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a b s t r a c t

A series of LiNbO3:Fe:Mn:Zr crystals with different ratios of Li/Nb in the melt (0.94,1.05,1.20 and 1.38,
respectively) were grown by the conventional Czochralski technique. The ultraviolet–visible spectra were
measured in order to analyze the defect structure of the crystals. The measurement of the Zr concentra-
ccepted 7 January 2011
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tions and Li/Nb ratios in the crystals was carried out with an inductively coupled plasma atomic emission
spectrometer. The light-induced scattering was investigated as a function of exposure energy. The results
showed that the ability to resist the light-induced scattering was improved considerably with the increase
of the Li/Nb ratio. The relationship between the defect structures and the light-induced scattering was
i/Nb ratio
ight-induced scattering
istribution coefficient

discussed.

. Introduction

Lithium niobate (LiNbO3, LN) crystals are among the most
idely used functional materials in electro-optic, holographic stor-

ge and other nonlinear optics-related applications because of their
xcellent nonlinear optic properties. The large storage density and
igh diffraction efficiency of doped LN crystal make it very promis-

ng in holographic data storage application [1,2].
Among others, the most widely used is Fe:Mn:LiNbO3 crys-

al [3]. However, a great challenge, light-induced scattering exists
n congruent LiNbO3 crystals limits their practical applications.
o address this issue, an effective method is to suppress the
ight-induced scattering via doping optical-damage-resistance
mpurities such as AgO, MgO, and In2O3 in LN crystal [4–6]. In
ecent years, tetravalent ions (Hf4+, Sn4+ and Zr4+) were reported
o be better choices in this regard than the ions mentioned above
7–9]. Some further experimental results identified that Zr4+ was a

ore favorable dopant in suppressing light-induced scattering in
iNbO3 crystal, compared with Hf4+ or Sn4+ ions [10,11]. It is well
ccepted that intrinsic defects anti-site Nb defects (Nb ions occupy-
ng Li sites) and Li vacancies in LiNbO3 crystals are the main causes

o the light-induced scattering [12,13]. It is suggested that with
he increase of Li/Nb ratios, the number of intrinsic defects will
ecrease remarkably and hence result in good optical properties
14–16].
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In this work, ZrO2 doped LiNbO3:Fe:Mn crystals with varied
Li/Nb ratios were grown by the Czochralski method. The measure-
ment of ultraviolet–visible spectroscopy was used in probing the
defect structures of the crystals. The Li/Nb ratio and the concentra-
tion of ZrO2 in each crystal were determined with the inductively
coupled plasma atomic emission spectrometry (ICP-AES). The light-
induced scattering in these crystals was studied as a function
of exposure energy. Finally, the mechanism of the relationship
between the light-induced scattering and the Li/Nb ratios was dis-
cussed.

2. Experimental details

In order to produce crystals with high optical quality, Li2CO3, Nb2O5, ZrO2,
MnCO3 and Fe2O3 with the purity over 99.99% were used as the origin oxides.
The doping concentrations of ZrO2, MnCO3 and Fe2O3 were at 1.0 mol%, 0.10 wt%
and 0.03 wt%, respectively. The Li/Nb ratios of the origin oxides in producing
LiNbO3:Fe:Mn:Zr were set as 0.94, 1.05, 1.20 and 1.38. All crystals were grown under
the temperature gradient of 30 ◦C/cm above the melt, and detail optimized growth
parameters were listed in Table 1. The as-grown crystals were transparent, and free
of macro-defect or inclusion seen in them.

After growth, the crystals were slowly cooled down to room temperature at a
rate of 50 ◦C/h. The crystals thus grown were then polarized in another furnace with
a DC electric current density of 5.0 mA/cm2 for 30 min. The middle parts of the poled
crystals were cut into several 2.0 mm-thick specimens, with y-axis in their polishing
surfaces, which are of optical grade for the characterization of optical properties.

We analyzed the concentration of Zr4+ and Li/Nb ratios in the crystals with

an inductively coupled plasma atomic emission spectrometer (ICP-AES, Optima
5300DV). The ultraviolet–visible (UV–vis) absorption spectra of these samples were
measured with the CARY UV–visible spectrophotometer with the spectral range
from 300 to 900 nm.

In this work, exposure energy was employed as a measure in evaluating the
resistance against the light-induced scattering in the doped LiNbO3 crystals [17].
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Table 1
Growth condition and composition of LiNbO3:Fe:Mn:Zr crystals.

Sample 1# 2# 3# 4#

ZrO2 in the melt (mol%) 1.0 1.0 1.0 1.0
ZrO2 in the crystal (mol%) 0.964 0.915 1.004 0.989
Distribution coefficient (Keff) of Zr 0.964 0.915 1.004 0.989
MnCO3 in the melt (wt%) 0.10 0.10 0.10 0.10
Fe2O3 in the melt (wt%) 0.03 0.03 0.03 0.03
[Li]/[Nb] ratio in the melt 0.94 1.05 1.20 1.38
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[Li]/[Nb] ratio in the crystal 0.930 0.954 0.979 0.991
Rotation rate (r/min) 18–22 18–22 20–25 27–30
Pulling rate (mm/h) 2.0 2.0 1.0 0.5

ith this method, light-induced scattering dynamics were taken with irradiation
ime. One can see it was of a quantitative analysis in measuring light-induced scat-
ering. The experimental setup was shown in Fig. 1. An extraordinary polarized
eam of 532 nm in wavelength of 532 nm shone onto the samples to form a 2 mm
iameter facula. A continuously tunable neutral density filter (NF) was utilized in
arying incident intensity. The scattering light was blocked by a light shed and only
he transmitted light was received by the photo-detector.

. Results and discussion

.1. Crystal composition

The results of ICP-AES are listed in Table 1. The effective dis-
ribution coefficient (Keff) of Zr was obtained via comparing the

easured Zr concentration in the LiNbO3 crystal with the pre-set
r concentration in the melt. It can be found that the effective dis-
ribution coefficient of Zr dopant is close to one, indicating that
r distributes uniformly in crystal. In addition, the Li/Nb ratios in
he crystals have the same tendency as those in the melts. Near-
toichiometric LiNbO3 crystal can be obtained when the Li/Nb ratio
pproaches 1.38 in the melt.

.2. UV–vis absorption spectra

Fig. 2(a) shows the UV–vis absorption spectra of the
iNbO3:Fe:Mn:Zr crystals. Usually, the absorption edges of the crys-
als reflect the composition of the crystals and their defects, since
heir positions are sensitive to the Li/Nb ratios [18]. Fig. 2(b) illus-
rates the position of absorption edge versus Li/Nb ratios in the
rystals. It can be seen from the figure that the absorption edges
f LiNbO3:Fe:Mn:Zr crystals shift to the violet first and then to red
ith the continuous increase of Li/Nb ratios. In our work, we use

he band-edge position where the absorption coefficient is equal
o 20 cm−1 as the criterion to compare the absorption edges of the
amples [19,20].

In the Li-vacancy crystal structure model, the Li/Nb ratio of con-
ruent lithium niobate is 0.94, consequently, the crystals are rich in
i vacancies. To maintain the electrical neutrality, some excessive

b ions occupy vacant Li sites to form anti-site NbLi

4+ defects in the
rystals. In this paper, we use a parameter Z*2/r to describe the phe-
omenon of the absorption edge shift, where Z* = Z −

∑
s, and Z*, Z,

s and r represent the effective nuclear charge number, the atomic

ig. 1. Experimental setup for light-induced scattering measurement. NF: neutral
lter.
Li/Nb ratio in the crystal

Fig. 2. (a) Measured ultraviolet–visible absorption spectra of LiNbO3:Fe:Mn:Zr crys-
tals and (b) optical absorption edge position versus Li/Nb ratio in crystal.

number of the ion, the shield factor and the radius of the ion, respec-
tively. The fundamental absorption edge of the LiNbO3 crystal is
generated due to the valence electron transition from 2p orbital
of O2− to 4d orbital of Nb5+. In that way, the valence electronic
state of O2− directly affects the position of the absorption edge.
Hence the increasing ability of a neighboring doping ion to polar-
ize an O2− ion decreases the valence electron transition energy and
results in the shift of the absorption edge to longer wavelength. The
converse also applies [21]. The polarization ability values of Zr4+,
Mn2+, Fe3+, Li+ and Nb5+ ions, given by Z* = Z −∑

s, are 38.4, 34.45,
55.32, 2.49 and 58.51, respectively [22]. Apparently, the polariza-
tion ability of Nb5+ is higher than that of Zr4+, Mn2+, Fe3+and Li+. It
is suggested that in Zr:Mn:Fe:LiNbO3 crystals, Zr4+, Mn2+ and Fe3+

ions substitute NbLi
4+ to form ZrLi

3+, MnLi
+ and FeLi

2+, respectively.
When increasing Li/Nb ratios in the melt, more Li+ ions enter the
crystal lattices and the concentration of NbLi

4+ decreases. This will
reduce the deformation of surrounding O2− ions, so the absorption
edges shift to violet side. When the Li/Nb ratio in the crystal is larger
than 0.979, NbLi

4+ almost disappears, and Zr4+ begin to enter nor-
mal Li sites. Since the Z*-value of Zr4+ is higher than that of Li+, the
absorption edge of the crystal is redshifted.

3.3. Light-induced scattering

The dynamics of the transmitted light intensity in

LiNbO3:Fe:Mn:Zr crystals are shown in Fig. 3. The intensity
of light-induced scattering is equal to IT0 − ITt, where IT0 and
ITt are the transmitted light intensity at the instant when the
incident light began to shine onto the sample, and that at time
t, respectively. The strength of the light-induced scattering of
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Fig. 3. Exposure time dependence of the light intensity transmitted from LiNbO3:Fe:Mn:Zr crystals.
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Fig. 4. Exposure time dependence of the

oped LiNbO3 crystals is described by RS, which is the ratio of
cattering light intensity (IS) to the incident light intensity (II). The
xperimental curves can be fitted by a mono-exponential function
elow

RS =
√

RS,sat

[
1 − exp

(
− t

�

)]
(1)

here RS,sat is called the saturation scattering ratio, and � is the

cattering time constant. Here � is defined as the time when the
quare root of scattering ratio

√
RS increases to 1 − 1/e of the square

oot of saturation scattering ratio
√

RS,sat . The time constant � can
e obtained by fitting the dynamic curve according to Eq. (1) and
he analyzed results are shown in Fig. 4.
100806040200
t / s

ering ratio of LiNbO3:Fe:Mn:Zr crystals.

Then the exposure energy (Er) can be calculated from

Er = Ieff � (2)

where Ieff is the effective incident intensity.
Considered the reflectivity of the crystals, Ieff can be calculated

by

Ieff = I − IR = I(1 − R) (3)

where R is the reflection index, and I is the total incident intensity.

The value of R here is adapted from Ref. [17]. The results in regard
with exposure energy are listed in Table 2. For comparison, we
also list the values obtain in LiNbO3:Fe:Mn and pure LiNbO3 crystal
under the same conditions. From Table 2 one can see that Sample 4#

has the largest exposure energy of 23.81 J/cm2. This value is approx-
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Table 2
Parameters of illumination light intensity (I), exposure time (�) and total exposure
energy (Er) used for light-induced scattering measurements on LiNbO3:Fe:Mn:Zr
crystals.

Sample I (mW/cm2) � (s) Ieff (mW/cm2) Er (J/cm2)

1# 190.41 22.77 162.74 3.71
2# 357.33 34.86 305.41 10.65
3# 974.38 19.56 832.80 16.29
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[
[
[
[
[
[

4# 1241.91 22.43 1061.46 23.81
LiNbO3:Fe:Mn 76.43 15.60 65.32 1.02
Pure LiNbO3 67.08 25.31 57.33 1.45

mately 7 times larger than that of Sample 1#, and 23 times larger
han that of LiNbO3:Fe:Mn crystal. By this simple comparison, it is
een that Sample 4# is a best choice in suppressing light-induced
cattering.

The reason for enhancement of resistance to light-induced scat-
ering can be explained as following. Here is the scalar expression

�n ≈ Ak˛I

�
(4)

here A is the generalized electro-optical coefficient, k the Glass
onstant, ˛ the optical absorption coefficient, � = �ph+�d (�ph � �d,
d the dark conductivity, �ph the photoconductivity) and I the light

ntensity [23]. As the increase of the cation-vacancy photoconduc-
ivity, the photorefraction decreases due to the enhancement of
he photoconductivity, whereas the photovoltaic current is nearly
nchanged. If iron impurity is present, an abrupt decrease in the
apture cross-section of Fe3+ acceptors should be responsible for
he observed increase in �ph. NbLi

4+ is the most probable elec-
ron acceptor in the Li-deficient LiNbO3 host. As the result, the
educed concentration of NbLi

4+ will leads to the increase of photo-
onductivity if the concentration of the concurrent Fe3+ acceptor is
egligible [24]. In LiNbO3 crystals, the enhancement of �ph can be
ttributed to the decrease of the concentration of NbLi

4+ as the site
f NbLi is replaced by Zr4+ and Li+. In LiNbO3:Fe:Mn:Zr crystals with
aried Li/Nb ratios, Zr4+ and Li+ substitute NbLi

4+, and Fe3+ occu-
ies Li site. When the concentration of ZrO2 exceeds its threshold
alue, �ph rapidly increases because NbLi

4+ vanishes and most of the
e ions substitute Nb5+. The role of Mn ions in LiNbO3:Fe:Mn:Zr
rystals is the same as that of Fe ions. Consequently, the resis-
ant capability against light-induced scattering in LiNbO3:Fe:Mn:Zr
rystals with the highest Li/Nb ratios (4#) is much better than that
n other samples.
. Conclusions

In summary, a series of LiNbO3:Fe:Mn:Zr crystals with various
i/Nb ratios were grown. The results of UV–vis absorption spec-

[
[
[
[
[

pounds 509 (2011) 4167–4170

tra showed that the absorption edges of LiNbO3:Fe:Mn:Zr crystals
shifted to violet-side firstly and then to red-side when the Li/Nb
ratios increased continuously, since more Li+ cations enter the
lattice and thus push ZrLi

3+, MnLi
+ and FeLi

2+ to the normal Nb
sites. From the experimental results of inductively coupled plasma
atomic emission spectrometry it was found that the effective dis-
tribution coefficient of Zr was close to unity, and the Li/Nb ratio
in the crystals had the same tendency as that in the melt. The
results of incident exposure energy revealed that with the increase
of Li/Nb ratio, higher incident exposure energy was needed to make
the light in crystal scatter. Among the samples studied, sample 4#

(Li/Nb = 0.991 in the crystal) was the best to resist the light-induced
scattering and it can sustain energy density up to 23.81 J/cm2,
which is approximately 23 times higher than that of LiNbO3:Fe:Mn
crystal. This manifested the ability against light-induced scattering
can be enhanced via tuning the Li/Nb ratio and doping concen-
tration in the crystals. The photoconductivity was a key factor to
understand the internal relationship between the defect structure
and light-induced scattering of the crystals.
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