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Spectroscopists are generally aware that the temperature of a material can be determined through 
the measurement of the Stokes and anti-Stokes Raman band signal strengths. However, inspection 
of the equation describing that mathematical relationship by itself does not immediately reveal 
those temperature ranges and corresponding frequencies of vibrational modes for which one could 
reliably determine temperature by using this method of Raman spectroscopy. Mathematical com-
putation of this relationship allows users to understand and visually grasp how temperature, Raman 
shift, and laser excitation wavelength all interact, and thereby better design Raman thermometry 
experiments or measurements with realistic expectations for the determination of temperature.  
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Methods for determining the temperature of a 
material by either measuring the Raman peak 
position as a function of temperature or ob-

taining the ratio of the anti-Stokes to Stokes signal 
strengths of a specif ic Raman band were explained 
and discussed in a previous issue of Spectroscopy (1). 
The latter way of determining the temperature is to 
measure the signal strengths of a particular Raman 
band at the Stokes and anti-Stokes positions, and cal-
culate the temperature based on a Boltzmann distri-
bution of the ground and first excited state populations.  
The expression most frequently given to describe this 
relationship is shown in Equation 1, where T is the tem-
perature, k is Boltzmann’s constant, h is Planck’s con-

stant, νl is the frequency of the laser, νv is the frequency 
of the vibrational mode (Raman band position), and 
the Stokes (IS) and anti-Stokes (IAS) Raman scattering 
strengths are based on energy detection of the signals 
(2). 

        [1]

The means of experimentally detecting the  Stokes 
and anti-Stokes Raman scattering is very important. 
The use of Equation 1 is appropriate when spectra are 
acquired with energy based detection, whereas Equation 
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Figure 1: IAS/IS response to Raman shift: the ratio of the anti-Stokes to Stokes signal strengths as 
a function of temperature calculated for a Raman shift of 10 cm-1 with an excitation wavelength 
of 532 nm.
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Figure 2: IAS/IS response to Raman shift: the ratio of the anti-Stokes to Stokes signal strengths as 
a function of temperature calculated for a Raman shift of 400 cm-1 with an excitation wavelength 
of 532 nm.
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2 should be used when photon count-
ing is the basis for detection (3,4): 

 
 [2]
 

When spectra are acquired using a 
charge coupled device (CCD) detec-
tor, which is a photon counting device, 

Equation 2 is more appropriate for the 
analysis of the data. An additional point 
regarding units should be clearly un-
derstood. Planck’s constant is in units 
of J×s and Boltzmann’s constant is in 
units of J/K. Therefore, νv must be in 
units of s-1 for units to cancel providing 
T in degrees Kelvin when rearranging 
Equations 1 and 2 to calculate T or the 
ratio of the anti-Stokes to Stokes signal 

strengths as a function of temperature.
One of the more important aspects 

of Raman thermometry discussed in 
the prior work (1) was the significant 
difference between the Stokes and 
anti-Stokes signal strengths, which 
are related to the populat ions of 
the ground and first excited vibra-
tional states, respectively. At room 
temperature, the partition function 
informs us that the population of 
the ground state will be higher than 
that of the excited state for oscil-
lators with energies of vibrational 
modes. Consequently, we can ex-
pect that the higher the energy of 
the vibrational mode is, the lower 
the population of the excited state 
and therefore the weaker the signal 
strength of the anti-Stokes Raman 
band wil l be. Indeed, it is a good 
rule of thumb that Raman bands at 
lower frequencies will generally have 
higher anti-Stokes signal strengths 
and better signal-to-noise rat ios, 
thereby y ielding a more accurate 
temperature determination. How-
ever, we show through calculations 
employing equation 1 that the rela-
tionship of the ratio of anti-Stokes 
to Stokes signal strengths to tem-
perature and Raman band shift can 
be far more complicated, depend-
ing upon the temperature range in 
which one expects to make Raman 
measurements. The Raman band at 
the lowest available frequency is not 
always the best choice.

The purpose of this installment 
of “Molecular Spectroscopy Work-
bench” is to help users to understand 
and visual ly grasp how tempera-
ture, Raman shift, and laser excita-
tion wavelength all interact through 
equation 1, and thereby better design 
Raman thermometry experiments 
or measurements with realistic ex-
pectations for the determination of 
temperature. To that end, we have 
w rit ten interact ive programs in 
Mathematica software to calculate 
the ratio of the anti-Stokes to Stokes 
signal strengths of Raman bands 
with variable inputs of laser excita-
tion wavelength, Raman band posi-
tion, and temperature. The results of 
these calculations are presented as 
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Figure 3: IAS/IS response to Raman shift: the ratio of the anti-Stokes to Stokes signal strengths as 
a function of temperature calculated for a Raman shift of 1000 cm-1 with an excitation wavelength 
of 532 nm.
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Figure 4: IAS/IS response to Raman shift: the ratio of the anti-Stokes to Stokes signal strengths as 
a function of temperature calculated for a Raman shift of 1800 cm-1 with an excitation wavelength 
of 532 nm.
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plots of the ratio of the anti-Stokes 
to Stokes signal strengths as a func-
tion of temperature or Raman band 
position. These plots are highly in-
structional, insofar as they reveal 
the optimal choice of Raman band 
for a particular range of tempera-
tures. Conversely, they a lso show 
spectral ranges that would not allow 
the spectroscopist to determine the 
temperature because of the weak 
variance of the anti-Stokes to Stokes 
signal strengths of Raman bands 
over a particular temperature range 
or because the ratio values are too 
low for meaningful experimental 
measurement.

The point concerning the weak 
variance of the ratio of anti-Stokes 
to Stokes signal strengths of Raman 
bands as a function of temperature is 
perhaps the most important, and the 
plots offer a caution to spectrosco-
pists performing Raman thermom-
etry. Inspection of equation 1 by 
itself does not immediately reveal 
those temperature ranges and corre-
sponding frequencies of vibrational 
modes for which one could not reli-
ably determine temperature by using 
the anti-Stokes to Stokes method of 
Raman spectroscopy. Therein lies 
the danger. The spectroscopist may 
falsely assume from equation 1 that 
any pair of Stokes and anti-Stokes 
Raman bands will be appropriate for 
the determination of temperature in 
any temperature region, as long as 
the signal-to-noise ratio of the paired 
bands are adequate. Indeed, we show 
with interactive computations that 
some Raman frequency ranges are 
well suited for Raman thermometry 
in a particular temperature range, 
whereas other Raman shift ranges 
wil l y ield unreliable temperature 
results notwithstanding the acquisi-
tion of spectra with good signal-to-
noise ratios.

The calculated Raman responses 
shown in this article were produced 
by a Mathematica-based document 
written by the author that includes 
instructional text and interactive 
programs on the subject of Raman 
thermometry. Users of the program 
are able to see how the ratio of the 

anti-Stokes to Stokes signal strengths 
varies with temperature, wavenum-
ber of the Raman band, and excita-
tion wavelength. The technical and 
interactive document is avai lable 
from the author in Mathematica 
notebook file format and computable 
document format (CDF). Those who 
do not have Mathematica will need 
to download the free Wolfram CDF 

Player (http://www.wolfram.com/
cdf-player/) from Wolfram in order 
to interact with the CDF document.

Raman Signal Strength 
as a Function of Temperature
As mentioned. our goal is to allow 
users to understand and v isua l ly 
g rasp how temperatu re ,  Ra ma n 
shi f t ,  and laser excitat ion wave-
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length a l l interact through equa-
t ion 1, and thereby better design 
Raman thermometry experiments 
or measurements with realistic ex-
pectations for the determination of 
temperature. A good way to visually 
accomplish this task is to plot the 
ratio of the anti-Stokes to Stokes 
signa l strengths as a funct ion of 

temperature. The interactive pro-
gram written for this work calcu-
lates the rat io of the ant i-Stokes 
to Stokes signals as a function of 
temperature with the options to se-
lect the laser excitation wavelength 
and Raman shift. The temperature 
ra nge d iscussed in t h is  work is 
from 77 K (liquid nitrogen) to 600 

K.  The init ia l Laser Wavelength 
and Raman Shif t va lues selected 
in the interactive program are 532 
nm and 10 cm-1, respectively. One 
can see in Figure 1 that, for these 
settings, the slope of the plot of the 
ratio of the anti-Stokes to Stokes 
signa l strengths as a funct ion of 
temperature is  greatest at  77 K, 
and decreases with increasing tem-
perature. The slope at a given tem-
perature is directly related to one’s 
abi l ity to resolve higher or lower 
temperatures through the measure-
ment of the ratio of the anti-Stokes 
to Stokes  s ig na l  s t reng t hs .  T he 
greater the slope, the better one will 
be able to resolve temperature dif-
ferences by the Raman method.

Based upon t he plot obta ined 
at these settings, the temperature 
range from 77 to 200 K offers the 
best temperature resolution for a 
Raman band at 10 cm-1 and using 
532 nm excitation. However, note 
that the ratio of the anti-Stokes to 
Stokes signal strengths varies be-
tween approximately 0.83 and 0.93 
between 77 and 200 K, a range of 
merely 0.1. Therefore, even though 
the slopes between 77 and 200 K 
are favorable, the narrow range of 
intensity ratios will require strong 
signa l-to-noise rat ios to exper i-
mentally resolve temperatures. The 
slope in the range from 200 to 300 K 
decreases progressively, but should 
still be adequate to experimentally 
determine the temperature.  Beyond 
300 K, the slope becomes f lat ter 
with increasing temperature and 
so a Raman band at 10 cm-1 and 
using 532 nm excitation would not 
be a good choice in this tempera-
ture range. Movement of the Laser 
Wavelength slider from 400 nm to 
800 nm in the interactive program 
reveals that the shape of the calcu-
lated function does not change at all 
and the ratios of the anti-Stokes to 
Stokes signal strengths as a func-
t ion of temperature change only 
slightly. Therefore, the ratio of the 
anti-Stokes to Stokes signals as a 
function of temperature at this low 
Raman shift is independent of exci-
tation wavelength.

Figure 5: IAS/IS response to temperature: the ratio of the anti-Stokes to Stokes signal strengths 
as a function of Raman shift calculated for a temperature of 77 K with an excitation wavelength 
of 532 nm.
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Figure 6: IAS/IS response to temperature: the ratio of the anti-Stokes to Stokes signal strengths 
as a function of Raman shift calculated for a temperature of 298 K with an excitation wavelength 
of 532 nm.
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With the Laser Wavelength re-
ma i ni ng at  532 nm, t he Ra ma n 
shift slider is moved from 10 cm-1 
to 400 cm-1, as shown in Figure 2. 
Notice how signif icant ly the plot 
of the rat io of the anti-Stokes to 
Stokes signal strengths as a func-
tion of temperature changes shape. 
Whereas the slopes had previously 
been most steep between 77 and 
200 K, they are now f lat or shallow 
between 77 and 140 K. At tempera-
tures greater than 140 K, the plot 
seems to have an approx imately 
constant slope, and appears fairly 
l inea r.  I f  t he Laser Waveleng t h 
sl ider is moved between 400 and 
800 nm, one observes that the shape 
of the plot doesn’t change, but that 
al l of the ratios of the anti-Stokes 
to Stokes signals as a function of 
temperature increase slightly with 
increasing laser wavelength. Setting 
the excitat ion wavelength to 800 
nm increases the maximum ratio of 
the anti-Stokes to Stokes signals to 
0.48 from 0.44 at 532 nm excitation, 
thereby offering a slight improve-
ment over ratio values expected at 
532 nm. Therefore, a longer excita-
tion wavelength should yield only a 
marginally better ratio of the anti-
Stokes to Stokes signals as a func-
tion of temperature when monitor-
ing a Raman band at 400 cm-1.  Also, 
note that the ratio of the anti-Stokes 
to Stokes signals varies between ap-
proximately 0.02 and 0.44 at an ex-
citation wavelength of 532 nm. That 
is a range of 0.42, which is a signifi-
cant improvement over the range of 
0.1 for the Raman band at 10 cm-1. 
However, it will be very difficult ex-
perimentally to accurately measure 
the ratio of the anti-Stokes to Stokes 
signal strengths at values of 0.05 or 
less. Consequently, it would be im-
practical to make temperature de-
terminations at 200 K or less based 
upon the ratio of signal strengths 
of a Raman band at 400 cm-1. Note 
that the ratios of the anti-Stokes to 
Stokes signals range from 0.1 to ap-
proximately 0.44 at temperatures 
between 240 and 600 K, respec-
tively. Therefore, a Raman band at 
400 cm-1 should be experimentally 

very useful in determining tempera-
ture between 240 and 600 K. 

We now increase the frequency 
of the Raman band and move the 
Raman Shift slider to 1000 cm-1, as 
shown in Figure 3. The plot of the 
ratio of the anti-Stokes to Stokes 
signa l strengths as a funct ion of 
temperature is approximately hori-
zontal and the slope zero between 
77 a nd 20 0 K .  C onsequent ly,  a 
Raman band at 1000 cm-1 cannot 
be used in this temperature range 
to experimentally determine tem-
perature. At temperatures greater 
than 200 K, the slope begins to in-
crease with increasing temperature 
thereby leading one to think that 
t he 1000 cm-1 band can be used 
for thermal analysis between 200 
and 600 K. However, note that at a 
Raman shift of 1000 cm-1 the ratios 
of the anti-Stokes to Stokes signals 
have reduced to a n operat iona l 
range of approximately 0.00 to 0.14 
between 77 and 600 K, respectively. 
Therefore, even though the slopes 
between 200 and 600 K are favor-
able, the values of intensity ratios 
of 0.05 or less below 440 K preclude 
that thermal range from accurate 
temperature determination using a 
Raman band at 1000 cm-1. At tem-
peratures greater than 440 K, it will 
require strong signal-to-noise ratios 
of the acquired spectra to resolve 
temperatures because of the low ratio 
values of the anti-Stokes to Stokes 
signa l strengths in a range from 
0.05 to 0.14. Again, movement of the 
Laser Wavelength slider from 400 to 
800 nm reveals that all of the ratios 
of the anti-Stokes to Stokes signals 
as a function of temperature increase 
slightly with increasing wavelength. 
Therefore, a longer excitation wave-
length should yield a marginally bet-
ter ratio of the anti-Stokes to Stokes 
signals as a function of temperature 
when monitoring a Raman band at 
1000 cm-1.

Fina l ly,  as shown in Figure 4 , 
we set the Raman Shif t sl ider to 
1800 cm-1. The plot of the ratio of 
t he a nt i-Stokes to Stokes signa l 
strengths as a function of tempera-
ture is now approximately horizon-

tal and the slope zero between 77 
and 300 K. A Raman band at 1800 
cm-1 cannot be used in this tem-
perature range to experimental ly 
determine temperature. At tempera-
tures greater than 300 K, the slope 
begins to increase with increasing 
temperature, thereby suggest ing 
t hat t he 1800 cm-1 band may be 
used for thermal analysis between 
approximately 380 and 600 K. How-
ever, note how very small the ratios 
of the anti-Stokes to Stokes signals 
have become, diminishing to an 
operational range of approximately 
0.002 to 0.028. Those are exceed-
ingly small values! Therefore, even 
though the slopes between 380 and 
600 K are favorable, it may not be 
possible to experimentally measure 
such values by either Raman peak 
height or area to accurately resolve 
temperatures.

Raman Signal Strength and 
Vibrational Mode Energy
We have visualized the Raman Ther-
mometry relationship by plotting the 
ratio of the anti-Stokes to Stokes signal 
strengths as a function of temperature. 
Now, let’s take a different perspective 
on that relationship by plotting the 
ratio of the anti-Stokes to Stokes sig-
nal strengths as a function of Raman 
shift with the options of selecting the 
laser excitation wavelength and tem-
perature. Of course, the interactive 
program used to calculate and plot the 
results is also based upon equation 1. 
The Raman shift scale is plotted from 
10 cm 1 to 2000 cm-1. Figure 5 shows 
that the initial laser wavelength and 
temperature values are 532 nm and 77 
K, respectively. One can see that for 
these settings the slope of the plot of 
the ratio of the anti-Stokes to Stokes 
signal strengths as a function of 
Raman shift is greatest at 10 cm-1 and 
decreases with increasing Raman shift. 
At Raman band shifts greater than 200 
cm-1, the function rapidly approaches 
zero, thereby indicating that only 
Raman bands less than 200 cm-1 can 
practically be used to determine tem-
perature at or near 77 K. Furthermore, 
although not shown here, changing 
the laser excitation wavelength from 
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400 nm to 800 nm has no effect on 
the calculated plot of the ratio of the 
anti-Stokes to Stokes signal strengths 
as a function of Raman shift. There-
fore, we must use a Raman band less 
than 200 cm-1 for all excitation wave-
lengths if we wish to determine the 
temperature near 77 K.

We now set the Temperature slider 
to room temperature at 298 K, as 
shown in Figure 6. The plot of the 
ratio of the anti-Stokes to Stokes sig-
nal strengths as a function of Raman 
shift is no longer as steep and more 
gradually decreases out to a practi-
cal limit of 0.1 at approximately 600 
cm-1, beyond which the function de-
creases to ratio values of 0.05 or less. 
It will be very difficult experimen-
tally to accurately measure the ratio 
of the anti-Stokes to Stokes signal 
strengths at values of 0.05 or less. 
Consequently, it would be impracti-
cal to make temperature determina-
tions based upon the ratio of signal 
strengths of Raman bands greater 
than 800 cm-1 at 298 K. However, 
note that the ratios of the anti-Stokes 
to Stokes signals range from nearly 
1 to approximately 0.1 at Raman 
shifts between 10 cm-1 and 600 cm-1, 
respect ively. Therefore, this low 
wavenumber spectral region should 

be experimenta l ly very useful in 
determining temperature at or near 
room temperature. Varying the ex-
citation wavelength from 400 to 800 
nm at this temperature changes the 
plot of the ratio of the anti-Stokes to 
Stokes signal strengths as a function 
of Raman shift only marginally, and 
so the choice of excitation wavelength 
will have no material bearing on the 
experimental results.

Final ly, we set the temperature 
slider to 600 K, as shown in Figure 
7. The plot of the ratio of the anti-
Stokes to Stokes signals as a function 
of Raman shift is even less steep and 
decreases even more gradually out 
to a practical limit of 0.1 at approxi-
mately 1300 cm-1, beyond which the 
function decreases to ratio values of 
0.05 or less. Consequently, it would 
be impractical to make temperature 
determinations based upon the ratio 
of signal strengths of Raman bands 
greater than 1500 cm-1 at 600 K. 
However, the ratios of the anti-Stokes 
to Stokes signals range from nearly 1 
to approximately 0.1 at Raman shifts 
between 10 and 1300 cm-1, respec-
tively. Therefore, this wide spectral 
region should be experimentally very 
useful in determining temperature at 
or near 600 K.

Conclusion
The determination of the temperature of 
the material through the measurement 
of the ratio of the anti-Stokes to Stokes 
signal strengths is not experimentally 
straightforward. The work presented 
here and the Mathematica programs on 
which this publication is based are in-
tended to help the spectroscopist with 
experimental design in choosing the 
most suitable Raman band and excita-
tion wavelength for the temperature 
range in which temperatures are to be 
determined. Alternatively, one can use 
these programs and the plots of the ratio 
of anti-Stokes to Stokes signal strengths 
as a function of Raman shift or tempera-
ture to determine whether a temperature 
determination by Raman spectroscopy 
is impractical for a particular material; 
that is, if Raman bands are not available 
at frequencies suitable for the tempera-
ture range under study. 
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Figure 7: IAS/IS response to temperature: the ratio of the anti-Stokes to Stokes signal strengths 
as a function of Raman shift calculated for a temperature of 600 K with an excitation wavelength 
of 532 nm.
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For more information on 
this topic, please visit: 

www.spectroscopyonline.com/adar
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