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Ultrafast third-order nonlinear optical responses of GeS2—GasS3—CdS glasses have been measured by using fem-

tosecond time-resolved optical Kerr effect (OKE) technique at the wavelengths of 820nm and 640nm respectively. The

experimental results show that GeS2—GaxS3-CdS glasses have large femtosecond third-order optical nonlinear responses

and their OKE signals vary considerably with the composition. The relationship of structure-property is discussed by

means of Raman spectroscopy analysis, suggesting that the tetrahedron unit [GeS4] or [GaS4] plays an important role in

the ultrafast third-order nonlinear optical response. In addition, the experimental results also reveal that the ultrafast

third-order optical nonlinearity of these glasses does not obey the Miller rule.
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1. Introduction

The study of third-order nonlinear optical materi-
als remains an interesting subject because of their po-
tential applications in all-optical processing functional
devices. Besides organicl!l and semiconductor?! ma-
terials, glasses[®1% seem to be preferable for optical
devices due to their ease of fabrication, high trans-
parency in a communication wave band, high chemi-
cal and thermal stability. According to the semiem-

(1] the third-order nonlinear optical

pirical Miller rule,
susceptibility, x(®) can be enhanced with the increase
of the refractive index n. As heavy-metal ions play
an important role in enhancing the refractive indices
of glasses, the third-order nonlinear optical responses
of oxide glasses containing heavy-metal such as Bi,
Pb, Tl, Nb, Ti have been widely investigated.>—®!

Recently, chalcogenide glasses!®~10 have been also re-

ported to have large x(® because of their high refrac-

tive indices.

Besides large x(®), an ultrafast response time is
another necessary factor for a candidate of nonlinear
optical materials. However, only a few reports on the
ultrafast third-order optical nonlinearity of glasses can
be found in the literature. Sugimoto et all®'? re-
ported that oxide glasses containing Bi; O3 exhibited
an ultrafast Kerr signal as large as that of the refer-
ence CSy at a wavelength of 810nm with a response
time being less than 150fs. Yu et all'® measured the
ultrafast Kerr signal of a Pb—Bi—Ga oxide glass at a
wavelength of 800nm, which was 2.3 times larger than
that of the reference CSy with a response time being
less than 350fs. In this paper, a series of Ge-Ga—Cd
sulfide glasses is prepared and their ultrafast third-
order nonlinear optical responses are measured by us-

ing the femtosecond time-resolved optical Kerr effect
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(OKE) technique at the wavelengths of 820nm and
640nm respectively. These GeSo—GasS3—CdS glasses
have large femtosecond third-order nonlinear optical
responses and x(®) can be about ten times larger than
that of CS,. The detailed structure-property relation-
ship is discussed by means of Raman spectroscopy
The tetrahedron unit [GeS4] or [GaS4] is
found to play an important role in the ultrafast third-

analysis.

order optical response. Our experimental results also
show that the ultrafast third-order optical nonlinear-
ity of these sulfide glasses does not obey the Miller

rule.

2.Experiments

2.1. Materials

The samples are listed in Table 1, which were
prepared by use of the conventional melt-quenching
technique from high-purity elements (Ge, Ga, S, all
of 5 N-purity) and reagent-grade CdS (4 N purity).
The batches were transferred to fused silica ampoules,
which were sealed after having been evacuated, and
then melted at 970°C for at least 12hrs in a rocking
furnace. The melts were quenched to room tempera-
ture in water and then annealed near their glass tran-
sition temperatures. The annealed glass rods were
cut and then polished to 0.6-0.8mm thickness with
0.05pm alumina aqueous suspensions. More details of
the preparation and characterizations have been re-

ported elsewhere.[14~16]

Table 1. Compositions and physical properties of GeS2—GaaS3 binary and
GeSy—GapS3—CdS ternary sulfide glasses.

Composition/(in mol%) p/(g/cm?) n (at 633nm) Absorption-edge/nm OKE* at 820nm (640nm)
Binary (100-z)GeSa—zGanS3 glasses
z=10 2.78 2.15 484 15 (10)
z=15 2.82 2.18 488 9 (8)
=30 2.92 2.25 492 3 (1)
Ternary 70GeS2—(30-z) GazS3—xCdS glasses
z=10 3.02 2.20 486 6(4)
z=15 3.06 2.17 480 1(15)
=20 3.10 2.14 472 05(1)
Other GeSa—yGagS3—=2CdS glasses
x=100; y= 0; z=0 2.68 2.01 446 4(2)
2=90; y= 5; 2=5 2.83 2.12 460 22 (11)

*OKE represents the ratio of Kerr signal intensity of glasses samples to that of CSg, i.e. Is/Ig

2.2. Absorption and Raman spectroscopy

Absorption spectra were recorded with an Agi-
lent 8453 UV—Vis photodiode array spectrophotome-
ter. Raman spectra were measured at room temper-
ature using a back-scattering geometry with a solid-
state laser (A=532nm) as an excitation source. The
scattered light was dispersed through a Jobin Yvon
HRD1 monochromator and detected by a TE-cooled
charge-coupled-device (CCD).

2.3. Third-order mnonlinear optical response

measurements

The third-order nonlinear optical response mea-
surement was performed using a femtosecond time-
resolved OKE technique.[!718] The light source was
a Ti:Sapphire laser (Mira 900F, Coherent, USA) or
a dye laser (Satori, Coherent, USA) synchronously

pumped by a CW mode-locked Nd:YAG laser
(Antares, Coherent, USA). Both systems were oper-
ated at 7T6MHz and the wavelength was centred at
820nm or 640nm with the pulse duration of 120fs or
160fs respectively. The gating pump power at the
samples was set to be 76mW at 820nm or 15mW at
640nm. And nonlinear absorption could be neglected
because the transmission was in the linear region un-
der such powers. The value of x(3) can be calculated

from the following equation:!*!

@ _ e (Is 1/2_ ns)’?
Xs = Xr In nh )

where the subscripts S and R represent the samples
and the reference CSy respectively, I is the OKE sig-
nal intensity and n is the refractive index. X%S ) of the

reference CS, is taken to be 1x107'3 esu.[2
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3. Results and discussion

The absorption spectra of all samples are very
similar to each other except for minor shifts of the
absorption edge, which correspond to the difference
of the band gaps given in Table 1. At a wavelength
of 820nm or 640nm, the samples are all transparent.
Taking the glass with the composition of 90GeS;—
5GayS3—-5CdS as an example, the experimental result

is shown in Fig.1.
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Fig.1. Absorption spectrum of the glass with the com-
position of 90GeS2—5GaxS3—-5CdS.
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Fig.2. Kerr signals of the binary (100-z)GeS2—

£GagS3 glasses at a wavelength of 820 nm. curve a:

2=10; curve b: x=15; curve c: =30.

Figure 2 shows the third-order nonlinear op-
tical response of the binary (100-z)GeS;—zGasS3
(z=10,15,30) glasses at a wavelength of 820nm. The
profiles of all the OKE signals are symmetrical with
respect to the zero-delay time and the width of the
signals is 150fs, which indicates that the third-order
nonlinear optical responses of the Ge—Ga—Cd sulfide
glasses are on the order of hundred femtosecond. The
third-order nonlinear optical responses of the rest sam-
ples are also instantaneous and symmetrical. The val-
ues of Is/Ig at 820nm and 640nm are listed in the

last column of Table 1, which represent the ratio of
the Kerr signal of the samples to that of the reference
CSs.

For the glass materials, the ultrafast third-order
nonlinear optical responses originate from the distor-
tion of electron cloud or the motion of nuclei. The for-
mer has a response time less than 10fs and the latter
has a relaxation time lying between 100fs and 10ps.[2!]
Kang et all??] have investigated the nuclear optical
nonlinear contribution of a Ge-Ga sulfide glass using
Z-scan technique with a 35fs laser and revealed that a
damped ultrafast oscillatory response with a period of
98fs originated from the vy breathing Raman mode of
the tetrahedral [GeS,]. In our experiment, the pulse
duration is 120fs or 160fs and the nuclear optical non-
linear contributions can not be resolved. However, the
nuclear optical nonlinear contribution is much smaller

than the electronic part.[2-22l

Therefore, it can be de-
duced that the third-order nonlinear responses of the
Ge—Ga—Cd sulfide glasses are produced dominantly by

the electronic contribution.

The basic structure units of GeS; glasses are
tetrahedral [GeSy], which are connected with each
other through a bridging sulfur to form a three-
dimensional network.[23! Four vibration modes of XY,
tetrahedral unit give rise to four bands (v1, va, vs,
v4) in the Raman spectra. The separated bands by
Lorentz fit to the Raman spectra of GeS, are shown in
Fig.3. The bands of 342cm™!, 110cm ™! and 150cm~*!
are associated with the Raman vibration modes of v,
vy and vy, respectively (the band associated with the
mode of v3 is too weak to be seen). In addition, the
bands of 430cm™! and 370cm~! are associated with
the vibrations of corner-shared and edge-shared tetra-

hedral units respectively.[?!
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Fig.3. Separated bands by Lorentz fit to the Raman
spectra of GeSs glass.
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The Raman spectra of the (100-z)GeSy—zGayS;
(z=0, 10, 15, 30) glasses system are shown in Fig.4.
The vibration strength at 263cm™! increases with the
addition of GayS3, which is associated with the metal—
metal bonds. The sulfur deficiency is an important
feature in the GeSy;—GayS3 glasses system because of
the formation of [GaSy] tetrahedral units from GagSs
with a S/Ga ratio being less than 2, then the emer-
gence of the metal-metal bond S3Ge(Ga)-(Ga)GeSs
can compensate for the shortage of sulfur in the GeSy—

GayS3 network.[23]
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Fig.4. Raman spectra of the binary (100-z)GeS2—
GagS3 glasses. curve a: z=0; curve b: =10; curve

c: z=15; curve d: z=30.
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Fig.5. Ratio of Raman strength of the 263cm~! band
to that of the 342 ecm~1 band for binary GeS2—~GasSs3

glasses .

Figure 5 shows the ratio of Raman strength of the
263cm ™! band to that of the 342cm™! band increases
with GayS3. The corresponding Kerr signal becomes
weaker when the number of metal-metal bonds in the

glass network becomes larger. Because the formation

of metal-metal bonds is at the expense of breaking
the tetrahedral units, it is revealed that the [GeS4]
or [GaS,] tetrahedral units play an important role in
the ultrafast third-order nonlinear optical responses
of these sulfide glasses. It means that the covalence
bonds of S—-Ge or S—Ga make much larger contribution
to the ultrafast third-order optical nonlinearity than
So the ultrafast third-order
nonlinear optical responses mainly originate from the

the metal-metal bonds.

virtual electronic transition between the conduction
and valence bands formed by the bonding and anti-

bonding orbits of S—-Ge or S—Ga.
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Fig.6.

GagSz—zCdS glasses. curve a: x=0; curve b: z=10;

Raman spectra of ternary 70GeS>—(30-z)

curve ¢: £=15; curve d: £=20.

The Raman spectra of the 70GeS2—(30-2)GasS3—
zCdS (z=0, 10, 15, 20) glasses are shown in Fig.6.
Because sulfur carried by CdS can compensate for
the shortage of sulfur and break metal-metal bonds
S;Ge(Ga)-(Ga)GeS3 to form [GeS,] ([GaS4]) tetra-
hedrons, it is noted that the 263cm™! band becomes
weaker and almost disappears for 70GeS;—20GayS3—
10CdS. For third-order nonlinear optical measure-
ments, the Kerr signal of the 70GeS;—20Ga;S3—-10CdS
is much stronger than that of the 70GeS;—30GaySs3,
which demonstrates that the ultrafast third-order op-
tical nonlinear response is produced dominantly by the
tetrahedral units of glass network. However, as shown
in curves ¢ and d of Figs.6, when the molar concentra-
tion of CdS is larger than 15%, a new band at about
230cm ™! emerges, which originates from the vibra-
tions of Cd-S ionic bonds.['6:23:24] The Kerr signal of
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the glass with =15 or 20 becomes much weaker than
that with £=10, which is ascribed to the decrease of
the tetrahedral units. In addition, it suggests that the
ionic bonds Cd-S make no considerable contribution
to the ultrafast third-order optical nonlinearity.

According to the above analysis, it can be de-
duced that for Ge-Ga—Cd sulfide glasses, reducing
the quantity of metal-metal bonds and increasing the
formation of tetrahedral units can effectively enhance
their ultrafast third-order nonlinear optical responses.
So it is reasonable that the 90GeS;—5GagS3—5CdS
glass has the largest OKE signal in this Ge-Ga—Cd
sulfide glasses system.[?”) According to Eq.(1), the
value of x(® for the 90GeS;-5GayS3—5CdS glass is
obtained to be about 10712 esu at 820nm. Compared
with the reported heavy-metal oxide glasses,!412:13,26]
the Ge—-Ga—Cd sulfide glasses exhibit large ultrafast
third-order nonlinear optical response.

It should be mentioned that the femtosecond time
resolved third-order optical nonlinear responses of the
glasses are not in accordance with the Miller rule,

which is essentially due to the fact that the responses

originate mainly from the instantaneous electronic
contribution. In addition, with the gating power being
higher than 300mw at 820nm, the Kerr signal inten-
sity is increased with irradiation up to more than ten
times, which may be attributed to the photo-induced
localized change in structurel?” because of multiple
photon absorption. This interesting photo-induced

enhancement effect will be reported elsewhere.
4. Summary

The ultrafast third-order nonlinear responses of
Ge—Ga—Cd sulfide glasses have been investigated by
using femtosecond OKE technique. The experimental
results show that Ge—-Ga—Cd sulfide glasses have large
ultrafast third-order nonlinear optical responses. By
the analysis of Raman spectrum, it is suggested that
the covalence bonds of S—-Ge or S—Ga constituting the
tetrahedral units [GeSy] or [GaSy], respectively, play
an important role in the ultrafast third-order nonlin-
ear optical responses of these sulfide glasses. In ad-
dition, the third-order ultrafast nonlinear optical re-

sponses do not obey the Miller rule.
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