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Abstract

We show the  interest  in  recording both  Stokes  and anti-Stokes  Raman spectra  in  two peculiar
applications. In one case the comparison between these two parts of the spectrum, measured at one
temperature  only,  allows  to  distinguish  between first-  and second-  order  phonon bands.  In  the
second example, the difference between Stokes and anti-Stokes spectra provides separation between
vibrational and emission lines. We describe the different stages needed in the measurements and
data treatment.

Keywords : Stokes and anti-Stokes Raman scattering, luminescence, phonon bands, first and second
order scattering, population factor. 

1. Introduction

Raman spectroscopy is a well-known technique that provides chemical and structural information of
various compounds, from the measurement of vibrational states of a molecule or compound.[1] It is
derived from inelastic scattering of a laser radiation by matter. Raman shifted photons have either
lower energy (longer wavelength)- it is the Stokes scattering -or higher energy (shorter wavelength)
than the elastic Rayleigh line- it is the anti-Stokes scattering. In each case one vibrational quantum
of energy (phonon) is gained or lost, so that the Stokes and anti-Stokes lines are equally shifted
from the Rayleigh line. As phonons are bosons, the intensity of Stokes and anti-Stokes lines are
proportional to (n+1) or n, respectively, where n is the phonon occupation number. Therefore, as the
Stokes line is more intense than the anti-Stokes line, only the Stokes spectrum is generally recorded
and analyzed in conventional Raman spectroscopy.[2]

The  most  frequent  application  utilizing  both  Stokes  and  anti-Stokes  scattering  concerns  the
determination of temperature T from the ratio of intensity of the Stokes and anti-Stokes of the same
Raman peak.[3,4] Even if the position and width of a Raman line vary with temperature,[5,6] only the
dependence of the Stokes/anti-Stokes intensity ratio can be efficiently exploited to measure in real
time  and  locally  the  temperature.  In  particular  this  tool  was  used  to  estimate  the  temperature
generated by the effect of light radiation only.[7] The other use of anti-Stokes signal is the Coherent
Anti-Stokes Raman Scattering (CARS) that results from a nonlinear four-wave mixing process.[8]

CARS is utilized to enhance the spontaneous Raman signal that is naturally weak.
Generally,  the  Stokes  scattered  spectrum is  sufficient  to  give  information  of  the  vibrational

modes in a molecule or a compound. However, the bare vibrational Raman spectrum that arises
from first-order scattering can be partly or fully hidden by the fluorescence[9] and/or the second-
order (or multiple scattering) process.[10] Well established experimental methods can be applied to
resolve these difficulties. In the first case the incident laser wavelength can be changed to avoid
luminescence  since  this  occurs  within  an  absolute  wavelength  spectral  range  while  the  Raman
scattering results into a shift of energy (wavenumber).[1,9]
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In the last case, the study of the thermal behavior of the intensity of the various peaks can be
undertaken.  Indeed,  as  the  intensity  of  the  second-order  scattering  varies  as  T2,  they  can  be
distinguished from the first-order scattering (the intensity of which varies as T).[10,11]

In the paper we show that it is possible to solve the above mentioned questions by means of an
appropriate treatment of both anti-Stokes and Stokes spectra recorded at one temperature solely and
for one exciting laser line only. This alternative method requires at first a perfect calibration of the
spectrometer and the introduction of notch filters, to reduce the influence of elastic scattering. Thus
in  principle  a  fully  symmetric  anti-Stokes+Stokes  spectrum  can  be  achieved  within  a  wide
wavenumber range.

2. Experimental and treatment processes

2.1 Basics

Within the Raman scattering process the interaction of the laser light with the medium implies the
conservation of both energy and wave vector. The energy change corresponds to the creation of one
phonon (Stokes process) or destruction of one phonon (anti-Stokes process) according to:

ℏωs=ℏωi∓ℏω p (1)

where  ħ is the reduced Planck constant,  ωi,  ωs,  ωp are the frequency of the incident photon, the
scattered photon and the phonon respectively.

The intensity  Is of first-order scattering by a phonon or any excitation described by a boson is
proportional to:[12]

I s∝ Ii χ ' ' (ω )ωs
3{n (ω,T )+1
n (ω,T )

 (2)

where  Ii is the intensity of the input laser,  n(ω,T) is the population factor of phonons at thermal
equilibrium given by:

n (ω,T )=
1

exp(
ℏω
k BT )−1  (3)

where kB is the Boltzmann factor and T the absolute temperature. χ’’(ω) is the line shape response of
a harmonic mode. According to Stokes or anti-Stokes scattering, the factor  n+1 or  n is used. The
factor  ωs

3 reflects the conversion of photon in the CCD i.e.  via photon counting device.  If the
detector is based on energy detection, this factor is ωs

4.[7,13]

Both factors have to be accounted in order to reach the bare spectral response corresponding to
χ’’(ω). The first one related to population factor is larger than the second one (factor  ωs

3 or  ωs
4).

Therefore the intensity ratio between Stokes and anti-Stokes is generally approximated by IStokes/Ianti-

Stokes ~ (n(ω,T)+1) / n(ω,T) and used to determinate local temperature.[7] It should be mentioned that
this ratio for the second-order scattering is much larger since it varies as ((n(ω,T)+1) / n(ω,T))2.

In vibrational spectroscopy, it is frequent to use the wavenumber  ν̄=1/ λ (expressed in cm-1)
instead of the angular frequency, so that the relative wavenumber  Δ ν̄=1/ λ i−1 /λs describes the
Raman shift with respect of the laser line at 0 cm-1. In this case Equation (1) can be re-written as
follows:

ν̄s= ν̄ i∓ ν̄ p (4)
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Note that the upper symbol corresponds to the Stokes scattering in both cases (Equations 1 and 4).

2.2 Experimental conditions and features

Raman  spectra  were  recorded  using  a  confocal  Raman  microscope  LabRAM  HR  Evolution
(Horiba) with an exciting line of 532 nm. The laser light was focused through a 50× objective
(Olympus) at a distance above 1 cm from the sample placed into a HFS temperature stage (Linkam).
The Raman system leads to a spectral resolution of 1 cm-1 using a 1800 grooves per millimeter
grating and is equipped with an ultra-low frequency (ULF) module. The ULF module consists of
three Notch filters in a row rejecting the laser line centered at 0 cm -1 and providing access to anti-
Stokes scattering and wavenumbers down to ± 5 cm-1. In the examples illustrating our proposed
method, we carried out backscattering Raman measurements in various polarized configurations in
order to discriminate different phonon modes according to their symmetry.

2.3 Procedure and treatments

To  correctly  simultaneously  use  the  Stokes  and  anti-Stokes  parts  of  a  Raman  spectrum,  it  is
necessary to pay attention to some experimental features and then to apply several treatments. The
procedure consisting of applying a series of operations is described below.

At first, the use of several notch filters is needed to reject the main part of elastic scattering. The
exploitation  of  the  spectrum in  both  sides  of  the  Rayleigh  line,  additionally  requires  a  special
attention on the adjustment of the position of zero line. Obviously the spectra are to be calibrated to
a well known line (i.e. Si peak located at 520.7 cm-1).

Then, we can proceed by successive steps of treatment as follows.
The first stage consists in symmetrizing the Stokes and the anti-Stokes parts with respect to the

laser  line.  For  this,  the  data  are  interpolated  to  increase  the  number  of  points  that  defines  the
spectrum (step of 0.2 cm-1). The laser line can be then adjusted more precisely to 0 cm-1 by shifting
the spectrum along the wavenumber axis. Moreover, this interpolation leads to have the same step
in cm-1 between two consecutive points along the entire spectrum on the Stokes and the anti-Stokes
parts.

Second, it is important to account the sources of anti-symmetric background coming from the
instrumentation.  The  background  arising  from  the  CCD  camera  is  corrected  by  a  white  light
spectrum and stored in the software. Then a specific linear baseline correction is applied to reduce
the effect of the notch filters. As the Raman intensity is proportional to ωs

3, when a CCD is used as
detector[7,13] it needs to be corrected by dividing the spectrum by this factor. The next step is to take
into account the population factor given by Equation (3). Thus, the intensities from the anti-Stokes
part (inferior to 0 cm-1) are divided by n and the intensities from the Stokes part (superior to 0 cm -1)
by n+1. 

After these corrections, we can proceed to the last step consisting in the difference between the
Stokes and the anti-Stokes parts. We therefore obtain the so-called difference spectrum as follows:

IDifference=
I Stokes

(n (Δν̄ ,T )+1 ) .ν i . (ν i− Δ ν̄ )
3−

I anti− Stokes
n (Δ ν̄ ,T ) .ν i . (ν i+Δ ν̄ )

3  (5)

In these calculations, the population factor is used as follows:

n (Δ ν̄ ,T )=
1

exp( 1.439×Δ ν̄
T )−1 (6)

where Δ ν̄ is the relative wavenumber in cm-1.
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In our procedure, the difference between the Stokes and anti-Stokes parts is used rather than the
ratio since it is more sensitive.

Consistently  with  Equation  (5)  if  the  difference  spectrum  is  zero,  this  shows  without  any
ambiguity the first-order scattering of the spectrum.

To illustrate the correction procedure we have recorded the Raman spectrum on cystine and we
used it  as example.  As shown in Figure 1,  we note the discrepancy between raw data  and the
spectrum obtained after application of the corrections. In this case we achieve, a nearly perfect and
symmetrical  spectrum,  so  that  the  spectrum  difference  is  almost  zero.  However,  it  should  be
mentioned that due to the laser filters, the signal between -5 and +5 cm-1 has not to be considered.

Figure 1. Raman spectrum of cystine (a) before and (b) after the correction procedure.

3. Results and applications

3.1 Second-order scattering and line leakage

The first  example concerns  the highlighting of expected first-order  lines in  a  polarized Raman
spectrum. Indeed, additional bands can be due either to second-order scattering or to a leakage of
modes of a symmetry different from the expected one. These both cases are illustrated by BaTiO3

(BT). BT is a material of perovskite structure, undergoing successive ferroelectric phase transitions
on cooling from the paraelectric cubic phase.[14] This compound was widely investigated by Raman
spectroscopy  in  order  to  study  the  mechanism  of  phase  transitions.[15,16,17] We  show  here  two
different  examples  on  polarized  Raman  spectra  recorded  on  this  material.  The  use  of  various
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configurations  gives  rise,  in  principle,  to  a  discrimination  of  phonon  modes  with  different
symmetries.

The Raman spectrum carried out at room temperature and reported in Figure 2 presents, in the
configuration corresponding to the detection of E(TO) modes in low-wavenumber range, an intense
signal due to the superposition of strong quasi-elastic scattering and low energy phonon. These
features were widely studied in the framework of phase transition mechanism.[17,18] Here we pay
attention to the broad band and the narrow line which are detected at higher wavenumber. The sharp
peak around 300 cm-1 is without any ambiguity attributed to first-order scattering due to optical E
phonon. By contrast, the broad bands are the object of controversies about their origin: second-order
scattering or disorder-induced first-order scattering.[15] We therefore applied the above mentioned
procedure, in order to discriminate between first and second order origin of the band around 270
cm-1. The “difference spectrum” was obtained nearly to 0. This means that both lines are attributed
to first-order phonons. In fact, narrow peaks are expected only in the configuration Y(XZ)Y, while
wide bands result from a leakage of first-order phonons with another symmetry (A1 modes) owing
to a small misorientation of the sample versus polarizers (or imperfection of polarizers).[19]

Figure 2. Spectra recorded on BT in the Y(XZ)Y configuration at room temperature. (a) raw data;
(b) spectrum after applying corrections; (insert) difference spectrum. The “zero” difference above

50 cm-1 between Stokes and anti-Stokes spectra reported in the insert proves the first-order
scattering origin of the narrow and broad peaks. The signal below 50 cm-1 is due to the filter and

quasi-elastic scattering which is not fully symmetric.
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The spectrum shown in Figure 3 and recorded at 180°C in the cubic phase of BT displays only
wide bands. In principle, only second-order scattering is expected in the centrosymmetric structure.
Nevertheless, several authors invoked the possibility of first-order induced by Ti-disorder to explain
the large signal.[20,21,22] According to our approach, a difference spectrum should be vanished in this
case.  Our calculations give rise to a non-zero “difference spectrum” (see the insert Figure 3b). This
clearly discards the sole first-order origin of the detected broad bands and proves by contrast that
they  mainly  arise  from  second-order  scattering.  However  the  possibility  of  weak first-order
scattering hidden by strong and broad bands cannot be excluded within our procedure.

The separation between first- and second- order scattering is a problem that is difficult to be
solved.  It  generally  requires  to  exploit  the  temperature  dependence  of  the  spectrum since  the
population factor is strongly different for both processes.[19]

Here the advantage of our procedure is that the measurements are needed at one temperature
only.

Figure 3. Spectra recorded on BT in the Z(XX)Z configuration at 180°C (cubic phase). The
difference between Stokes and anti-Stokes spectra reported in the insert evidences the second-order

origin of the scattering.

3.2 Superposition of emission and vibrational states in the spectrum

The second application concerns the simultaneous observation of Raman bands and emission lines,
within  the  same range of  the  recorded spectrum in  a  crystal  of  LiNbO3 doped with  holmium.
Lithium niobate  (LN)  is  a  well-known material  thanks  to  its  outstanding  properties [23,24,25] and
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potential applications in piezoelectricity, acoustics,[26,27] wave guiding[28] and nonlinear-optics.[29] It is
a  versatile  material,  the  properties  of  which  can  be  matched  according  to  the  nature  and
concentration of doping.[30,31] Thus, doping these crystals with rare earth ions attracts attention for
laser applications, and therefore characterization of emission spectra is required in this case. Doping
with holmium presents a special interest for up-conversion emission in green and red.[32,33] We thus
carried out polarized Raman experiments on Ho3+ -doped LN single crystals.

Figure 4. Spectra recorded on 1% mol Ho3+doped LN in Y(ZZ)Y and Y(XZ)Y configurations. (a)
raw data; (b) spectra after corrections.

The spectra were recorded in the configurations Y(ZZ)Y and Y(XZ)Y corresponding to A1(TO)
and E(TO) phonon modes respectively. Figure 4a shows the Raman spectrum recorded on LN: 1%
mol Ho with 532 nm exciting laser line. The spectrum exhibits a Stokes part totally different from
the anti-Stokes part. Such a large difference is rather unusual, and can be explained by the detection
in the  Stokes  part,  of  emission peaks  besides  Raman lines.  This  is  confirmed if  the  excitation
wavelength is changed to 785 nm, because in this case, the Raman spectrum is only detected with
symmetrical Stokes and anti-Stokes positions. Furthermore the anti-Stokes spectrum in Figure 4
exhibits the expected first-order lines in agreement with earlier Raman data.[34]

The Stokes Raman spectrum of Figure 4 is difficult to analyze due to the superposition of the
vibration and emission bands. It should be underlined that here the emission lines are as narrow as
vibrational lines, rendering impossible the discrimination between both phenomena. We therefore
applied the procedure described above. Since the luminescence only causes a Stokes shift only, the
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less intense anti-Stokes part reported in Figure 5a could be used to study the sole vibrational modes.
The  “difference  spectrum”  plotted  in  Figure  5b  shows  that,  as  expected,  the  Raman  peaks
completely  disappear  and  reveals  only  the  emission  spectrum in  both  configurations.  We thus
achieved a separate detection of both vibrational and emission spectra as illustrated in Figure 5.

Figure 5. Spectra of 1% mol Ho3+doped LN in Y(ZZ)Y and Y(XZ)Y configurations. (a) anti-Stokes
part after corrections; (b) difference spectra providing π and σ emission corresponding to Y(ZZ)Y

and Y(XZ)Y configurations respectively.

Thus, reconstructed emission and vibrational spectra are found in fairly good agreement with
direct and separate luminescence and Raman reported in the literature.[33,35,36]

4. Discussion and conclusion

A methodology of treatment of both Stokes and anti-Stokes spectra is proposed in order to provide a
non-classical  exploitation  of  Raman data.  We first  underline  the  corrections  afforded by Bose-
Einstein population factor and the scattered intensity dependence on wavelength. Then we apply our
method to two different experimental cases.

In the first example on Raman spectra of BaTiO3 crystal,  our suggested procedure allows to
discern  between  the  first-  or  second-  order  origin  of  broad  bands,  from measurements  at  one
temperature only. The multi-scattering processes arise from various combinations of acoustic and
optical phonons, and their positions can be calculated by ab initio approach.[11] Nevertheless it is
generally difficult to discriminate in an experimental spectrum between lines arising from different
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processes. However, since the population factor is different, the analysis of thermal behavior of
intensity  of  the  lines  should  provide  separation.  In  fact,  this  method  is  not  reliable  since  the
temperature dependence of the Raman spectrum is function of other parameters such as the sample
optical absorbance.[37] A more suitable method consists into fitting the Raman spectrum assuming
that the narrow lines are due to first-order phonons and the broad bands arise from multi-phonon
process.[19] Our present method is more direct and does not require the study of the temperature
dependence of the Raman spectrum.

The second example concerns Ho3+doped LN crystals with a luminescence superimposed on the
Raman  spectrum.  Our  method  provides  a  possibility  to  separate  the  emission  spectrum which
corresponds to the “difference spectrum” between Raman Stokes and anti-Stokes spectra. 

Several  techniques  exist  to  overcome  the  fluorescence  problem  which  partly  or  totally
overwhelms the Raman spectrum. 

Mosier-Boss  et  al.[38] and  Zhao  et  al.[39] demonstrated  the  use  of  shifted-spectra  difference
technique  for  rejecting  fluorescence.  The  technique  consists  of  subtracting  two slightly  shifted
Raman spectra obtained by moving the spectrometer grating[38] or by using two different laser lines.
[39] As  the  fluorescence  does  not  change with  the  excitation  wavelength,  the  difference  Raman
spectrum allows to rebuilt properly the pure Raman spectrum free of fluorescence common to both
spectra  by  different  signal  treatments  (edge  detection,  Fourier  transformation,  deconvolution
algorithms).

All these methods to recover Raman signal, require large instrumentation, several laser sources
and  sophisticated  treatment.  They  are  therefore  costly  and  time  consuming.  By  contrast,  our
technique is rather rapid and does not request additional set up. In addition, if needed, both emission
and vibrational spectra can be separately obtained. 
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