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a b s t r a c t

A series of Hf:Fe:Mn:LiNbO3 crystals with various levels of HfO2 doping were grown by Czochralski
technique. The infrared spectra and ultraviolet spectra were measured and discussed to investigate their
structure and defects. The optical damage resistance was characterized by the transmitted beam pattern
eywords:
f:Fe:Mn:LiNbO3

ptical damage resistance
olographic recording
wo-photon fixed method

distortion method. The nonvolatile two-color holographic recording experimental results showed that
the recording speed was faster with the increase of HfO2 doping concentration and at the same time little
loss of nonvolatile diffraction efficiencies could be achieved.

© 2010 Elsevier GmbH. All rights reserved.
. Introduction

Lithium niobate (LiNbO3) crystal is one of the most widely used
hotorefractive materials in the holographic volume storage [1,2].
key problem in holographic storage using photorefractive LiNbO3

rystals is the volatility. The phase grating is easily erased by the
eadout light of symmetrical intensity. An effective technique was
eveloped to realize nonvolatile recording in LiNbO3 crystals doped
ith shallower iron centers (Fe2+/3+) and deeper manganese cen-

ers (Mn2+/3+) [3,4]. But its applications in holographic memory
evices are severely limited by optical damage [5]. Doping with
amage-resistant addictives is found to be an effective method to

ncrease the optical damage resistance [6]. Some damage-resistant
lements, such as Zn [7], Mg [8], In [9], Sc [10] and Hf [11], have
een used to decrease the optical damage of LiNbO3. Especially,
he effects Hf4+ ions in Fe:LiNbO3 crystals were dissimilar to Mg2+or
n2+. The HfO2 doping concentration above its threshold value, the
esponse rate and sensitivity are greatly improved. Meanwhile, the
aturation diffraction efficiency remains at a high value.

In this paper, HfO2 was the first time doped into Fe:Mn:LiNbO3
rystals. Our purposes are to study the ions location in the

ost lattice and the nonvolatile holographic storage properties of
f:Fe:Mn:LiNbO3.

∗ Corresponding author. Tel.: +86 20 84113370; fax: +86 20 84115692.
E-mail addresses: wangbiao@mail.sysu.edu.cn, zzf0511@sina.com (B. Wang).

030-4026/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
oi:10.1016/j.ijleo.2010.07.024
2. Experimental

2.1. Crystals growth and sample preparation

Hf:Fe:Mn:LiNbO3 crystals were grown by Czochralski method in
an air atmosphere. Various factors affecting the control of crystal
growth and the relationship among these factors were analyzed,
and an auto monitoring and adjusting diameter-constant control
system was built up. Using this control system, various levels of
HfO2 doping crystals were successfully grown. These crystals show
smooth surface from shoulder, body to tail. One of the crystals was
shown in Fig. 1.

The crystals were placed in a furnace for polarizing at electric
current intensity 5 mA/cm2 for 30 min at 1200 ◦C and annealing for
8 h to room temperature. The crystals were cut into wafers with
a dimension of 8 mm × 8 mm × 2.5 mm. All wafers were oxidized
in Nb2O5 powders to be oxidized at 1100 ◦C for 18 h, as listed in
Table 1.

2.2. Measurements

The OH− infrared absorption peaks of the samples were mea-
sured by Fourier infrared spectrophotometer in the wavelength
range of 3000–4000 cm−1 at room temperature.
The ultraviolet–visible optical absorption spectra of
Hf:Fe:Mn:LiNbO3 crystals were measured by a CARY1E UV–vis
spectrophotometer. The measurement range was from 300 to
900 nm.

dx.doi.org/10.1016/j.ijleo.2010.07.024
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:wangbiao@mail.sysu.edu.cn
mailto:zzf0511@sina.com
dx.doi.org/10.1016/j.ijleo.2010.07.024
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Table 1
The doped Hf:Fe:Mn:LiNbO3 crystal samples in experiment.

Crystals Composition Dopant in starting melt

LN1 Fe:Mn:LiNbO3 0.03 wt% Fe2O3, 0.1 wt% MnO2

LN2 Hf:Fe:Mn:LiNbO3 3 mol% HfO2, 0.03 wt% Fe2O3, 0.1 wt% MnO2

LN3 Hf:Fe:Mn:LiNbO3 4 mol% HfO2, 0.03 wt% Fe2O3, 0.1 wt% MnO2

LN4 Hf:Fe:Mn:LiNbO3 5 mol% HfO2, 0.03 wt% Fe2O3, 0.1 wt% MnO2
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Fig. 1. The as-grown boule.

The optical damage resistance ability of the crystals was
bserved by straightly observing transmission facula distortion
ethod. Fig. 2 shows the experimental setup. An argon-ion laser
as used as light source, and the incident beam power level could

e adjusted by an attenuator. The crystal c-axis was set parallel
o the polarization direction of the laser beam and placed on the
ack focal plane of the convex lens. The power density of the beam
pot passing through a pinhole on a light shield was measured by
photodiode connected with a computer. When the laser’s power

ntensity achieves certain value, light scattering appears inside the
rystal and the facula is elongated along c-axial of the crystal. The
aser power intensity, which brings the distortion of the facula tran-
ited the crystal, is called the light-scattering ability resistance of
he crystal.

The holographic properties were investigated by two waves
ixing in transmission geometry at a fixed grating spacing

as shown in Fig. 3) at room temperature. In this experiment,
hese crystals were pre-exposed to the UV light (intensity,
0 mW/cm2) for 1 h. Then two-color recordings were carried out in
f:Fe:Mn:LiNbO3 crystals at � 532 nm together with the UV light.
Nd:YAG laser was split into two beams of equal intensity, with

ach being ∼30 mW/cm2. These two beams of extraordinary polar-
zation were made to intersect symmetrically inside the crystal of
.5 mm thickness so that the grating vector was parallel to the crys-

al c-axis. In the process of recording, one of the recording beams
as blocked by a shutter from time to time, so that we could use

he other recording beam to monitor the grating build-up process
nd to measure the diffraction efficiency �. Here � was defined as

ig. 2. Experimental setup of the light-scattering resistance ability. ALA: adjustable
ight attenuator, BS: beam splitter, PC: photocell, CL: convex lens, OS: observation
creen.
Fig. 3. Experimental setup of holographic storage. M1, M2: mirrors; BS1, BS2: beam
splitters; D1–D3: detectors.

Id/(Id + It), where Id and It were the diffracted and transmitted inten-
sities of the readout beam, respectively. A few percent of diffraction
efficient could be achieved.

3. Results and discussion

3.1. Spectra analysis

The results are shown in Fig. 4. The OH− absorption peak of
LN1 is located at 3482 cm−1, and the OH− absorption peak of LN2
is at 3483 cm−1. However, the OH− absorption peaks of LN3 and
LN4 crystals shift to 3489 cm−1.The FWHM of absorption peaks of
LN1and LN2 is wider than that of LN3 and LN4.

In congruent LiNbO3, the ratio of Li to Nb is less than 1. The crys-
tal is under the state of Nb-rich and Li-poor, so there are anti-site
Nb defects NbLi

4+ and Li vacancy VLi
− defects in congruent LiNbO3.

In the case of the Fe:Mn:LiNbO3, the doped Mn and Fe ions were
located at Li+ site in the formation of MnLi

+/2+ and FeLi
+/2+. When

the doped concentration of Hf4+ ions in Fe:Mn:LiNbO3 crystal was
lower, Hf4+ replaced Nb Li

4+. The OH− absorption peaks will not
change obviously. When the concentration of Hf4+ exceeded the
threshold, a part of Hf4+ ions began to occupy Nb sites and existed
in the form of HfNb

−. Because HfNb
− has higher ability to attract H+

than that of VLi
−, which make the H+ ions gather near the HfNb

−. The
mainly OH− absorption peaks located at 3489 cm−1 described the
vibration absorption situation of OH− around HfNb

−. High concen-
tration of Hf4+ formed more HfNb

− defects, so the OH− absorption
peak becomes sharper.

We know that in Zn:Fe:LiNbO3 crystals with its ZnO dop-
ing concentrations above threshold, besides 3529 cm−1 absorption
peak related with ZnNb

3−–(VLi
−–OH−) complex, another peak cor-

responding to the vibration of Fe 2−–(V −–OH−) appears at

3504 cm [7]. It should be noted that 3504 cm absorption peak
is not present in LN3 and LN4, which suggests that most of Fe and
Mn ions are unaltered their position and still located at Li sites.

Fig. 4. The infrared absorption spectra of Hf:Fe:Mn:LiNbO3 crystals.
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Table 3
Characteristic parameters of nonvolatile holographic storage in the oxidized
Hf:Fe:Mn:LiNbO3 crystals.

Crystals Writing
times (min)

Saturation diffraction
efficiency (%)

Nonvolatile diffraction
efficiency (%)

LN1 47 29.5 19.2
LN2 34 25.1 14.7
LN3 25 20.8 12.4
LN4 26 20.1 12.5
Fig. 5. UV absorption spectrum of Hf:Fe:Mn:LiNbO3.

Fig. 5 shows the ultraviolet–visible absorption spectra of the
f:Fe:Mn:LiNbO3 crystals. It can be clearly seen that the absorption
dges of LN2, LN3 and LN4 crystals successively shifted to the violet
and, in comparison with that of the LN1.

The fundamental optical absorption edge is decided by valence
lectron transition energy from 2p orbits of O2− to 4d orbits of Nb5+.
o the valence electronic state of O2− directly affects the site of the
bsorption edge. In this paper, the phenomenon of the absorption-
dge shift is explained by Z*2/r, where Z* = Z −�s; Z*, Z, �s, and r are
he effective nuclear charge number, the atomic ordinal number of
he ion, the shield factor, and the radius of the ion, respectively. The
olarization ability of the ions was calculated by Z* = Z −�s, where
he value for Nb5+, Fe3+, Fe2+, Mn3+, Mn2+, Hf4+, and Li+ are 52.5,
5.3, 42.2, 48.3,33.6, 44.6, and 2.5, respectively.

The interaction of positive and negative ions results in the
hange of the polarization ability of O2−. If the polarization abil-
ty of the doping ion is lower than that of the replaced ion, which

akes the polarization ability of O2− decrease, the energy required
y the electron transition increases. In this way the absorption-
dge shifts to the violet band. We know that in the Fe:Mn:LiNbO3
rystal, the Fe and Mn ions occupy the normal Li sites. When the
fO2 doping concentration is below the threshold concentration,
ost of the Hf4+ ions replace the NbLi

4+ ions and form HfLi
3+. As the

olarization ability of Hf4+ is lower than that of Nb5+, the absorp-
ion edges of the LN2 shift to shorter wavelength compared with
hat of the LN1. When the doping concentration of HfO2 is above
he threshold concentration, all of the NbLi

4+ ions are replaced by
portion of the Hf4+ ions and the remaining Hf4+ begin to occupy
ormal Nb sites. As the polarization ability of Hf4+ is lower than
hat of Nb5+, so the absorption-edge positions of the LN3 and LN4
uccessively shifted to the violet band.

.2. The optical damage resistance ability

The results of the photo-damage-resistant ability of
f:Fe:Mn:LiNbO3 crystals are shown in Table 2. The results

ndicated that the photo-damage-resistant ability of LN3 and LN4
s about one order of magnitude higher than LN1.

According to the following well-known simplified Scalar expres-
ion, ı�n ≈ B�˛I/�, where B is the generalized electro-optical
oefficient, � is the glass constant, ˛ is the optical absorption

oefficient, I is the intensity of the light and � is the conductiv-
ty (� = �d + �p, �d is the dark conductivity and �p is the photo-
onductivity, �d « �p, so � ≈ �p), the photorefractive ability of the

able 2
he results of optical damage resistance ability (R) of the Hf:Fe:Mn:LiNbO3 crystals.

Crystal LN1 LN2 LN3 LN4

R (W/cm2) 1.8 × 102 3.3 × 102 7.9 × 103 8.1 × 103
Fig. 6. The dependence of the diffraction efficiency on the time.

LiNbO3 crystal increases with the decrease of the photoconductiv-
ity. From the analysis above, we know that when the HfO2 doping
concentration is below the threshold concentration, most of the
Hf4+ replaces the NbLi

4+. The increasing photoconductivity, which
is mainly attributed to the decrease of anti-site NbLi, induces the
increase in photo-damage resistance ability. When the HfO2 dop-
ing concentration is over the threshold concentration, most of the
NbLi

4+ ions disappeared, so the photo-damage resistance ability
will never increase.

3.3. Nonvolatile hologram storage properties

The results of holographic storage properties of
Hf:Fe:Mn:LiNbO3 are shown in Table 3. In Table 3, the response
time of LN3 and LN4 is shorter than that of LN1 and LN2, though
the diffraction efficiency has a little decrease. As it has been com-
mented above, Fe3+ and Mn3+ ions also remain at Li sites in LN3
and LN4 acting as electron acceptors, therefore, the nonvolatile
saturation diffraction efficiency of LN3 and LN4 crystal do not
greatly decrease with respect to that of LN2 (Fig. 6).

4. Conclusion

In this paper, a series of Hf:Fe:Mn:LiNbO3 crystals were pre-
pared by Czochralski method. We studied the behavior of OH−

absorption peak, fundamental absorption edge, and optical damage
as a function of HfO2 doping concentration. Hf4+ takes priority in
replacing anti-site Nb in Hf:Fe:Mn:LiNbO3 crystals, when the con-
centration of HfO2 exceeds its threshold value, and Hf4+ replaces
Nb5+, forming Hf4−

Nb. Few of Fe and Mn ions are repelled to Nb5+

sites by Hf4+. The optical damage resistance of Hf:Fe:Mn:LiNbO3
increases rapidly when the concentration of HfO2 exceeds the
threshold value. The nonvolatile two-color holographic recording
experimental results showed that the recording speed was faster
with the increase of HfO2 doping concentration, especially in LN3

and LN4, which exceeded the so-called threshold concentration,
and at the same time little loss of nonvolatile diffraction efficiencies
could be achieved.
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