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In the field of spin caloritronics, knowledge of the magnon temperature is crucial. We investigate 
the temperature sensing capabilities of Brillouin light scattering (BLS), a technique which is 
commonly used in studying magnons. The magnon BLS spectra are characterized by three 
parameters: peak frequency, linewidth, and integrated intensity, each of which can be used for 
temperature sensing. The BLS spectra of magnons in both an insulator (yttrium iron garnet or 
YIG) and a metal (permalloy Ni80Fe20 or Py) are measured at different temperatures as the 
sample is uniformly heated. Unexpectedly, we find the temperature dependence of the BLS 
integrated intensity is opposite between YIG and Py. The mechanisms contributing to the 
temperature dependence of the three BLS spectra parameters are discussed and the temperature 
precision of each parameter is determined.  
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In the emerging field of spin 
caloritronics, knowledge of spin transport, heat 
transport, and the coupling between these 
processes are essential1, 2. Different energy 
carriers, namely magnons, phonons, and 
electrons, are often driven out of thermal 
equilibrium which results in novel phenomena 
such as the spin Seebeck effect (SSE) and the 
spin-dependent Peltier effect1-9. Experimental 
techniques capable of measuring the effective 
temperature of a particular type of carrier may 
be used to disentangle the role of these carriers 
in spin caloritronic effects. 

Typical techniques for measuring spin 
transport, such as those based on the spin-Hall 
effect, are not able to directly distinguish 
between different energy carriers10. Brillouin 
light scattering (BLS) is an inelastic light 
scattering technique that has been used to 
study magnons and acoustic phonons11-15. BLS 
measurements are not only able to distinguish 
magnons and phonons, but also able to 
distinguish between different modes of the 
carriers, such as between backward-volume 
and Damond-Eshbach magnon modes, and 
between longitudinal and transverse acoustic 
phonon modes16-18. The BLS spectra are 
generally characterized by three parameters: 
frequency, linewidth, and integrated intensity 
(further referred to simply as intensity). 
Previous BLS experiments have solely used 
the frequency shift to determine the 
temperature of magnons 11, 19. In a different 
study, it was shown that frequency shift, 
linewidth, and intensity of BLS spectra of 
acoustic phonons in silicon all provide 
temperature sensing capabilities, though each 
probes different ranges of the acoustic phonon 
spectrum 16.  

In this letter, we report systematic 
changes in BLS spectra of prototypical 
magnetic insulators and metals, i.e., yttrium 
iron garnet (YIG) and permalloy (Py) as the 
sample is uniformly heated. Changes in the 
BLS spectra arise from changes in the magnon 
population, which is used to define magnon 

temperature when the magnon chemical 
potential vanishes for the case of local thermal 
equilibrium. There are common features, as 
well as important differences, in temperature 
dependent BLS spectra in these two materials. 
The temperatures measured through the 
different parameters (central frequency, 
linewidth, and intensity) represent 
temperatures of different groups of magnons. 
The temperature dependence of the magnon 
frequency shift mainly follows the saturation 
magnetization temperature dependence and 
represents the average temperature of all 
magnon modes. The linewidth is determined 
by magnon scattering processes and shows 
different temperature dependence for YIG and 
Py likely due to different dominant scattering 
processes for the mode probed in BLS. The 
intensity depends on the magnon population of 
a specific mode and can be related to that 
mode’s temperature after other factors (such as 
magneto-optical effects, saturation 
magnetization, and magnon diffusion non-
equilibrium conditions) are carefully 
evaluated. The intensities are shown to have 
opposite temperature dependence in these two 
materials. This observation is contrary to the 
common, but over-simplified notion that a 
change in the BLS intensity directly correlates 
with a change in magnon population, as we 
demonstrate later in this paper.  Finally, we 
evaluate the precision of each BLS spectra 
parameter as an effective magnon temperature 
sensor. 

We first describe the samples and the 
measurement technique briefly. The two 
samples studied are a bulk, single crystal YIG 
sample, with [110] direction normal to the 
surface, and a polycrystalline Py thin film 
deposited on sapphire. In order to saturate the 
magnetization, a magnetic field of 50 mT is 
applied in the plane of the samples, 
perpendicular to the surface. The Curie 
temperatures of these materials are 560 K for 
YIG, and 550K to 870K for Py depending on 
the crystal structure20, 21. BLS spectra are 



collected using a µBLS system, briefly 
described as follows 12, 19, 22. A single 
frequency, linearly polarized 532 nm laser 
beam, normally incident on the sample, is 
focused using an objective lens (NA 0.70) to a 
spot size of approximately 1 µm in diameter. 
The polarization of the scattered light from 
magnons is perpendicular to that of the 
incident light due to the symmetry of the 
magneto-optic scattering coefficients23, 24. The 
same objective lens collects the back-scattered 
light and sends it to a Glan-Laser polarizer. 
This polarizer directs the magnon scattered 
light to a tandem, multi-pass Fabry-Pérot 
interferometer to collect the BLS spectra.  

In the following, we uniformly heat the 
sample using a ceramic, resistive heater from 
approximately 300 K to 360 K in 10 K 
increments and observe systematic changes in 
BLS spectra. At each temperature, the samples 
equilibrate for 20 minutes, then fifteen one-
minute spectra and four 5-minute spectra are 
collected at each temperature for YIG and Py, 
respectively. Only the anti-Stokes peaks are 
recorded which reduces the time necessary to 
sweep through the frequency region of 
interest. More sweeps can performed per unit 
time, leading to an increase in the signal to 
noise ratio. The magnon peaks are then fit to 
Lorentzian functions, shown in Figure 1. The 
averaged frequency, full width half maximum 
(FWHM) linewidths, and intensity from the 
multiple measurements are calculated using a 
weighted average ݔҧ ൌ ሺ∑ ௜ିߪ௜ݔ ଶሻ/ሺ∑ ௜ିߪ ଶሻ, 
where ݔҧ  and ߪ௜ are the value and standard 
deviation determined from the Lorentzian fit. 
We then fit the average parameters to 
functions of temperature, using the simplest 
equation that fits the temperature dependence 
of the parameter over the measured 
temperature region. The fitting function is not 
necessarily the physically correct function to 
use, though for this calibration type of 
measurements, a physically correct 
temperature dependence is not required.  

We note that the laser power used in 
the measurements was 8 mW. The laser 
induced local heating was simulated using a 
commercial software COMSOL following the 
method used in Ref 25. The simulation shows 
that laser increased the local temperature by 
approximately 41 K in YIG and 20 K in Py 
when the stage temperature is 300 K. These 
temperatures are the average temperature 
increase in the volume measured by the laser. 
At a heater temperature of 360 K, the laser 
induced heating is 48 K for YIG due to 
temperature dependent thermal conductivity. 
For Py, the laser induced heating is 23 K at a 
stage temperature of 360K, since the thermal 
conductivity for Py is not a strong function of 
temperature. Full details of the simulations are 
provided in the Supplementary Materials26.  

Figure 2 a) and c) show that both the 
YIG and Py magnon frequencies follow a clear 
downward shift as stage temperature increases. 
To understand this temperature dependence, 
the magnon dispersion must first be described.  
For the bulk YIG sample, the dispersion of the 
magnon probed here is given by 

Fig. 1. BLS spectra of (a) YIG and (b) Py with 
increasing stage temperature. Black circles are the 
raw data points and the red curves are Lorentzian 
fits. 



 

୫݂ሺݍሻ ൌ ߨ2ߛ ඩሾܤ ൅ ୟܤ െ ௦ሺܶሻܯ଴ܰߤ ൅ ଶሿൈݍܦ ሾܤ ൅ ୟܤ െ ଶݍܦ௦ሺܶሻ൅ܯ଴ܰߤ ൅ ௦ሺܶሻሿܯ଴ߤ  (1) 

 
where ఊଶగ  is the gyromagnetic ratio of 28.0 GHz Tିଵ, ߤ଴ is the permeability of free 
space, ܤୟ is the anisotropy field of 1 mT 14, ܰ 
is the calculated demagnetization factor along 
the applied field direction, ܦ is the exchange 
stiffness constant of ሺ5.4 േ 0.1ሻ ൈ 10ିଵ଻ T mଶ 
27, 28, and ܯ௦ is the saturation magnetization. 
The YIG sample is approximately 1.2 x 1.5 x 
0.5 mm in size. The wavevector of the 
magnon, ݍ, is equal to the difference in the 
wavevectors of the scattered and incident light  ࢗ ൌ ࢙࢑ െ  are antiparallel and approximately of ࢏࢑ and ࢙࢑  ,In the backscattering geometry .࢏࢑
the same magnitude. Thus, the wavevector of 
the magnon probed is ݍ ൌ | ࢏࢑|2 ൌ  ,௜ߣ/݊ߨ4
where ݊ is the refractive index and ߣ௜ is the 
wavelength of the incident light. YIG has a 
refractive index of 2.34, leading to the probed 
wavevector to be 5.53×107 m-1 29. The 
magnons probed in the Py thin film are the 
first (l=1) perpendicular standing spin wave 
(PSSW) mode, which has the following 
dispersion relation, 

୫݂ ൌ ߨ2ߛ ളۣളളളളളള
ളളለ ቈܤ ൅ ௦ሺܶሻܯܣ2 ൬ݐ݈ߨ ൰ଶ቉

ൈ ቈܤ ൅ ௦ሺܶሻܯܣ2 ൬ݐ݈ߨ ൰ଶ ൅  ௦቉ (2)ܯ଴ߤ

where ܣ is the exchange constant equal to ሺ1.1 േ 0.1ሻ ൈ 10ିଵଵ J mିଵ, ݈ ൌ 1 is the 
thickness mode number, and ݐ is the thickness 
of the film which is approximately 100 nm 30, 

31. The 1st order PSSW was chosen due its 
larger BLS intensity compared the other 
PSSW modes. For further details on the PSSW 
modes see the Supplementary Materials. The 
frequencies of both the YIG and Py magnons 
depend on the saturation magnetization, which 

has a well understood temperature 
dependence. YIG is a ferrimagnet where the 
temperature dependence of the magnetization 
follows the difference of two Brillouin 
functions for the two sub-lattices32, 33. Py is a 
ferromagnet where the magnetization 
decreases with increasing temperature 
following a single Brillouin function19, 32. 
These temperature dependent magnetizations 
lead to the decreasing frequencies of the 
magnons in YIG and Py. The YIG frequency 
is fit to a quadratic function of temperature Y݂IGሺܶሻ ൌ ሺ2.58 േ 0.03 GHzሻ ൅ ሺ0.032 േ0.002 GHz Kିଵሻܶ െ ሺ5.7 േ 0.4 ൈ10ିହ GHz Kିଶሻܶଶ. For Py, the frequency is fit 
to a linear function of temperature P݂୷ሺܶሻ ൌሺ10.22 േ .07 GHz ሻ െሺ. 0100 േ .0002 GHz Kିଵሻܶ.  

Once the temperature dependence of 
the frequency is determined, the frequency can 
be used to measure the temperature of the 
magnons with the appropriate considerations. 
The magnon frequency shift is due to a change 
in the saturation magnetization, which is 
related to the entire magnon population. In 
systems where local thermal equilibrium has 
been established for magnons, the chemical 
potential becomes zero and the magnon 
population can be directly related to a magnon 
temperature. 

Many recently discovered interesting 
phenomena, such as the spin Seebeck effect, 
can only exist in non-equilibrium systems. The 
non-equilibrium conditions are intentionally 
created with a large thermal gradient or in 
parametric magnon pumping, and lead to a 
non-zero magnon chemical potential 25, 34-36. In 
these systems, one can only relate the 
frequency to the magnon population, which 
follows the Bose-Einstein distribution 
determined by both temperature and chemical 
potential. Thus, the magnon frequency cannot 
necessarily be related to only the magnon 
temperature.  



In this study, the probe laser introduced 
a local non-equilibrium while the effects of 
uniform heating are measured. If the 
temperature arise due to the laser heating is 
constant over the relevant temperature of 
range, a systematic error is introduced as a 
constant temperature increase and constant 
chemical potential.  If one takes into account 
the temperature-dependent thermal and optical 
properties, the temperature rise due to laser 
heating differs by ~ 7 K at the stage 
temperatures of 300 K and 360 K. This change 
in the laser heating may change the chemical 
potential by a factor of up to ~ 7 K, which is 
small compared change in absolute 
temperature. This systematic error can be 
reduced by lowering the probe laser power. 
Aside from this systematic error, the frequency 
can be used to measure the magnon 
temperature with a precision of 0.06 K for 
YIG and 0.5 K for Py. These values are 
determined by taking the average of the 
uncertainties at each temperature and 
converting that value from GHz to temperature 
using the temperature dependent frequency fits 
in Fig. 2 (a) and (c).  
 The FWHM linewidths for both YIG 
and Py, shown in Fig 2 b) and d), increase with 
increasing temperature. The intrinsic 
linewidths for YIG and Py have been reported 
to be much smaller than those measured here37, 

38. The laser linewidth (50 MHz), a large range 
of wave vectors collected by the objective, and 
the interferometer instrument spectral 
resolution all contribute to broadening of the 
linewidth measured in BLS spectra. The laser 
and instrument contributions do not change 
with sample heating, where the wave vector 
range does increase due to an increase in 
refractive index with temperature. The change 
in refractive index is on the order of 1%, 
leading the change in wave vector range to be 
negligible16, 25.Thus, the increase in BLS 
linewidth observed results from an increase in 
the intrinsic linewidth. Magnon linewidth is 
expected to increase with increasing 

temperature due to increased magnon 
scattering. The dominant scattering process in 
YIG is magnon-magnon scattering. Previous 
measurements of the FMR linewidth of YIG 
show that magnon-magnon alone accurately 
describes the temperature dependence39. The 
magnons probed here exist in the wavevector 
region where both the dipole-dipole and 
exchange interactions are important. The 
dipole-dipole interaction mediates three-
magnon scattering, which contributes a linear 
temperature dependence to the linewidth39.  
The exchange interaction leads to four-
magnon scattering, contributing a quadric 
temperature dependence to the linewidth 40. 
The YIG linewidth shows a clear superlinear 
temperature dependence, though it is not 
strictly quadratic. This observation agrees with 
the theory and previous studies of YIG 
suggesting that both three-magnon and four-
magnon scattering make contributions to the 
linewidth 39, 40. The Py linewidth also shows a 

Fig. 2. BLS frequency and  full width half 
maximum (FWHM) linewidth for (a, b) YIG and 
(c, d) Py.  The frequency shifts in (a) and (c) 
decrease with increased stage temperature, 
following the magnetization dependence included 
in the respective magnon dispersion relations. The 
linewidths in (b) and (d) increase with increasing 
temperature as predicted by considering magnon 
scattering processes.  



superlinear temperature dependence, though it 
is not as pronounced as for YIG. In Py, the 
electron-magnon scattering likely contributes 
to the linewidth and may change its overall 
temperature dependence. The effect of 
electron-magnon scattering on the magnon 
linewidth has yet to be investigated 
systematically 41. If the system were in thermal 
equilibrium, the temperature precision using 
the linewidth is 0.07 K and 1 K, for YIG and 
Py respectively. These precisions are 
determined by converting the average of the 
uncertainties in the linewidth to a temperature 
using the following quadratic fits  ݓYIGሺܶሻ ൌሺ4.3 േ 0.8 GHz ሻ െሺ0.026 േ 0.005 GHz Kିଵሻܶ െ ሺ4.2 േ 0.8 ൈ10ିହ GHz Kିଶሻܶଶ and ݓ୮ୣ୰୫.ሺܶሻ ൌሺ9.4 േ 2.0 GHz ሻ െሺ0.058 േ .012 GHz Kିଵሻܶ ൅ ሺ9.4 േ 1.8 ൈ10ିହ GHz Kିଶሻܶଶ. 
 Finally, we evaluate intensity as a 
mode-specific magnon temperature sensor. 
The temperature of this mode uniquely 
determines the magnon population under local 
thermal equilibrium. Previous light scattering 
measurements of phonons, specifically Raman 
and BLS, have shown that the integrated 
intensity is proportional to the population of 
the probed phonon 16, 42. Population, or 
occupancy of a mode, is, in fact, a more 
general concept that is valid under both 
equilibrium and non-equilibrium conditions. In 
the analysis below, we try to establish the 
correlation between BLS intensity with 
population of the measured magnon mode. 
The anti-Stokes BLS intensity of magnons can 
then be expressed by the following equation ܫ ൌ ଴ܫ ԰ܯߛ௦߱଴ସ2ܿߨ଴ସ |ܲ|ଶ݊௠    (3) 

where ܫ଴ is the incident intensity of the laser, ԰ 
is the reduced Planck constant, ߱଴ is the 
frequency of the incident light, ܿ଴ is the speed 
of light in vacuum, ܲ contains tensor 
coefficients describing how optical 
susceptibility relates to magnetization 
described in Ref 28, and ݊௠ is the population 

of the probed magnon given by the Bose-
Einstein distribution. The wavelengths of the 
incident and scattered light are assumed to be 
the same, which reduces the terms needed to 
described the BLS intensity28.  

Figure 3 a) and 3 c) show that that BLS 
intensity for YIG and Py have opposite 
dependence on temperature. The only 
temperature dependent terms in equation (3) 
are ܯ௦, ܲ, and ݊௠. The saturation 
magnetization at each temperature is 
calculated by converting the measured 
frequency value to a saturation magnetization 
value through the dispersion relations. In the 
magnon dispersion relations, the saturation 
magnetization is assumed to be the only 
temperature dependent term. Fitting the 
frequencies to dispersion relations with 
magnetization temperature dependence with 
polynomials of order ܶହ/ଶ for YIG and ܶଷ/ଶ 
for Py results in excellent fits, suggesting the 
temperature dependence of the other terms is 
weak in the observed temperature range 32, 43.   

The intensities at each temperature are 
then divided by the calculated saturation 
magnetization to remove its temperature 
dependence from the intensity. The Bose-
Einstein distribution is calculated from the 
magnon frequency and temperature of the 
stage. The saturation magnetization corrected 
BLS intensity can then be compared to the 
calculated Bose-Einstein distribution to 
evaluate if the tensor coefficients are 
temperature dependent.  Fig. 3 b) and d) show 
the normalized, saturation magnetization 
corrected BLS intensity and the normalized, 
Bose-Einstein magnon distribution for both 
YIG and Py. To normalize the corrected BLS 
intensity, the values are divided by linear and 
quadratic fits of the corrected intensity at 300 
K for YIG and Py, respectively. The Bose-
Einstein distributions for each material are 
normalized to their calculated values at 300 K 
as well. The Bose-Einstein distributions 
include a temperature dependent offset 
temperatures, ௢ܶሺܶሻ ൌ 5.35 K ൅ 0.116ܶ for 



YIG and ௢ܶሺܶሻ ൌ 5.049 K ൅ 0.0049ܶ for Py, 
to account for the laser induced heating. We 
confirm that the local heating from the probe 
laser does not change the Bose-Einstein 
distributions appreciably (See the 
Supplementary Materials for a comparison of 
different Bose-Einstein distributions). The 
corrected YIG intensity follows the Bose-
Einstein distribution, suggesting tensor 
coefficients in ܲ are relatively constant in the 
temperature interval measured. In Py, the 
normalized corrected BLS intensity deviates 
from the calculated Bose-Einstein distribution. 
We suggest two possible contributing factors 
to this deviation. One is the temperature 
dependence of the ܲ tensor coefficients in Py, 
and the other is the non-equilibrium of the 
PSSW mode. Further study is necessary to 
identify the relative contributions of the 
possible factors to the observed deviation. The 
temperature precision for intensity-based 
sensing was determined to be 5 K and 1 K, for 
YIG and Py respectively, from the average 
uncertainty of the intensity and the fits, ܫYIGሺܶሻ ൌ െሺ0.30 േ 0.17ሻ ൅ ሺ4.3 േ 0.5 ൈ10ିଷሻܶ and ܫ୮ୣ୰୫.ሺܶሻ ൌ ሺ46 േ 7ሻ ൅ሺ. 30 േ 0.04ሻܶ ൅ ሺ5.0 േ 0.6 ൈ 10ିସሻܶଶ.  
 All three parameters measured by BLS 
can be used as empirical temperature sensors 
following a uniform heating calibration as 
described here. As discussed above, these 
parameters can only be related to the magnon 
temperature under local equilibrium 
conditions, when the magnon chemical 
potential is zero. The temperatures measured 
through each parameter are not necessarily 
equivalent. We now discuss what the 
temperatures measured by each parameter 
represent in equilibrium. The temperature 
measured through the frequency shift is related 
to the magnetization, which reflects the sum of 
all magnons existing in the sample. Thus, the 
temperature measured by the frequency is 
related to the average magnon population. The 
linewidth temperature dependence is 
determined by various magnon scattering 

processes. The linewidth is proportional to the 
temperature of the magnons and other carriers 
that scatter with the magnon being probed in 
the BLS spectrum40. Finally, the corrected 
BLS intensity temperature dependence is 
related to the magnon population just for the 
magnon mode being probed. In local thermal 
equilibrium the magnon population is 
determined by the Bose-Einstein distribution, 
and thus offers the possibility to uniquely 
measure the temperature of a single magnon 
mode, as similarly concluded for phonons in a 
previous study 16. It should be noted the 
corrected BLS intensity can only measure 
relative temperature changes, not absolute 
temperatures. This is due to the sensitive 
nature of the tandem Fabry-Pérot 
interferometer. Slight variations in the 

Fig. 3. The BLS intensity for (a) YIG decreases 
with increasing temperature, suggesting that the 
magnetization term is dominant. (c) The Py BLS 
intensity increases with increasing temperature, 
suggesting that the magnet-optic terms are 
dominant. The normalized Bose-Einstein 
distribution and normalized, magnetization 
corrected BLS intensity for (b) YIG and (d) Py. The 
Bose-Einstein distribution is found from the 
respective magnon frequencies and normalized by 
the value at 300 K. The corrected BLS intensity is 
found by dividing BLS intensity by the 
magnetization, which is calculated from the 
frequency shift and magnon dispersion relations. 
The corrected intensity is then normalized by the 
value at 300 K. 



interferometer’s cavity spacing cause the 
transmission to significantly change between 
different sets of measurements even when a 
strict, systematic alignment procedure is 
followed. Ultimately this sensitivity to 
alignment makes absolute BLS intensity 
measurements difficult, if not impossible. In 
non-equilibrium systems, the magnon 
distribution cannot be described by the Bose-
Einstein distribution with temperature as the 
single parameter. In this case, the concept of 
magnon temperature is ill defined. 
Nevertheless, the three parameters 
characterizing BLS spectra may still be 
correlated to a magnon populatoin of different 
magnon groups25. 

In summary, the temperature 
dependences of the several parameters 
associated with magnon BLS spectra were 
studied in YIG and Py. For both samples the 
frequency and linewidth followed the trends 
expected based on the temperature dependent 
magnetization and magnon scattering, 

respectively. The integrated intensity can be 
used as a mode specific magnon temperature 
sensor once other temperature dependent 
effects are properly taken into account. These 
results indicate that changes in the raw BLS 
intensity cannot always be used to as a direct 
measure of changes in the magnon population. 
Finally, the temperature precisions for YIG 
and Py, respectively, were measured to be 0.06 
K and 0.5 K for the frequency, 0.07 and 1 K 
for the linewidth, and 5 K and 1 K for the 
magnetization corrected intensity.  
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