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Abstract

Stokes and anti-Stokes intensities are reported along with the
relative wavenumbers for Titanium dioxide and Sulfur. The
relative wavenumbers for the anti-Stokes and Stokes intensities
were measured to be close to the same value in magnitude. The
ratios of anti-Stokes to Stokes intensities for Titanium dioxide
was measured to be 0.208 £ 0.045 where as the Sulfur ratio was
0.420+0.070. Along with the ratios of the anti-Stokes to Stokes
intensities, the room temperature was measured with the data
that was collected in this experiment. The most accurate tem-
perature value that was measured with the use of the Titanium
dioxide in this experiment was 380444 K. Standard room tem-
perature is taken to be 293 Kelvin according to NIST [6]. This
discrepancy was determined to be caused by systematic error.
For further information on Raman Spectroscopy see References
[1] through [12].

Introduction

Raman Scattering is the inelastic scattering of photons via
molecules resulting in excitation or de-excitation of vibrating
modes [9]. There are two distinct areas (Ranges of relative
wavenumbers) where this scattering effect can be observed. For
this articles sake we will refer to the locations of these Raman
peaks as both anti-Stokes and Stokes intensities. The Stokes
intensities are peaks of observed high intensity where the emit-
ted photon has less energy, the anti-Stokes lines are lines of ob-
served high intensity where the emitted photon has more energy
after inelastically scattering into the material [9]. The Stokes
and anti-Stokes lines were both named after George Stokes who
first observed this scattering effect in 1852 [9].

In this experiment the primary sample that is being observed
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is Titanium dioxide (Ti02). Titanium dioxide is a chalky white
powder that is primarily used in cosmetics, toothpaste, adhe-
sives, plastics, other consumer products, and the most appli-
cable to this study is sunscreen [2]. Essentially, there are dif-
ferent kinds of Titanium dioxide. The first type is referred to
as Pigment-grade Titanium dioxide. Pigment-grade Titanium
dioxide is used primarily in items such as paints and coatings,
plastics and adhesives, rubber, cosmetics, and paper products
[3]. The other type of Titanium dioxide is called ”Nanoscale
Titanium dioxide”. Nanoscale Titanium dioxide is used in pri-
marily sunscreen and catalysts [3]. The reason why Titanium
dioxide is used in sunscreen is because the particle size is ex-
tremely small, and this extremely small particle does not reflect
visible light but rather absorbs UV light [3]. This phenomena of
Nanoscale Titanium dioxide absorbing UV light is what makes
it so applicable and useful in sunscreen. This is also a driving
factor into why Titanium dioxide was used as a sample in this
experiment.

The other sample that is examined for this experiment is
Sulfur. Sulfur has a wide variety of uses, ranging from the pro-
duction of black powder, vulcanization of black rubber, and the
manufacturing of sulfuric acid [3]. For the purpose of this ex-
periment Sulfur was used to serve as a comparison for Titanium
dioxides’s anti-Stokes to Stokes ratio. The calculation for room
temperature will use the data that was collected for Titanium
dioxide.

Experiment

The equipment used in this experiment consisted of mirrors,
beam splitters, stands to hold these objects, a 90 mW 785 nm
laser, and one Acton Spectropro SP-2300 spectrometer with A
PIXIS CCD for analyzing the samples. The software that was
used to observe the Raman Scattering in this experiment was
Light Field. The laser from the 785 nm source is directed to
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the Titanium dioxide or Sulfur sample that is suspended via
a tray. After the laser scatters from the sample that is being
suspended, it is redirected to the spectrometer to be analyzed
with the aide of Light Field.

Data and Discussion

Multiple exposure times were ran for analyzing the Titanium
dioxide sample but the four second exposure time was found to
have the best data for taking measurements of the anti-Stokes
to Stokes ratios, as well as calculating a value for the room
temperature. It is because of this that the four second expo-
sure time will be the only exposure time that is reported for the
Titanium dioxide sample. Figure 1 shows the data points for
the anti-Stokes intensities of Titanium dioxide at a four second
interval. For simplicity sakes, relative wavenumber will be ab-
breviated with ”Relative v” in the proceeding tables. The error
calculated for intensity on the anti-Stokes side came out to be
~ 9.8%. There was no error worth reporting for the Relative
Wavenumber.
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Figure 1: Anti-Stokes intensities of TiO2 at 4 second exposure.
The first peak that occurred which is ~ 26,000 m~! can be
neglected due to errors in the instruments of the experiment.

The ”#” in the Table 1 and the following Tables depict the
counts that are proportional to the number of photons observed
in the exposure interval.

Relative v (m~!) | Intensity #
26,336 67.916 £6,636
44,854 32,530 £3,203
60,872 16,548 1, 629

Table 1: Anti-Stokes intensities of TiO2 at 4 second exposure.

Figure 1 and Table 1 depict the results for a four second run
of the anti-Stokes intensities. The intensities found in Table 1
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were calculated with the use of a peak fitting software called Fi-
tyk. To calculate the intensities of the peaks, Fityk calculated
the area under the curve for each individual peak. The relative
wavenumber on the other hand was able to be calculated with
first finding the wavelength of the peak with excel, and then
converting it to a wavenumber, the laser’s wavenumber was
then subtracted off this value to give the relative wavenumber
of the sample. Figure 2 shows the Stokes intensities of Tita-
nium dioxide at a four second exposure.
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Figure 2: Stokes intensities of TiO2 at 4 second exposure.

Figure 2 shows the Stokes intensities of TiO2 at three differ-
ent relative wavenumbers. It should be noted that the relative
wavenumbers are close to those found in the anti-Stokes plot in
Figure 1. To better represent the Stokes intensities for TiO2 at
the two second exposure Table 2 is constructed. The error in
measurement for the intensity of the Stokes side was calculated
to be =~ 4.8%.

Relative v (m™ ') | Intensity #
-60,440 101,796 +4, 881
44,176 128,282 £6, 151
23,103 51,558 £2, 472

Table 2: Stokes intensities of TiO2 at 4 second exposure.

The intensities in Table 2 were calculated with a PsuedovoigtA
function in Fityk where as the intensities in Table 1 were cal-
culated with a GaussianA function. The choices of functions
depended primarily on the shape of the peaks. In Figure 2,
the peaks tend to be symmetric except for the last peak found
around ~ 23,000 m~'. Because of this odd shape of the last
peak, the PsuedovoigtA function had to be used instead of the
GaussianA function.

The Sulfur sample was examined at three seconds with the
same procedure that was used for the Titanium dioxide. Fig-
ure 3 shows the anti-Stokes intensities for Sulfur at the three
second exposure.
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Figure 3: Anti-Stokes intensities of sulfur at 3 second exposure.

Figure 3 shows two distinct Raman peaks unlike the three Ra-
man peaks that kept occurring in both Figure 1 and Figure
2 for the Titanium dioxide sample. The two samples share
similar shapes for the anti-Stokes side of their respective room
temperature Raman spectrums. The intensities and relative
wavenumbers for each sample however are both different. The
error in measurement of the intensities for the anti-Stokes side
of Sulfur were different for each respective peak. The peak that
is ~ 47,000 m~! has an error of ~ 9.98% where as the peak
that is ~ 26,000 m~"! has an error of ~ 1.08%. Table 3 is con-
structed to help convey the results seen in Figure 3.

Relative v (m™T)
26,336
47,468

Intensity #
45,386 +490
2,014 +201

Table 3: Anti-Stokes intensities of Sulfur at 3 second exposure.

First glance reveals that the larger peak (Meaning a greater
area) has a smaller relative error and the smaller peak has a
greater one. After the anti-Stokes intensities were examined
the Stokes intensities were examined next which can be seen in
Figure 4 below.
There are two distinct Raman peaks that occur on the Stokes
side of Sulfur’s Raman spectrum. Opposite of the anti-Stokes
side, the uncertainties in the Stokes intensities were less for each
individual peak. The first peak that occurs at ~ —47,000 m~!
has an error of ~ 1.46%. The second peak at ~ —21,000 m~*
has an error of = 1.52%. These two peaks can be seen in Table
4 below.
The intensities in Figure 4 can be seen to have narrow peaks.
These narrow peaks are a cause in why we see a smaller inten-
sity value for the Stokes intensities of Sulfur compared to the
anti-Stokes intensities.

The temperature of a sample can be calculated via the tech-
niques that have been used in this lab surrounding Raman spec-
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Figure 4: Stokes intensities of Sulfur at 3 second exposure.
Smaller peaks that subside around the larger ones were ne-
glected in the measurements for this side of Sulfur’s room tem-
perature Raman spectrum.

Relative v (m™1)
47,042
21,694

Intensity #
5,905 +86
8,643 +93

Table 4: Stokes intensities of Sulfur at 3 second exposure.

troscopy. In essence, we are calculating the temperature of the
Titanium dioxide sample, not the room temperature. But since
the sample is being stored at room temperature during the du-
ration of this experiment, we can assume that the temperature
of the sample is also the temperature of the room. For more
information on how temperature affects the Raman spectrum
of a material see reference [8] or [12]. The equation that is used
to calculate the temperature of the sample is

—h-V,

= Vi—Vi)? T
k-ln [EViJrVV;S o

T

(1)

where h is Planck’s constant, k is Boltzman’s constant, V,, is
the vibrational mode of the sample, V; is the vibrational mode
of the laser, 145 is the intensity of the anti-Stokes, and Ig is
the intensity of the Stokes [8]. In the context of this experi-
ment, the only variables that changes throughout each new run
for Titanium dioxide is V,,, I4g, and Ig. It is because of the
majority of the variables not changing that we were able to get
multiple measurements of temperature from the Titanium diox-
ide sample. Table 5 was constructed to depict the temperature
estimates from the relative wavenumbers that were found for
the anti-Stokes intensities of Titanium dioxide.

Immediate observations show that the peak with a relative
wavenumber of 26,336 m~! has a temperature estimate that
cannot be accurate. Absolute zero is defined to be lowest tem-
perature possible [10]. Absolute zero has never been reached
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Relative v (m~!) | Intensity # | Temp. (K)
26,336 67,916 -2,365 + 272
44,854 32,530 385 + 44
60,872 16,548 394 + 45

Table 5: Temperature estimates from Titanium dioxide for anti-
Stokes intensities.

according to all human observations to this date, and thus is
why the temperature found for the relative wavenumber of Ti-
tanium dioxide of —2,365 + 272 K cannot be correct due to
it being theoretically impossible. The other two measurements
seen in Table 5, albeit they are not consistent with what room
temperature is defined to be ~ 293 K [6], they are both at least
theoretically possible. The same analysis was ran for the Stokes
intensities of Titanium dioxide and the temperature estimates
can be seen in Table 6 below.

Relative v (m~!) | Intensity # | Temp. (K)
-60,440 101,796 391 £ 45
-44,176 128,282 380 £+ 44
-23,103 51,558 -1,885 + 217

Table 6: Temperature estimates from Titanium dioxide for
Stokes intensities.

This time in Table 6 the relative wavenumber of —23,103 m~!
has an impossible temperature estimate similar to the one in
Table 5 of similar relative wavenumber. The other two temper-
ature estimates in Table 6 are realistic temperatures, just not
for room temperature.

The last bit of information that is worth reporting are the
overall ratios of the anti-Stokes to Stokes intensities of both the
Titanium dioxide and Sulfur sample. The ratio for the anti-
Stokes to Stokes intensity for the Titanium dioxide sample is

1}4—5 — 0.208 + 0.045.

S

2)

The value found in (2) was calculated with the intensities of the
peaks found in both Table 1 and Table 2. The peak that was
generating a temperature estimate that was not theoretically
possible was not incorporated into the ratio calculation since
this peak is more than likely an error from the instrumentation.
From (2), the anti-Stokes to Stokes intensity ratio for Sulfur was
found to be

I
A4S _ 0.420 + 0.070.

- (3)

Immediate inspection shows that the ratio of the anti-Stokes
to Stokes intensity is greater for Sulfur than that of Titanium
dioxide.
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Conclusions

Titanium dioxide and Sulfur’s room temperature Raman
spectrum were both observed with the intention to find a ratio
of the anti-Stokes to Stokes intensities. From the calculated
anti-Stokes to Stokes ratio, the room temperature was then
calculated with the use equation (1). The best temperature
estimate that was found amongst the data was T' = 380 + 44
K. Albeit T' = 380 + 44 K was the best measurement that was
made in this experiment, it is not a correct value for the room
temperature where this experiment was conducted. At it’s low-
est value of T' = 336 K, the temperature estimate is still 43 K
away from a reasonable estimate for room temperature [6]. This
discrepancy in temperature shows that the error found is due
to systematic error. The biggest contributing factor to why the
temperature estimate is so incorrect is more than likely due to
the spectrometer or some other device in the instrumentation
setup that needs to be calibrated. These modifications could
lead to a better intensity measurement and thus a better esti-
mate for the room temperature. It should be noted that the
temperature estimate became closer to actual room tempera-
ture when the exposure time was increased. If this experiment
were to be conducted again, a calibration amongst the equip-
ment would be the primary issue to resolve, and then an expo-
sure time longer than four seconds for either sample would be
recommended.
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