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The optical nonlinearity of tungstate fluorophosphate glasses, synthesized in thg-BaPOWO,

system, was investigated through experiments based on the third-order suscepibility,
Nonlinear (NL) refraction and NL absorption measurements in the picosecond regime were
performed using th&-scan technique at 532 nm. NL refractive index<Rex®, ranging from

0.4x 10" “cn?/W to 0.6x10™ M cn?/W were determined. The two-photon absorption coefficient,
a,<Im @), for excitation at 532 nm, vary from 0.3 to 0.5 cm/GW. Light induced birefringence
experiments performed in the femtosecond regime indicate that the response time of the nonlinearity
at 800 nm is faster than 100 fs. The experiments show g3t is enhanced when the WO
concentration increases and this behavior is attributed to the hyperpolarizabilities associated to
W-0 bonds. ©2004 American Institute of Physic§DOI: 10.1063/1.1758309

I. INTRODUCTION W-O-W bridging bonds in the samples with W@oncen-
. 0 .
Tungstate fluorophosphat€FP) glasses, have been con- ;t:rlit;)erwrslarger than 30% molar, due to the formation WO

sidered as promising materials for optical limiting and as

host materials for fluorescence studies of rare earth ion's.l_FP glasses using picosecond and femtosecond pulsed la-

First, nonlinear(NL) absorption measuremehtsave shown . sers. The NL refraction and NL absorption properties of TFP
that these glasses present a large two-photon absorption

(TPA) coefficienta, which depends on the relative amount glasses were stgd|ed for various W@oncentrations using
. . the Z-scan techniqu® at 532 nm and 1064 nm. NL refrac-
of tungsten oxide WQin the samples. Values @f, upto 11 . " ¢ @) . 4
. . tive indices,n,=Rex®), ranging from 0.4 10" *cm?/W to
cm/GW were determined at 660 nm, using nanosecond laser ey :
. : .6x10 *cm?/W at 532 nm were determined. The two-
pulses. Further, spectroscopic properties of Trdoped TFP

were investigated Transition probabilities, branching ratios, photon absorption coeff|c_|entx_zo<|mX » vary from 0.3 to .
BT : 0.5 cm/GW at 532 nm. Light induced birefringence experi-
and radiative lifetimes associated to the *r'mlevels were

determined. The lifetimes measured were understood consi ents at 800 nm using the Kerr gate te_chn_?qum/e shown
at the response time of the nonlinearity is faster than 100

ering radiative relaxation, multiphonon processes, and en- L :
gt ; TR i Ap h P | "Ys. The results for all wavelengths indicate an increase of the
ergy transter among 1ons. /A MEChanism Was also pro= w;.y o qer susceptibility () with the increase of WQcon-

posed to describe the origin of the frequency upconversmr&entraﬁon_ Based on the data from XANES and Raman
process observed.

i i (3) -
More recently, structural characterizations were per_spectroscop§74 we attribute the behavior of™ to the hy

formed by x-ray absorption spectroscofYANES) at the perpolarizability associated #&—0O bonds. A semiempirical
tungsten L and L, absorption edges and by Raman model was used to estimate the NL refractive index at 800
1l

spectroscopy XANES investigations showed that the tung- nm. The results are in agreement with the experimental data.
sten atoms are sixfold coordinated (\WOctahedronsand

that the glasses do not contain \W@etrahedrons. Raman Il. EXPERIMENTAL DETAILS

spectroscopy allowed to identify a break in the linear phos-  The TFP glass samples were synthesized by a conven-
phate chains when increasing WConcentration. Also, for-  tional method. The powdered starting materials were: tung-
mation of P—O-Wbonds was observed which indicates thesten oxide WQ from Alpha(99.8% puré sodium polyphos-
modifier behavior of W@ octahedrons in the glass network. phate NaP@ from Acros (99+% pure; and barium fluoride
Based on the XANES data it had identified the presence oBaF, from Aldrich (99.8% purg.

In a first step the powders were mixed and heated at
dAuthor to whom correspondence should be addressed;+&8-81 3271 400°C for 1 h to remove water and adsorbed gases. Then a
0359; electronic mail: cid@df.ufpe.br batch was melted at a temperature ranging from 850 °C to

The aim of this paper is to report experimental results on
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TABLE |. Samples compositions, characteristic temperatures and thermal
stability range of the TFP glasség, is the glass transition temperature and
T, refers to the onset of crystallization. The estimated error on the tempera-

1.80p

x
()
©
: £ st
ture measurements is2 K. )
> 170}
Glass compositionfmol %)  Characteristic temperaturék) ° 165
© r
Samples NaPG BaF, WO, Ty Ty T Ty ..5 160k
NBW20 64 16 20 320 584 264 05 155
NBW30 56 14 30 370 >600 >230 o ]
NBW40 48 12 40 418  >600 >182 ® 4150}
NBW50 40 10 50 465 >600 >135 3 L L 1 1 L L

0 10 20 30 4
Concentration of WO, (mol%)

1200 °C, depending on the W@ontent. The liquid was kept FIG. 1. Refractive index vs the Wiontent. Measurements at 633 im)

at 1200°C for 15-60 min to ensure homogenization and"® a 1550 nm®).

fining. Finally the melt was cooled in a brass mold preheated

at the glass_ transition temperature. Anneal!ng was 'mp_Ie_FesiduaI hydroxyl groups and multiphonon absorption of the

mented at this temperature for several hours in order to miniy) "5~ 1-ins in the polyphosphate structdfe

mize meghanical stress resulting from thermal gradients NL refraction and NL absorption were investigated using

UDOR CO?I'?g' | ith vari trati the Z-scan techniqueat 1064 nm and 532 nm. To implement

SEt of samples with varlous WyToncen rations Wer%- _the Z-scan technique the laser beam was focused by a 10 cm

péggaéeg( z;l\lcclgrdlng Ot(—) (;h;( fgllowm\?vgompa?tlo_n 2'8 rggl % focal distance lens. The sample was mounted in a translation

Elo d5)0 ?_hQs'E ¢ ) )'t'ant-X 37f\[,]w t;](_ ' ; ’f stage to be moved in the focus region, along the beam propa-
» an - 1ne glass transition temperatige In€ onset o gation directionZ axis). Negative values o correspond to

crystallizationT,, and the thermal stability rangg,—T,, locations of the sample between the focusing lens and its

are indicated in Table I. Moréeégtails on the sa_mplgs PrePFycal plane. The output of a slow detector, placed in the
ration are presented elsewh ulk samples with dimen- far-field region with an adjustable aperture in front of it, was

sions of 15¢15x3 mn? were cut and polished for the optical fitted to a boxcar integrator for signal analysis. The aperture

mea,\‘j’llé;esrﬂfenrféms of the linear refractive index at 633 nrnradiusra is related to the a;perture linear transmittance which
and 1550 nm were performed using the prism coupler tech'—S given byS—l—exp(—Zra/vvg), with w, denoting the beam
nique. Low intensity optical transmission was measured us-

ing spectrophotometers operating from the midinfrared to the 100
near ultraviolet.

The light source used in the NL optics experiments at
1064 nm and 532 nm was @-switched and mode-locked
Nd:yttrium aluminum garnetYAG) laser delivering bursts
of pulses of~100 ps duration at 1064 nm. The second har-
monic radiation obtained using a KTP crystal was employed
for measurements at 532 nm with pulses~@0 ps duration.
Single pulses at low repetition raté0—100 H2 were se-
lected using a pulse extraction system. For the experiments
at 800 nm a Ti:Sapphire laser system, deliverin@00 fs
pulses at a repetition rate of 82 MHz, was employed.

Transmittance (%)
B 8 8 8

&

IIl. RESULTS AND DISCUSSION

Figure 1 shows that the refractive indey of the TFP
glass measured at 633 nm and 1550 nm increases linearly
when the concentration of tungsten oxide is increased. The
enhancement ofiy; with the WO, concentration is expected
because of the large polarizability of the tungsten atoms.

The low intensity optical absorption of the samples was
recorded from 30 000 cnt in the ultraviolet to 2000 cit in
the infrared. The transmission is limited by the optical band
gap at short wavelength and by multiphonon absorption in 5000 4000 3000 , 2000
the infrared. The results for different glass compositions are (b) Wavenumber(cm’)
presented in Fig. 2 which shows a redshift of the OptlcalFIG.2. Ultraviolet and infrared transmission edges as a function of the glass

band gap when the W{concentration inc_rease_s- A large composition. Tungsten oxide concentratiéh: 20%; (2) 30%; (3) 40%; (4)
absorption band, observed around 2600 tris attributed to  50%; Samples thicknesses, 3 mm.

B & 8

Transmittance (%)
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FIG. 3. Closed aperturg-scan traces
for various WQ concentrations in
mol %: (a) 20; (b) 30; (c) 40; (d) 50.
Excitation wavelength, 532 nm.
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radius at the aperture position for low incident power.is The temporal response of the TFP glasses and the value

determined measuring the variation of the transmitted bearof n, at 800 nm were evaluated using a Kerr gate setup with
intensity in the closed apertui&scan schemeS<1) for  the sample placed between crossed polariz&x. these ex-

high incident power. On the other hand, when the beam pasgeriments the light beam from the Ti:Sapphire laser was split
ing through the sample is unblockéaben aperture scheme: into two beams with 1:10 intensities ratio. The stronger
S=1), and all transmitted light is recorded as a function of(pump beam induces a refractive index change in the
Z, it is possible to determine,. To obtain a better signal- sample, An(t) =n,l,ynft), wherel,;,{t) is the pump

to-noise ratio a reference channel was used as in Ref. 6. beam intensity. The probe beam with its polarization set at

Figures 3a)—3(d) show typical closed aperturdscan 45° with respect to the pump beam polarization is used to
traces obtained at 532 nm. The total change in the normalnvestigate the dynamics afn(t). Both beams were fo-
ized transmittance, for S<1, is given by AT cused by a 10 cm focal length lens and the intensity of the
= 0.40& Lol pump: Wherel ,ymp is the excitation peak in-  pump beam at the focus was2 GWicnf.
tensity,k=2m/\, Leg=[1—exp(—ayl)) ey, L is the sample A small fraction of the probe beam intensity leaks out
length, andA is the excitation light wavelength. A self- the polarizer analyzer located in front of the photodiode
focusing nonlinearity is observed and enhancememi,ddr ~ which allows for homodyne detection dfn(t). When the
larger WQ, concentration is displayed. Figuresaj-4(d) pump beam is present, the probe beam polarization is rotated
show the results for the open-apertdrscan experiments at due to the pump beam induced birefringence with a dynami-
532 nm where the traces profiles indicate increasing NL abeal behavior that depends on the material response time and
sorption for increasing values of WQoncentration. Each the laser pulse duratiohConsequently, a larger fraction of
data point in Figs. 3 and 4 represents the average of 20 shatise probe beam intensity reaches the photodiode. A lock-in
and four scans. The solid lines are the best-fit curves obamplifier provides a temporally averaged signg(7)
tained using the procedure of Ref. 5. Carbon disulfide was<(An(t)X|,pd(t+ 7)) for each delay timer, between
used as a reference sample with=3.1x10 “cnm?/W.®>  pump and probe pulses spatially overlapped at the sample
The values oh, and«,, determined with an estimated error position. The signab(7) was monitored by scanning a delay
of 20%, are indicated in Table II. line which allows for different values of.

Z-scan experiments performed at 1064 nm did not show The behavior ofS(7) for samples with different WQ
relevant NL behavior. From the experiments we estimateaoncentrations is shown in Fig(&. For the assumed hyper-
the value ofn,~0.1x 10" **cm?/W for the sample contain- bolic secant pulse shape, the symmetric correlation signal of
ing 50% of WGQ,. The NL parameters of the other sampleswidth equal to~160 fs implies that the samples have a re-
could not be measured with the sensitivity available and wesponse faster than 100 fs. This means that the nonlinearity
inferred that the values of, and @, for WO5; concentration originates mainly from electronic process&¢r) presents a
x<50% are smaller than 0.6710" **cm?/W and 0.02 cm/ linear dependence versus the pump laser power, as expected
GW, respectively. for a homodyne Kerr shutter signal. Variation of the samples’
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transmittance as a function of the pump beam intensity was
not observed in the experiments at 800 nm, which implies
that the TPA coefficient is below our detection lingit0.01
cm/GW). This is because twice the photon energy is smaller
than the optical band gap.

The magnitude ofn,| is obtained by comparison with
the fused silica NL refractive index of 2210 cm?/W
(Ref. 8 which was used as a calibration standard. The values
of |n,| for excitation at 800 nm are plotted in Figl where
the dependence with the W{@oncentration is demonstrated.
A comparison between the results foy in 532 nm and 800
nm indicates that the values in the visible are larger by more
than 100% which is attributed to the smaller green laser fre-
guency detuning with respect to the samples’ band gap.
Comparing the results fak, in the picosecond regime with
the ones reported in the nanosecond redime,observe that

S(z)(arbitrary units)

=z

Time delay, 7 (fs)

the values of Ref. 1 are about one-order of magnitude larger 0.4}
than the results obtained in the present experiments. Similar 2 A
relative behavior of TPA coefficients for nanosecond and pi- ~ o3}
cosecond excitation was reported by other authors for differ- 5 8
ent material$:*° This is normally due to contributions of free % oz} c
carriers or long lived impurity states which are more impor- - D °
tant in nanosecond experiments. x 04} % i I
5

. . . — oo}
TABLE II. Nonlinear parameters determined by tHescan technique at
532 nm. » % & %

i 0,

Sample n, (10~ % cr/w) a, (CMIGW) ®) Concentration of WO, (mo!%)
NBW20 0.40+0.08 0.30:0.06 FIG. 5. Kerr shutter results at 800 n@ Temporal evolution of the signal
NBW30 0.40+0.08 0.40:0.08 (the curve for fused silica is also presented to illustrate the sensitivity of the
NBW40 0.45+0.09 0.45-0.09 setup; (b) Nonlinear refractive index versus W@oncentrations(ll) ex-
NBWS50 0.60-0.11 0.5@-0.10 perimental results;O) theory. The tungsten oxide content of samples A-D

is indicated in(b).
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A common feature to all measurements presented here ncentration. The two-photon absorption coefficiantin-
the increase of the NL parameters when the concentration afreases when the W &oncentration is increased. Large val-
WO, is increased. This is attributed to the presence olues ofa, at 532 nm were obtained that makes these glasses
W-0-W bonds demonstrated in Refs. 3 and 4 which influ-useful for optical limiting in the picosecond regime as well
ence the NL behavior of the samples due to the high hyperas in the nanosecond regime. A NL response faster than 100
polarizability associated to the W—0O bond. We already recalfs was characterized for excitation at 800 nm. The NL refrac-
that it is already reported for other glasses that the introductive index also increases when the We&bncentration is in-
tion of transition metals, including tungsten, may enhancesreased but it does not assume very large values. However, at
the NL properties of a materiat. 800 nm, TFP glasses present a reasonable figure-of-merit,

Using a simple model based on a classical nonlinear osF=2a,\/n,, for all-optical switching. In fact, considering
cillator [Boiling, Glass, and OwyoungBGO)-model,*? it  a,<0.01cm/GW andn,~0.25< 10" *“cn?/W, we obtain
was possible to estimate values foy which are in agree- T<0.64 which satisfy very well the accepted criteffa.
ment with the experimental data. In the BGO-model the It is important to notice that TFP glasses have other in-
third-order hyperpolarizability is assumed to be proportionaleresting properties. For example, they are photosensitive
to the linear polarizability squared and the optical dispersiorwhen exposed to light at 350 nm and this phenomenon is
of the medium is determined by only one resonancias. reversible by thermal treatment. Also several meters of opti-
The harmonic incident light field is supposed to be far fromcal fibers have already been prepared with no evidence of
resonanced<<wg) and the optical properties of the medium crystallization. The TFP glasses are extremely easy to pre-
are considered to be related to the tungsten ions. Howevepare and are not toxic as opposed to other glasses presenting
nuclear motions are not considered because their contriblarge two-photon absorption coefficients such as chalcogen-
tion for the nonlinearity is estimated15% for heavy-metal ide glasses.
oxide glasse$® Hence, the NL refractive index in the BGO-
model, written in Gaussian units, is given by
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