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Anomalous Nernst effect in Co thin films under laser irradiation
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The anomalous Nernst effect (ANE) generates electromotive forces transverse to temperature gradients
and has attracted much attention for potential applications into alternative thermoelectric power genera-
tors. ANE efficiency is generally characterized by uniform temperature gradients in a steady state prepared
by heaters. However, although focusing laser beams on a magnetic film can form much larger temperature
gradients, the laser irradiation method has not been sufficiently considered for quantifying the ANE coeffi-
cient due to the difficulty in estimating the localized in-homogeneous temperature gradients. In this study,
we present a quantitative study of ANE in Ru(5 nm)/Co(tCo) (tCo= 3, 5, 7, 10, 20, 40, and 60 nm) bilay-
ers on sapphire (0001) substrates by combining a laser irradiation approach with finite-element analysis
of temperature gradients under laser excitation. We find that the estimated ANE coefficients are con-
sistent with previously reported values and one independently characterized using a heater. Our results
also reveal the advantages of the laser-irradiation method over the conventional method using heaters.
Intensity-modulated laser beams can create ac temperature gradients as large as approximately 103 K/mm
at a frequency of tens of kilohertz in a micrometer-scale region.

DOI: 10.1103/dyjq-rw8s

I. INTRODUCTION

Spin caloritronics [1,2], which studies the spin-transport
properties driven by heat currents in magnetic materials,
has developed rapidly since the discovery of the spin See-
beck effect [3]. The anomalous Nernst effect (ANE) [4]
generates electromotive forces (EANE) in a cross-product
direction of magnetization (M) and temperature gradient
(∇T) as follows:

EANE = QANE (μ0M × ∇T ), (1)

where QANE is the ANE coefficient. While Seebeck gen-
erators produce electromotive forces in the same direction
as ∇T, the EANE is generated orthogonal to the ∇T. This
transverse configuration can be used to fabricate thin flex-
ible thermoelectric power generators. However, their ther-
moelectric conversion efficiencies are insufficiently high
for practical power generators. To increase conversion effi-
ciency, material developments recently have focused on
magnetic alloys, magnetic hybrid structures, and topologi-
cal magnets [5–17].

Uniform temperature gradients prepared using heaters
are generally used to study ANE and the spin Seebeck
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effect [18–21]. By contrast, temperature gradients can
be formed using laser absorption [22–24]. The tempera-
ture gradients formed using laser irradiation are localized,
which enables visualization of the local magnetization
direction by measuring the generated electric voltages [25–
31]. Moreover, because visible laser beams exponentially
decay by tens of nanometers inside a metallic film, the tem-
perature gradient should be enormous compared to when
a temperature difference is prepared using heaters across
a sub-millimeter-thick substrate. However, the difficulty
in estimating temperature gradients under laser excitation
has led to considerable variation in the simulated temper-
ature gradients, which thereby impeding the widespread
use of the laser-irradiation method in quantitative studies
of ANE. In existing works [22–27], only heat conduc-
tion has been simulated using finite-element methods. A
more accurate approach requires simulating light propa-
gation especially for multilayered thin films on substrates
where light reflections occur at interfaces. More detailed
experimental and simulation studies are essential to further
promote the use of the laser irradiation method to study
spin caloritronics.

In this study, we present a quantitative study of the
ANE in Co thin films using laser irradiation. Because
the laser-absorption profile is sensitive to film thicknesses
of tens of nanometers, we exploited the Co thickness of
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QANE to ascertain the applicability of the laser irradia-
tion method. To estimate the QANE values, the transverse
electric voltages were measured when the magnetic film
was excited by intensity-modulated laser beams. More-
over, finite-element methods were employed to simulate
not only the spatial profiles of light electric-field profile
but also those of temperature inside the Co film. We find a
quantitative and qualitative agreement of the QANE values
with previously reported values and our value character-
ized using a heater. Furthermore, our results reveal the
multiple merits of the laser-irradiation method compared
to the conventional method of using heaters.

II. METHODS

A. Experimental configuration

We deposited bilayers consisting of Ru(5 nm)/Co(tCo)
(tCo= 3, 5, 7, 10, 20, 40, and 60 nm) on c-plane sap-
phire substrates by dc sputtering. The Ru capping layer
was selected owing to its tolerance to oxidization. By
standard photolithography techniques, the bilayers were
processed to a Hall cross of (w, l) = (0.40 mm, 0.40 mm),
where w and l denote the width and length of the
Hall cross, respectively. Electrical contacts consisting of
Au(20 nm)/Cu(80 nm)/Ti(5 nm) by rf sputtering. The
bottom Ti layer was used to improve adhesions of elec-
trodes to sapphire substrates. The electrical contacts were
connected with gold wires using a wire bonder.

Figure 1 shows a schematic of the experimental setup. A
diode-pumped solid-state green laser with a wavelength of
λ = 532 nm was used for the small beam divergence angle.
The laser intensity was modulated stably using the optics
shown in Fig. 1. Linearly polarized laser beam with a
polarization angle of +45° from a Glan Taylor prism prop-
agates into a photoelastic modulator (PEM), which was set
to give a retardation of γ = γ 0sin�t to the X -polarized
component. The polarization-modulated laser beam passed
through a half-wave plate, of which the fast axis was
rotated by +22.5° from the X axis. Then, the Y-polarized
component was then extracted using another Glan Taylor
prism. In this current configuration, the polarization state
of the laser output is described using the Jones vector, as
follows [32]:

e =
(
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0 1

)
1√
2

(
1 1
1 −1

) (
eiγ 0
0 1

)
1√
2

(
1
1

)

= 1
2
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eiγ − 1

)
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Using Bessel functions of the first kind for nth integer
orders, Jn(γ0)α = 0, 1, 2, the intensity of the output, Iout, is

FIG. 1. Schematic of the experimental setup. The intensity-
modulated laser beams are focused on the center of the Hall
cross, forming temperature gradients, ∇T, along the thickness
direction. In-plane magnetic field, H, is applied at an angle of
ϕ from the X axis. Abbreviations: GTP (Glan Taylor prism),
PEM (photoelastic modulator), HWP (half-wave plate), and OL
(objective lens).

expressed as follows:

Iout = e∗ · e = 1
2 − 1

2 cos(γ0 sin �t)
= 1

2 − 1
2 [J0(γ0) + 2J2(γ0)cos 2�t

+J4(γ0)cos 4�t + · · · ].
(3)

The retardation of the PEM was set at γ 0= π . In this case,
Iout becomes

Iout = 0.6521 − 0.4854 cos 2�t − 0.1514 cos 4�t + · · · .
(4)

The intensity ratio of the dc, 2�, and 4� components is
1:0.744:0.232. For calibrating the PEM, we measured the
dc and 2� voltages from a photodetector using a multi-
meter and a lock-in amplifier, respectively. The driving
frequency of the PEM was fixed at �/2π = 42 kHz. The
intensity modulation method using a PEM is more accu-
rate and stable than a mechanical method using an optical
chopper. Using an objective lens with a magnification of
×2, the laser output was focused on the center of the Hall
cross to maintain symmetric in-plane temperature gradi-
ents in space. We directly checked using a camera that the
focused beam had a Gaussian intensity profile with a 1/e2

radius, σ = 25 μm. The magnetization of Co was saturated
in a direction titled by ϕ from the X axis within the film
plane using a magnetic field generated by an electromag-
net mounted on a rotation stage. During the illumination
of the laser beam, we measured 2� voltages between the
counter electrodes using a lock-in amplifier.
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(a) (b)

FIG. 2. (a) Two-dimensional model for finite-element simulation to calculate the spatial profile of the light electric field. We set
the layer sizes of the substrate (white), Co (red), Ru (green), air 1 (yellow), and air 2 (blue) layers at x × z = 159.6 μm × 53.2 μm,
159.6 μm × tCo, 159.6 μm × 5 nm, 106.4 μm × 1.596 μm, and 106.4 μm × 53.2 μm, respectively. For the simulation of the tem-
perature profile, each layer was divided into a mesh. The x and z mesh sizes of the substrate, Co/Ru, air 1, and air 2 layers were
532 nm × 532 nm, 532 nm × 0.5 nm, 532 nm × 31.92 nm, and 532 nm × 532 nm, respectively. (b) Axisymmetric model to calculate
the time evolution of temperature profile. The layer sizes and meshing method are identical to those used in the two-dimensional
model.

B. Simulation condition

COMSOL Multiphysics 6.2 [33] was used to evaluate
the temperature gradients inside the Co films created by
laser irradiation. The spatial profile of the light electric
field was simulated using the Electromagnetic Waves,
Beam Envelopes interfaces of the Wave Optics Module
[34]. Moreover, the spatial temperature profile was sim-
ulated using the Heat Transfer in Solids interface of the
Heat Transfer Module [35]. Figure 2 shows the simulation
geometry composed of the sapphire substrate layer, Ru and
Co layers, and air 1 and air 2 layers. Note that the definition
of the coordinate system is changed in the following cal-
culations: x̂ ‖ X̂ , ŷ ‖ −Ŷ, ẑ ‖ −Ẑ. For the constraints of
the Wave Optics Module, we simulated the spatial pro-
file of the light electric field in the substrate, Ru/Co,
and air 1 layers. The spacious air 2 layer and the sub-
strate layer act as heat bathes when calculating the spatial
temperature profile. Using the geometrical condition of
Fig. 2(a) and refractive indexes listed in Table I, we first
simulated the spatial profiles of light electric field when
the Gaussian laser beam with a 1/e2 radius σ = 25 μm
and λ = 532 nm propagates from the air to metallic lay-
ers. Here, we used typical bulk values for the refractive
indexes at λ= 532 nm. Subsequently, the spatial tempera-
ture profile was simulated in the axisymmetric geometry
of Fig. 2(b) using the thermal conductivities of the Ru
and Co films listed in Table I. The thermal conductivi-
ties were estimated on the basis of their resistivities, as
discussed later. The temperatures at the bottom of the sub-
strate layer and the top of the air 2 layer are fixed at room
temperature (293.15 K). The sample layers and the sub-
strate layer are made wider than the air layer to allow
the heat flow in the in-plane direction. We verified that

the convergence and reliability did not change by further
expanding the thicknesses of the air 2 and substrate lay-
ers. While the temperature profile of the substrate layer
changes with a further increase in thickness, the tem-
perature profile of the thin Co layer is hardly affected.
Simulating the time evolution of the temperature profiles
in three-dimensional space requires substantial computa-
tional cost and time. Therefore, we calculated the time
evolutions of temperature profiles in the axisymmetric
geometry using energy-dissipation profiles calculated in
the two-dimensional system.

III. RESULTS AND DISCUSSION

A. Magnetization, resistivity, and thermal conductivity

We characterized the tCo dependence of the satu-
ration magnetization, µ0M s, shown in Fig. 3(a) using
a superconducting quantum interference device and a
vibrating-sample magnetometer. With increasing tCo,
µ0M s approaches the bulk value of 1.8 T [40]. The sheet
resistances, Rs, of the fabricated devices, shown in Fig.
3(b) were measured using four-terminal sensing. The non-
linear tCo dependence of Rs was used to estimate the
resistivities of Ru (ρRu) and Co (ρCo) layers. We assumed
that the bilayer was equivalent to a parallel circuit con-
sisting of the resistances of the Ru and Co layers, and
the resistivities were constant in the Co and Ru thin films.
Because the width and length of the Hall devices are equal,
the sheet resistance is given by

Rs = ρRuρCo

ρRutCo + ρCotRu
, (5)
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TABLE I. Material parameters used in the finite-element simulations. The densities, and heat capacities of Ru and Co and refractive
indexes at λ= 532 nm of Ru, Co, and sapphire are cited from Ref. [36]. The thermal conductivities of Ru and Co are calculated from
the measured resistivity based on Wiedemann-Franz’s law. The density, heat capacity, and thermal conductivity of sapphire are cited
from Refs. [37–39], respectively.

Material Refractive index Density [g cm−3] Heat capacity [J kg−1 K−1] Thermal conductivity [W m−1 K−1]

Ru 3.1–4.7i 12.4 238 14.3 ± 1.4
Co 2.0–3.6i 8.9 431 18.1 ± 1.4
Sapphire 1.77 4.0 750 41.9

where the tRu is the Ru thickness of 5 nm. Fit-
ting the tCo dependence of the Rs shown in Fig. 3(b)
with Eq. (5) gives ρRu= (5.15 ± 0.49) × 10−7 � m and
ρCo= (4.06 ± 0.32) × 10−7 � m. Furthermore, by apply-
ing the Wiedemann-Franz law [41] to the resistivities, we
estimated the thermal conductivities of the Ru and Co
layers to be 14.3 ± 1.4 W m−1 K−1 and 18.1 ± 1.4 W
m−1 K−1, respectively. The calculated thermal conduc-
tivities are comparable to previously reported values of
thin metals, including Co [42]. The estimated thermal
conductivities were used in the simulations.

B. The anomalous Nernst effect induced by laser
irradiation

Figure 4(a) shows the magnetic hysteresis of the elec-
tric voltages (V) as a function of the magnetic field (H )
at ϕ = 90° and an average laser power (P) of 70 mW
for tCo= 10 nm. This clear hysteresis indicates that the
electromotive force reflects the magnetization of the
Co layer. Furthermore, we define the voltage jump by
magnetization reversals as 
V = [V(H+) − V(H−)]/2 at
µ0H± = ±80 mT. The measured ϕ dependence of 
V for
tCo= 10 nm is shown in Fig. 4(b). For all the bilayers, the
ϕ dependences of 
V can be very well fitted with a sine
function 
Vfitsinϕ. The values of 
Vfit at P = 70 mW are
plotted versus tCo in Fig. 4(b). We observe a peak in the

Vfit at tCo= 7 nm. Note that the 
V linearly depends on P
within the employed range of P at all the conditions of tCo.
For example, refer the case where tCo= 7 nm [Fig. 4(d)].

(a) (b)

FIG. 3. Co thickness, tCo, dependence of (a) saturation magne-
tization, µ0M s, and (b) sheet resistance, Rs. The fitting result with
Eq. (5) is indicated by a solid black line.

C. Simulated spatial profiles of light electric fields and
temperature

We simulated the spatial profiles of light electric field
and temperature when the laser beam with λ = 532 nm
propagates into the bilayer on the sapphire substrate.
Figure 5(a) shows the spatial profiles of the light electric-
field amplitude, |E|, at tCo= 60 nm in the steady state. The
laser beam was incident from air to the surface of the Ru
layer. The light electric field is partially reflected at the
interface between the air and Ru layers. Although the inter-
ference between the reflected and incident light generates
standing light waves in the air layer, it does not affect
the amplitude of the transmitted light electric field. The
transmitted-light electric field decays exponentially inside
the metallic layers [Fig. 5(b)]. Then, we obtained the spa-
tial profile of the energy dissipation density shown in the
bottom of Fig. 5(b). The discontinuity of the energy dissi-
pation density at the interface is ascribed to the difference
in the extinction coefficients. Note that the Wave Optics
Module cannot handle pulsed and amplitude-modulated
light electric fields. Instead, in the Heat Transfer Module,

(a) (b)

(c) (d)

FIG. 4. Anomalous Nernst effect (ANE) induced by laser irra-
diation. (a) Magnetic hysteresis of electric voltages, V, measured
for tCo= 10 nm at ϕ = 90° and an average laser power, P, of
70 mW. (b) ϕ dependence of voltage jump, 
V, for tCo= 10 nm
at P = 70 mW. The ϕ dependence at each tCo is fitted with a sine
function 
Vfitsinϕ. (c) tCo dependence of 
Vfit at P = 70 mW.
(d) P dependence of 
V for tCo= 7 nm at ϕ = 90°. We add a
linear-fitting line to Fig. 4(d).
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(a)

(d) (e) (f)

(b) (c)

FIG. 5. Finite element simulations of light electric field and temperature. (a) Spatial profiles of light electric-field amplitude, |E|, for
tCo= 60 nm. A cut line is indicated by a white broken line. (b) Electric-field amplitude (top) and energy-dissipation density (bottom) in
the Ru/Co layer along the cut line. (c) Spatial profile and (d) magnified view of temperature for tCo= 60 nm when the temperature is
maximized. The color scale in (d) shows the temperature variation from the bottom of the Co. A cut line is indicated by a white broken
line. (e) Temperature difference, 
T, from the air 1/Ru interface along the cut line. (f) tCo dependence of the integral of temperature
gradients along the Co thickness, Θ , normalized by tCo. Throughout the finite-element simulations, we set the average power of the
2� component at P2�= 52.1 mW.

we introduced heat sources, of which the caloric genera-
tion oscillates at 2�/2π while keeping the spatial profile
of energy dissipation density (absorbed laser intensity).
Because the following simulations considered only the
laser power oscillating at 2�/2π = 84 kHz, the amplitude
of the 2� component (P2�) of laser power is obtained by
multiplying the P by a factor of 0.744.

Figure 5(c) shows the spatial temperature profile at
P2�= 52.1 mW when the temperature difference between
the top and bottom surfaces of the Co layer (
T) is max-
imized. Figure 5(d) presents a magnified view of Fig.
5(c), in which we defined a cut line (broken line) along
the center. The temperatures along the cut line change
nonlinearly owing to the exponential decay of the light
intensity [Fig. 5(e)]. Moreover, we evaluated the nonlinear
temperature gradient by integrating the temperature gradi-
ents, Θ = ∫ −tRu

−(tRu+tCo)
dz∇ T(z), which are divided by tCo.

We note that the feasible temperature gradients can reach
approximately 103 K mm−1, which is 2 orders of magni-
tude larger than those when using heaters (approximately
10 K mm−1) [7,9,14,18,21]. The tCo dependence of Θ/tCo
in Fig. 5(f) has a local minimum at tCo= 20 nm. When the
Co thickness is thin, the back-reflected light waves from
the Co/sapphire interface tend to cancel out the temper-
ature gradients inside the Co layer. With increasing tCo,

the incident light waves tend to decay only within the Co
layer before reaching the interface. Indeed, the position
of the local minimum varies depending on the extinction
coefficient of Co (see Appendix A). Therefore, the local
minimum determined mainly by the back reflection from
the Co/sapphire interface and light decay within the Co
layer.

For comparison, we also simulated the spatial temper-
ature profile in the two-dimensional geometry shown in
Fig. 2(a) (see Appendix B). The calculated value of Θ/tCo
in the two-dimensional geometry is plotted as a func-
tion of tCo in Fig. 9(d). The difference in Θ/tCo between
the axisymmetric and two-dimensional cases is only a
few percent. We also observe an agreement between the
horizontal temperature and light-intensity profiles [Fig.
9(e)]. These results indicate that the heat transport occurs
predominantly in the thickness direction. The laser inten-
sity contains dc and multiple even-frequency components
whereas the simulation considered only the 2� compo-
nents. Nevertheless, when dc, 2�, and 4� components of
laser intensity are considered in the simulation, we find no
significant emergences of other frequency components by
the distortion of the 
T waveforms (see Appendix C). The
laser irradiation method can steadily and stably modulate
the temperature gradient at a frequency of tens of kilohertz,
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which is applicable to phase-detection techniques for accu-
rately characterizing the magnetothermoelectric effects.

D. Geometrical correction of the anomalous Nernst
effect induced by focused laser beams

Because electromotive forces are generated only in the
region irradiated by laser beams, we must correct the gen-
erated electric voltages shown in Fig. 4(c) by considering
the measurement geometry to calculate the values of QANE.
The geometrically corrected electric voltage, V′

m, is given
by

V′
m =

(
πσ 2

2wtCo

)
μ0MQANE

∫ −tRu

−(tRu+tCo)

dz ∇ T(z). (6)

Appendix D provides detailed derivations of Eq. (6).
To confirm the validity of Eq. (6), where V′

m is
inversely proportional to w, we fabricated Hall devices
with w = l = 0.10, 0.20, 0.30, and 0.40 mm using the
Ru(5 nm)/Co(60 nm) bilayer. Figure 6(a) shows V as a
function of H at ϕ = 90° and P = 70 mW for w = 0.10,
0.20, 0.30, and 0.40 mm. Moreover, the linear dependence
of 
V on 1/w shown in Fig 6(b) indicates that Eq. (6) is
valid. Notably, Eq. (6) indicates that the electric voltage
generated by laser irradiation is optimized when the device
size w becomes as large as the spot size σ . Hence, the
laser-irradiation method can generate detectable electric
voltages in micrometer-sized devices by focusing the laser
beams, whereas heater methods require a millimeter-sized
device owing to the small temperature gradient. The laser-
irradiation method can expand the range of thermoelectric
materials that can be investigated, including micrometer-
sized single crystals and cleaved van der Waals layered
materials [43–45].

E. Calculation of the coefficient of the anomalous
Nernst effect QANE

Figure 7 shows the tCo dependence of QANE, which was
calculated by substituting the characterized values of µ0M s
[Fig. 3(a)], V′

m(= 
Vfit) [Fig. 4(c)], and ∇T [Fig. 5(f)] to
Eq. (6). The inset of Fig. 7 shows the transverse Seebeck
coefficient, Sxy . The error bars represent the uncertainty of
the thermal conductivity of Ru and Co. The estimation of
QANE shown in Fig. 7 ignores the spin Seebeck effect for
the small spin Hall angle of Ru [46]. QANE increases with a
reduction in tCo and is maximized at tCo= 7 nm. Reference
[21] reported a similar dependence of QANE on the thick-
ness of the ferromagnetic metal. This increasing tendency
can be explained by the increasing contribution of impu-
rity scattering or the intrinsic ANE due to the modification
of the electronic band structure, based on the Mott rela-
tionship [47,48]. In contrast, the reduction in QANE at less
than 5 nm may be ascribed to the decrease in the Curie
temperature. The values of QANE shown in Fig. 7 have

(a)

(b)

FIG. 6. Device-size dependence of ANE voltages. (a) Mag-
netic hysteresis of V measured for tCo= 60 nm at ϕ = 90° and
P = 70 mW. (b) Device-width dependence of 
V for tCo= 60 nm
at ϕ = 90°. The solid line indicates the linear fitting.

the same order of magnitude as those reported in previous
studies ranging from 0.02 to 0.40 μV K−1 T−1 [21,49,50].
Furthermore, we measured the ANE at tCo= 7 nm using
a conventional method with a heater for comparison (see
Appendix F). The estimated QANE is 0.22 μV K−1 T−1

compared with 0.14 μV K−1 T−1 in Fig. 7. The consis-
tency between the laser irradiation and heater experiments
also indicates that the laser irradiation method is usable
in the quantitative study of ANE when combined with
finite-element simulation. We observe a systematic error
in QANE of approximately 40%, which is attributed mainly
to the selection of material parameters in the simulation.

FIG. 7. tCo dependence of ANE coefficient, QANE. The inset
indicates the transverse Seebeck coefficient, Sxy , as a function of
tCo. The error bars were determined mainly by the uncertainty in
the thermal conductivity of Ru and Co.
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For example, at tCo= 10 nm, the variation of the ther-
mal conductivity of Co by +7.9% (−7.9%) resulted in
a change of Θ/tCo by −6.9% (+8.4%), respectively. The
values of Θ/tCo also depend on the extinction coefficient
of Co (see Appendix A). We additionally note that Θ/tCo
should change by the Fresnel coefficients of the Ru/air
and Ru/Co interfaces. The consideration of actual mate-
rial parameters in the simulations should lead to a more
accurate estimation of QANE.

IV. CONCLUSION

We quantitatively studied the thickness dependence of
the anomalous Nernst effect induced by laser irradiation in
Ru(5 nm)/Co(tCo) (tCo= 3, 5, 7, 10, 20, 40, and 60 nm)
bilayers. The measured transverse electric voltages and
simulated temperature gradients were used to calculate
the anomalous Nernst coefficients. The thickness depen-
dence of the anomalous Nernst coefficients quantitatively
and qualitatively reproduces those in previous reports and
one independently characterized using homogeneous tem-
perature gradients prepared by a heater. This study also
highlights that temperature gradients as large as approxi-
mately 103 K/mm can be created by focusing laser beams
on a micrometer-sized area while stably modulating the
intensity at a frequency of tens of kilohertz. These advan-
tages of the laser irradiation method are beneficial for
understanding the physics of the anomalous Nernst effect
and exploring alternative thermoelectric materials.
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APPENDIX A: ADDITIONAL SIMULATIONS
WHEN VARIATING EXTINCTION

COEFFICIENTS

To seek the origins of the nontrivial tCo dependence
of Θ/tCo in Fig. 5(f), we calculated Θ/tCo while varying

FIG. 8. tCo dependences of Θ/tCo calculated with various
extinction coefficients (imaginary part of the refractive indexes)
of Co.

the extinction constant (imaginary part of the refractive
index) of Co, kCo, at each tCo, as shown in Fig. 8. We
first found that the local minimum in Fig. 5(f) disap-
pears at kCo= 0, indicating that the nontrivial behavior
originates from the laser absorption by Co. In addition,
the values of Θ/tCo and the positions of the local min-
ima vary depending on kCo. When the Co film is thin
(tCo= 3–20 nm), the electric-field amplitudes in the Ru
layer depend on tCo and gradually converge as tCo increas-
ing further. The variation of the electric-field amplitude in
the Ru layer is attributed to reflected light waves returning
to the Ru from the Co/sapphire interface. Hence, the dis-
sipation energy density in the Ru layer depends on tCo for
thin Co films and gradually converges with increasing tCo.
Of note, the reflected light also tends to cancel out the tem-
perature gradients in the Co layer. Moreover, Θ/tCo begins
to increase at a specific value of tCo because the electric-
field amplitude at the Co/sapphire interface decays with
increasing tCo. Therefore, the nontrivial tCo dependence in
Fig. 5(f) results likely from the combined effects of optical
propagation and laser absorption.

APPENDIX B: COMPARISION BETWEEN
TWO-DIMENSIONAL AND AXISYMMETRIC

CASES

We also simulated the temperature profile in the two-
dimensional geometry [Fig. 2(a)] as shown in Fig. 9(a).
Figures 9(b) and 9(c) present the magnified view and tem-
perature difference along the cut line, respectively. Figure
9(d) compares the tCo dependence of Θ/tCo in the two-
dimensional geometry to that in the axisymmetric geom-
etry [Fig. 5(f)]. The deviation of Θ/tCo between the two
cases is approximately 2%. Moreover, we plot the in-plane
temperature profile at z = 35 nm for tCo= 60 nm, calcu-
lated in the two-dimensional system, together with the
normalized square of light electric field, |E|2, at the sam-
ple surface in Fig. 9(e). Fitting the in-plane temperature
profile with a Gaussian yielded σ = 25.5 μm, which is
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(a)

(c) (d) (e)

(b)

FIG. 9. (a) Spatial profile and (b) magnified view of temperature for tCo= 60 nm when the temperature is maximized calculated in
the two-dimensional system. (c) Temperature difference, 
T, from the air1/Ru interface along the cut line. (d) Comparison of the tCo
dependences of Θ/tCo calculated using the two-dimensional systems with that calculated using axisymmetric geometry. (e) In-plane
profiles of temperature (red) at z = 35 nm and normalized squared electric field intensity (blue) at the sample surface for tCo= 60 nm.
Here, the in-plane temperature profile is plotted at the moment when the central temperature at z = 35 nm reaches its maximum.

broaden by only 2% in comparison with the light intensity
(σ = 25 μm). These results indicate that heat flows primar-
ily along the thickness direction rather than in the in-plane
direction.

APPENDIX C: TEMPERATURE MODULATION
BY LASER BEAMS WITH DC AND HARMONIC

INTENSITY COMPONENTS

In the experimental configuration, the laser intensity
included a dc component and even harmonics of 42 kHz,
which is the driving frequency of the PEM. We first show
the time evolutions of the P2� and 
T′, a difference
between temperatures at the top and bottom of the Co layer,
as shown in Fig. 10(a) for tCo= 60 nm at P2�= 52.1 mW.
Furthermore, when the amplitude ratio of the dc, 2�, and
4� of the P waveform [Fig 10(b)] is set at 1:0.744:0.232
as in the experiments, we simulated the time evolution
of 
T′. Figure 10(b) shows the time evolutions of P and

T′ for tCo= 60 nm at P = 70 mW. In this case, the back-
ground temperature rises by approximately 10 K. Figure
10(c) indicates the fast Fourier transformation (FFT) of
the 
T′ waveform shown in Fig. 10(b). The ratio of the
FFT amplitudes for the dc, 2�, and 4� components is
1:0.741:0.230, which is identical to the ratio of the laser
amplitudes. Therefore, in the frequency range, even when

the laser intensity includes the multiple frequency com-
ponents, we can ignore the appearance of other frequency
components in the 
T′ waveform.

APPENDIX D: DERIVATION OF GEOMETRIC
CORRECTION FACTOR

Figure 11(a) shows a schematic of a Hall device illu-
minated by focused laser beams. For simplicity, we first
consider that the spatial intensity profile of laser beams
is top hat with a side length of 2σ . Figure 11(b) shows
our model and the equivalent electrical circuit. Along the
z direction, a cuboid including the excited area is divided
into n pieces of strip with a size of 2σ × l × 
t. Here, the
fractional resistance, 
r, of each small strip is expressed
as follows:


r = ρl
2σ
t

. (D1)

The combined resistance, R′., of the other strips is given
by

R′ = 
r
n − 1

∼= 
r
n

= ρl
2σ t

. (D2)
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(a) (b) (c)

FIG. 10. Time evolution of temperature difference, 
T′, for tCo= 60 nm when the laser beam includes (a) 2� amplitude component
and (b) dc, 2�, and 4� amplitude components. Here, the 
T′ is a difference between temperatures of the surface and bottom surface
of the Co layer. (c) Amplitude of fast Fourier transformation (FFT) of the 
T′ waveform.

The combined resistance, R′′, of the region excluding the
cuboid is expressed as

R′′ = ρl
(w − 2σ)t

. (D3)

Therefore, the total resistance, R, of the equivalent circuit
becomes

R = 
r + R′R′′

R′ + R′′ . (D4)

When the electromotive force, 
VANE, is generated only
in the small strip, the shunt electric current, 
I ′′, flowing

(a)

(b)

FIG. 11. (a) Schematic illustration for calculating geometrical
correction factor. A laser beam, of which the spatial intensity pro-
file is square with a side length of 2σ is focused on the center of
a Hall cross with a size of w × l. (b) Equivalent circuit model of
ANE induced by local laser heating.

in the resistance R′′ is given by


I ′′ =
(


VANE

R

) (
R′

R′ + R′′

)
= R′
VANE


rR′ + R′R′′ + 
rR′′ .

(D5)

Using the superposition theorem [51], the summed electric
current, I ′′, flowing in the resistance R′′ becomes

I ′′ =
n∑

k=1

I ′′

k

= 2σμ0MQANE
∑n

k=1 ∇Tk
ρl((1/2σ
t)+(1/(w−2σ)t)+(1/(w−2σ)
t))

∼= (w−2σ
w

) (
4σ 2

ρl

)
μ0MQANE

n∑
k=1

∇Tk
t,

(D6)

where ∇Tk is the vertical temperature gradient in a kth strip.
Therefore, the measured electric voltage, Vm , is given by

Vm = R′′I ′′ =
(

4σ 2

wt

)
μ0MQANE

n∑
k=0

∇Tk 
t. (D7)

Although the above derivation assumes that the intensity
profile is top hat, we employed laser beams with a Gaus-
sian spatial intensity profile in the experiments. Although
the amplitude of the vertical temperature gradients depends
on the position of the illuminated region, the laser-induced
electric voltage depends linearly on the laser power, and
the in-plane temperature gradients are canceled out. There-
fore, we can calculate the electric voltages for excitation
with a Gaussian laser beam using the following sim-
ple transformation. We consider the condition in which
the total powers of the Gaussian and top-hat beams are
identical, as follows:
∫ ∞

−∞
dx

∫ ∞

−∞
dy I e−2(x2+y2)/σ 2 =

∫ σ

−σ

dx
∫ σ

−σ

dy I ′, (D8)

where I and I ′ denote the peak intensity of the Gaussian
beam and intensity of the top-hat beam, respectively. In
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FIG. 12. Line profile of maximum temperature difference, 
T,
at the spot center for tCo= 60 nm when incorporating the inter-
facial thermal resistances at Ru/Co and Co/sapphire interfaces.
The other simulation conditions were identical to those for Fig.
5(c).

this case, the intensity ratio becomes I : I ′ = 8 : π . Con-
sidering the intensity ratio, the geometrically corrected
electric voltage, V′

m, becomes

V′
m =

(
πσ 2

2wt

)
μ0MQANE

∫ t

0
dz∇T(z). (D9)

APPENDIX E: IMPACT OF INTERFACIAL
THERMAL RESISTANCE ON SIMULATIONS

We performed simulations incorporating interfacial
thermal resistances (ITR) at tCo= 60 nm in the axisymmet-
ric geometry. We used ITR values of 3.3 × 10−6 K m2 W−1

at the Co/sapphire interface and 1.7 × 10−7 K m2 W−1 at
the Ru/Co interface, which are typical for metal/insulator
and metal/metal interfaces, respectively [52]. Figure 12
shows the line profile of the temperature difference from
the bottom of the Co layer along the thickness direc-
tion for tCo= 60 nm. Although temperature jumps appear
at each interface, the value of Θ/tCo is scarcely affected
(Θ/tCo= 972 K mm−1). A similar trend was obtained for
different tCo values. When temperatures at both ends are
fixed and internal heat sources are absent, temperature gra-
dients are strongly affected by the existence of ITR. In the
present case, the presence of internal heat sources within
the Co films likely account for the insensitivity of Θ/tCo to
ITR.

APPENDIX F: HEATER EXPERIMENT AND
CALCULATION OF ANOMALOUS NERNST

EFFECT COEFFICIENT

We demonstrate the characterization of the ANE using
homogeneous temperature gradients prepared using a
heater. The measurement configuration is shown in Fig.
13(a). We cut the Ru(5 nm)/Co (7 nm) film into a piece
of 6 mm × 3 mm, which was sandwiched between a Peltier
heater and a 3-mm-thick AlN block of 5 mm × 30 mm. The

(a) (b)

FIG. 13. Characterization of ANE using homogeneous tem-
perature gradients prepared by a heater. (a) Schematic illustration
of experimental configuration. (b) Magnetic hysteresis of electric
voltage, V, for tCo= 7 nm. Here, we set the surface temperature
of the Peltier heat at 60°C, when the surface temperature of the
AlN block was 44.5°C.

AlN block was fixed to a heat bath composed of oxygen-
free Cu using Mo screws. When the temperature on the top
surface of the Peltier heater was set at 60.0°C, the tem-
perature on the top surface of the AlN block was 44.5°C.
The temperatures were measured using thermistors. Under
these temperature settings, we measured the ANE voltages
as a function of the in-plane magnetic field [Fig. 13(b)].
The magnetic hysteresis shows a voltage jump of approx-
imately 13 μV. Assuming that the temperature gradient
was linear, we calculated the value of QANE to be approx-
imately 0.22 μV K−1 T−1 using a temperature gradient of
4.6 K mm−1.
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Železný, J. Wunderlich, et al., Anomalous Nernst effect in
Mn3NiN thin films, Phys. Rev. B 108, 024420 (2023).

[15] T. Asaba, V. Ivanov, S. M. Thomas, S. Y. Savrasov, J.
D. Thompson, E. D. Bauer, and F. Ronning, Colossal
anomalous Nernst effect in a correlated noncentrosymmet-
ric kagome ferromagnet, Sci. Adv. 7, eabf1467 (2021).

[16] M. Papaj and L. Fu, Enhanced anomalous Nernst effect in
disordered Dirac and Weyl materials, Phys. Rev. B 103,
075424 (2021).

[17] I. Samathrakis, T. Long, Z. Zhang, H. K. Singh, and H.
Zhang, Enhanced anomalous Nernst effects in ferromag-
netic materials driven by Weyl nodes, J. Phys. D: Appl.
Phys. 55, 074003 (2022).

[18] T. Yamazaki, T. Seki, R. Modak, K. Nakagawara, T. Hirai,
K. Ito, K. Uchida, and K. Takanashi, Thickness dependence
of anomalous Hall and Nernst effects in Ni-Fe thin films,
Phys. Rev. B 105, 214416 (2022).

[19] H. Narita, M. Ikhlas, M. Kimata, A. A. Nugroho, S. Nakat-
suji, and Y. Otani, Anomalous Nernst effect in a microfabri-
cated thermoelectric element made of chiral antiferromag-
net Mn3Sn, Appl. Phys. Lett. 111, 202404 (2017).

[20] T. Kikkawa, K. Uchida, S. Daimon, Y. Shiomi, H. Adachi,
Z. Qiu, D. Hou, X.-F. Jin, S. Maekawa, and E. Saitoh, Sep-
aration of longitudinal spin Seebeck effect from anomalous
Nernst effect: Determination of origin of transverse ther-
moelectric voltage in metal/insulator junctions, Phys. Rev.
B 88, 214403 (2013).

[21] T. C. Chuang, P. L. Su, P. H. Wu, and S. Y. Huang, Enhance-
ment of the anomalous Nernst effect in ferromagnetic thin
films, Phys. Rev. B 96, 174406 (2017).

[22] K.-D. Lee, D.-J. Kim, H. Y. Lee, S.-H. Kim, J.-H. Lee,
K.-M. Lee, J.-R. Jeong, K.-S. Lee, H.-S. Song, J.-W.
Sohn, et al., Thermoelectric signal enhancement by rec-
onciling the spin Seebeck and anomalous Nernst effects

in ferromagnet/non-magnet multilayers, Sci. Rep. 5, 10249
(2015).

[23] U. Martens, T. Huebner, H. Ulrichs, O. Reimer, T. Kuschel,
R. R. Tamming, C.-L. Chang, R. I. Tobey, A. Thomas, M.
Münzenberg, et al., Anomalous Nernst effect and three-
dimensional temperature gradients in magnetic tunnel junc-
tions, Commun. Phys. 1, 65 (2018).

[24] Y.-J. Chen and S.-Y. Huang, Light-induced thermal spin
current, Phys. Rev. B 99, 094426 (2019).

[25] C. Zhang, J. M. Bartell, J. C. Karsch, I. Gray, and G. D.
Fuchs, Nanoscale magnetization and current imaging using
time-resolved scanning-probe magnetothermal microscopy,
Nano Lett. 21, 4966 (2021).

[26] J. M. Bartell, D. H. Ngai, Z. Leng, and G. D. Fuchs,
Towards a table-top microscope for nanoscale magnetic
imaging using picosecond thermal gradients, Nat. Com-
mun. 6, 8460 (2015).

[27] A. Pandey, J. Deka, J. Yoon, A. Mathew, C. Koerner, R.
Dreyer, J. M. Taylor, S. S. P. Parkin, and G. Wolters-
dorf, Anomalous Nernst effect-based near-field imaging of
magnetic nanostructures, ACS Nano 18, 31949 (2024).

[28] M. Weiler, M. Althammer, F. D. Czeschka, H. Huebl, M.
S. Wagner, M. Opel, I.-M. Imort, G. Reiss, A. Thomas,
R. Gross, et al., Local charge and spin currents in magne-
tothermal landscapes, Phys. Rev. Lett. 108, 106602 (2012).

[29] R. Iguchi, S. Kasai, K. Koshikawa, N. Chinone, S. Suzuki,
and K. Uchida, Thermoelectric microscopy of magnetic
skyrmions, Sci. Rep. 9, 18443 (2019).

[30] F. Johnson, J. Kimák, J. Zemen, Z. Šobáň, E. Schmoranze-
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