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Lanthanum titanate glasses (17 LaO3-83 TiO») are fabricated via aerodynamic levitation melting. Nonlinear refraction
and absorption were measured with the Z scan technique using ~ 550 ps optical pulses at 532 nm wavelength with peak
intensities between 0.25-2.5 GW/cm?. The two photon absorption coefficient (8) and the effective nonlinear refraction
coefficient (ngfr) are found to be, respectively, 2.19 cm/GW and 152x 10~ cm?/W (85x10~'3 esu). The Raman gain is
measured to be 106x 10~ ! cm/W. The nonlinearity strength is found to be nearly 60 times larger in lanthanum titanate

glasses relative to silica.

Aerodynamic levitation allows preparation and study of
materials and their processing inaccessible with conventional
methods, such as melt-quenching in the case of glasses'.
Glasses remain enabling materials for telecommunications,
optical systems, photonic devices, lasers, biomedical appli-
cations, nuclear waste immobilization, consumer products,
etc. Titanium oxide is a common additive to glass manu-
facturing as an intermediate oxide*, and a few percentage of
TiO; added to SiO; results in ultra low expansion (ULE) glass
used in various technical and industrial applications’. Lan-
thanum titanate glass, with no traditional glass network for-
mer, is accessible in a small composition range near the eutec-
tic circa LasTigO24°. Containerless processing is particularly
amenable to the fabrication of titanate glasses’. Most recently,
neodymium titanate glasses prepared in the Electrostatic Lev-
itation Furnace (ELF) aboard the International Space Station
(ISS) have been studied to investigate microgravity effects on
glass processing®.

Rare-earth titanate glasses appear promising for optical
and photonic applications demanding high index glasses with
good thermo-physical properties® 2. Melt size are restricted
by surface tension forces in levitation melting processes, with
roughly 7mm diameter spheres being attainable in special-
ized setups'3. Therefore, applications are foreseen in (opto-
) electronic/photonic devices, smartphone lenses, disc laser
gain media, microscopy, and possibly as a specialty opti-
cal fiber>!%1214 " Recently, fluorescence studies of Er’* and
Dy>* substituted for La>* in the base glass 17 Lay03-83 TiO,
have shown good solubility of the smaller rare-earth ions and
desirable spectroscopic quantities'?. Linear optical properties
of rare-earth titanate type glasses have been measured”" re-
vealing high linear refractive indices (n,~2.3).

Besides titanate glasses, niobate, tungstate and gallate glass
prepared by levitation melting show high refractive indices
and unique functional properties®. Such materials could like-
wise possess large nonlinear susceptibilities'®1°. However,
to date no nonlinear measurements on obtained glasses have
been carried out to benchmark these materials in this way

(although it is noted that second harmonic generation from
glass-ceramics obtained from BaTi,Os parent glass has been
reported??).

The introduction of TiO, into more common glass sys-
tems is an established route to enhance third-order nonlineari-
ties?!2>. In TeO,-BaO-TiO, glasses, ny was higher for binary
titano-tellurite glass compared to BaO-modified glasses?*.
This was observed in spite of the percolating three dimen-
sional framework retained with TiO, addition, in contrast to
the formation of more polarizable oxygen sites with BaO ad-
dition, which have been correlated with higher n, in tradi-
tional glass forming systems?®. Sabade et al. attributed the
high nonlinearity of the titano-tellurite glasses to Lines’ "d-
orbital" contribution idea?”. Lines’ work describes a sig-
nificant contribution to the third-order susceptibility for op-
tically transparent (such as @) transition metal oxides with
bond length d < 2 A?7, Thus, the common TiO, polymorphs
anatase (dri_o = 1.96 10\) and rutile (d7r;_o = 1.93 A) are sub-
ject to this enhancement, and experiments on rutile by Watan-
abe et al. support this?®,

Rare-earth titanate glasses with their octehedral structural
network display similiar bond lengths to rutile and anatase.
Aldermanet al. reported the average Ti-O bond length in
17Lay03-83TiO; glass to be 1.94 A7. In general, various stud-
ies of rare-earth titanates with nearly identical TiO, content
give dri_o between 1.88-1.98 A7293! Taking all this into
consideration, it is expected that rare-earth titanate glasses
will display a high nonlinear response.

In this report, Z scan and Raman scattering experiments are
carried out on lanthanum titanate glass to probe real and imag-
inary components of the third-order susceptibility. The result-
ing nonlinearities are large for oxide glasses, with the effective
n and Raman gain nearly 60 times that of fused silica. Lan-
thanum titanate glasses in turn present themselves as a unique
nonlinear optical material. This work additionally motivates
nonlinear studies of other unconventional glass systems that
have been established in the last two decades® but for which
optical studies have been so far restricted to linear processes.
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FIG. 1. Experimental setup and coordinates for performing Z scan
measurements with beam profiler.

Details of glass preparation can be found in other re-
ports!%2%32 Polished discs with a thickness of 1.0 mm and
approximately 2 mm diameter were fabricated. For Z scan
measurements>, a Nd:YAG microchip laser (Teem Photon-
ics) was used emitting a fundamental at 1064 nm with a repe-
tition rate of 500 Hz. The manufacturer specified pulse dura-
tion is 680 ps. The pulse duration of the fundamental beam
was measured in our lab to be slightly shorter. Using an
8 GHz detector and an 8 GHz oscilloscope, the full-width at
half-maximum of the pulse was measured to be 550ps. A
variable optical attenuater controlled the power for the exper-
iments. A nonlinear crystal doubled the frequency to produce
532 nm laser light for better comparison with previous studies
on Ti0,?83435 A dichroic mirror and short pass filter fol-
lowed the nonlinear crystal to remove any remaining funda-
mental as well as any residual 808 nm light from the laser’s
pump source. After steering with mirrors, the beam was fo-
cused with a biconvex lens and the sample was moved through
the focal point. The polarization of the laser was measured be-
fore the focusing lens and linear polarization was confirmed.
The beam was Gaussian and slightly elliptical. The beam
quality was good, with M? <1.2 in both x and y directions.

Z scan measurements were performed using a neutral den-
sity (ND) filter and beam profiler (BP) to simultaneously
record the transmitted power and the beam radius via the D4c
beam diameter’®37. The samples were positioned on a motor-
ized stage. The stage and beam profiler were operated via a
computer. See Figure 1 for a schematic. The irradiance in-
side the sample was calibrated by measuring the nonlinear ab-
sorption in ZnSe at several incident average power levels, as
measured with a thermal power meter. The measured trans-
mittance data was fit with the two-photon absorption model®®
using known parameters for ZnSe’>*?. A linear relationship
was obtained between our power meter readings and the cal-
culated irradiance inside the ZnSe sample. The corresponding
values were adjusted for the difference in Fresnel losses at the
surface of the materials using 7(532 nm)=2.34 for lanthanum
titanate! and n(532 nm)=2.61 for ZnSe. A background sub-
traction was performed using a low irradiance measurement
where no nonlinear response could be detected and overlap-
ping the radius values at |z| >> z,%.

Spontaneous Raman spectroscopic measurements were
conducted in reflection mode using 532 nm continuous wave
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FIG. 2. Change in transmittance through z for several incident in-
tensity levels. Open symbols represent experimental data points with
solid lines given by theoretical fits to the data. See Figure 1 for ex-
perimental configuration.

excitation in a Horiba LabRAM HR Evolution high resolution
confocal Raman microscope fitted with volume Bragg grat-
ings. The experiment was configured using an 1800 mm™!
holographic grating, a 100 um confocal hole diameter, and
a 100x 0.95 N.A. apochromat objective. Spectra were col-
lected in HH polarization by rastering over a 15 um diam-
eter area and taking the mean of 6 spectra with 30 seconds
per spectral window integration time. Spectral calibration
was performed with a synthetic type Ila diamond using the
1332.5cm~! peak?!. Spectra were normalized to the inten-
sity at 440cm™~! of an uncoated fused silica optical window
(Suprasil, Edmund Optics).

The transmitted power as a function of z is shown in Fig-
ure 2 for several different peak intensities between 0.25-
2.5GW/cm?. Previous linear optical transmission measure-
ments in the UV and visible range yielded a UV band edge
of 3.2eV (388 nm)!?. Two-photon absorption is therefore al-
lowed at the employed pump energy of 2.3 eV (532 nm). The
change in transmittance of the experimental data is fit with the
expression’®

q 1
AT(z) ~ ——— . 1
(2) ZﬁHﬁ 1)
%

where go = BloLesr and zp is the Rayleigh range. Both gg
and zo are fit parameters of the data. [ is nonlinear absorp-
tion parameter, [y is the peak intensity inside the sample, and
L is the effective length. The sample is transparent in the
visible region and so the linear absorption is set at o = 0 and
subsequently the effective length is reasonably approximated
as Legr ~ L, where L is the sample thickness of 1 mm. The
mean value for the fitted Rayleigh range for measurements
at 9 different intensities is zo = 4.2(8) mm, ensuring the ap-
plicability of the thin sample approximation. With Iy deter-
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FIG. 3. Two-photon absorption coefficient  measured for differ-
ent peak intensities inside the sample. The dashed blue line is the
mean value of all measurements. Error bars represent two standard
deviations of the measured values.

mined via the calibration with ZnSe, f is readily obtained
from the fitting. For all measurements, the mean f3 value is
2.19(9) cm/GW. The absence of any measurable intensity de-
pendence on this parameter over one order of magnitude, as
depicted in Figure 3, supports the interpretation of this value
as the two-photon absorption coefficient.

The value obtained here is commensurate with the theoret-
ical value for TiO; rutile of between 3-5cm/GW. From this
perspective, the value here of 2.19 cm/GW is sensible consid-
ering the band edge, E,, of the glass is slightly larger than
rutile’s of 3.0 eV and that lanthanum atoms constitute roughly
30% of the cation population while noting that E,(Lay03) =
5.3eV*2. From an experimental perspective, Watanabe ef al.
measured f values approximately 5 times higher than theo-
retical values in their investigation of single crystal rutile us-
ing 5ns 532 nm pulses with a peak intensity estimated to be
1.55GW/cm?. B of single crystal rutile TiO, was measured
between 15-19 cm/GW, depending on the polarization axis.

The nonlinear absorption of the lanthanum titanate glass
was a little less than half that of the ZnSe window of iden-
tical thickness used in the intensity calibration. 1 mm thick
BK?7 and silica optical windows were also tested in the setup,
but no nonlinear absorption (nor refraction) could be detected
even at the highest intensities. We also note that inspection of
the titanate glass surfaces before and after experiments with
an optical microscope revealed no surface damage from the
laser intensities used here. Good sample homogeneity and
beam transmission is also worth mentioning, which was de-
duced from the visual observation of the real time 2D beam
image as the sample scanned through the focal point, wherein
no speckling or scattering was seen.

The measured z dependence of the change in the beam ra-
dius is plotted as the open symbols in Figure 4a for Iy =
2GW/cm?. As discussed by Tsigaridas et al., when employ-
ing the beam profiler ’soft’ aperture approach, the on-axis
phase shift, [A®BP|, and the change in the peak-valley dis-
tance of the normalized radius (Arp_y) are linearly related for
small phase shifts via 3

Arp_y = 0.154¢7 0214 ADEP). 2)
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FIG. 4. (a) Experimental change in beam radius with z for trial with
Iy =2GW/ cm?. (b) Peak-valley distances of radius measurements
for different intensities (black symbols) plotted with linear fit inter-
cepting O (red line). Note the sign of the response is flipped in the

radius measurement technique®.

In Tsigaridas’ equation, ¢ is related to the fraction of the
beam used in the analysis. Since a Gaussian beam is used
here along with the D4 beam diameter measurement, ¢ =
1/ ¢2 = 0.135. From the measured Ar, the on-axis phase shift
is obtained by Equation 2. At the focal point where z = 0, the
refractive index change is given by

it
kLegt

The refractive index change is linearly related to the peak

on-axis intensity /o by a constant which is the effective non-

linear refractive index, n§,

An 3

An=n$TT. )

Arp_, is taken from the experimental data and plotted
against the incident intensity in Figure 4b for the higher in-
tensity trials, where good signal to noise was obtained. Since
Ar,_, is linear with Iy, ngff is not dependent on intensity, sim-
ilar to the values of 3 seen in Figure 3. The mean value
for n§M is —152(9) x 1010 cm?/W, or —85(5) x 10~ 3 esu,
about 54 times larger than SiO, where n,(532nm) ~ 2.8 x
10~19cm?/W*3#, The nonlinear refractive index is dubbed
here an effective value since the singular pulse duration used
in this experiment does not permit clear insight into the
mechanism(s) at play. Note that the sign convention for the
nonlinear refraction is flipped for the beam radius measure-
ments compared to the original closed aperture transmittance
method®®#0. As seen in Figure 4a, the distance in z between
the peak and valley is nearly 1.7 zg, characteristic of a third-
order nonlinearity*°.

Similar to the f3 values, the effective ny here are close to
theoretical values for TiO; rutile (—50 x 10~ '3 esu) but only
11-14% of the reported single crystal values?®. In the same ex-
periment as described above, Watanabe et al.’s values for ny



AlIP
% Publishing

Nonlinear optical properties of lanthanum titanate glasses prepared by levitation melting 4

120
Ainc=532 nm — 17La,04-83TiO,
. , —Si0,
" .

% 90} ’f\,", - - Si0, (x50)
o

)

*

<

©

o

c

©

£

[V

4

0 200 800 7200
Raman shift (cm™)

FIG. 5. Raman gain coefficient spectra of 17La;03-83TiO, glass
(black) and SiO; (red). Normalization was done by setting the Ra-
man gain coefficient at 440cm™" in silica to 1.86x10~ ! cm/W*3.
For visual aide, the spectrum of SiO, has been multiplied by 50 (bro-
ken red line).

in rutile were -760x 10™'2 esu and -650x 10~ esu for ¢ || E
and ¢ L E, respectively. The relative experimental response
of the titanate glass here to single crystal TiO, is further-
more in agreement with results by Divya et al. who mea-
sured the third-order susceptibility of amorphous, rutile, and
anatase films using 7 ns 532 nm pulses>*. The authors found
the nonlinear susceptibility of the amorphous phase was only
19-26% that of the crystalline phases. A reduced nonlinearity
in the bulk titanate glass is similarly observed here relative to
measurements on bulk TiO; crystal®®.

Lastly, the Raman gain coefficient spectrum is presented in
Figure 5. The peak of the lanthanum titanate glass possess a
Raman gain 57 times larger than that of silica at 440cm™.
Stolen, Lee, and Jain measured the Raman gain at 532 nm in
silica core optical fiber and found the gain at 440cm™! to be
1.86x 107" cm/W*. A peak Raman gain value for 17LayO3-
83TiO, glass is found to be 106x 10~ cm/W, while possess-
ing a significantly larger 3 dB gain bandwidth relative to SiO»,
obtained by comparison of the spontaneous Raman measure-
ments made under identical conditions. The proximity of the
532 nm light used here to the band edge of the glass implies
that the values obtained in this study are higher than what can
be expected in the long wavelength limit out in the near- and
mid-infrared spectral regions?>447,

In conclusion, nonlinear optical properties of a lanthanum
titanate glass prepared by the levitation melting technique
have been measured using Z scan and Raman scattering. Us-
ing 550ps 532nm pulses, the dominant nonlinear absorp-
tion mechanism was identified to be two-photon absorption
with $=2.19 cm/GW. The effective nonlinear refractive in-
dex was measured with the Z scan experiment to be S =
152x 1071 cm?/W. Comparing the spontaneous Raman scat-
tering with that of silica yielded an estimated peak Ra-
man gain coefficient of 106 x 107! cm/W for the 17La,03-
83TiO; glass. The work here presents glasses in the vicinity

of the LasTigOy4 eutectic as potential nonlinear optical mate-
rials. Future work should explore the effect of pulse duration
and pump wavelength, to elucidate the nonlinear mechanisms
contributing to the observed nonlinearity as well as the disper-
sion of the nonlinearity. More generally, this work prompts
the investigations of the nonlinear optical properties of other
unconventional oxide glass comprised of mainly @ ions ac-
cessible via containerless processing methods.
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