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Nonlinear optical properties of 75TeO2—20NbsO5-5Zn0O glasses doped with CeOg2 have been investigated with

a self-diffracted time-resolved degenerate four-wave mixing (DFWM) technique at different excitation intensities and

lattice temperatures. The DFWM signal exhibits three peaks at higher excitation intensities, where a main peak appears

at zero delay time and two rather weak side peaks are located symmetrically at the negative and positive time delay.

Due to destructive interferences between the fifth- and third-order polarizations, the line-shape of the main peak around

the zero time delay evolves from single peak into a double-peak structure with increasing excitation intensity. Two

side peaks emerge at the positive and negative time delay and gradually intensify with increasing excitation intensity

or lattice temperature, and their positions are independent of the pulse duration, temperature and excitation intensity,

which are attributed to the many-body Coulomb interaction.
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1. Introduction

Tellurite glasses are very promising materials in
optical communication systems for their electrical
and nonlinear optical properties, such as high non-
linear refractive index, wide infrared transmittance,
low melting temperature, low phonon maximum, and
higher dielectric constant.l!~¢ They can be regarded
as rather prefect nonlinear optical materials for ultra-
fast all-optical switch due to their large third-order
nonlinear optical susceptibility. Recently, tellurite
glasses doped with heavy metal oxides or rare earth
oxides,[6~9 such as NbyO5, CeOs or ZnO, have re-
ceived great scientific interest because these metal or
rare earth oxides can change the optical and physical
properties of the tellurite glasses. In tellurite glasses,

there are symmetric or asymmetric units of TeOy4 trig-

onal bipyramid, TeOj trigonal pyramid and an inter-
mediate TeO3, 1 asymmetric polyhedron. TeO, trigo-
nal bipyramids will transform into TeO3 trigonal pyra-
mids through an intermediate TeO34; trigonal poly-
hedron as the additional cations (such as Nb°*") are
introduced, and thus the addition of Nb3* (d° shell)
and Te** (lone pairs) can improve the nonlinear opti-
cal response of tellurite glasses.[26:1% CeQ, is a mixed
valence rather than a pure 4f compound; when CeQs is
doped in tellurite glasses, CeO5 may lower the melting
point of tellurite glasses and act as a modifier without
changing the glass network.l®] For the potential use
of tellurite glasses doped with heavy metal oxides or
rare earth oxides in optical communication systems,
it is necessary to investigate their nonlinear optical

properties and their mechanisms.
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The nonlinear optical (NLO) properties of tellu-
rite glasses have been and are being extensively inves-
tigated. Time-resolved degenerate four-wave mixing
(DFWM) is a very powerful technique to investigate
the nonlinear optical properties.!'! =14 With the rapid
development of modern laser technique, the ultra-fast
laser pulses enable us to study the ultra-fast dynamics
of physical response with the above technique. In this
paper, we report the line-shape of DFWM signal in
75Te02—20Nbs05-5Zn0 glasses with CeO5 dopant by
self-diffracted time-resolved DFWM technique at dif-
ferent excitation intensities and lattice temperatures,

and their mechanisms are discussed in detail.
2.Experiment

Appropriate mixtures of powders of TeOo
(99.99%, Aldrich), NbyOs (99.99%, Aldrich), ZnO
(99.99%, Aldrich) were melted in a gold crucible at
780-830°C for 10—20min in air. The molten glass was
poured onto a plate, annealed at 360-400°C for 4h,
and then cooled to room temperature. Samples with
the composition of 75Te03—20Nby05—5Zn0O were in-
stantaneously introduced with 0.5% CeQOs.

delay
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Fig.1. Experimental setup for DFWM, BS: beam-
splitter; PMT: photomultiplier; M1, My, M3: reflector

mirrors.

Two-pulse self-diffracted transient DFWM was
performed using a Spectra-Physics Spitfire amplifier
with a repetition rate of 1kHz, centre wavelength of
800nm and pulse-width of < 50fs (as shown in Fig.1).

The femtosecond laser was split into two beams by a
beamsplitter (BS); finally the two beams were crossed
on the sample with a small angle. The two beams were
of co-linearly polarized excitation (11), and their aver-
age power was in a ratio of about 1.5:1. The DFWM
signal was measured as a function of the pump-probe

delay time.
3. Results and discussion

The line-shape of the transient four-wave-mixing
signal has been systematically investigated,'23] and
it was based on the interacting two-level model and
confirmed experimentally.'2l The line-shapes usually
include (a) an inhomogeneous broadening and (b)
a homogeneous broadening. Figure 2 indicates the
DFWM signals at the incident laser intensities of 26,
32, 37, and 39GWcm~2 at 300K. There appear three
distinct peaks of the DFWM signal at higher exci-
tation intensities, a main and intense peak appears
at zero time delay and two rather weak side peaks
are located symmetrically at the negative and posi-
tive delay time. The main peak exhibits a homoge-
neous broadening. Wegener and Chemla’®! have de-
veloped a model to describe the homogeneous broad-
ening, where the local-field corrections were taken into
account. For a homogeneously broadened system, one

obtains
4v?

(2v2 +71)(v2 + 1)
x [6(T)e 2T + 6(=T)e*"], (1)

I:o™(T) < O(T)e™ 27T +

where © is the Heaviside step function; V = N|u|?L,
N is the density of atoms, u is the dipole moment
between the ground and excited states, and L is the
Lorentz local field factor. y; = 1/T7 and v, = 1/T5
are the longitudinal and transverse relaxation rates,
respectively. According to Eq.(1), the DFWM signal
indicates a rise time with a time constant T5/4 and
a decay time with a time constant 75/2. From Fig.2,
we can see that the rising and decay times remain
unchanged with increasing excitation intensity; simi-
lar behaviour can be observed with increasing lattice
temperature (as shown in Fig.3). The rising time is
calculated to be 291fs and the decay time to be 573fs,
and their ratio is generally equal to 1:2; this is in good

agreement with the above theory.
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Fig.2. DFWM signal versus the delay time of the

pumping and probing pulses for different excitation

intensities at lattice temperature of 300K.
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Fig.3. DFWM signal versus the delay time of the

pumping and probing pulses for different lattice tem-
—2

peratures at the excitation intensity of 38GWcm

The negative edge of the main peak is related to
the local-field correction and excitation-induced de-
phasing (EID). If pulse 1 arrives after pulse 2, there
are no photons in the direction 2ks —k; diffracted from
pulse 2 when the grating is formed. However, with
the local-field interaction and EID, the polarization
left over by pulse 2 can be diffracted by the grating
in the direction 2ks; — k1. Wang et al (14] have derived
an expression to describe the negative edge of DFWM

signal as follows:
PINL) _eidt=2t2+12) £ (1 _ 1)
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where
k= —iNp*h 3 E2E}exp[—if2t 4+ i(2kq — k1) - 7],

n =2u?L/hand § = Q —w — ¢ with e = Nu2L/h
being the static Lorentz shift. The decay rates Iy, I,
and I’y are all determined by the intrinsic dephasing
rate 7. In the large bracket in Eq.(2), the first term
indicates the prompt free polarization dephasing in a
simple non-interacting two-level system, and the sec-
ond term represents the additional FWM signal due
to the EID (proportional to §) and the local-field cor-
rection (proportional to 7). From Eq.(2), we can see
that the scattering of the polarization, induced by the
probing pulse E5 through the local-field correction or
the EID, results in a prompt signal at to —¢; > 0 (the
positive time delay) and a signal at t3 — ¢; < 0 (the
negative time delay).

As shown in Fig.2, the main peak changes dras-
tically with increasing excitation intensity. A single
peak of low intensity gradually evolves into two peaks
around zero time delay, and then the left peak grad-
ually rises as the excitation intensity is continually
increased. It is also observed that the DFWM signal
in the direction 2k; — ko has the same phenomenon for
inverted delay time. The above-mentioned experimen-
tal phenomena arise from the interaction between the
third-order and the fifth-order polarizations. Wegener
and Chemlal*3] have constructed the time-integrated
DFWM signal up to fifth order in theory, and they
obtained

455 | AF §] e 2m2T

Jhom( 1+ =2Z4+ 28

As 5 A28
9 _T 42T 5 < 67T 5 5 87T 3
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where
Az = — (9/16)azy; ' 25 N3 E*SE*,
As =(25/16)asv; 2, NP E*E*SE*,
A :2‘90|p’|21

as and ag are coefficients. A3 and Ag reflect the inten-
sities of the third- and fifth-order terms respectively,
and the ratio of A5/As is proportional to the excita-
tion intensity. From Eq. (3) we can see that at first the
DFWM signal at the negative time delay becomes in-
tense (terms linear in Ay), and then two peaks emerge
(terms quadratic in As). The results also can be un-

derstood intuitively. The fifth-order polarization has
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an opposite signal to the third-order polarization, and
thus the two peaks are generated due to the destruc-
tive interference between the third- and fifth-order po-
larizations around zero time delay. Because the time
constant for fifth-order polarization is less than that
for third-order polarization, no similar destructive in-
terference generates far away from zero time delay.
This can qualitatively describe our experimental ob-
servation.

As shown in Fig.2, the two weak side peaks are
located symmetrically on both sides of the main peak,
and their maxima are located at the time delay of
707fs and-691fs, respectively. Their positions are in-
dependent of the pulse duration, lattice temperature
and excitation intensity, but their intensities depend
on the lattice temperature and excitation intensity.
The two side peaks are related to the many-body
Coulomb interaction, which has been extensively in-
vestigated using the transient time-resolved DFWM
technique.['315:16] When the dephasing time T > 7p
(laser pulse width), the additional DFWM signal for
positive time delay, induced by the Coulomb inter-
action, rises slowly and reaches a maximum at a
real time of t &~ T3, but the additional DFWM sig-
nal for negative time delay may exist only when the
DFWM signal is homogeneously broadening. Our ex-
perimental phenomena are consistent with the above-
mentioned mechanism.

At low excitation intensities, the interaction of
electrons and holes in the presence of external field
is rather weak. With increasing excitation intensity,
their interaction dramatically strengthens, the larger
binding energy of the e—h pair increases the Coulomb

interaction mediated many-body effects, which results

in the intensification of the two side peaks. An ex-
planation for the intensification at higher lattice tem-
peratures is that the inclusion of CeOs facilitates the
polaron hopping due to the hopping mechanism. In
75Te09—20Nby O5-5Zn0O matrices, there exists Ce3t
ion from the CeOy dopant. It is due to the existence
of Ce3t ion that the electrical conductivity of tellu-
rite glasses increases with increasing temperature. At
low temperatures, the 4f electron of the Ce3* ions re-
mains localized, resulting in the formation of bound
polarons, and only direct hopping between localized
states can occur. At high temperatures, almost all
free polarons move along the Ce sites, resulting in
an increase in the electrical conductivity, and there-
fore many-body Coulomb interaction increases. How-
ever, the influence of temperature on the many-body

Coulomb interaction is not very obvious.

4. Conclusions

In summary, we have investigated the DFWM
signal of 75TeO2—20Nbs05-5Zn0 glasses with CeO»
dopant by a time-resolved DFWM technique at dif-
ferent excitation intensities and lattice temperatures.
The DFWM signal exhibits three peaks at higher exci-
tation intensities. A main and intense peak appears at
zero time delay and evolves into a double-peak struc-
ture from the single peak with increasing excitation in-
tensity, which is attributed to destructive interferences
between the fifth- and third-order polarizations. Two
weak side peaks located symmetrically on both sides
of the main peak intensify gradually with increasing
excitation intensity or lattice temperature, which are

attributed to the many-body Coulomb interaction.
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