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a b s t r a c t

Optical treatment of Ca4NdO(BO3)3:Yb under continuous laser illumination at different wavelengths led
to substantial changes of optical absorption and optical second harmonic generation. The treatment
was performed successively by infrared (780 nm), red (650 nm), green (532 nm) and blue (405 nm) laser
wavelengths with powers varying within the 200–400 mW range. We demonstrated enhancement of
the optical second harmonic generation in the Ca4NdO(BO3)3:Yb (1.9% in weighting unit) crystals under
the influence of the green cw laser at 532 nm. The principal changes were observed after 15 min of the
treatment. A correlation between the occurrence of the hyperfine structure in the absorption spectra and
the enhancement of the optical second harmonic generation was found. The additional treatment by the
blue laser led to disappearance of appeared photo-induced changes of absorption and decrease of the

optical second harmonic generation. It is principal that the effect is non-reversible in time and it does
not depend on the photo-inducing light polarization.

The principal origin of the observed photo-induced optical second harmonic generation is photo-
polarization of the particular rare earth localized levels and formation of the stable polarized states
due to the presence of Yb ions, playing crucial role. No such effects were observed in pure Ca4NdO(BO3)3.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Recently there is observed a great interest in producing mate-
ials which are laser operable [1,2]. The principal mechanisms are
ased on formation of the photo-induced non-centrosymmetry and
ormation of the photo-induced gratings [3]. Particular interest
resent here rare earth doped borates [4,5]. Most of the present
tudies were done during the treatment by the pulsed lasers [6],
hich required stabilization of the power densities using for the

reatment. In order to search novel promising materials it is neces-
ary to have high quality optical crystals where the photo-induced
hanges may be reproducible with high accuracy. Due to excep-

ional stability and possibility of introducing different rare ions the
xoborates, with the composition Ca4 REO(BO3)3 where RE = Gd, Y,
d are very promising materials [7,8]. The coexistence of the Nd
nd Yb rare earth ions in borate matrices is of particular interest

∗ Corresponding author.
E-mail addresses: ikityk@el.pcz.czest.pl, iwank74@gmail.com (I.V. Kityk).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.087
[9]. In our recent work [10] we have shown that even illumina-
tion by single-pulsed Nd:YAG laser pulses during the usual second
harmonic process causes a substantial changes of fundamental
inter-band absorption. It is principal that in the Yb ions there are
not any signs of excitation absorption and multi-photon processes.
In this work we study influence of successive cw laser treatment by
different wavelengths beginning from infrared through red, green
up to blue (405 nm) on the absorption and second order suscep-
tibilities such as optical second harmonic generation (SHG). The
presence of two rare earth ions in the crystal lattice may be a prin-
cipal factor for realization of effective energy transfer processes
[11,12]. Therefore we will study the changes of linear and nonlinear
optical susceptibilities under influence of the cw laser illumination.
The effects should be very sensitive to the laser wavelengths and
time of illumination. The photo-induced changes may be prelim-

inary caused by the long-living metastable states formed by the
localized rare earth energy levels effectively interacting with the
phonon subsystem. We will study the changes of the mentioned
optical features after the cw treatment and we will explore the role
of particular intra-band transitions responsible for the effect.

dx.doi.org/10.1016/j.jallcom.2010.05.087
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ikityk@el.pcz.czest.pl
mailto:iwank74@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.05.087
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are some changes in the relative intensities.
In Fig. 3 the photo-induced changes of the absorption obtained

during the successive treatment of the sample’s surfaces are pre-
sented. The illumination has been started from infrared laser
wavelength (� = 785 nm), after it was continued using successive
98 A. Wojciechowski et al. / Journal of A

. Technology of single crystal growth and method of its
haracterization

Ca4NdO(BO3)3 (NdCOB), like other rare earth calcium oxobo-
ates (GdCOB, YCOB) melts congruently at 1470 ◦C. Between the
rystallization and room-temperature there are no irreversible or
estructive phase transitions, so the material can be grown by
eans of standard Czochralski technique. Neodymium sites can

e substituted with other rare earth ions such as Yb3+ and in this
ay the ytterbium doped NdCOB single crystals were obtained. The

rowth was carried out from an iridium crucible (50 mm × 50 mm
n height and diameter) covered with active iridium after heater
nd alumina tubes to diminish the steep temperature gradients
n the furnace caused by inductive heating. The Oxypuller 05-03
quipment made by Cyberstar and inductive Hüttinger generator
ere used. The nitrogen atmosphere containing 1 vol.% of oxygen
as used to prevent etching of the surfaces of the growing crystals.
s-grown single crystals were up to 50 mm in length and had rhom-
us cross-section 21 mm × 24 mm. The detailed description of the
sed technology can be found elsewhere [10]. The microstructural
nalysis has shown that the investigated samples had 1.9% of Yb3+

n the weighting units.
For the photo-inducing treatment we have used cw lasers with

owers varying within the range from 200 mW up to 400 mW. The
aser beam has diameters equal to about 2 mm and the follow-
ng wavelengths: infrared (780 nm), red (660 nm), green (532 nm),
lue 405 (nm). The optical SHG was measured for the pulsed 10 ns
rbium glass laser with power densities up to 1.2 GW/cm2. The
ast response photo-detector together with interferometric filter at
70 nm were applied for detection of the output SHG. The photo-

nducing laser beam has incident on the surface of the samples
nder the angles within the 20–30◦. The SHG was measured during
he rotation ion the crystallographic XZ planes.

For control of the surfaces we have done measurements of
he optical constants using ellisometrical methods. Spectroscopic
llipsometry measures (�, �) spectra for photon energy or wave-
ength. In general, the interpretation of measurement results is
ather difficult from the absolute values of (�, �). From this data
nalysis, physical properties including the optical constants and
lm thicknesses of the sample can be extracted. Unlike reflectance
easurement, ellipsometry allows the direct measurement of the

efractive index n and extinction coefficient k. The M-2000TM D2
nd QTH Light Source houses the Deuterium and Quartz Tung-
ten Halogen lamps. The power for the lamp is supplied through
ighly switching DC power supplies that are located in the M-
000TM XLS light source. 24 V is provided to it from the Detector
nd Lamp Power Supply Module. This unit also contains the beam
ollimation optics, a fixed polarized, and a compensator located in
continuously rotating stepper motor. The deuterium Lamp Sup-
lies light from the UV to the visible region was applied. The lamp

s mounted just behind the shutter aperture. The Quartz Tungsten
alogen Lamp supplied light from the visible to the IR region of the

pectrum.
The measurements were done using Variable Angle Spec-

roscopic Elipsometry—VASE (J.A. Woollam) set-up for different
ncident angles. The samples were measured within the spectral
ange 180–1700 nm at three different angles. The fitting procedure
as performed by Complete Ease program with using of Cauchy
odel, which describes the refractive index dispersion by an equa-

ion:

B C D

(�) = An + n

�2
+ n

�4
+ n

�6
. . .

here An, Bn, Cn are the fitting parameters for the wavelength �.
The values of n and k were evaluated by method of

athematical regression within a framework of Mean Squared
Fig. 1. Principal dispersion of refractive indices and absorption coefficients.

Error (MSE). Additionally it was evaluated the surface rough-
ness. The obtained by this method dispersion for the refrac-
tive indices and absorption coefficients are given in Fig. 1.
The evaluated fitting parameters of the Couchy models cor-
responded to A = 1.701 ± 0.00065791; B = 0.00834 ± 0.00041334;
C = −0.00021638 ± 4.9460E-05; D = 1.2963E-05 ± 1.4782E-06 spec-
trum.

We have established that the effective refractive indices are very
stable and are almost independent on the Yb3+ content. The surface
roughness indicates on a high quality of the sample surface playing
crucial role during the illumination.

3. Results and discussion

Fig. 2 presents the typical non-polarized room-temperature
absorption spectra of the studied crystals obtained at spectral
resolution about 1 nm together with the principal spectral bands
identifications. One can see that the half-widths of the spectral
lines are sufficiently small, what indicates on a relatively stable
local sites of the particular rare earths ions [13]. Their identifica-
tion clearly shows that the dominant contribution originates from
Nd ions. Changes of the Yb3+ ion content did not play substantial
role in the spectral positions of the absorption peaks, however there
Fig. 2. Unpolarized UV–vis absorption spectrum of Ca4NdO(BO3)3:Yb.
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ig. 3. Photo-induced absorption during successive treatment
R → red → green → blue.

llumination by red laser line (� = 660 nm), green line (� = 532 nm),
nd finally by blue line (� = 405 nm). The illuminated power was
qual to about 200 mW and beam spot diameter was equal to
bout 1.5 mm. The changes of the optical absorption (cw laser
nduced absorption) are more pronounced during the green laser
� = 532 nm) treatment. One can see occurrence of at least five sharp
pectral peaks marked as A, B, C, D. Moreover the changes under
llumination by green laser line treated surfaces seem to be suf-
ciently stronger with respect to the IR laser treatment. In the
bserved photo-induced absorption one can see substantial con-
ribution originating caused by 4I9/2 to 4K15/2, 2G18/2, 2K13/2, 4G7/2,
G11/2, 4I9/2, 4G5/2, 4G7/2 transitions. Besides the optical treatment
14], giving variations of the absorption immediately after the treat-

ent it would be very interesting to explore the behavior of the
hotoabsorption after the switching off the cw laser treatment.

It is necessary to emphasize that the cw laser powers were far
rom melting point’s temperatures, however they were sufficiently
trong to produce the observed effects. The mentioned photo-
nduced absorption may be caused by resonance excitations of the
d localized states. The successive enhancement of the laser’s treat-
ent time causes substantial redistribution of the localized elec-

ron occupation. More sensitive to the laser treatment are transi-
ions from 4I9/2 to 4D3/2, 4D5/2, 4I11/2, and 4D1/2 states. The process
hows a behavior similar to usual photo-polarization. At the same
ime the monitoring of the illuminated surfaces do not show any
igns of photo-stimulated crystallization. Following the Ref. [15] it
ay be appeared only during photo-treatment by focused 0.7 W cw

aser beam with �m diameter spots. The observed process is differ-
nt from the pulse laser treatment because in our case we have sub-
tantially equilibrium processes during the photo-treatment below
he crystallization processes and absence of the non-equilibrium
tructural components. It is also crucial that the considerable
hanges are observed after 15 min of the illumination. And the local
eating do not exceed 3.4 K following the laser pirometer control.
o one can assume a formation of the long-living photo-induced
rapping metastable levels, which due to additional broadening
aused by slow thermoheating play significant role in the observed
ffects [16]. As a confirmation the further treatment by the red laser
emonstrates the behavior similar the infrared laser line.
One can expect that irradiation by the laser lines outside the
bsorption spectral bands (Fig. 1) effectively depopulate some
hoto-occupied metastable localized states as it was observed for
he case of photo-induced Frenkel defect states [17]. The appeared
hoto-induced absorption bands are only slightly time relaxed:
Fig. 4. Angle dependence of the SHG at the laser line 1320 nm: triangles correspond
to the optical treatment by cw green laser line; diamonds to infrared 790 nm and
red 660 nm laser treatment; squares to blue laser treatment.

relaxation of the stimulated absorption does not exceed 15% after
several days.

The behavior of the angle-dependent SHG during 1064 nm, 10 ns
pulse treatment in the XZ crystallographic plane is presented in
Fig. 4. One can see that maximal increase of the SHG output appear
after 15 min of the green laser treatment. The effect is maximal
for the s-p SHG configurations and generally is similar to the one
observed previously [18].

The 405 nm laser leads to substantial decrease of the output SHG,
what correlates with the behavior of the photo-induced absorption.
At the same time some shift of the angle corresponding to maxi-
mum SHG is observed together with the modifications of the SHG
shape.

4. Conclusions

We demonstrated enhancement of the optical second har-
monic generation in the Ca4NdO(BO3)3:Yb (1.9% in weighting unit)
crystals under the influence of the green cw laser at 532 nm. A cor-
relation between the occurrence of the hyperfine structure in the
absorption spectra and the enhancement of the optical second har-
monic generation was found. The additional treatment by the blue
laser led to disappearance of appeared photo-induced changes of
absorption and decrease of the optical second harmonic genera-
tion. It is principal that the effect is non-reversible in time and it
does not depend on the photo-inducing light polarization.

The principal changes were observed after 15 min of the treat-
ment. The changes are maximal during treatment by green 532 nm
laser beam and are substantially less during 780 nm laser treat-
ment. One can see substantial contribution to photo-induced
absorption due to transition from 4I9/2 to 4D3/2, 4D5/2, 4I11/2, and
4D1/2 states. The mentioned photo-induced absorption may be
caused by resonance excitations of the Nd localized states. The suc-
cessive enhancement of the laser power causes sufficiently clear
redistribution of the starting electron occupation where the princi-
pal role play transitions from 4I9/2 to 4D3/2, 4D5/2, 4I11/2, and 4D1/2
electronic states.
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