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Antimony orthophosphate glasses with large nonlinear refractive indices,
low two-photon absorption coefficients, and ultrafast response
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Antimony glasses based on the compositionCsb-SbPQ were prepared and characterized. The
samples present high refractive index, good transmission from 380 to 2000 nm, and high thermal
stability. The nonlinear refractive inden, of the samples was studied using the optical Kerr shutter
technique at 800 nm. The third-order correlation signals between pump and probe pulses indicate
ultrafast response<100 f9 for all compositions. Enhancement of was observed by adding lead
oxide to the SpO;—SbPQ composition. Large values oh,~10'*cn?/W and negligible
two-photon absorption coefficientsmaller than 0.01 cm/GWwere determined for all samples.

The glass compositions studied present appropriate figure-of-merit for all-optical switching
applications. €005 American Institute of Physid®OIl: 10.1063/1.1828216

I. INTRODUCTION obtained***® NL optics experiments in antimony and lead
oxyhalide glasses, performed at 532 nm, have shown large
Presently there is an intense search of new material§|L absorption coefficients up to 20 cm/GW that indicate the
with improved characteristics for optical applications. In possible use of these glasses for optical Iimiﬁﬁ@.hotoin-
general, photonic materials have to be transparent over largfced structural changes in amorphous films of antimony-
spectral ranges, present high damage threshold to light irrgsolyphosphate were observed in samples submitted to ultra-
diation and samples of good optical quality have to be easilyjiglet irradiation}” More recently, the nonlinearity of
produced. More specifically, for ultrafast all-optical switch- 4nimony-polyphosphate glassesPPG was characterized
ing or optical signal processing, the required characteristicy, the femtosecond regime at 800 nm. Large NL refractive
of materials are well established. The materials have Ondex, n,, was obtained and increase of by ~80% was
present large nonline@NL ) refractive indexn,, small linear observed adding lead oxide in the glass composi’ffohl.—
a'lb'sorption coefficientao', low two—phqton absorptiqn coef- though APPG are not hygroscopic, the hygroscopy of the
ficient, a;, and dynamic response n thg SUb'p'cosecométarting compound §B0;); contributes to narrow the glass
range. Of course, low absorption coefficients can be 0!anmain that varies from 15 to 35 molar percent of/8B;),.
served for optical wavelepgths far from resonance but "MAlso a residual amount of water is observed in its structure
contrast the NL response is enhanced near resonance. Th%‘?ﬁ infrared absorptioR®® In general, the large nonlinearity
the selection of a material suitable to present good perfor(—)]c AG is mainly attribu.ted o the hig,h polarizability of 3b
mance for particular applications requires a careful investi- . :
gation. b_u_t appropriate _chemlca_l elements a_dded 'Fo the_ AG compo-
One possible approach to obtain highly NL materials iSsmon mqy contribute to increase their nonlmearlty:
the development of glasses with a large proportion of hyper- In this paper we present a study of the NL o_ptlcal Prop-
polarizable entities presenting low absorption in selecte€S Of antimony-orthophosphate glasses. This new glass

spectral range. Indeed, glasses with heavy metal ions arfgPmposition does not present residual water and has a glass

vitreous ceramics containing dielectric or metallic nanopardomain that varies from 7.5 to 75 molar percent of antimony-

ticles have been considered for various specific tiges. orthophosphate(SbPQ) with large thermal stabilit§7.5*1?
Among the available NL materials antimony glasses'ne NL measurements were performed on the binary
(AG) are emerging as promising systems for photonic appliSystem S§O;—SbPQ and the ternary composition
cations. In the past, the research op@pbased glasses was SP03—SbPQ—-PbO. In Sec. Il it is described the method of
dedicated mainly to the glass formation and their thermafamples preparation and the techniques used for their char-
properties 3 Glass transition temperature e300 °C, re-  acterization. The NL optical properties of the samples,
fractive index of~2, good infrared transmittance and high probed in the near-infrare@00 nm with laser pulses of
thermal stability are some characteristics presented by thed®0 fs, are presented in Sec. lll. Valuesngfcorresponding
glasses. Recently new methods of preparation have been d@ various compositions were measured and a classical
veloped and samples having improved optical quality can benodel was used to estimaig for comparison with the ex-
perimental results. Also the possible use of the glasses stud-

3Author to whom correspondence should be addressed. Electronic mailed for all-optical switching is e_Valuated' _In Sec. IV it is
elff@df.ufpe.br presented a summary of the main conclusions.
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TABLE |. Samples studied and characteristic temperat(ifgss the glass transition temperature ands the
onset of crystallization

Group Sample Compositiof% mol) Ty (°C) T, (°C) T,~T4 (°C)

1 A 70Sh0;—30Sbm, 294 372 78
B 60Sb0O;—40ShPQ 317 423 106
C 50Sh05;-50SbPQ 318 410 92
D 40Sh0;—-60SbPQ 325 400 75

2 E 50Sh0O;—40SbPQ-10PbO 316 406 90
F 30Sh0;—-50ShPQ-20PbO 334 445 111

Il. EXPERIMENTAL DETAILS I1l. RESULTS AND DISCUSSION

Synthesis of the samples was carried out by melting  Two glass groups with different compositions were stud-
starting material§Sh,05 grade purity 99% and SbRQre-  ied as presented in Table I. In the first group, a binary com-
pared according to Refs. 15 and)li@side glassy carbon Position of ShO;—SbPQ, with various relative concentra-
crucibles in an electrical furnace for 10 min at 700—900 °ctions of SBO; and SbPQ was investigated. The second
in air. For less stable glasses, the liquid melt was quenche@roup was obtained adding lead oxiff&bO) to the compo-
between two brass pieces, from which samples with thicksition of the first group. The glass transition temperatilige,
ness of 3 mm or less were prepared. Sample thicknesses i onset of crystallizationT,, and the thermal stability
to 10 mm could be obtained for compositions less prone téange,T,—Tg, are also indicated in Table I.
devitrification by casting the liquid into a brass mold at a  Figure 1 shows the results of the linear optics experi-
temperature around 250 °C. Large samples were anneal@gents performed. The optical absorption spectra of all
around the glass transition temperature for 2 hours to reducg@mples are presented in Figé&)land Xb) while the refrac-
thermal stress. tive indices,n,, are shown in Fig. (). The samples present

Glass transition temperatures and the onset of crystallilarge transmission window from380 to ~2000 nm. High
zation temperatures were determined by differential scanninggfractive indices from 1.87 to 2.03 were measured and their
calorimetry. For these measurements powdered samples wetigh values give a good indication that the samples are
heated at a rate of 10 K/min within aluminum pans IE N hlgh|y NL, according to the Miller’s rulé.l It is clear in Flg
atmosphere. The structural organization of the glass sampldsthatng increases due to the presence of PbO in the samples
has been studied by far-infrared absorpt{#TIR), Raman Of Group 2.
scattering, nuclear magnetic resonance, Moéssbauer spectros-
copy, extended x-ray absorption fine struct(EXAFS) and

x-ray absorption near edge Structuf$ANES) at K and Samples
L;,—Sb edges?® The combination of the new method of —_—
preparation and its improvement based on the characteriza- ---C
tion of the glasses by various techniques allowed to obtain - D
samples of good optical quality in a controlled manner. More (a)

details on the samples preparation are presented in Ref. 19.
Samples with dimensions of 615X 2 mn? were cut and
polished for the optical measurements.

600 900 1200 1500

: 3 Samples
The absorption spectra from 200 to 2000 nm were ob- 1:2 ..... £
tained using a double beam spectrophotometer, and the linear 100} —F
index of refraction was measured at 632.8 nm and at 7.5¢
1550 nm using the prism-coupler technique. For these mea- 2‘5’ (b)
surements the samples with optically polished surfaces were 0.0

Linear absorption coefficient (cm™)

faced on a prism mounted on a rotary table. The light beam 300 600 x(gr?%) 1200 1500
from a He—Ne or from a diode laser was sent to the base of

x

the prism and reflection is measured by a photodetector. The g 210
signal from the photodetector, plotted for different angles of P
incidence of the beam, allows to determine the intensity % 200 * . .
coupled to the sample, and from this experiment the refrac- % ::: ° 5 e O ©®
tive index is calculated. . © o ©

The light source used in the nonlinear experiments at § 1:30 S
800 nm was a laser system consisting of CW Nd: YAG laser 3 A B C D E F

pumping a Ti: Sapphire crystal. The laser system delivers Samples
~100 fs pU|SeS at a repetition rate of 82 MHz. A Kerr ShUtterFIG. 1. (a), (b) Linear absorption coefficient as a function of wavelength.

1 . .
;etuﬁ with homodyne detection was employed to charactergeractive index of samples. Measurements at 633 @nand at 1550 nm
ize the NL response of the samples. ().
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Ti:Sapphire Laser :9: 0.16
(800 nm, 82 MHz) c
3 012
Pump E'
B o.08
Delay Line L1 § 'é
= — § 004
y P ],DD"'E §o.oo -
600 -400 200 O 200 400 600
:'E 25 -
Computer  Lock-in Amplifier E 20} (b) i ‘_' At=155fs
. . > 15} ird
FIG. 2. Schematic of the experimental setip2 represents the half-wave & _il B -—
plates. P1-P3 stand for Glan prisms. L1 is a lens @&iwlthe sample. E 10} " ‘
s 05 73 ‘
The NL refractive indi d the t | f S sarnrarafi s
e NL refractive indices and the temporal response o 600 902000200~ To0 600
the nonlinearity were investigated using a Kerr shutter setup.
A scheme of the experimental system is shown in Fig. 2. The N 25
light beam from the Ti:Sapphire laser was split into two lin- € 20 (© v At=155fs
early polarized beams with 1:10 intensity ratio which are > 15}
overlapped on the sample. The crossing angle between the .‘:3 1.0} —! \—
beams is~6° and the sample was placed between crossed ﬁ o5l
oriented polarizers. The stronggrump beam induces a re- ® o0
> o

fractive index change in the samplen(t) =n,l ,,md1), where
lpumd?) is the pump beam intensity. The probe beam with its
polarization set at 45° with respect to the pump beam polar-
ization is used to investigate the dynamicsAgf(t) and its  FIG. 3. Temporal evolution of the Kerr shutter correlation signal vs the
; lay time between pump and probe laser pul¢asReference sample
magnIIUde' Th.e beams were focused by a 10 cm focal Ieng‘gjsed quartg (b) Samples of Group 1: Adash—dot—dot ling B (dotted
lens, and the mtens!ty of th'e. pump beam _at the fOCU§ wa e); C (solid line); D (dashed ling (c) Samples of Group 2 Eotted ling;
~2 GW/cn?t. A lock-in amplifier was used in synchronism F (solid line).
with a chopper, operated at 400 Hz, placed in the pathway of

the probe beam to facilitate the detection. function of = does not change for increasing laser power
When the axis of the two polarizers are perpendicular a ’ 9 g P

small fraction of the probe beam intensity leaks out theWhlle its amplitude increases. A linear dependence of the

polarizer-analyzer located in front of the photodiode and thisSlgnal amplitude versus the pump laser power was measured,

allows for homodyne detection afn(t). During the presence as expec?ed_ for a homodyne Ker_r shutter _S|gnali, and this
of the pump beam, the probe beam polarization is rotated du ehavior indicates that no saturation effect is taking place.

to the birefringence induced by the pump beam with a dy- Iso, variation of the samples’ transmittance as a function of

namical behavior that depends on the material response tirﬁa%egggn:]?nbsv?riignitsqn?i?;\{[vr?; ?ﬁé ?\22?“;;?(;2 Zg:;ngr:ig’fs
and the laser pulse duration. Consequently a larger fractiorelfﬁcient 0} all sam ples is below ourp detection IiEﬂtx
of the probe beam intensity reaches the photodiode. Thé P 2

) . . . <0.01 cm/GW.
lock-in amplifier provides a temporally averaged signal ; . . . .
S(7) o (AN(t) X | yopdt+7) for each delay timez, between The magnitude oh, is obtained by comparison with the

. onlinear refractive index of fused quartz, 2.2
pump and probe pulses spatially overlapped at the samplg

16 22 ; ;
position. The signal(7) was monitored by scanning a delay- X 10716 cm?/W,““ which was used as a calibration standard.

line that allowed for different values af S(7) # 0 when the The experimental values of, are given in Table_l_l for al
. . . samples. The data show that the binary composition present-
laser pulses are temporally overlapping and is null when . L .
. ing the largest NL refractive indefgample A has nonlinear-
larger than the pulse duration.

To illustrate the sensitivity of the experimental setup WeIty =50 times larger than fused quartz. Another important

show in Fig. 3a) the correlation signalS(r) for a
3.2 mm-thick slab of fused quartz. FiguregbBand 3c) TABLE Il. Nonlinear riefracti_ve index. Experimental values, and theo-
show the behavior of(7) for samples with the different 'etical valuesnz® andfi,. v is the Abbe number.
compositions presented in Table I. All samples present larger - N
nonlinearities than fused quartz. For the assumed hyperboliGample (10714 émz,w) (1014f:mZ/W)
secant pulse shape, the symmetric correlation signal of width

equal to 155 fs implies that the samples have a response A 1.0£0.2 10 17.90 12

-600 400 -200 0 200 400 600
Time delay, 7 (fs)

theo T

2
w o (10%cn?/W)

faster than~100 fs. This means that the origin of the non- z g'gigi g'z g'(ﬁ i'g
linearity may be attributed to electronic processes either b 0.810.1 0'7 20'79 0'8
alone or in combination with other processes whose charac- £ 1'110'2 0'9 18'35 1'1
teristic times are shorter than 100 fs. F 10402 08 1955 09

It was observed that the symmetrical shapeS@h) as a
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point is that sample E which contains 10% of lead oxide has 1.50 Samples
\ - A == =D
135

~100% larger nonlinearity than sample B, C, and D. Sample
F also presents enhanced nonlinearity with respect to
samples B, C, and D due to the presence of PbO in its com-
position. The enhancement of tmg value is attributed to
PI?* that has larger polarizability than $bAlso we recall
that the structural analysis of the binary samples revealed the
existence of two types of structure in the glass. Foy(gb
concentration larger than 50% the structure of antimony-
oxide is dominant. Below 50% the structure of antimony-
phosphate becomes dominant. The change of local structuréG. 4. Chromatic dispersion of the nonlinear refractive indevediction
may be correlated with the increasergfin sample D. based on the BGO-model

Using a model based on a classical ngglinear oscillator
[Bomng, Gl_ass, and OwyoungBC_;O) moc_ieﬂ, It was pos- Equations(1) and (2) were also extended to predict the
sible to estimate values for, which are in agreement with spectral behavior afiy andn, in the visible and in the near-
the experimental data. In the BGO-model the third-order POinfrared range. The results fo are presented in Fig. 4 for

larizability is assumed to be proportional to the [inear polar—a" samples where it is observed a small chromatic dispersion

izability squared and the optical dispersion (?f the medium iﬁn the infrared range. Furthermore, using the spectral depen-
determined by a single resonancehat,. The incident light dence ofny, deduced from Eq(2), it was possible to calcu-

field of frequencyw is suppqseq to be fa_r from resonance e the Abbe numbelyy, which is related ta, by
(w<wp) and the NL refractive index, written in Gaussian

units, is given by

(no(N)? + 2)%(np(N)? = 1)? % (99 1) Ny(esy =
487no(\) g (Ng)’ vy 1.517 +uy

Wavelength (nm)

136ng - 1)(n,* + 2)?
(ng=D(nS+2) [**

Ng

3

nylesu =

where ¢ is the speed of light in m/sN is the density of

nonlinear oscillatorss is the effective oscillator strength,is ) o .

a dimensionless parameter givendoyush/mwo, whereu is ~ Whereng is the refractive index at 587.56 nm amglis the
the nonlinear coupling coefficien2s) is the Planck’s con- Abbe number. The resylts are given in Table Il which in-
stant, andn is the electron mass. The linear refractive indexcludes values fory andn,.

for light wavelength\ is denoted byny(\) and, according to _To evaluate the performance of the AG in all-optical
Ref. 23, satisfies the expression switching devices we recall that suitable materials for such

application must haven, values large enough to achieve

47 (no(\)? +2) w5 — w? switching for a sample thickness comparable to the absorp-
3 (V2= 1) = (m)(Ns)’ @ tion length. Accordingly, a good material for all-optical
switching using the NL Fabry—Perot configuration should
wheree is the electron charge in Gaussian units. satisfy W:Anmaxl)\a0>0.27,25 where Anp, iS the maxi-

The parameter§s and wg in Eq. (2) can be obtained mum light-induced refractive index change achievable. The
from the values ofig(A =633 nm andny(A=1550 nm given  figure-of-merit to evaluate the material performance with re-
in Fig. 1 for each sample. Then, the values obtained\fer  spect to the two-photon absorptionTis 2a,\ /n, which has
andwy are introduced in Eq(1) to determinan,. The param-  to be smaller than 1, irrespective of the devite.
etergs was shown in Ref. 24 to be material dependent and  Figure 5 shows the results obtained forandT. Calcu-
changes with the magnitude of the nonlinearity. The value ofations of W were done for values afn,,,, corresponding to
gswas estimated considerirgr 3 because it is an appropri- the largest intensity employed in the present experiments. On
ate value for oxide€ and it is in good agreement with the the other hand, the values @ffor all samples were calcu-
estimated values for our samples as obtained by the ratilated consideringe,=0.01 cm/GW, although its actual value
Ns/Noy, Where N,, is the oxygen ions density. Since our may be smaller. Such low value of is because twice the
samples have energy gap50% smaller than the materials laser photon energy is smaller than the energy bandEgap,
investigated in Ref. 23 for whicg=1, and considering that of the samples. The results obtained indicate, for all samples
gx1l/wq, it is reasonable to assunge=2 for our samples. compositions, a large potential for photonic applications.
Thus, we obtairgs=6 which is in agreement with the results Clearly, it is of interest to extend the present evaluation
determined through the best fitting of the data. The value ofor the optical wavelength used in the telecommunication
ng(A=800 nm considered in Eq(l), was calculated using networks, around 1..xm. Although NL measurements at the
Eq. (2) with the values ofNs and w, obtained for each communications wavelengths were not performed, we esti-
sample. The results obtained fioy at 800 nm are shown in mated using the BGO model thatn,~0.6—0.9
Table Il for comparison with the experimental values. In or- X 10714 cn?/W at 1.5um. For this wavelength the value of
der to allow direct comparison with most papers we present, is expected to decrease due to the larger two-photon en-
the results in units dfcn?/ W] obtained through the relation ergy detuning with respect 6, and consequently the value
{407/ 10% cng(\)In,[esd. of T will be smaller than at 800 nm.
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FIG. 5. Figure-of-merit for all-optical switching.



