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Abstract:  Disagreements on the Raman gain response of different tellurite-
based glasses, measured at different wavelengths, have been recently 
reported in the literature. In order to resolve this controversy, a multi-
wavelength Raman cross-section experiment was conducted on two 
different TeO2-based glass samples. The estimated Raman gain response of 
the material shows good agreement with the directly-measured Raman gain 
data at 1064 nm, after correction for the dispersion and wavelength-
dependence of the Raman gain process. 
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1. Introduction 
 
Recent advances in the telecom fiber industry have revived interest in broadband signal 
amplification, driven by the urgent need for additional bandwidth to satisfy the demands for 
data transmission, both for long haul and local area networks. Raman amplification has 
become the preferred approach because it is only restricted by the pump wavelength and the 
Raman-active modes of the gain medium [1,2]. Currently, fused-silica and germanium-doped 
silica fibers are the main Raman gain materials used in the telecom industry; however, these 
fibers have very low Raman gain response, and a limited usable spectral bandwidth of around 
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5 THz, for single pump excitation [3,4]. This has led to research focused on new Raman gain 
materials, typically multi-component glasses in the search for compositions to enhance either 
Raman gain coefficients, or bandwidth, or both. 

Since the pioneering work of Lines and colleagues, spontaneous Raman scattering has 
been the technique of choice for rapid characterization of the wavelength dispersion and 
magnitude of the Raman gain coefficient [5-7]. Because of its wide acceptance in the fiber 
industry, the Raman spectrum is typically ratioed to that of fused silica in order to estimate the 
maximum Raman gain available at the pump laser wavelength for Raman scattering [7,8]. 
This result is then extrapolated to the communications wavelengths using the known 
wavelength dispersion in refractive index, as suggested by Stolen [2,9]. This is the currently 
accepted practice. 

Recent publications have identified tellurite-based glasses as promising candidate 
materials for high Raman amplification applications, due to their high gain coefficients [10-
16]. However, discrepancies of up to a factor of two have been reported for Raman gain 
measured by spontaneous Raman scattering in the visible and direct measurements of the 
Raman gain coefficient with 1064 nm pumping, even after the usual wavelength dependencies 
are applied [11,14-16]. In this paper we show that these discrepancies are a direct 
consequence of wavelength dispersion in the Raman susceptibility itself which is accentuated 
when the wavelength of the absorption edge of the test glasses occurs near the laser 
wavelength used for the Raman scattering measurement. Specifically, we demonstrate this by 
measuring the Raman spectrum, relative to silica, at four wavelengths spanning the range 458 
– 1064 nm. Furthermore we also show that in the multi-component glasses the spectrum 
actually changes its shape with laser wavelength because different Raman vibrations are 
coupled to different electronic molecular resonances whose peak absorptions occur at 
different wavelengths. 

 
2. Theoretical background 
 
Frequency dispersion in nonlinear coefficients, including the Raman susceptibility, is well-
known in nonlinear optics [17-20]. For the case of Raman scattering, consider a multi-
component glass, like the tellurites, with each component having its own distinct vibrational 
modes and electronic states (labeled by “r”). The polarizability of species “k” in its own frame 

of reference, when modulated by its β’th Raman active phonon of amplitude kQβ   can be 

written as 
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, is the Raman molecular susceptibility, and ω1 is the laser 

excitation (pump) frequency. Note that each contribution to the linear polarizability (first 
summation in Eqn.1), and the Raman susceptibility (second summation) is associated with an 
electronic transition in the species centered (in the absorption spectrum) at the 

frequency rk ,ω with some complex spectral distribution and transition matrix element. From 

Eqn. 1 the refractive index of the material is given by 
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where kN is the number density of species k in the glass. (The absorption spectrum is given 

by the imaginary component). Hence the wavelength dispersion in the refractive index is a 
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summation of the dispersion due to all of the electronic transitions in all the component 
species. 

Taking into account at the air-glass boundary the Fresnel transmission coefficient and the 
effect of refraction on the solid angle subtended at the detector for a typical Raman scattering 

experiment, the ratio of the peak intensity of a Raman scattered line )( 1
, krkI ββ ω Ω−  in air 

(at the detector) due to the β’th normal mode of the k’th species to the incident intensity 
Iin(ω1) in air, at frequency ω1 is given by [7,8,21] 
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where ΔΩ is the solid angle, k
βΩ is the frequency shift of the Raman peak from the laser 

frequency, R is the reflectance coefficient ⎟⎟
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the 2
1 )]([ βω Ω−n in the denominator is a consequence of the solid angle correction. Here 

all of the explicit dependence on frequency has been shown in Eqn. 3 and all of the phonon 
and electromagnetic parameters, including the Bose-Einstein thermal population factor, are 

contained in the constant rk
SRK , . For completeness, the dependence of the Raman gain 

coefficient (defined for the pump intensity) on frequency is given by 
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where rk
RGK ,  is a constant that contains all the phonon and electromagnetic constant 

parameters and is different from rk
SRK , . When all of the experimental details are taken into 

account, it is therefore possible to evaluate the Raman gain coefficient from the spontaneous 
Raman spectrum, at the same excitation frequency. The detailed relationship is 
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Although the Raman susceptibility also exhibits dispersion with frequency, it is not á 
priori the same as the refractive index dispersion because not all of the vibrational modes 
couple (modulate) equally to the molecular polarizability [20]. If there is one dominant peak 
in the Raman spectrum due to coupling to a dominant electronic transition (responsible for the 
dispersion in the refractive index in the wavelength range of interest), then, assuming that the 

resonant enhancement in the susceptibility k
rk

rk
ij Qβωωα ∂−∂ /)( ,1

, for frequencies below 

the band edge is linearly proportional to the resonant enhancement in )( ,1
,

rk
rk

ij ωωα − , 
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this enhancement is approximated by ( ).1)( 1
2 −ωn  This correction has been proven to work 

in the case of fused silica [2,9]. In fact, usually only a limited number of electronic transitions 
are important, as is well-known from typical absorption spectra. In general, the closer the 

laser excitation frequency is to rk ,ω the larger the enhancement in the Raman susceptibility 

and the more intense the particular Raman peaks will be. Furthermore, in such conditions if 
two different vibrations couple to susceptibilities whose associated absorption maxima have 

different resonance frequencies ( rk ,ω ), then their relative contributions to a Raman spectrum 

will change with frequency ω1. These are the two features which will be examined 
experimentally here to test the importance of frequency dispersion of the Raman cross-section 
on measurements of Raman spectra at different frequencies ω1 and hence the afore-mentioned 
differences in reported values.  
 
3. Experimental procedure 
 
The spontaneous Raman cross-section measurements were conducted using a micro-Raman 
setup. Two lines from an Ar+ laser (458 nm and 514 nm), the 752 nm line from a Kr+ laser, 
and the 1064 nm line from a Nd:YAG laser were used as the excitation wavelengths. In all 
cases, the incoming polarized (V) laser beam was focused onto the front polished surface of 
the sample via a 100X microscope objective, with a spatial resolution of about 2 μm. A 
polarizer was used to select the polarization direction (vertical, V or horizontal, H) of the 
scattered light. A backscattering geometry was used to collect the Raman signal, which was 
then spectrally analyzed with a spectrometer and a CCD detector, with a typical resolution of 
about 6 cm-1. The Rayleigh line was reduced with a holographic notch filter. All spectra were 
normalized to the peak vibration of SiO2 at 440 cm-1.  
 
4. Results and interpretation 
 
In order to address this problem, a multi-wavelength Raman cross-section experiment was 
conducted on two different TeO2-based glass samples. A tellurium-tungsten oxide glass (glass 
composition 85% TeO2 – 15% WO3) was studied since this composition is similar to that 
previously studied by the different research groups [14-16]. The other composition studied 
was a tellurium-niobium oxide glass (composition 85% TeO2 – 10% Nb2O5 – 5% MgO). 
These two glasses were selected for their enhanced third order nonlinearity, and strong Raman 
scattering cross-section due to TeO2, which is further enhanced by the presence of d0-species 
such as W6+ and Nb5+ [22-24]. The extrapolated Raman gain coefficient obtained at the peak 
of the Raman line shows very good agreement with the directly-measured Raman gain data 
with 1064 nm pumping, after correction for the index dispersion and excitation frequency-
dependence of the Raman gain process.  

Table 1 shows the sample composition (in mol%) as well as the respective density and 
linear refractive index values, for the two TeO2-based glasses chosen for this multi-
wavelength Raman cross-section measurement.  

 
Table 1. Physical Properties 

 
Glass Composition Sample 

Code 
Density 
±0.02 

(g/cm3) 

Linear Refractive Index 
n(λ) ± 0.05 

532 / 633 / 1064 nm 

λcut-off 

(nm) 

85%TeO2 – 15%WO3 W 5.89 2.16    2.14     2.12 450 
85%TeO2 – 10%Nb2O5 – 5% MgO Nb 5.26 2.08     2.07     2.00 410 

SiO2 SiO2 2.20 1.461  1.457  1.450* 165 
* Linear refractive index for SiO2 was obtained from the Sellmeier dispersion equation 
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Note that the simple approximation of the dispersion in the Raman susceptibility for W 

and Nb is 3.67 (3.33) at 532 nm and 3.49 (3.00) at 1064 nm, for ( )1)( 1
2 −ωn . The 

maximum correction in this case is only 23%. 
The measured absorption edge of these glasses is shown in Fig. 1. Notice that even though 

the absorption bandgap is different for the two TeO2 samples, they both exhibit an absorption 
tail up to 550 nm. 
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Fig. 1. UV-Vis-NIR absorption spectra of samples W, Nb, and SiO2. Notice that 
195 nm is the lowest wavelength resolution of the Cary500 Spectrophotometer. 

 
Figure 2 illustrates the spontaneous Raman spectra of the two samples, after normalization 

to SiO2, as a function of the excitation wavelength. From the preceding discussion on 
frequency dispersion, the ratio of the Raman gain for a glass at two different frequencies ω1 

and ω2, is given in terms of the Raman intensities by 
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Note (1) that these expressions are corrected for internal solid angle, Fresnel transmission 

and frequency dispersion in the linear index, and (2) that Stolen has found that the ratio for 
the Raman susceptibility for fused silica is essentially independent of wavelength over the 
range 526 – 1064 nm (maximum frequency dispersion correction of 5% for this wavelength 
range) [9]. This is reasonable because the band edge of fused silica occurs at about 165 nm, 
well-removed from 458 nm (our lowest experimental wavelength). Therefore normalizing the 
Raman data for the tellurite glasses to that of fused silica reveals the dispersion properties of 
the Raman susceptibility of those glasses. Furthermore, by measuring the Raman spectra of a 
test glass under the same experimental conditions as for fused silica at a laser wavelength for 
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which the peak Raman gain for fused silica is known, the peak Raman gain of the test glass at 

that frequency for a Raman active mode can be deduced, =
Ω−
Ω−
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where the prime parameters belong to fused silica.  Explicitly, '
'

r
βΩ  is the peak Raman 

frequency shift at 440 cm-1 (Δυ = 13.2 THz) in fused silica, and r
βΩ is the Raman active 

mode of either the 665 cm-1 (Δυ = 20 THz) or 920 cm-1 (Δυ = 27.6 THz) vibration in the 
tellurite glass.  The reason for the analysis of both Raman active modes in a tellurite glass 
with respect to fused silica is discussed later in the text. 

Once this value is found for the test glass, the “almost” frequency independence of the 
fused silica Raman susceptibility allows the frequency dependence of the Raman 
susceptibility of the test glass to be evaluated by ratioing the test glass Raman intensity 
spectrum to that of fused silica at the new frequency.  By normalizing to fused silica, a 
frequency-independent Raman susceptibility for the glass with respect to fused silica (for the 

test glass) would be expected to yield a curve with zero slope when 
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plotted as a function of pump wavelength.  This is not the case according to Fig. 2. 
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Fig. 2. VV Polarized Experimental Spontaneous Raman Spectrum of samples W 
and Nb, normalized to SiO2 
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From Fig. 2 a large decrease in the relative intensity of the Raman scattered signal with 
increasing excitation wavelength between 458 and 752 nm is clear. Note that since all the 
spectra have been normalized to SiO2, the 1/λ4-wavelength dependence cancels out. This 
result clearly illustrates a strong dispersion dependence of the Raman susceptibility tensor. 

It is useful to examine the origin of the Raman peaks observed in the two glasses. Figure 3 
shows the VV polarized spontaneous Raman spectra of the two different glasses at 514 nm. 
The main Raman vibrations in both glasses correspond to the tellurium-oxygen vibrational 
modes. The main peaks, located at around 450, 665, and 920 cm-1 (Δυ = 13.5 THz, 20 THz, 
and 27.6 THz), are attributed to the Te-O-Te chain unit symmetric stretching mode, the TeO4 
bi-pyramidal units, and the isolated W-O short bond vibrations respectively. The shoulders at 
750 and 880 cm-1 (Δυ = 22.5 THz and 26.4 THz) have been assigned to the TeO3+1 and/or 
TeO3 trigonal pyramids vibrational units, and the Nb-O vibrations, respectively [25]. 
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Fig. 3. VV Polarized Spontaneous Raman Spectrum of samples W and Nb, 
normalized to SiO2. Excitation wavelength 514 nm 

 
The Raman gain spectra were obtained from the spontaneous Raman cross-section 

measurements at the different wavelengths. As previously discussed, the Raman gain 
spectrum parallels the spontaneous Raman cross-section, after correction for the Bose-
Einstein correction factor [26], and the Raman gain coefficient can be obtained using Eqn. 6 
once a measured value at a specific wavelength is known. The value of the Raman gain of γ = 
1.5 ± 0.15 x 10-13 m/W (for a frequency shift of 330 cm-1 (Δυ = 9.9 THz)) as measured by 
Stolen et. al. with 526 nm pumping was used to fix the value of γ at 514 nm. Figure 4 
illustrates the Raman gain coefficient obtained for the strongest Raman resonance in these 
glasses at 665 cm-1 (Δυ = 20 THz), attributed to the TeO4 bi-pyramidal units, and the 920 cm-1 
vibration attributed to W-O short bond, as discussed above. Also shown in Fig. 4 is the 
Raman gain obtained by using a crude approximation to the wavelength dispersion in the 

Raman susceptibility as ( )2

1
2 1)( −Ω− rn βω  [2,9]. 
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Fig. 4. Estimated multi-wavelength Raman gain coefficient at the peak Raman 
vibration (TeO4 units at 665 cm-1 (Δυ = 20 THz)), and W-O vibration (at 920 cm-1 

(Δυ = 27.6 THz)) respectively, normalized to SiO2. The dash line is used as a guide 

to the eye. The solid lines represent the ( )22 1)( −λn approximation to the 

dispersion. 
 

It is clear from Fig. 4, that there is a factor of two discrepancy between the cross-section 
measurements conducted in the blue-green visible wavelengths, as compared to the cross-
section data obtained in the NIR region. There is a resonance enhancement of the Raman 
cross-section because the spontaneous Raman measurements were conducted near the 
absorption edge of the material. Hence, this result indicates that the laser wavelength is close 
to the electronic dipole transition coupled to this particular vibrational mode. Furthermore, in 
these cases, the crude approximation for the wavelength dependence of the Raman 
susceptibility strongly underestimates the measured wavelength dependence. Note that for 
wavelengths longer than 752 nm, the relative gain coefficient is essentially independent of 
wavelength to within the experimental error.  

Direct Raman gain measurements were conducted with 1064 nm pumping on the same 
samples using the Raman gain setup described in [11,13,27]. Notice that using this technique, 
one can extract the absolute Raman gain coefficient without normalization to any reference 
standard (pure fused silica is used as a calibration check to ensure the accuracy and precision 
of the Raman gain measurements made on other materials of interest). Table 2 shows the 
values of the directly measured Raman gain coefficient of both bulk samples at the 665 cm-1 
(Δυ = 20 THz) Raman resonance, along with the estimated values obtained from the relative 
cross-section Raman scattering measurements performed with 1064 nm pumping. The values 
in Table 2 differ from those in [11] because the depolarization ratio defined in [25] was not 
applied at that time, and it is an additional correction factor that is necessary in the direct 
Raman gain measurement technique. Note that in order to correct to the absolute Raman gain 
coefficients, such as those reported in [11], the Raman gain coefficients obtained from the 
spontaneous Raman spectra, must be multiplied by the Raman gain response of SiO2 at the 
440 cm-1 (Δυ = 13.2 THz) peak vibration.  Typical measured gain coefficients for fused-silica 
at the 440 cm-1 (Δυ = 13.2 THz), using a 1064 nm pump excitation, range from 0.92 to 0.74 x 
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10-13 m/W [28]. In this particular paper we use a measured value of 0.89 ± 0.2 x 10-13 m/W 
with 1064 nm pumping, using the setup described in [11,13,27]. The agreement between the 
directly measured value and that deduced from the spontaneous Raman measurement for the 
Raman gain coefficient results verifies the validity and consistency of both techniques. 
Furthermore, it is clear that the reported discrepancies in Raman gain coefficients between 
references [14-16] and [11] are due to the resonant enhancement of the Raman susceptibility 
coefficient in the visible which was not known at that time. 
 
Table 2. Calculated and Experimentally measured Raman Gain coefficient with 1064 nm pumping, at the peak 
Raman resonance at 665 cm-1 (Δυ = 20 THz) 

 
Sample 
Code 

Calculated Peak Raman Gain Coefficient at 1064 nm 
(from Spontaneous Raman cross-section) 

Experimentally-obtained Peak Raman 
Gain Coefficient at 1064 nm 

W 40 x 10-13 m/W ± 15% 38 x 10-13 m/W ± 10% 
Nb 26 x 10-13 m/W ± 15% 26 x 10-13 m/W ± 10% 

 
Further evidence for the role played by a close proximity of the Raman scattering 

excitation laser frequency to the frequency associated with the electronic transitions which 
couple to the vibrations was obtained by studying the shape of the Raman spectrum at 
different wavelengths. This can be demonstrated by identifying Raman peaks for which the 
Raman-relevant electronic transitions are well-separated in frequency, but still close to the 
laser frequency. Lines has estimated the effective Sellmeier gap ES(eff) value for single-
crystals transition metal (TM) oxides with empty d-bands and TeO2, and found that the 
electronic transitions for the species WO3, Nb2O5 and TeO2 occur at ~ 4.5, 6.8 and 6.3 eV 
respectively, corresponding to vacuum wavelengths of 276, 183 and 197 nm [24,29]. While 
the differences in the local environment between single crystals and a multi-component glass 
would be expected to affect primarily the shape and spectral width of the electronic 
transitions, it is reasonable to assume that the actual peak transition wavelengths would only 

be affected weakly. We use these values for rk ,λ of the dominant transitions responsible for 

the Raman susceptibility. The dominant vibrational Raman peaks associated with these 
species occur at 920 cm-1, 880 cm-1, and 665 cm-1 (Δυ = 27.6 THz, 26.4 THz, and 20 THz) 
respectively. The Raman peaks at 920 cm-1 and 665 cm-1 (Δυ = 27.6 THz and 20 THz) are 
strong in the 85%TeO2 – 15%WO3 sample and the difference in the wavelengths associated 
with the electronic transitions is large, 79 nm versus 14 nm for the 85% TeO2 – 10% Nb2O5 – 
5% MgO sample respectively. Hence the sample W is the obvious choice for these 
measurements. 

Although both Raman peaks of W are probably resonantly enhanced in the visible, the 
relative location of the absorption peaks implies that the enhancement should be larger for the 
920cm-1 (Δυ = 27.6 THz) Raman line, as is also evident from Fig. 4. In fact, a large resonance 
enhancement of the 920 cm-1 (Δυ = 27.6 THz) Raman vibration was observed for wavelengths 
in the visible, after normalizing to the peak Raman gain coefficient at 665 cm-1 (Δυ = 20 
THz). This is shown in Fig. 5, along with the Raman gain spectrum obtained by the direct 
gain measurement technique with 1064 nm pumping. This change in the spectrum fully 
supports our hypothesis that electronic enhancement occurs in these glasses because the 
Raman spectrum was measured with laser wavelengths near the absorption edge of the 
glasses. Furthermore, the spectra obtained from the spontaneous Raman and direct 
measurement experiments with 1064 nm pumping are in better agreement than the 
spontaneous Raman spectrum used in [11] since the spontaneous Raman spectrum used in 
[11] was obtained at 514 nm pumping (the green curve in Fig. 5). 

(C) 2005 OSA 13 June 2005 / Vol. 13,  No. 12 / OPTICS EXPRESS  4768
#7468 - $15.00 USD Received 16 May 2005; revised 6 June 2005; accepted 7 June 2005



400 600 800 1000
0

5

10

15

20

25

30

35

40

45
15 20 25 30

 Direct Raman Gain 
       measurement

g R
G

 (
x1

0-1
3 m

/W
)

Wavenumber (cm-1)

λexc=
 458 nm
 514 nm
 1064 nm

 Frequency Shift (THz)

 
Fig. 5. Spontaneous Raman spectra of 85% TeO2 – 15% WO3 obtained at different 
wavelengths, normalized to the peak Raman gain value at 665 cm-1 (Δυ = 20 THz), 
measured with 1064 nm pumping. 

 
5. Conclusion 
 
In conclusion, we have experimentally demonstrated that there is significant dispersion with 
wavelength in the Raman susceptibility tensor for spontaneous Raman measurements taken 
near the band edge. Also shown were changes with wavelength in the shape of the Raman 
spectrum of multi-component glasses when measured under these conditions. Thus, even 
though spontaneous Raman scattering measurement is the preferred tool to measure the 
Raman gain response of materials, one should consider the appropriate corrections when 
conversions from measurement to operating wavelengths are needed. Finally, the 
discrepancies reported in the literature for Raman gain coefficients of tellurites in the visible 
versus at 1064 nm pumping have been resolved. 
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