transmitted and diffracted
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beams behind the sample which is different from its equi-
librium value. This phase mismatch forces the hologram to
move with a speed that depends upon the degree of mis-
match and other experimental parameters. The speed v of
this feedback-controlled or fringe-locked running hologram
has already been shown [8] to depend on the quantum ef-
ficiency of charge carrier generation Φ, on the mobility–
lifetime product µτ (or the associated diffusion length LD)
of these carriers and on the applied field and other experi-
mental parameters. The presence of bulk absorption causes
the fringe-locked running hologram to also be dependent on
the effective density of photoactive centers (ND)eff (or the re-
lated Debye length ls) and consequently, by increasing the
number of independent parameters involved, introduces ad-
ditional difficulties into the mathematical analysis [9]. Until
recently [9] fringe-locked experiments were reported to be
unable to allow quantification of all those parameters (LD, ls
and Φ) plus the coefficient ξ that characterizes the effective
value of the applied electric field inside the sample. To find
them it was necessary to obtain additional information from
auxiliary experiments: ls could be obtained from steady-state
stationary phase-shift [10], whereas LD could be computed
from initial hologram phase-shift [11]. Once ls and LD were
known, the fringe-locked running hologram could be used to
find Φ [9].

In this paper we show that it is possible to simultaneously
measure the detuning Kv (with K being the hologram vector
value) and the diffraction efficiency η in the same fringe-
locked experimental run. We also show that both set of data
Kv vs. Eo and η vs. Eo allow all four relevant parameters LD,
ls, Φ and ξ to be unequivocally determined. We apply this
technique to determine the parameters of two Bi12TiO20 sam-
ples. We discuss the advantages and drawbacks of the present
method.

1 Theory

Fringe-locked experiments usually provide the detuning Kv
as a function of the applied field Eo. It is also possible to



718

compute the diffraction efficiency η from the same experi-
mental run, as will be shown below. From these two data
set (Kv vs. Eo and η vs. Eo) we are able to determine the
whole set of parameters LD, ls and Φ, plus the experimental
coefficient ξ .

The generation of feedback–controlled running holo-
grams has been described in details elsewhere [8, 9]. One
of the interfering beams is phase-modulated with a small
amplitude ψd = vd KΩ

PZT � 1 and an angular frequency Ω
that is much larger than the frequency response of the holo-
gram. The KΩ

PZT is the voltage (vd) to phase (ψd) conver-
sion factor of the PZT-supported mirror at the frequency Ω.
Because of the nonlinear relation between phase and am-
plitude, the intensities of the beams along each of the two
directions behind the crystal exhibit harmonic terms in Ω.
The amplitudes of the first and the second harmonics in
Ω are [8]

IΩS = 4J1(ψd)

√
(Io

R)
t(Io

S)
t
√
η(1 −η) sin ϕ and (1)

I2Ω
S = 4J2(ψd)

√
(Io

R)
t(Io

S)
t
√
η(1 −η) cosϕ, (2)

where (Io
R)

t and (Io
S)

t are the incident beams Io
R and Io

S as
measured behind the crystal, in the absence of any holo-
gram, in order to avoid considering surfaces reflections
and absorption in the crystal. J1 and J2 are the first-class
Bessel functions of first and second order, respectively, η
is the diffraction efficiency and ϕ is the phase difference
between the transmitted and diffracted waves behind the crys-
tal along the same direction. The polarization of the input
beams is chosen such that, accounting for the optical ac-
tivity of the crystal, the transmitted and diffracted beams
at the output are parallel polarized [12, 13]. In this case
there is no dependence of Eqs. (1) and (2) on the polariza-
tion. The terms IΩS and I2Ω

S are detected along the direction
Io
S using a photodetector and lock-in amplifiers tuned to
Ω and 2Ω respectively so that the corresponding output
signals

VΩ
S = AJ1(ψd)

√
η(1 −η) sin ϕ and

V 2Ω
S = AJ2(ψd)

√
η(1 −η) cosϕ (3)

are obtained, where A is the overall amplification that de-
pends on the photodetectors, beams irradiances, amplifiers
and other experimental settings. The VΩ

S signal is used as
an error signal in the feedback loop so that it is automati-
cally set to 0, by imposing sin ϕ= 0 [8]. For non-photovoltaic
crystals, in the absence of externally applied electric field,
the equilibrium value is ϕ = 0. However, in the presence
of an external field it is, in general, ϕ �= 0. By imposing
the ϕ = 0 constraint, the pattern of fringes is put into mo-
tion with a speed v that depends on the mismatch between
the actual equilibrium ϕ value and the imposed ϕ = 0 [11].
Under steady-state conditions, the photorefractive hologram
moves synchronously with the pattern of fringes. For ϕ = 0
we have then

VΩ
S = 0 and V 2Ω

S = AJ2(ψd)
√
η(1 −η). (4)

Diffraction efficiency η can be computed from V 2Ω
S in a con-

tinuous and non-perturbative way, provided that A and KΩ
PZT

are known.

1.1 Bulk light absorption

It has already been shown [9] that the feedback condition in
the presence of bulk absorption leads to

√
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for 4ac ≥ b2, (6)

with the following definitions:

a = (K2 L2
Dx)2 + (1 + K2L2

D)
2,

b = 2x(K2l2
s − K2L2

D),

c = (1 + K2l2
s )

2 + (K2l2
s x)2,

g = K2 L2
Dx2 + K2L2

D +1 and

x = ξEo/ED.

Equation (5) is an implicit relation between the detuning fre-
quency Kv and the normalized applied field x = ξEo/ED,
where ξ is the effective-field coefficient [11]. Equation (5)
depends on some material (LD, ls, Φ) and experimental (ξ)
parameters that can be found by fitting the experimental data.
Unfortunately, the number of independent parameters is too
large for them all to be unequivocally determined from the
Kv vs. Eo data alone. In order to overcome this drawback, we
also measure η. In fact the theoretical expression of η, for the
imposed ϕ = 0 condition, can be shown to be [14]

η= 2β2

1 +β2

cosh(Γ̄ d/2)−1

β2 exp(−Γ̄ d/2)+ exp(Γ̄ d/2)
, (7)

where Γ̄ is the average of Γ along the crystal thickness with

Γ = −2πn3reff

λ cos θ
I{Eeff}, (8)

where β2 = Io
R/Io

S , n is the average refractive index of the
material, reff is the effective electro-optic coefficient, 2θ the
angle between the incident beams inside the crystal, I{. . . }
stands for the imaginary part and Eeff is the so-called effective
field, which for the case of a hologram steadily moving with
speed v (detuning frequency Kv) can be written [15]

Eeff = − Eo + iED

1 + K2l2
s − iKlE − iτM Kv(1 + K2L2

D − iKLE)
, (9)

with
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q
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,
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, L2

D = Dτ,

D = µkBT/q, (ND)eff = N+
D (ND − N+

D )

ND
,

LE = µτEo and τM(z)= εεohν

qµτΦI(0)αe−αz
. (10)
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The thickness (z) dependence of Γ arises from the term e−αz

in the Maxwell relaxation time τM in Eq. (10). α is the irra-
diance absorption coefficient, kB is the Boltzmann constant,
εo is the permittivity of the vacuum, D is the photoelec-
tron diffusion constant, LE is the drift length, d is the crys-
tal thickness, λ= c/ν is the operation laser wavelength, and
I(0) = IR(0)+ IS(0) is the overall incident irradiance in the
front plane just inside (z = 0) the crystal. Because of the op-
tical activity of these crystals, Γ is somewhat dependent on
the crystal thickness via the variable polarization coupling be-
tween the transmitted and diffracted beams [16]. For our thin
(≈ 2 mm) samples, however, such a variation is rather small
and can be neglected [9] if compared to the effect of bulk
absorption.

1.2 Calculations

The calculation procedure is as follows: The experimental,
discrete Kv vs. Eo data are fitted by a polynomial function
in order to provide a continuous mathematical relation be-
tween the two quantities. Such a relation is substituted into
(7). The latter expression is then used to fit the experimental
η vs. Eo data so that LD, ls, Φ and ξ can be computed. From
the fits, more than a single set of values is usually obtained.
In order to remove this indeterminacy, the parameter values in
each one of the sets of values are substituted into Eq. (5) and
the resultant implicit plots of Kv vs. Eo are compared with
the corresponding experimental data. From this comparison
the best-fitting set is chosen and, if necessary, one or more of
the parameters are adjusted to better fit the experimental data.
The newly modified set of parameters is then used as a new
starting point for the fitting of the experimental η vs. Eo data;
the resultant parameters are once more substituted into Eq. (5)
and so on until a single set of parameters is obtained that sim-
ultaneously and adequately fits both sets of experimental data.

2 Experiment

Fringe-locked running hologram experiments were carried
out, using the 514.5 nm wavelength laser line for differ-
ent values of K , on two nominally undoped photorefractive
Bi12TiO20 (BTO) crystals labelled BTO-011 (thickness d =
2.05 mm, inter-electrode distance l = 6.20 mm and height
h = 7.00 mm) and BTO-013 (d = 2.35 mm, l = 6.95 mm and
h = 10.25 mm) that were grown [17] in the same way but cut
from different boules.

2.1 Setup

The experimental setup is shown in Fig. 1. Two mutually
coherent, monochromatic and equally polarized laser beams
with irradiances Io

R (pump beam) and Io
S (signal beam), with

β2 = Io
R/Io

S  1, produce an interference pattern of fringes
that is projected on the (110) plane of the BTO sample and in-
cludes the whole crystal volume. The input beam’s polariza-
tion is chosen so that the diffracted and the transmitted beams
behind the crystal are parallel polarized [12, 13]. The external
dc electric field Eo is applied along the grating vector direc-
tion K using silver-glue-painted electrodes. The field is gen-
erated by a HCN7E-6500 high voltage source (FUG GmbH,

Germany) ranging from 0 V to 6500 V. A dithering of ampli-
tude ψd = 6.66 ×10−2 rad and frequencyΩ/(2π)= 2 kHz is
applied to one of the interfering beams via the PZT-supported
mirror in the setup in order to originate the VΩ

S and the
V 2Ω

S signals. The same mirror is used to operate the feed-
back phase correction in order to yield a steadily moving
pattern of fringes and the associated hologram. This vibrat-
ing mirror is placed perpendicularly to the beam in the setup
in order to avoid any lateral shift in the light beam that may
produce an amplitude modulation with frequency Ω. Other-
wise, the latter amplitude signal would be detected by the
lock-in amplifier and erroneously acted upon by the feed-
back loop. The path difference between the interfering arms
is previously adjusted to be near zero in order to improve the
stability of the pattern of fringes projected on the crystal. This
particular setup [18, 19] allows the angle between the inter-
fering beams (that is to say K ) to be easily varied by simply
rotating the mirror MP without affecting the near-zero path
difference condition. The experimental procedures, operation
of the feedback loop and sample configuration in the setup are
similar to those described in previous publications [8, 9, 11],
the only difference being that in the present case the signal
V 2Ω

S is also recorded during the experimental run in order to
compute the evolution of η.

2.2 Signal acquisition

Figure 2 shows the signals that appeared on the oscillo-
scope screen during a typical experimental run. The time
evolution of the voltage fed to the PZT-supported mirror
(Channel 2) describes the position of the pattern of fringes
and the associated hologram. This voltage is used to com-
pute the hologram speed v. It is also necessary to measure
V 2Ω

S (Channel 4) in order to compute η. The signal (IS)
and the pump (IR) irradiances measured behind the crys-
tal are shown on Channels 1 and 3 respectively. The start
of the feedback operation is clearly indicated in Fig. 2 by

Fig. 1. Experimental setup. BS: beam-splitter; MP: pivot-mirror; M, mirror;
BTO: crystal sample; Io

S : signal beam; Io
R: reference beam; D1: photode-

tector placed along the S-beam direction; D2: photodetector placed along
the R-beam direction; Ω: Ω-frequency tuned lock-in amplifier; 2Ω: 2Ω-
frequency tuned lock-in amplifier; OSC: oscillator (phase dithering gener-
ator); PZT: PZT-supported mirror; INT, signal integrator; HV: high voltage
source for the PZT; λ/2: half-wave plate; λ/4: quarter-wave plate; F: set
composed of an objective lens, a pin-hole and a collimator. Laser source
used: LEXEL–Mod 95, λ= 514.5 nm
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Fig. 2. Typical signals observed on an oscilloscope screen during an ex-
perimental run. Channel 1: VS, reading from the detector placed along the
signal-beam direction; Channel 2: voltage acting on the PZT-supported mir-
ror; Channel 3: VR, reading from the detector placed along the reference-
beam direction; Channel 4: V 2Ω

S , second harmonic term filtered and
amplified from VS

the start of the ramp shape voltage on Channel 2. How-
ever, some time should be allowed until steady-state con-
ditions are reached. It should be remarked that the linear
movement of the PZT mirror exhibits a somewhat random
component, which is produced by the feedback system in
order to correct external perturbations on the setup. There-
fore the measurement range must be judiciously selected in
order to avoid strongly perturbed regions whose consideration
would jeopardize the measurement of the hologram speed v.
A crucial point in this experiment is the accurate measure-
ment of KΩ

PZT: It is determined by replacing the crystal with
a small glass plate in order to observe the interference of
the transmitted beams with the beams reflected by the glass
plate. Standard interferometric techniques were used to find
KΩ

PZT = 3.92 ×10−2 rad/V. Once KΩ
PZT and A are known, η

can be measured in a continuous and nonperturbative way
from the evolution of V 2Ω

S .

3 Results

The two BTO samples (BTO-011 and BTO-013) were meas-
ured using the technique described here, and the results are
displayed in Table 1. The measured α (for saturation, which
was the actual operation condition in this paper) and opti-
cal activity are also reported, and the index of refraction is
assumed to be n ≈ 2.6 [15]. Typical η vs. Eo experimental
data (dots) for the BTO-011 are shown in Fig. 3 together with
the theoretical (solid) curve that was obtained using the best-
fitting parameters. Two other (dashed) curves are also shown,
which correspond to two different sets of parameters. Figure 4
shows Kv vs. Eo data (dots) for the same experiment and
sample as that in Fig. 3. The solid curve was obtained from
the best-fitting (and finally selected) parameters correspond-
ing to the solid curve in Fig. 3. The long- and short-dashed
curves in Fig. 3 are correspondingly represented in Fig. 4 in
order to show their lack of agreement with the experimen-
tal data. The selected results are displayed in Table 1 for two
different K values and for the two samples. Experiments for

Fig. 3. Diffraction efficiency data (dots) as a function of the applied field
Eo for the BTO-011 sample with K = 7.55 µm−1, Io

R = 21.52 µW/mm2

and Io
S = 0.45 µW/mm2. The continuous curve is the best theoretical

fit. The three fits lead to the following sets of values: LD = 0.141 µm,
ls = 0.031 µm, Φ = 0.269 and ξ = 0.83 (solid line), LD = 0.282 µm, ls =
0.015 µm, Φ = 0.171 and ξ = 0.79 (long-dashed line), LD = 0.188 µm,
ls = 0.030 µm, Φ = 0.383 and ξ = 0.65 (short-dashed line)

Fig. 4. Running hologram detuning Kv data (dots) as a function of the
applied field Eo for the BTO-011 sample, corresponding to the same ex-
periment referred to in Fig. 3. The correspondence among sets of parameters
and line types have been maintained. The solid curve is the best-fitting one,
and the corresponding parameters are shown in Table 1

K = 10.13 µm−1 were also carried out, but we were not able
to obtain a single set of parameters, so we disregarded these
data.

3.1 Discussion

The average values reported in Table 1 are LD = 0.145±
0.005 µm, ls = 0.030 ± 0.001 µm and Φ = 0.33 ± 0.01
for BTO-011 and LD = 0.155 ± 0.005 µm, ls = 0.042 ±
0.006 µm and Φ = 0.31 ±0.01 for BTO-013. These values
are reasonably similar to each other as expected. Table 2
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Table 1. Computed data and parameters

Sample BTO-011 BTO-013

α (m−1) 1156 1041
� (deg mm−1) 12.7 12.8
K (µm−1) 7.55 8.75 7.55 8.75
LD (µm) 0.141 0.148 0.148 0.159
ls (µm) 0.031 0.030 0.048 0.036
Φ 0.34 0.31 0.32 0.30

Table 2. Comparative results for BTO-011

Technique LD(µm) ls(µm) Φ Wavelength
(nm)

This study 0.15 0.03 0.32 514.5
Running 0.14 0.03 0.45 514.5
hologram [14]
Hologram 0.38 – 0.36 514.5
erasure [21]
Stationary – 0.03 – 514.5
phase shift [20]
Initial 0.14−0.15 – – 532.0
phase shift [11]

compares the present values for BTO-011 with those already
available in the literature for this sample. The number of
significant digits for the data in Table 1 simply reflects the
sensitivity of the method but not necessarily its accuracy. In
contrast, the data in Table 2 are presented with two signifi-
cant digits, which is a more realistic basis for comparison
with data obtained using other methods. Running hologram
experiments [14] report LD and ls values that agree with
the present ones, but the value of Φ for running holograms
(0.45) is larger. Such a difference may be due to the well-
known instability in running holograms, under an applied
field, that produces rather dispersive data. Stationary [20]
and initial phase shift [11] experiments reported ls = 0.03 µm
and LD = 0.14–0.15 µm respectively (but for another wave-
length), which agree with the present data. The hologram
erasure experiment [21] showed different result for LD, but
one not so different for Φ. Running holograms experiments
have indicated that hologram erasure may be strongly influ-
enced by even a small degree of hole–electron competition in
this sample [22].

Because of the stabilized operation of the fringe-locked
running hologram experiments, they produce much less dis-
persive data compared to running holograms. In addition, due
to their resonant nature, which makes them rely mainly on the
properties of the majority (electrons) charge carriers, fringe-
locked techniques are less sensitive to hole–electron compe-
tition if compared to hologram erasure. Their main disadvan-
tage, however, stems from the effect of phase perturbations
on the movement of the PZT-supported mirror that produces
rather dispersive Kv values. Nevertheless, this misleading ef-
fect can be considerably reduced by using a small auxiliary
glass plate, placed by the side of the crystal, to measure Kv

by interferometry without any direct relation to the position
of the PZT.

4 Conclusions

We have shown that the fringe-locked running hologram ex-
periments allow some relevant photorefractive parameters to
be measured, even in the presence of bulk absorption and
self-diffraction effects, without the need of additional data
from other experiments. We discuss its advantages compared
with other well-known techniques and show that its main dis-
advantage (rather dispersive Kv data) could be reduced by
a simple improvement in the setup. We discuss the param-
eters measured for two similar samples and show that they
are self-consistent and in fairly good agreement with the al-
ready available data obtained from other techniques, taking
into consideration the particular limitations of each one of the
methods.
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