Appl Phys B (2009) 95: 407411
DOI 10.1007/500340-009-3417-z

Applied Physics B

Lasers and Optics

Two-photon induced photorefraction in undoped lithium tantalate

crystals with different compositions

LS. Steinberg - L.LE. Kalabin - P.E. Tverdokhleb

Received: 30 November 2008 / Revised version: 19 January 2009 / Published online: 28 February 2009

© Springer-Verlag 2009

Abstract Two-photon interband photorefraction in un-
doped lithium tantalate crystals with composition ranging
from 47.95 to 49.6 mol% of lithium oxide was demonstrated
at the wavelength of 532 nm. The photorefractive properties
were examined with holographic method. Two-photon holo-
grams were recorded with high holographic sensitivity, large
refractive index change, and fast hologram writing time. Per-
manent changes of the refractive index have been obtained.
These holograms can be read nondestructively at the wave-
length of 660 nm using heterodyne method. Holographic
characteristics strongly depend on composition.

PACS 42.40.Ht - 42.50.Hz - 42.70.Ln - 42.70.Jk

1 Introduction

Conventional photorefraction in ferroelectric crystals doped
with transition metal impurities has been investigated in de-
tail [1]. This effect is based on photoionization of impu-
rities and subsequent charge transport. The absorption of
the material is small and it leads to a slow photoexcitation
process. As discussed in [2], a faster photoexcitation can
be obtained by using a wavelength that is more efficient in
producing free charges, i.e., with photon energies above the
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band edge. In this case the intrinsic density of potentially
available charges is substantially higher than the density of
midgap impurities levels and therefore, it is possible to ig-
nore dopants. However, the strong linear absorption impedes
the homogeneity on depth recording. This problem can be
solved by the use of two-photon interband photoexcitation.
The latter can be achieved in the case of two-photon absorp-
tion (TPA) in focused light beams when light-induced mod-
ification takes place only near the focal point where the light
intensity is maximal. This feature of TPA allows to spatially
localize the area of photoinduced modification. The other
advantage of TPA implementation is a possibility of nonde-
structive reading. Therefore, the method of two-photon in-
terband photoexcitation provides an ideal tool for studying
of the intrinsic photorefractive effect in undoped ferroelec-
tric crystals.

The experiments aimed at two-photon recording have
been carried out earlier in congruent pure and doped lithium
niobate (LiNbOs3) [3] and lithium tantalate (LiTaOs3) [4]
crystals. However, only congruent samples were investi-
gated.

This paper addresses the photorefractive properties of un-
doped LiTaO3 at two-photon excitation as the function of the
crystal composition. We have selected several crystals with
different Li/(Li 4+ Ta) ratio in the bulk. The birefringence of
the crystals was determined. The photorefractive properties
were measured with our holographic experimental setup.

2 Samples
The LiTaOs3 crystals with a diameter of 10-16 mm were
grown by Czochralski method from initial charges with dif-

ferent compositions x = Li/(Li + Ta). Monodomenization
of the boules was produced by slow cooling through the
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Fig. 1 Absorption spectra of LiTaO3 crystals with different compo-
sitions x = Li/(Li + Ta). The recording wavelength (A = 532 nm) is
indicated by the arrow

Table 1 Lithium molar concentration, obtained from the values of the
birefringence, according to [5—-7] and [8]

dn=ne—ng 0.0077 0.0046  0.0038 —0.0007
C1i (mol%) accordin [5-7] 47.95 48.38 48.75 49.6
Cyi (mol%) according to [8] 47.84  48.76  48.92 49.63

Curie point in electrical field applied to (001) crystal faces.
Then, single crystals were cut into parallelepipeds. All edges
were directed along basic crystallographic axes. The real
value of x for every sample was identified through the ref-
erence to the value of the birefringence An = ne — n, using
previously defined calibration curve [5]. The birefringence
is measured by the prism coupling method with wavelength
of 633 nm. The uncertainty is about +0.0002 [6]. This way
provides the Li/(Ta + Li) molar ratio determination with a
possible error of £0.001. It is defined mainly by an accuracy
of the Curie temperature 7c dependence on the Li/(Li+ Ta)
ratio. The calibration curve Tc(x) reported in [7] is used in
our calculations.

Four LiTaO3 samples with lithium molar concentrations
of 47.95, 48.38, 48.75, and 49.6 were selected (Table 1). For
the same values of birefringence, in Table 1 we give the data
of the Li molar concentration of the crystals obtained in [8].
Table 1 shows that the results for low and high lithium con-
tent are close, but for intermediate compositions the differ-
ence is more significant.

Congruently melting LiTaO3 has lithium concentration
of about 48.5 mol%. Therefore, the samples under research
range from so-called under-congruent crystal (47.95 mol%)
to nearly stoichiometric one (49.6 mol%).

Figure 1 shows the absorption spectra of LiTaO3 crystals.
They were measured with a Shimadzu UV-3100 spectropho-
tometer. The values of the absorption edge A. determined
at the level @ =20 cm™! are also indicated. The increase
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Fig. 2 Optical scheme of the experimental setup for two-photon
recording and heterodyne reading of the microholograms

Table 2 Concentration of iron determined by absorption spectra ac-
cording to [9]

CLi (mol%) 47.95 48.38 48.75 49.6
Cpea (x107 cm™3) 1.43 1.96 2.13 0.36
Cres+ (x10'7 cm™3) 5.12 9.65 235 4.16
Cre (x10'7 cm™3) 6.55 11.61 4.48 452

of lithium concentration leads to UV shift of the absorption
edge to shorter wavelength and, hence, to the increase of the
band-gap energy. Only the sample with Cp; = 48.38 mol%
falls out from this well-known regularity.

According to [9] the absorption coefficients for ordinar-
ily polarized light at 400 and 310 nm yield the concentra-
tion Cpo2+ and Cgg+. Table 2 lists the iron concentration
obtained by this method. If we assume that the most com-
mon uncontrollable impurity is iron, these samples can be
considered conventionally undoped because, as we see from
Table 2, its concentration Cpe is less than 10'8 ¢cm™3 in all
samples.

3 Experimental methods

Two-photon recording of the volume holograms in LiTaO3
and their subsequent collinear heterodyne detection with the
amplitude and the phase reconstruction was carried out on
the experimental setup. The optical scheme of this setup
is illustrated in Fig. 2. A second harmonic radiation from
compact diode pump Q-switched solid-state laser on the
basis neodymium: yttrium orthovanadate (Nd:YVOy4) (A =
530 nm, pulse duration of 7, = 1.7 ns) is used for recording
of the volume holograms. The maximum repetition rate is
10 kHz. The optical system consisting of lenses L1, L3 and
mirrors M1, M2 forms a waist in the acousto-optic modula-
tor (AOM). The light beam received as a result of diffraction
and the zero beam with the help of the telescopic system L4,
L5 are matched in the volume of the LiTaO3 crystal where
the hologram is recorded. Measurements have shown that
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the size of the hologram is X x ¥ = 1.0 x 1.4 um?2, the spa-
tial frequency is 1030 mm~!. Since these holograms consist
of only two or three fringes, we call them microholograms.
The numerical aperture of the microscope objective LS5 is
0.65. The maximum energy of the green laser pulse on the
sample surface is 2.2 x 1077 J and peak light intensity is
1 =5.8 GW/cm?.

Heterodyne reading is carried out with the help of the
semiconductor laser at wavelength of 660 nm and light
power of 8 mW. The laser radiation is collimated by lens
L2, and then passes through the same optical system, as the
recording beams, and forms a micrograting (optical interfer-
ence pattern) in the same place and with the same spatial
frequency. The micrograting size is X x ¥ =1 x 1.5 um?.
A more detailed description of the method of heterodyne
reading has been given in our previous papers [10].

The C axis of the crystals is placed parallel both to the
surface of the sample and the plane of incidence of the in-
terfering beams. The recording (A = 530 nm) and reading
(A = 660 nm) beams have extraordinary polarization.

Since the recording is related to light beam absorption,
it is important to estimate the proportion of the linear and
nonlinear parts of the absorption coefficient in the undoped
LiTaO3. Considering that the energy of two photons 2fiw =
4.68 eV exceeds the energy gap Eg ~ (4.1-4.36) eV of
LiTaO3 simples, TPA occurs in it. The optical band gap
was estimated by absorption spectra according to the equa-
tion a(w) x (hw — E g)2 /o that described the absorption
edge of amorphous semiconductors and dielectrics [11].
The value of the TPA coefficient for pure LiTaO3 is 8 =
2 x 1072 cm/W at A = 400 nm and is evaluated in [12].
The dependence of the TPA coefficient on the energy of ab-
sorbed photons in a two-band model can be written in the
form B ~ (2hw — Eg)*? [13], and at A = 530 nm the esti-
mation gives 8 ~ (0.12-0.24) cm/GW for the crystals under
research. The nonlinear part of the absorption coefficient is
defined as ap = 81, where I denotes writing light intensity.
The value of this part for I =5 GW/cm? is equal oy = (0.6—
1.2) cm~!. The value of a linear absorption coefficient on the
same wavelength is oy < 0.05 cm™! (see Fig. 1). Therefore,
the linear part of the absorption can be ignored and TPA is
the determining factor of recording.

The recording process is carried out as follows: two sharp
focused laser beams overlap in the volume of the crystal.
Simultaneous absorption of two photons implies interband
photoexcitation of electrons. We suggest that further there
operates traditional mechanism of the permanent hologram
formation, i.e., electrons redistribution and their trapping in
empty centers. We do not understand the nature of these cen-
ters yet. A space charge field builds up the refractive index
changes and a volume microhologram is formed. The indi-
rect verification of this suggestion can be seen in the results
of the interband photorefraction induced by the linear ab-
sorption of the UV radiation [2, 14].

Comparison of the efficiency of the microholograms
reading for ordinarily and extraordinarily polarized beams
was carried out. It is well known that the contrast of grating
formed by ordinarily polarized beams is higher, but at the
incidence angle of 19° (in the air) the difference in contrast
is only 2%. However, because the electro-optic coefficient
r33 for extraordinarily polarized light is about three times
more than the coefficient rj3 for ordinarily polarized light,
the efficiency of microholograms reading by the extraordi-
narily polarized beams must be also about three times more.
The carried out experiment has validated that the ratio of
the refractive index change for extraordinarily and ordinar-
ily polarized reading beams An./An, is in arange of 2.5-3.
Such an experiment provides an additional argument that af-
ter two-photon excitation a hologram is forming through a
traditional photorefraction mechanism.

Recording was carried out for several values of the light
intensity. For each value of the intensity recording of sev-
eral lines of four microholograms located in the volume of
LiTaOs3 is performed.

4 Experimental results

Figure 3 shows the refractive index change as a function
of the writing beam intensity for three samples with dif-
ferent lithium concentration. The light intensity was var-
ied with neutral density filters. The curves in Fig. 3 are
the fits according to An =al + bl 2 where @ and b repre-
sent the free parameters, and /—the writing light intensity.
The quadratic in intensity term testifies to the two-photon
absorption mechanism at microhologram formation. At the
high light intensity of ~5 GW/cm? the contribution of this
term is ~ 60-90%.
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Green light intensity, GW/em?

Fig. 3 Dependence of two-photon-induced refractive index change vs
total writing intensity for exposure by a train of eight pulses in crys-
tals with different lithium concentration Cy; : 1-48.38 mol%; 2-48.75
mol%; 3-49.6 mol%
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Fig. 4 Time dynamics of refractive index change during record-
ing in crystals with different compositions. The light intensity is
[ =3.3 GW/cm?
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Fig. 5 Saturation value of refractive index change (A = 660 nm) vs
lithium concentration. The reading light intensity is = 10° W/cm?

In [15] it is shown that in conventionally pure LiTaO3
(Cge ~ 10" cm™3) at a light intensity ~1 W/cm? the satu-
ration value of the refractive index change is Ang ~ 1072,
This value is well matched to the residual concentration
of iron. Considerably bigger values of the refractive index
change, received at a light intensity of ~5 GW/cm?, show
that here a different recording mechanism takes place.

The time dynamics of the microholograms was also stud-
ied. Figure 4 shows the temporal development of the refrac-
tive index change during recording in crystals with differ-
ent lithium concentration. The timescale corresponds to the
exposure time of the green light, i.e., after k pulses we ob-
tain the exposure time 7 = k1, and the intervals between im-
pulses were not taken into account. All the curves are well
described by monoexponential function

An = Ans(l — exp(—t/r)), (D

where Ang is the saturation value of refractive index change,
7 is the recording time constant, and ¢ is the exposure time.
The recording time constant and saturation value of refrac-
tive index change (see Fig. 5) depend on lithium concentra-
tion.

Figure 5 shows the dependence of the saturation value of
refractive index change on the lithium concentration deter-
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mined from the data on the Fig. 4. The minimum value of
the recording time constant T = 24 ns and the greatest sat-
uration value of refractive index change Ang =21 x 107#
are reached at the lithium concentration of 48.38 mol%. All
measurements were done at light intensity / = 3.3 GW/cm?.
While in the two-color recording in iron-doped congru-
ent LiTaO3, the obtained values with continuous-wave (cw)
laser were T ~ 2 s and Ang = 1 x 107 [16], and with
high-intensity laser pulses the results were t = 500 ns and
Ang = 1.6 x 10~* [9]. One can see that two-photon in-
terband photoexcitation of electrons leads to much faster
photorefractive response time t in contrast to the conven-
tional case where charges get photoexcited from midgap im-
purity centers. A similar relation is observed at interband
phototransitions in LiTaOs3 at linear absorption of UV radi-
ation [14]. The response time for such transitions is three
orders of magnitude faster than the response time related to
phototransitions from midgap defect levels.

We can calculate a holographic recording sensitivity S
from the data in Fig. 4. It is defined as

:LM )
Id ot |,_y

where [ is the total writing intensity and d is the size of the
hologram on depth. For d = 10 um, I = 3.32 GW/cm?, and
for the upper curve in Fig. 4 one obtains S = 1.3 cm/J.

We have obtained the best results in the sample with
CLi = 48.38 mol%, but we are not sure here we deal only
with dependence related to the composition changes because
this crystal has some additional absorption in the near UV
region and a smaller value of the optical band gap. As stated
above, the coefficient of TPA strongly depends on the differ-
ence between energies of two quanta and energy gap. In our
case the energy of two quanta 2hw = 4.68 eV only slightly
exceeds the energy gap of the samples, and small energy
gap changes can imply considerable changes of the TPA co-
efficient. The estimation of the TPA coefficient carried out
according to the theoretical model [13] gives for the crys-
tal with energy gap Eg ~ 4.1 eV the value of the TPA co-
efficient in about two times more than for the sample with
CLi =48.75% (Eg ~ 4.3 eV). It is the presence of impurity
in such concentration (~10'® cm™3) that seems to produce
the long-wave shift of the absorption edge and thus to influ-
ence the value of the TPA coefficient. In other samples the
impurity concentration is about two to three times less and a
UV shift regularity of the absorption spectrum at Li concen-
tration increasing is not broken. We consider that in these
samples the dependence of the composition changes might
be the crucial factor in the formation of the saturation value
of the refractive index change.

The experiments on heterodyne reading in all LiTaO3
crystals under research have shown that nonvolatile reading
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is possible at a wavelength of 660 nm. After the initial de-
crease by 15-20%, the value of the refractive index change
virtually stabilizes and remains constant, within at least 1 h
of continuous reading. It should be mentioned that the read-
ing intensity is rather high (10> W/cm?). Therefore, we can
conclude that under two-photon interband photoexcitation
we obtained permanent changes of the refractive index.

5 Conclusion

We have demonstrated the two-photon interband holo-
graphic recording and nonvolatile reading in undoped
LiTaO3; with different composition. Even though the un-
derlying photorefraction mechanisms in undoped LiTaO3
remain unclear, the experimental results show that the two-
photon recording provides high values of refractive index
change An =21 x 107#, holographic recording sensitivity
S = 1.3 cm/J, and recording time constant T = 24 ns. Holo-
graphic characteristics strongly depend on the Li/(Li + Ta)
ratio. The size of the transmitting microhologram is 1.0 x
1.4 x 10 pym?3. Since we used small-sized holograms we
could increase the light intensity in a region of recording
up to 5 GW/cm? by using a very compact laser source.
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