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ABSTRACT 

Thermal imaging technology has significantly advanced the fields of thermal engineering and fundamental physics by providing precise and 

non-contact temperature measurements. In the field of spin caloritronics, an active infrared emission microscopy based on the lock-in 

thermography (LIT) has greatly developed thermoelectric and thermal transport physics in magnetic materials and their hybrid structures, but 

measurements have been limited to at or above room temperature. Here, we report on the measurements of transverse thermoelectric conversion 

in a magnetic material, the anomalous Ettingshausen effect (AEE), below room temperature using the LIT technique. Although the infrared 

emission decreases with decreasing temperature, LIT with the high temperature resolution allows to observe the AEE-induced temperature 

modulation in a ferromagnetic Heusler alloy Co2MnGa slab down to 200 K and reliably quantify the anomalous Nernst coefficient down to 

around 240 K. The methodology demonstrated in this work will pave the way for further developments in both fundamental research and 

practical applications in spin caloritronics. 

 

Spin caloritronics is an interdisciplinary field of spintronics and 1 

thermal energy engineering and deals with transport phenomena and 2 

cross-correlations encompassing electron charge, spin, and heat.1–4 3 

This research field was sparked by the discovery of the spin Seebeck 4 

effect (SSE) in 2008. SSE refers to the generation of a spin current 5 

by applying a temperature gradient to a magnetic material, resulting 6 

in an unconventional functionality of thermoelectric conversion that 7 

is completely different from the Seebeck effect.5,6 Efforts on early 8 

spin caloritronics studies focused on thermally-induced spin 9 

transports by extending electrical measurement methods used in 10 

spintronics. In contrast, the observation of the spin Peltier effect 11 

(SPE),7,8 the Onsager reciprocal of SSE: a temperature modulation 12 

as a result of a spin current injection into magnetic materials, caused 13 

a stir in this field about 10 years ago. One of the methods that 14 

supported to obtain SPE is the lock-in thermography (LIT),8 in which 15 

a combination of non-contact thermal imaging through an infrared 16 

camera and lock-in detection technique enables highly sensitive 17 

temperature measurements with a temperature resolution of <1 mK.9 18 

LIT revealed different length and energy scales of thermally and 19 

electrically excited spin currents, which contribute to SSE and SPE, 20 

respectively, uncovering a physical mechanism that is not just in the 21 

simple Onsager reciprocal relation.10 LIT has contributed not only to 22 

observation of various unconventional thermoelectric 23 

 
FIG. 1. Schematic of the thermographic measurement configuration. The 
sample temperature T was controlled by liquid N2 flow and a heater 
attached to the stage. Thermal images were monitored by an infrared 
camera through an infrared-transparent CaF2 window. When performing 
lock-in thermography (LIT) measurements, an ac square-wave-
modulated charge current Jc and magnetic field H were applied to the 
sample. 
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cooling/heating11–15 and thermal transport16–18 appearing in the 24 

presence of a magnetic field and/or magnetization of magnetic 25 

materials, but also to quantification of other thermal energy 26 

engineering properties.19–26  27 

Although the thermographic imaging technique has developed 28 

both physics and next-generation thermal management technology, 29 

most of the measurements via infrared cameras have been performed 30 

at or above room temperature. This is due to the well-known Stefan-31 

Boltzmann law, describing that the intensity of infrared emission 32 

decays in proportion to the fourth power of the black body’s 33 

temperature, which will dramatically reduce the sensitivity of 34 

thermal imaging. Furthermore, there are no reports of LIT 35 

measurements below room temperature, and it is not yet clear at what 36 

temperature range the high-temperature resolution provided by LIT 37 

is quantitatively maintained.  38 

In this study, we have validated the availability of the LIT 39 

technique for measurements of spin-caloritronic phenomena at low 40 

temperatures. Here, we focus on measuring the anomalous 41 

Ettingshausen effect (AEE),27–29 a transverse magneto-42 

thermoelectric effect in magnetic materials, which generates a heat 43 

current in the direction of the cross product of an input charge current 44 

and spontaneous magnetization. Its Onsager reciprocal, the 45 

anomalous Nernst effect (ANE), is one of the most vigorously 46 

studied phenomena alongside SSE/SPE in recent spin caloritronics 47 

and topological materials science for both physics and device 48 

applications.30–38 As a target material for measuring AEE using LIT, 49 

we selected a polycrystalline Co2MnGa (CMG) Heusler alloy, which 50 

has developed a large transverse thermopower, i.e., anomalous 51 

Nernst coefficient SANE comparable to or even larger than that of 52 

single crystalline CMG.38–46 By developing the LIT system for low 53 

temperature measurements and calibrating the infrared intensity, we 54 

ensure the AEE signal in CMG down to about 200 K. The 55 

temperature dependence of SANE estimated by the LIT technique 56 

shows the consistent trend with that obtained by the conventional 57 

thermoelectric measurement down to 240 K, confirming the validity 58 

of LIT for spin caloritronics even at low temperatures.  59 

The polycrystalline CMG alloy was prepared by a spark plasma 60 

sintering technique (the detailed recipe and procedure for sample 61 

preparation are described in Ref. 38). First, Co, Mn, and Ga shots 62 

were arc-melted in an Ar atmosphere, then the CMG ingot was 63 

homogenized in high vacuum at 1000°C. Subsequently, the ingot was 64 

crushed using a mortar and planetary ball mill, followed by sieving a 65 

powder. Finally, the CMG powder was sintered at 850°C and a 66 

pressure of 30 MPa for 60 min under the vacuum condition. 67 

Figure 1 shows a schematic of set-up for thermographic 68 

measurements in this study. The sample was installed in a custom-69 

made sample-in-vacuum liquid N2 cryostat. The CMG slab with a 70 

dimension of 0.7 (x) × 10.0 (y) × 3.1 (z) mm was fixed on a sapphire 71 

substrate mounted on a Cu stage, in which a heater and resistance 72 

temperature sensor were embedded, and the stage temperature was 73 

controlled by a temperature controller (Lakeshore 336). Here, the 74 

high thermal conductivity of sapphire substrate thermally stabilizes 75 

the stage and CMG slab, enabling precise measurements of 76 

temperature dependence of thermal responses. The infrared intensity 77 

of the sample surface in a high vacuum (<10−4 Pa) was monitored by 78 

an infrared camera with an InSb quantum detector (installed in 79 

Enhanced Lock-in Thermal Emission: ELITE, DCG Systems G.K.) 80 

 
FIG. 3. Magnetic-field-odd (H-odd) component of lock-in amplitude (Aodd) (a) and phase (φodd) (b) images at T = 250 K, lock-in frequency f = 10 Hz, 

amplitude of ac square-wave-modulated charge current Jc = 1 A, and μ0|H| = 400 mT, where μ0 is the vacuum permeability. Jc dependence of the Aodd (c) 

and φodd (d) values at T = 250 K and f = 10 Hz. f dependence of the Aodd (e) and φodd (f) values at T = 250 K and Jc = 1 A. The data points are obtained by 

averaging the Aodd and φodd signals on the areas defined by the dashed square in (a) and (b), respectively. The error bars represent the standard deviation 

of the data in the corresponding squares. Solid line in (c) and curve in (e) show the fitting result based on a linear function and one-dimensional heat 

diffusion equation, respectively. 

 

 
FIG. 2. Sample temperature T dependence of the intensity of infrared 

emission I and the sensitivity of our LIT system dI/dT. Inset shows curve 

fitting results for estimating dI/dT. The fitting function is T = a(I−b)c with 

fitting parameters a, b, and c (0<c<1). 

 



 

Applied Physics Letters                                    ARTICLE 
 

scitation.org/journal/apl 

 

 
                                                        3 

 

 

through an infrared-transparent CaF2 window with the size of 12 × 81 

12 mm, where the InSb detector was cooled by a Stierling cooler to 82 

77 K. The viewing area of thermal images was 3.15 × 4.65 mm. To 83 

ensure the infrared emissivity, the surface of the slab was coated with 84 

insulating black ink.  85 

First, to calibrate the conversion coefficient between the sample 86 

temperature T and the intensity of infrared emission I detected 87 

through our infrared camera, we measured I at the surface of the 88 

CMG slab by changing T (Fig. 2). Here, the T value was assumed to 89 

be the same as the stage temperature because we waited for a long 90 

time (>15 min) to determine T after the sensor value got stabilized at 91 

the target temperature. With the decrease in T, the I value was rapidly 92 

reduced, following to the Stefan-Boltzmann law, and the change in I 93 

with respect to T also slows down. Note that the finite I signal around 94 

200 K is dominantly due to parasitic signals coming from the inside 95 

of the infrared camera and lens and does not affect the sensitivity of 96 

LIT. By estimating the T dependence of the sensitivity of LIT, dI/dT, 97 

it was found that the dI/dT value became zero around 200 K. The 98 

magnitude of dI/dT at 200 K was 0.04% of that at 300 K. Thus, we 99 

concluded that the lower limit for LIT measurements in this 100 

configuration is around 200 K. Note that, the increase in the dI/dT 101 

value appears to be saturated at 320 K. This suggests that the high-102 

temperature measurement limit of the InSb detector at high 103 

temperature is approaching. This can be resolved by changing the 104 

integration time of infrared emission, but since high-temperature 105 

measurements have been extensively studied in previous research, 106 

we will exclude this from the scope of this study. 107 

Based on these results, we performed the LIT measurements of 108 

AEE in the CMG slab at various T values below 310 K (see 109 

supplementary material S1 for detailed configuration of LIT). During 110 

the LIT measurements, an ac square-wave-modulated charge current 111 

Jc with the frequency f, amplitude Jc, and zero dc offset was applied 112 

to the slab along the y axis, where by extracting first harmonic 113 

response of thermal images, the thermoelectric contributions (Jc) 114 

can be separately extracted from Joule-heating contribution (Jc
2: 115 

constant in time for such a Jc condition; see also Fig. 1). The detected 116 

infrared images were converted into lock-in amplitude A and phase 117 

φ images via Fourier analysis, in which the A image shows the 118 

magnitude of temperature modulation and the φ image the sign as 119 

well as the time delay of the temperature modulation due to the 120 

thermal diffusion. Here, when converting the infrared emission to the 121 

temperature for A signals at each T, the slope of curve fitting in the 122 

inset of Fig. 2 was used. Since the AEE-induced temperature 123 

modulation shows the magnetic-field-odd (H-odd) dependence, the 124 

complex calculation of Aodd = |A(+H)e−φ(+H) − A(−H)e−φ(−H)|/2 and φodd 125 

= −arg[A(+H)e−φ(+H) − A(−H)e−φ(−H)|/2] with the A(+H) [A(−H)] and 126 

φ(+H) [φ(−H)] images measured with applying a positive (negative) 127 

magnetic field H along the +z (−z) axis can extract the AEE 128 

contribution free from the Peltier effect. In this configuration, a heat 129 

flow originating from AEE occurs in the x axis, resulting in a uniform 130 

temperature change on the sample surface,47 which allows to quantify 131 

the anomalous Nernst coefficient independently of thermal boundary 132 

conditions between the slab and stage. Figures 3(a) and 3(b) 133 

respectively present a result of the low-T LIT measurements: Aodd and 134 

φodd images at T = 250 K, f = 10 Hz, Jc = 1 A, and μ0|H| = 400 mT, 135 

where μ0 is the vacuum permeability. Note that the value of 400 mT 136 

is sufficient for saturating the magnetization of the CMG slab in the 137 

z axis at 200−310 K (see supplementary material S2) and the 138 

contribution of the ordinary Ettingshausen effect at 400 mT is 139 

negligibly small in the CMG slab.38 The uniform Aodd and φodd signals 140 

was shown in the sample region. The φodd value of approximately 0°, 141 

i.e., the heating signal, under the direction of Jc and H shown in Fig. 142 

3(a) corresponds to the positive anomalous Ettingshausen coefficient 143 

(= SANET), which is consistent with the sign of SANE of CMG.38–46 144 

Figure 3(c) [3(d)] shows the Jc dependence of the Aodd (φodd) values, 145 

where Aodd has a linear relationship and φodd is constant with respect 146 

to Jc. Figure 3(e) [3(f)] shows the f dependence of the Aodd (φodd) 147 

values. With decreasing f, that is, approaching the thermal steady 148 

state, Aodd increases slightly and φodd gets closer to 0°. These 149 

behaviors obtained below room temperature are consistent with the 150 

AEE-induced heat current and its thermal diffusion in the CMG slab 151 

with mm-scale dimensions. 152 

Next, we take a look at the T dependence. Figure 4(a) [4(b)] 153 

shows the Aodd (φodd) images at f = 2 Hz, Jc = 1 A, μ0|H| = 400 mT, 154 

and T = 230, 270, and 310 K. Although the Aodd signal gradually 155 

decreases with decreasing T due to the reduced sensitivity, the 156 

uniform φodd signal independent of T is shown in the three images 157 

[see also Figs. 4(c) and 4(d)], indicating that the AEE-induced heat 158 

current along the x axis is clearly confirmed by ~230 K. On the other 159 

hand, below 230 K, as the T value gets closer to 200 K, the AEE 160 

signal can be detected, but the uniformness of the φodd signal 161 

dramatically gets worse and the Aodd signal becomes vanishingly 162 

small (see supplementary material S3). Therefore, in the quantitative 163 

discussion that follows, we will focus on data above 230 K. 164 

Finally, we evaluated the SANE value using the equation of SANE 165 

= πAodd
sκ/2jctT,48,49 where Aodd

s, κ, jc, and t are the AEE signal 166 

 
FIG. 4. Aodd (a) and φodd (b) images at f = 2 Hz, Jc = 1 A, μ0|H| = 400 mT, and T = 230, 270, and 310 K. T dependence of the Aodd (c) and φodd (d) values at 
f = 2 Hz and Jc = 1 A. The data points are obtained by averaging the Aodd and φodd signals on the areas defined by the dashed square in the left most panels 
of (a) and (b), respectively. 
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amplitude in the steady state, i.e., at f → 0 Hz, thermal conductivity, 167 

amplitude of charge current density, and sample length along the x 168 

axis (= 0.7 mm), respectively (see also supplementary material S4). 169 

From the T dependence of Aodd
s estimated by fitting the f dependence 170 

of Aodd [Fig. 3(e)] with the solution of the one-dimensional heat 171 

diffusion equation in the frequency domain48 and κ measured by the 172 

laser flash, differential scanning calorimetry, and Archimedes 173 

method in combination (see supplementary material S5), we 174 

estimated the T dependence of SANE as shown in Fig. 5. Note that the 175 

well-fitted result in Fig. 3(e) also shows that the CMG slab is in a 176 

nearly adiabatic condition in the current f range at each temperature. 177 

At 300 K, the SANE value is estimated to be 6.2 μV/K, which is 178 

comparable to that of single-crystalline bulk CMG39,41 as previous 179 

studies have reported.38,43,45 The T dependence of SANE, the slight 180 

decrease with decreasing T, and the SANE value at 230 K of 4.0 μV/K 181 

also show similar trend to those in previous reports (SANE = 4−5 μV/K 182 

in Sakai et al.39 and 4 μV/K in Guin et al.41 for single crystalline 183 

CMG and 4 μV/K in Chen et al.45 for polycrystalline CMG at ~230 184 

K). However, the steep decrease in SANE around 230−240 K also 185 

occurs, which was not reported in previous studies. Therefore, to 186 

confirm the validity of our low-T LIT measurements, we 187 

quantitatively compared with the conventional method of measuring 188 

ANE: measurements of a transverse thermoelectric voltage by 189 

applying a temperature gradient to the sample using the Physical 190 

Property Measurement System (PPMS-VersaLab, Quantum Design 191 

Inc.) and nanovoltmeter (2182A, Keithley). The results of the voltage 192 

measurements are also summarized in Fig. 5. Both results are in good 193 

agreement, but the steep decrease in the SANE value around 230 K is 194 

not shown, suggesting that the quantitative reliability of our LIT 195 

method is assured down to around 240 K. 196 

In conclusion, we have demonstrated the LIT-based thermal 197 

imaging of a spin-caloritronic phenomenon, AEE, below room 198 

temperature. We observed the AEE-induced temperature modulation 199 

from 310 K to 200 K and revealed the quantitative reliability of the 200 

method down to 240 K. Although the value of 240 K is not that low 201 

in recent cryogenic research field, there are a number of magnetic 202 

materials with their Curie temperature between room temperature to 203 

~200 K, such as ultrathin 3d transition metal films,50,51 magnetic 204 

semiconductors,52,53 layered topological materials and van der Waals 205 

heterostructures,37,54–57 exhibiting unconventional static and 206 

transport properties. One way to extend the temperature range to 207 

lower temperatures is to use a different infrared detector. Although 208 

InSb is the most commonly used infrared detector in LIT, increasing 209 

attention has been directed toward far-infrared-compatible 210 

approaches, including HgCdTe-based detectors and quantum well 211 

infrared photodetectors. As the temperature of samples decreases, the 212 

peak wavelength of the infrared emission shifts toward longer 213 

wavelengths. Thus, employing these detectors could potentially 214 

allow for LIT measurement at lower temperature than that shown in 215 

this study. LIT has a distinct advantage at high-throughput material 216 

exploration using chemically composition-spread materials58,59 and 217 

spatial-resolved elucidation of non-uniform thermal 218 

transport/conversion in artificial-structured composites 219 

materials38,60,61 in spin caloritronics, compared with conventional 220 

electrical measurements. Our report on the low-temperature LIT 221 

method and analysis is versatile even for such materials, experiments, 222 

and other spin-caloritronic phenomena [SPE,7,8 the anisotropic 223 

magneto-Peltier effect,11 the (anisotropic) magneto-Thomson 224 

effect,12,15 the transverse Thomson effect,62 etc; some of them exhibit 225 

unconventional behavior that cannot be predicted from electrical 226 

measurements based on the Onsager reciprocal relation], which will 227 

aid in developing thermal and thermoelectric transport physics as 228 

well as spintronic thermal management technology at low 229 

temperature. 230 

 231 

See supplementary material for more information about the 232 

saturation field of the CMG slab at low temperature, LIT results at T 233 

= 200−230 K, and T dependence of κ. 234 
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