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Abstract

Vibrational photon echo decay in the CeO2-doped TeO2–Nb2O5–ZnO glass is observed with near-infrared femtosec-

ond laser pulse at the temperature of 7.5 and 300 K. The photon echo signals exhibit an initial fast decay followed by an

exponential decay. The anharmonic frequency splitting (D), the dephasing rate (c), the dephasing time (Td) and the line-

width (C) are obtained. The results show that the dephasing time of the m = 0 ! 1 transition is dominated by the vibra-

tion state lifetime T1l, and the dephasing time of the m = 0 ! 2 transition is determined by both the vibration state

lifetime T2l and the pure dephasing time T �
2d.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Tellurite glasses are very promising materials in
optical communication systems for their electrical
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and nonlinear optical properties, such as high non-

linear refractive index, wide infrared transmit-

tance, low melting temperature, low phonon
maximum, and higher dielectric constant [1–3].

They can be regarded as rather prefect nonlinear

optical materials for ultra-fast all-optical switch

due to their large third-order nonlinear optical sus-

ceptibility. Recently, tellurite glasses doped with

heavy metal oxides or rare earth oxides, such as
ed.
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Fig. 1. Absorption spectra for CeO2 doped TeO2–Nb2O5–ZnO

glass.
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Nb2O5, CeO2, or ZnO, have received great scientific

interest because these metal or rare earth oxides

can change their optical and physical properties

[3–5].

Vibrational spectra can be responsible for in-
homogeneous broadening which masks the ho-

mogeneous broadening vibrational lineshape

[6,7]. When the inhomogeneous linewidth is

many orders of magnitude greater than the

homogeneous linewidth, inhomogeneous broad-

ening can mask the dynamic information involv-

ing in the homogeneous broadening. The

homogeneous linewidth provides valuable infor-
mation on the dynamical interactions with its en-

vironment [8], so it is necessary to extract the

homogeneous linewidth from the vibrational

spectra. Femtosecond coherent anti-Stokes Ra-

man scattering and Raman-induced Kerr effect

[9] can measure the dephasing time of vibrational

modes, but they are hard to eliminate the contri-

butions from inhomogeneous broadening. Vibra-
tional photon echo experiment is an important

method to obtain pure homogeneous linewidth

[8,10–13], and it has an additional advantage of

being able to distinguish the pure dephasing

and lifetime contributions to the homogeneous

vibrational linewidth.

As to vibrational photon echo experiments,

when the laser bandwidth is narrower than the vi-
brational anharmonicity, the photon echo signal

only comprises of two-level transition and exhibits

single exponential decay [6,7,11]. However, when

the bandwidth or Rabi frequency of ultrashort ex-

citation pulse exceeds the anharmonicity of the vi-

brational transition, the population can be excited

to higher vibrational state. Thus a vibrational co-

herence among the three-level system will be cre-
ated due to substantial spectral overlapping

between the two transitions, which results in bi-

exponential vibrational photon echo decays with

beats at the anharmonic splitting frequency

[10,12,14]. In the paper, the vibrational photon

echo decay in the CeO2-doped TeO2–Nb2O5–

ZnO glass is observed with near-infrared femto-

second laser pulse at low temperature (7.5 K)
and room temperature (300 K), the photon echo

signals exhibit an initial fast decay followed by

an exponential decay.
2. Experiment

Appropriate mixtures of TeO2 (99.99% Ald-

rich), Nb2O5 (99.99% Aldrich), ZnO (99.99% Ald-

rich) are melted in gold crucible for 25–30 min at
850–950 �C. Liquids are quenched to room tem-

perature in steel molds and annealing treatments

are performed at 300–350 �C for 2–4 h. TeO2–

Nb2O5–ZnO glass samples, doped with 0.5%

CeO2, are picked out and their surfaces are pol-

ished. As shown in Fig. 1, three absorption peaks

are observed at about 585, 745, and 800 nm, which

are attributed to the Ce4+–O–Ce3+ clusters, the
2F7/2 ! 2F5/2 electronic transition and the
1S0 ! 1F3 electronic transition of Ce3+ ion, respec-

tively [15,16].

A mode-locked Ti:sapphire laser (Spectra-Phys-

ics Spitfire amplifier) is used as the excitation

source with the pulse duration of about 50 fs and

the repetition rate of 1 kHz, as shown in Fig. 2

(a). Its center wavelength of 800 nm is resonant
with the 1S0 ! 1F3 electronic transition of Ce3+

ion, and its linewidth of about 40 nm overlays

many vibrational levels of the excited states. The

laser beam is split into two beams by a beam-split-

ter (BS) with a ratio of 1.5:1. The delay between

the two beams is controlled by a stepper-motor.

The two beams have the same polarization (s-po-

larization) and are crossed in the sample with a
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Fig. 2. (a) Experimental setup for vibrational photon echo

measurement, BS, beam-splitter; D, a silicon pin detector; M1,

M2, M3, mirror. (b) Pulse sequence for vibrational photon echo

experiment. (c) Energy-level schematic diagram for the resonant

vibrational echo experiment.
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Fig. 3. The photon echo decay (dots) for CeO2-doped TeO2–

Nb2O5–ZnO glass at the temperatures of 7.5 K (a) and 300 K

(b), the solid curves are the theoretical fitting results by Eq. (4).
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small angle about 6�. The glass sample is about 2
mm thickness and its temperature is controlled

by DISPLES DE-202 system (Advanced Research

Systems, Inc). Photon echo signal is determined by

wave vector matching conditions k3 = 2k2�k1, and

detected by a silicon pin detector as a function of

the delay time between the two beams (the experi-

mental results are shown in Fig. 3).
3. Results and discussion

If a relative long laser pulse is used, the photon

echo decay only involves in two-level transition

(m = 0 ! 1) for the narrow bandwidth of the laser

pulse and exhibits single exponential decay, the ex-

ponential decay is usually charactered by the opti-

cal dephasing time Td and considered as the

dipole–dipole interactions of the impurity atom,
ions and molecules with the thermally excited tun-

neling two-level systems (TLS) [17–19], which is in

a good agreement with common theories of pho-

ton echo decay. For a Lorentzian homogeneous

lineshape, the vibrational photon echo signal

decays as

IðsÞ ¼ I0 expð�4ctÞ; ð1Þ
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where c = 1/Td for the m = 0 ! 1 transition, Td is

the homogeneous dephasing time. The echo signal

decays four times as fast as the dephasing time and

twice as fast as the polarization. The homogeneous

linewidth C can be determined in view of the de-
phasing time Td.

C ¼ 1

pT d

¼ 1

2pT l

þ 1

pT �
d

; ð2Þ

where Tl is the excitated vibration state lifetime,

and T �
d is the pure dephasing time. The homogene-

ous linewidth can be determined by the excitated

vibration state lifetime Tl and the pure dephasing
time T �

d. The pure dephasing time T �
d can also be

determined by the following formula:

1

pT �
d

¼ aT a þ b expð�DE=kT Þ=½1� expð�DE=kT Þ�;

ð3Þ
where the first term describes the influence of spec-

tral diffusion processes, which arises from the dy-

namics of the tunneling two-level systems (TLS)

in the impurity glass (parameter a represents the

coupling between chromosphere and TLS), and

the second term represents the exponentially acti-

vated processes, which is due to the coupling to
the low frequency phonons.

When the bandwidth of the excitation pulse ex-

ceeds the vibrational anharmonicity, the population

can be excited to the higher vibriational levels. The

vibrational up-pumping is mainly determined by

the magnitude of the vibrational anharmonic fre-

quency splitting D, related to the excitation pulse

bandwidth (X) or Rabi frequency. When there is
substantial spectral overlap between the spectra of

the m = 0 ! 1 and m = 0 ! 2 transitions (as shown

in Fig. 2(c)), the ultrashort pulse excitation will cre-

ate a three level coherence involving the m = 0, 1 and

2 vibrational levels. The three-level system is spaced

by the frequencies x01 and x02, where D = x01–x02,

and D �x01 and x02. Thus the photon echo decay

can be expressed by [8]

IðsÞ ¼ Ið0Þ expð�2c1tÞf E1 � l1ð Þ2 expð�2c1tÞ
þ E2 � l2ð Þ2 expð�2c2tÞ � 2 E1 � l1ð Þ E2 � l2ð Þ
� exp �ðc1 þ c2Þt½ � cosðDtÞg: ð4Þ
Here, the subscripts 1 and 2 refer to the different

excited vibrational levels. E1 and E2 represent the

excitation laser field amplitudes for the m = 0 ! 1

and m = 0 ! 2 transitions and l1 and l2 are the re-
spective dipole transition moments which are con-
stants. c1 and c2 are the corresponding

homogeneous dephasing decay constants, and D
is the anharmonic vibrational frequency splitting.

I(0) contains all the factors that determine the

strength of the signal but are not involved in either

the time dependent decays or the wavelength de-

pendence of the beats. The two former terms in

Eq. (4) indicates the dephasing terms for the
m = 0! 1 and m = 0 ! 2 transitions, respectively,

the third term indicates the interaction between

the two dephasing terms. Eq. (4) may recover to

Eq. (1) for the narrow bandwidth case (E2 @ 0).

In this case, no multilevel coherence phenomenon

can be observed.

Fig. 3 displays the photon echo decay for the

CeO2-doped TeO2–Nb2O5–ZnO glass at the tem-
perature of 7.5 and 300 K. The photon echo sig-

nals exhibit a non-exponential decay: an initial

fast decay followed by an exponential decay. The

solid curves are fitted by Eq. (4), which are in a

good agreement with our experimental data.

CeO2 is a mixed valence rather than a pure 4f com-

pound, which involves in Ce4+ and Ce3+ ion [20].

As shown in Fig. 1, there exists Ce3+ ion in the
TeO2–Nb2O5–ZnO matrixes. When the laser pulse

field interacts with the glass sample, the popula-

tion will be transferred from the ground state to

the excited state of Ce3+ ion, and there is coupling

of the electronic states of Ce3+ ion to ballistic mo-

tion of the bath through thermally populated and

low frequency modes of the TeO2–Nb2O5–ZnO

glass. That is, the low frequency vibrational modes
are superimposed on the electronic transition of

Ce3+ ion. The related energy level model is sche-

matically shown in Fig. 2(c). In our vibrational

photon echo experiment, the center wavelength

of the femtosecond laser pulse is resonant with

the 1S0 ! 1F3 electronic transition of Ce3+ ion,

and the pulse linewidth of about 40 nm overlays

many vibrational levels. The first pulse creates an
ensemble of coherent superposition states, which

begins to dephase due to inhomogeneous and ho-

mogeneous broadening. A second pulse, delayed



Table 1

Dephasing rate (c), dephasing time (Td), linewidth (C) and vibrational anharmonic frequency splitting (D) of the m = 0! 1 and

m = 0! 2 transitions in TeO2–Nb2O5–ZnO glass doped with CeO2

Temparature (K) c1 (fs
�1) c2 (fs

�1) T1d (fs) T2d (ps) C1 (GHZ) C2 (GHZ) D (cm�1)

300 0.0050 0.0010 200 1.0 1592 318 303.3

7.5 0.0048 0.0003 208 3.3 1531 103 303.3

S. Zhang et al. / Optics Communications 241 (2004) 481–486 485
by time s, rephases the inhomogeneous contribu-

tions to the vibrational transition, and results in

an echo pulse observed at time 2s (as shown in

Fig. 2(b)). In the experiment, the delay time be-

tween the two pulses is about 27.6 ps.

The vibrational anharmonic frequency splitting

(D), dephasing rate (c), dephasing time (Td) and

linewidth (C) of the m = 0 ! 1 and m = 0 ! 2 tran-
sitions are obtained and tabulated in Table 1. The

vibrational anharmonic frequency splitting (D) is

determined as D = 303.3 cm�1, which is less than

the bandwidth of excitation pulse of about

X = 625 cm�1. The dephasing time of the

m = 0 ! 1 transition T1d is 208 fs at 7.5 K and

200 fs at 300 K, and the dephasing time of the

m = 0 ! 2 transition T2d is 3.3 ps at 7.5 K and
1.0 ps at 300 K, which are many times larger than

those of the m = 0 ! 1 transition. The lack of the

temperature dependence of the dephasing time of

the m = 0 ! 1 transition indicates that the dephas-

ing time is dominated by the excited vibrational

state lifetime T1l since pure dephasing time T �
1d is

temperature dependent. However, the dephasing

time of the m = 0 ! 2 transition crucially depends
on the temperature, which indicates that the de-

phasing time is determined by both the excited vi-

brational state lifetime T2l and the pure dephasing

time T �
2d. It is deduced that the m = 0! 2 transi-

tion is related to the coupling of the 1S0 ! 1F3

transition of Ce3+ ion to the ballistic motion of

the glass, but the m = 0 ! 1 transition is related

to the 1S0 ! 1F3 transition of Ce3+ ion and no cou-
pling to the ballistic motion of the glass.
4. Conclusion

In summary, we have observed the femtosecond

vibrational photon echo decay in the CeO2-doped
TeO2–Nb2O5–ZnO glass with near-infrared femto-

second laser pulse at the temperature of 7.5 and

300 K. The photon echo signals exhibit an initial

fast decay followed by an exponential decay. The

vibrational anharmonic frequency splitting (D) is

theoretical fitted as D = 303.3 cm�1; the dephasing

time of the 0 ! 1 transition is 208 fs at 7.5 K and

200 fs at 300 K; the dephasing time of the
m = 0 ! 2 transition is 3.3 ps at 7.5 K and 1.0 ps

at 300 K. It is confirmed that the dephasing time

of the m = 0 ! 1 transition is dominated by the vi-

brational stated lifetime T1l for no coupling of the
1S0 ! 1F3 transition of Ce3+ ion to the ballistic

motion of the glass, and the dephasing time of

the m = 0 ! 2 transition is determined by both

the vibrational state lifetime T2l and the pure de-
phasing time T �

2d for the coupling of the
1S0 ! 1F3 transition of Ce3+ ion to the ballistic

motion of the glass.
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