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The electronic and nuclear contributions to nonlinear optical properties of niobium oxide-based glasses have
been measured using third-harmonic generation and pump-probe techniques. The results have been found to be
in agreement with Hellwarth’s model for niobium oxide �Nb2O5� concentrations below 30 mol %. Above
30 mol % Nb2O5, discrepancies with the theoretical model have been observed. It has been found that high
niobium ion content induces a change of the local structure within the glass and favors the formation of
three-dimensional blocks of corner-sharing NbO6 octahedra. Since similarities with crystalline structures are
present, we propose that some specific collective vibrational modes could be at the origin of the extra nuclear
contributions to the optical Kerr effect.
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I. INTRODUCTION

Transparent optical glasses exhibiting nonlinearity in the
visible and near-infrared �ir� range have been examined far
from any resonance in order to avoid significant multiphoton
absorption. These glasses are of interest and have been
evaluated as possible candidates for optical switching.
Among all vitreous systems, oxide glasses containing a large
amount of heavy atoms �i.e., highly polarizable species� have
attracted attention since they exhibit significant nonlinearity
for use in the near-infrared telecommunication windows and
appear to be promising candidates as Raman gain media.1–4

Within the Born-Oppenheimer approximation, which indi-
cates that optical pulses shorter than a few hundreds of pico-
seconds should be considered, the origin of the optical non-
linearity in glasses, far from any resonance, is attributed to
electronic and nuclear contributions. The electronic response
is related to the spontaneous nonlinear distortion of the elec-
tronic distribution around the nuclei while the nuclear re-
sponse is due to a slower optical-field-induced change aris-
ing from the motions of the nuclei.5 It is known that these
two contributions have distinctly different relaxation times,
with the first �electronic� being less than 1 fs whereas the
second process �nuclear� is on the order of several hundreds
of femtoseconds to a few picoseconds. In 1975, Hellwarth et
al.5 showed that the nuclear contribution to the nonlinear
refractive index of some glasses is not negligible, being as
high as up to 15–30 % of the total, depending on the glass
composition.

Based upon the Born-Oppenheimer approximation, sev-
eral measurements of the nuclear contribution in glasses
have been performed in the femtosecond regime, either using
time-resolved techniques6–8 or not.9,10 Smolorz et al.8 have,
for instance, demonstrated that the relative nuclear contribu-
tion to the nonlinear refractive index increases upon addition
of GeO2 in a SiO2 optical fiber. However, these results did
not include the effect of the duration of the optical pulse,

despite previous work by Stolen and Tomlinson11 and Sant-
ran et al.10 which showed that the nuclear contribution is
driven by the pulse duration. Hence, values of nuclear con-
tributions are subject to change since they depend strongly
on this important parameter.

Glasses containing niobium oxide �Nb2O5� have been
widely studied and are currently reported to exhibit high
nonlinearity in sodium borophosphate matrices containing a
large amount of Nb2O5.12,13 In particular, the increase of the
third-order nonlinear optical response has been related to the
atomic density of niobium in the glass. In addition, a nonlin-
ear behavior of the nonlinear refractive index has been
shown where a clear enhancement of the optical response
occurs as the niobium ions are introduced in large
quantities.12,13 The optical nonlinear response has been re-
lated to the specific three-dimensional �3D� corner-sharing
arrangements of NbO6 octahedra which enables the forma-
tion of a tungsten bronze-like local structure, at high niobium
oxide concentration. Lipovskii et al.14 have observed similar
behavior of the electro-optical Kerr effect, with the succes-
sive addition of Nb2O5 into silicate-based glasses. This work
clearly illustrates a correlation between the increase of both
the Raman spectral density and the Kerr response of the ma-
terials with an increase of NbO6 tungsten bronze “crystal
motifs” within the glass structure.

In the present work, a sodium borophosphate matrix, with
varying Nb2O5 molar concentration in the glass system
�100−x��95NaPO3-5Na2B4O7�-xNb2O5 has been investi-
gated. Table I lists the optical properties of these glasses.
Third-harmonic generation �THG� and Kerr effect suscepti-
bility measurements have been performed with THG micros-
copy and pump-probe techniques, respectively. The first ex-
periment gives direct access to the third-order electronic
susceptibility whereas the second measurement directly
probes both the electronic and nuclear contributions of the
third-order Kerr effect susceptibility. From these measure-
ments, the nuclear contribution to the Kerr effect has been
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deduced. Additionally, Raman scattering experiments have
been carried out to evaluate the nuclear contribution to the
optical Kerr effect and compare it to that measured by THG.
Effects of the modification of the local glass structure upon
addition of niobium oxide are discussed in order to tenta-
tively attribute the origin and behavior of the nuclear contri-
bution to the nonlinear refractive index.

II. THEORY AND EXPERIMENTAL RESULTS

The general expression of the third-order nonlinear polar-
ization assuming an entirely local response in the interna-
tional unit system can be written as

P� i
�3��r�;t� = �0�

−�

t �
−�

t �
−�

t

Rijkl
�3� �r�;t − t1,t − t2,t − t3�

�E� j�r�;t1�E� k�r�;t2�E� l�r�;t3�dt1dt2dt3 �1�

where Rijkl
�3� is the total response function of the material.

Using the Born-Oppenheimer approximation, the third-
order nonlinear polarization can be developed as a simple
sum of an electronic polarization and a nuclear polarization:5

P� i
�3��r�;t� = �0�ijkl

�3� E� j�r�;t�E� k�r�;t�E� l�r�;t� + �0E� j�r�;t�
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dijkl
�3� �r�;t − ��E� k�r�;��E� l�r�;��d� �2�

where �ijkl
�3� is the electronic coefficient and dijkl

�3� the nuclear
response function of the material.

A. THG microscopy measurements

Assuming an electric field of the form E� �r� ; t�
=A� �r� ; t�cos�k�� .r�−�t�, the third-order nonlinear polarization
associated to the THG process is given by

P� i_3�
�3� �r�;t� =

1

4
�0�ijkl

�3� A� j�r�;t�A� k�r�;t�A� l�r�;t�cos�3k�� . r� − 3�t� .

�3�

The electronic susceptibility can be independently mea-
sured with a THG microscopy setup15 since only the elec-
tronic polarization is able to quickly respond to a high-
frequency all-optical field excitation.16 THG experiments
have been carried out using 130 fs pulses with a 3 nJ pulse
energy at a 80 MHz repetition rate from an optical paramet-
ric oscillator at 1500 nm, focused with a 0.7 numerical aper-
ture microscope objective, on 300-�m-thick samples. The
measurements have been calibrated with respect to a fused
silica sample with a similar thickness. The THG signal has
been measured for the beam waist at the vicinity of the first
interface �i.e., air/glass interface� to obtain the best point of
focus; moreover, it should be noted that the third harmonic is
not absorbed because the absorption coefficient is low at
500 nm. Indeed, no absorption could be measured using a
standard spectrophotometer with 1-mm-thick samples. The
absorption cutoff values are given in Table I. Fresnel trans-
mission and refractive index dispersion corrections have
been performed. Since no significant two-photon absorption
occurs at this wavelength, the imaginary part of the elec-
tronic susceptibility has been neglected and the calculated
modulus of the susceptibility was set equal to the real part.
Finally, the electronic susceptibility is given by

�1111
�3� =�T3�,SiO2

T�,SiO2

3

T3�T�
3

�� I3�

I3�,SiO2

� n3�n�
3

n3�,SiO2
n�,SiO2

3 � J3�,SiO2

J3�

��1111,SiO2

�3�

�4�

where T�, n�, T3�, and n3� are the Fresnel transmission co-

TABLE I. Cutoff wavelength, linear refractive indices at � and 3�, THG susceptibility, Kerr effect
susceptibility �from Ref. 13�, measured nuclear susceptibility, and calculated nuclear susceptibility for dif-
ferent Nb2O5 concentrations.

Borophosphate glass
�mol % Nb2O5� 9.55 19.19 28.93 38.78

	c �nm� 308 322 337 351

n��� �±0.02� 1.53 1.59 1.73 1.81

n�3�� �±0.02� 1.55 1.63 1.77 1.89

THG susceptibility �1111
�3�

�m2 V−2� �±30% �
6.78�10−22 8.42�10−22 11.63�10−22 15.31�10−22

Kerr effect susceptibility

�u=0�
�m2 V−2��±10% �

8.68�10−22 13.15�10−22 17.67�10−22 37.83�10−22

Measured nuclear susceptibility

�u=0�−�1111

�3�

�m2 V−2� �±35% �

1.90�10−22 4.73�10−22 6.04�10−22 22.52�10−22

Calculated nuclear susceptibility
H�d1212

�3� ;u=0�

G�u=0�
�m2 V−2� �±10% �

1.27�10−22 3.20�10−22 3.53�10−22 5.20�10−22
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efficients and the refractive indices at � and 3�, respectively,
I3� the detected third-harmonic irradiance,

J3� = �
0

L exp�i�ku�
�1 + 2iu/b�2du

the third-harmonic interaction length, �k=3k�−k3� the
phase mismatch, b=2�w0

2 /	 the confocal parameter, w0 the
beam waist, and L the sample thickness. The SiO2 subscript
refers to fused silica and no subscript alludes to the investi-
gated glass under study. The obtained values of �1111

�3� for all
samples are summarized in Table I and depicted in Fig. 1.

The experimental results, reported in Fig. 1, have been
normalized to the value given by Hellwarth in 1977 for fused
silica16 ��1111

�3� =2.65�10−22 m2 V−2±30% at 694 nm�. More
recent measurements including electronic and nuclear effects
have been performed over a broad wavelength range and
experience a weak dispersion in the visible range.17 More-
over, Hellwarth et al.5 and Stolen and Tomlinson11 have
shown that the nuclear contribution in fused silica does not
exceed 20%. Hence, at 500 nm, all the compiled values are
between 2�10−22 and 3�10−22 m2 V−2, neglecting the
nuclear contribution. The reference value is in this range, to
within uncertainties of the measurement �30%�.

B. Pump-probe measurements

The third-order nonlinear polarization associated with the
optical Kerr effect is given by

P� i_�
�3� �r�;t� =

3

4
�0�ijkl

�3� A� j�r�;t�A� k�r�;t�A� l
*�r�;t�

+
1

2
�0A� j�r�;t��

−�

t

dijkl
�3� �r�;t − ��A� k�r�;��A� l

*�r�;��d� .

�5�

Third-order optical susceptibility measurements have
been carried out on these glasses from an induced refractive

index change experiment at 800 nm for a 100 fs pulse
duration.13 Such experiments based on the optical Kerr effect
are sensitive both to electronic and nuclear contributions.
The equation describing the probe intensity variations is
given by Santran et al.10

IS  IS
0�1 −

k0
2

4�2

PmT

c�0
F�w0;k0;L�
�u�G�u�sin�2�0u��

�6�

where IS
0 is the incident probe irradiance, k0=� /c the wave

vector in the vacuum, Pm the average power, T the repetition
rate of the laser, F�w0 ;k0 ;L� a numerical factor depending on
the spatial properties of the laser beam, and u the variable
delay between the pump and the probe pulses.


 is the global Kerr effect susceptibility including both
electronic and nuclear phenomena and it is given by


�u� = �1111
�3� +

H�d1212
�3� ;u�

G�u�
�7�

where G�u� and H�d1212
�3� ;u� are two functions that will be

explicitly described later.
The values of 
 for all samples, measured in Ref. 13, are

gathered in Table I and reported in Fig. 1. Since Nb2O5 con-
centrations of the glasses studied in this previous paper13

were slightly different from ours, extrapolated values of the
Kerr effect susceptibility have been considered using a linear
regression method.

C. Experimental nuclear contribution to the pump-probe
signal

Knowing the values of 
 and �1111
�3� , one can deduce the

nuclear susceptibility from Eq. �7� and thus the nuclear con-
tribution to the Kerr effect susceptibility. These two quanti-
ties are shown in Table I.

Nevertheless, one has to consider that THG and pump-
probe experiments have been carried out at different wave-
lengths �i.e., 1500 and 800 nm�. In the transparency region
of these glasses, in the visible and near-ir range, the THG
susceptibility follows a normal dispersion, and decreases
with increasing wavelength, meaning that the susceptibility
value is smaller at 800 nm than at 500 nm. A possible reso-
nance effect might occur as the third harmonic �at 500 nm�
which is close to the electronic gap wavelength of these
glasses, leading to an over-estimation based on this measure-
ment. This effect implies that the measured nuclear contribu-
tion might be slightly larger than shown in Table I.

III. RAMAN NUCLEAR CONTRIBUTION

It is possible to determine the nuclear susceptibility for
our samples by computing the ratio H�d1212

�3� ;u=0� /G�u=0�,
from the Raman spectra of the glasses.

The function G�u� is a temporal term, delay dependent,
which represents the electronic contribution to the signal,
and it is defined as

FIG. 1. THG susceptibility ��1111
�3� �, Kerr effect susceptibility

�
�u=0�	, and measured nuclear susceptibility �
�u=0�−�1111
�3� 	

versus Nb2O5 molar concentration.
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G�u� =

�
−�

+�

s�t�s�t − u�dt

��
−�

+�

s�t�dt�2 �8�

where s is the temporal shape of the pump or probe pulse. At
zero delay, this function is equal to the ratio between the

second-order momentum of s�t� and the squared first-order
momentum of s�t�.

The function H�d1212
�3� ;u� is a more complicated term ow-

ing to the noninstantaneous response of the Raman phenom-
enon which represents the nuclear contribution to the signal.
It is defined as

H�d1212
�3� ;u� =

�
−�

+� �s�t�s�t − u��
0

+�

d1212
�3� �t − t1�s�t1�s�t1 − u�dt1�dt

��
−�

+�

s2�t�dt�2 . �9�

This function includes the correlation of a classical con-
volution of the nuclear response function of the material with
the temporal shape s�t� of the laser pulse.

The nuclear response functions a�t� and b�t�, defined as
dijkl

�3� �t�=a�t��ij�kl+
1
2b�t���il� jk+�ik� jl� where � is the Kro-

necker delta, can be computed from differential Raman scat-
tering cross section, corrected by the Bose-Einstein popula-
tion factor5

Im
A��V�� =
160�3�0c4

��L��L − �V�3�1

2

�2��

�� � �S
−

�2��

�� � �S
�

�1 − exp�−
��V

kBT
�� , �10�

Im
B��V�� =
160�3�0c4

��L��L − �V�3

�2��

�� � �S
1 − exp�−

��V

kBT
�� ,

�11�

where A��� and B��� are the Fourier transforms of the
nuclear response functions a�t� and b�t�, respectively,
�2�i /�� ��S represents the differential Raman scattering
cross sections when the incident and scattered polarizations
are either parallel �i= � � or perpendicular �i= � �, �L is the
laser angular frequency, �V is the vibrational angular fre-
quency, and �S=�L−�V is the Stokes angular frequency. Be-
cause the functions a and b are real and causal, one can
easily compute them18 and obtain the functions G�u� and
H�d1212

�3� ;u�, assuming a Gaussian temporal shape of the laser
pulse. The functions G�u� and H�d1212

�3� ;u� are plotted in Fig.
2 and the ratio H�d1212

�3� ;u=0� /G�u=0� is shown in Table I
for each glass.

The polarized �VV� and depolarized �VH� Raman experi-
ments have been carried out from 90° spontaneous Raman
scattering measurements at 514.5 nm using an experimental
system allowing low-frequency measurement. Raman spec-
tra have also been measured with longer excitation wave-

lengths at 632.8, 752, and 1064 nm using a notch filter which
does not allow measurement below 145 cm−1. To be able to
compare the Raman nuclear contributions with that obtained
from THG and pump-probe experiments, the dispersion of
the differential Raman scattering cross section must be taken
into account. A similar evolution to that reported by Rivero
et al.19 for glasses having an absorption edge around 350 nm,
have been observed showing that no significant dispersion in
the 750–1064 nm range could be measured. Moreover, no
distortion of the spectra for different excitation wavelength
has been observed. To obtain the Raman spectra of the stud-
ied glasses, the measured data at 514.5 nm have been res-
caled to the spectra obtained at 1064 nm and compared to the
reported value of silica5 ��2�� /�� ��S=2.25
�10−10 cm−1 sr−1 cm±10% for the 440 cm−1 line at
514.5 nm, where �S=�S / �2�c�	 after reflection, refraction,
and wavelength corrections20 by using a fused silica refer-
ence sample. The absolute polarized �VV� and depolarized
�VH� Raman spectra are shown in Figs. 3 and 4, respectively.

FIG. 2. Functions G�u� �dashed curve� and H�d1212
�3� ;u� �full

curves� versus time delay between the pump and the probe pulses
for a 100 fs pulse at 800 nm for different Nb2O5 concentrations.
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For a 100 fs optical pulse at 800 nm �i.e., 140 cm−1 band-
width�, it appears that the mode at 230 cm−1 contributes
mostly to the nuclear susceptibility �about 75% of the total
nuclear susceptibility� whereas the modes above 500 cm−1

have a negligible influence. To participate in the nuclear non-
linearity, the vibrational modes must present both a low wave
number and a large bandwidth, i.e., a low oscillation fre-
quency and a high damping in the time domain, so that the
convolution of the nuclear response function with the optical
pulse is maximal.

IV. COMPARISON BETWEEN THE MEASURED AND
CALCULATED NUCLEAR CONTRIBUTIONS

AND DISCUSSION

Calculation and experimental results are in agreement to
within uncertainties of the measurements as long as the
Nb2O5 concentration is less than 28.93 mol %. For the
38.78 mol % Nb2O5 concentration, a significant nuclear frac-
tion to the nonlinear refractive index has been measured �
�60% �. The results ��22–36 % � obtained for low niobium

oxide content are in accordance with data previously re-
ported for silicate based materials by Hellwarth et al.5 The
evolution of the nonlinearity for low niobium oxide content
is driven by the electronic contribution. The results obtained
validate the model proposed for summation of Nb-O bond
electronic contribution to the nonlinearity previously
proposed.13 For high Nb5+ ion concentration, the measured
nuclear fraction to the nonlinear refractive index is the high-
est reported to date in inorganic glasses. Moreover, discrep-
ancies between calculated and measured nuclear contribu-
tions deduced from THG and Kerr effect measurements seem
to indicate that the present Raman measurements do not en-
tirely take into account the true nuclear contribution.

The evolution of the glass structure with increasing
Nb2O5 concentration in borophosphate glasses has been
investigated.12,13 The introduction of Nb2O5 in small quanti-
ties gives rise to the formation of hyperpolarizable “isolated”
distorted NbO6 octahedra with a characteristic Raman signa-
ture around 900 cm−1. As the Nb2O5 concentration increases,
corner-sharing NbO6 octahedra are formed and, progres-
sively, a one-dimensional Nb-O-Nb framework correspond-
ing to chains of octahedral can be distinguished with a Ra-
man band around 830 cm−1. For high Nb2O5 concentration, a
two-dimensional and finally three-dimensional �3D� frame-
work is created. This local structure has a strong similarity
with crystalline structures such as Ba2NaNb5O15, NaNb3O8,
or NaNbO3 involving NbO6 octahedra sharing a common
corner.

The formation of the 3D octahedral structure within the
glass is correlated to the Raman band around 250–300 cm−1

in the low-frequency domain increasing in intensity and a
new sharp vibration at 70 cm−1. These vibrations are strongly
related to the vibration around 650 cm−1. Recently, Malakho
et al.21 have shown that in this glass system, the first crys-
tallization phase observed is NaNb3O8, which can be com-
pared to NaNbO3 or Ba2NaNb5O15 crystalline structures. In
these crystalline phases �KNbO3, NaNbO3, or
Ba2NaNb5O15�, vibrations around 650, 250–300, and
50–70 cm−1 are also present.22–24 Numerous articles have
mentioned correlations between the intensity of the low pho-
non bands and the phase transition observed in niobate crys-
tals leading to ferroelectricity.22,23 In glasses, such effects
cannot occur due to their disordered structure but neverthe-
less, the presence of similar vibrations to those observed in
the crystalline phases, and particularly the band around
250 cm−1, could be related to collective motion of 3D asso-
ciated NbO6 octahedra. Significant nuclear contribution to
the nonlinear refractive index appears for Nb2O5 molar con-
centration above 28.93%, which corresponds to the existence
of the NbO6 tungsten bronze structure and to the largest in-
tensities of the vibrations around 650, 250–300, and
50–70 cm−1. The calculation of the nuclear contribution thus
indicates, according to Eqs. �10� and �11� �for a pulse of
100 fs�, that the major contribution to the nonlinear refrac-
tive index is associated to the vibration located around
250–300 cm−1. Clear assignment of NbO6 collective motion
in the glass leading to such vibration would be of importance
to understand how local structure can significantly affect the
nonlinear response.

FIG. 3. Absolute polarized �VV� Raman spectra of the boro-
phosphate matrix glasses with different Nb2O5 concentrations at
1064 nm.

FIG. 4. Absolute depolarized �VH� Raman spectra of the boro-
phosphate matrix glasses with different Nb2O5 concentrations at
1064 nm.
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V. CONCLUSION

The electronic and nuclear contributions to the optical
Kerr effect of niobium oxide containing glasses have been
measured with THG microscopy and pump-probe experi-
ments. For a 38.78 mol % niobium oxide �Nb2O5� concen-
tration, the nuclear contribution to the optical Kerr effect has
been found to be about 60%, which is the highest value
reported to date in inorganic materials.

Additionally, the nuclear contribution to the optical Kerr
effect of these glasses has been calculated from Raman scat-
tering experiments and it has been compared to the measure-
ments. Results are in good agreement to within uncertainties
of the measurements as long as the niobium oxide concen-

tration is below 28.93 mol %. Above this value, the theoret-
ical model no longer agrees with the measurements. Collec-
tive vibrational modes of 3D associated NbO6 octahedra in
these glasses have been proposed as an explanation for this
discrepancy.
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