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Because the anomalous Nernst effect (ANE) involves the effective electric field generated by the combination
between the thermal gradient and the magnetization direction, it has been well applied to not only the measure-
ment of the static magnetization but also the experiment for the low frequency magnetization dynamics. In this
work, the frequency response of the ANE was examined to provide two implications: First, as a method to sep-
arate Nernst effects from other signals in the homodyne or heterodyne method, and second, as a timing refer-
ence to the phase-sensitive magnetization dynamics. The intensity of 1550 nm laser power was modulated up to
2.4 GHz and successfully produced the equivalent speed of the ANE signals from the 10 nm Permalloy block on
the sapphire substrate. The implications could be supported, when the detection system consists of well-
designed radio frequency components and the better heat sink substrate to get the faster thermal gradient on

the magnets.
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1. Introduction

Recently, the prospect of driving spin currents with the
thermal gradients in spintronic devices has generated
much interest in the relationships between the heat flows
and the spin currents. Theoretical work has predicted that
the spin currents can be driven more efficiently by the
thermal gradients than by the spin filtering of electrical
current passing through the ferromagnetic metals and the
area of interest has earned the name “spin caloritronics”.
The main thermo-magnetic effects, anomalous Nernst
effect (ANE) [1-9] and spin Seebeck effect [10-16], have
been investigated in the various materials with the single-
or multi-layers. The spin Seebeck effect is the generation
of the spin current driven by the thermal gradient in the
ferromagnet. This effect is analogous to the better known
(non-spin) Seebeck effect used in the thermocouples. In
the ferromagnet, however, the spin-up and the spin-down
currents are both driven by the thermal gradient, but in
the different amounts, yielding the net spin current. Such
spin currents can be detected using the inverse spin Hall
effect in the normal metals, where the spin orbit coupling
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allows the spin current to drive the transverse, detectable
charged current [17-19].

The ggnerated electric field £ ANE between the magneti-
zation M, the thermal gradient VT could be described
by, in the direction perpendicular to both the magneti-
zation and the temperature gradient.

> = >
Eane = =CanpttgMx VT (1)

In this work, the ANE toward the high-speed magneti-
zation measurement is examined. Most studies on the spin
thermoelectric effects have been focused on measuring
the magnitude of its coefficient (Cang) under the dc or the
low frequency of temperature gradient [20-23]. However,
the frequency response of the spin thermoelectric effect at
high frequency is very important for developing the
spintronic devices, such as the magnetic random access
memory and the magnetic sensors, in terms of the
sampling rate. Recently one study has reported about 350
MHz cutoff frequency of spin Seebeck effect in YIG/Pt
bilayer using the laser intensity modulations [20]. The
main restriction of cutoff frequency has been understood
as the combination of the low-pass behavior [24, 25]
between the individual magnon modes [26-28].
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2. Experimental

The anomalous Nernst effect measurements were
performed on the Ti(3 nm)/Permalloy(10 nm)/Ti(3 nm)
block (150 pmx500 pm, rectangle), deposited on the
thick sapphire substrate using the ultra-high vacuum
sputter. The 200 nm thick Au contact pads were deposited
to collect the anomalous Nernst signals from the
Permalloy block. Because the Ti layer exhibits very small
spin Hall angles, the ANE became the dominant effect in
this study rather than spin Seebeck effect. Our measure-
ment setup and the patterned sample are shown in Fig. 1.
The intensity of 1550 nm laser is modulated using the
fiber based intensity modulator (IM) and focused on the
Permalloy surface using the conventional plano-convex
lens down to the spot size of 20 pum. The x-y stage
translates the sample under the fixed laser to get the 2D
images. The vector network analyzer supplies the reference
signals to drive the IM and collects the amplified ANE
signals between the two Au contacts in the x-direction.
The isolated magnetization-dependent signals by taking
the voltage difference between the Au pads were measured
under the applied magnetic fields of 11 mT in the y-
direction. Because of the restriction of spin Seebeck effect
of the Permalloy layer, ANE could address the much
wider cutoff frequency range to provide an additional
reference phase signals to mix the magnetization dynamics
from under the homodyne or the heterodyne detection
method.

The theoretical model has considered the sinusoidal
heated film surface in order to highlight the large differ-
ence between the frequency responses of the temperature
(T) and the thermal gradient (d7/dz). The classical
thermal diffusion equation is listed below,

10T _

S =T+ 1KQ(r, 0, )

where o is the thermal diffusivity, x is the thermal
conductivity and Q is the heating flux due to the laser.
The laser power of Gaussian beam profile and oscillating
time dependence are shown as,

Q(}", [) _ ize—xz/hrze—iwr , (3)
2ro

where g is the net laser power, o is the spot size, and the
heat from the absorbed laser power is generated at the
free surface of the sample (z=0). The thorough model
would requires incorporating the individual layer material
properties as well as the interfacial thermal resistance, but
the primary effect might be captured by the much simpler
model.
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3. Result and Discussion

First, the intensity of the anomalous Nernst voltages
was investigated using the continuous laser power, which
arose the thermal gradient at the center of the 150 um
width Permalloy sample in the z-axis. In the measurement
scheme of the Fig. 1(a), the vector network analyzer
(VNA) was replaced by a conventional digital voltmeter,
therefore, the dc anomalous Nernst signals depending on
the magnetization were collected. The relative anomalous
Nernst voltages depending on the laser power at the
center Permalloy are shown in the Fig. 2(a), when the
magnetic field varied in the y-axis. It is clearly shown that
the anomalous voltage is proportional to the incident laser
power (370 mW incident power produced 10 times larger
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Figure 1. (Color online) (a) Schematic of the apparatus. A
continuous 1550 nm wavelength laser beam is modulated by a
fiber-based intensity modulator (IM), and focused on a 10 nm
thick Permalloy block on a sapphire substrate. The vector net-
work analyzer (VNA) feeds ac current to the IM and receives
the amplified anomalous Nernst signals. (b) The reflection
image shows the Permalloy block, 150 x 500 um? and 200
nm Au contact pads on the sapphire substrate. The x-y stage
moves the Permalloy sample under the fixed beam position for
2D scan.
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Figure 2. (Color online) (a) The magnetic hysteresis curves
from the dc anomalous Nernst signals using 37 mW (black,
square) and 370 mW (red, circle) laser power, where the con-
tinuous laser was focused on the center of the Permalloy
block. (b) The variation of anomalous Nernst voltages depend-
ing on the laser power, where the power varied from 5 mW to
45 mW. (c) The color images indicate the y-magnetization
component corresponding to the status (A), (B), (C), and (D)
in the graph (a). The image area is shown in the Fig. 1(b) as
the dot-green box.

signal than 37 mW). The linear relation between the ANE
signal and the laser power was-precisely examined in the
Fig. 2(b), when the laser power varied from 5 mW to 45
mW. Because the Permalloy film thickness was quite
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Figure 3. (Color online) (a) the normalized magnitude of
anomalous Nernst signals for the modulation frequency ranges
between 0.35 to 2.0 GHz. The effective path length mainly
causes the oscillation period of both the in-phase and the
quadrature signals and systematic error arise the lower signal
oscillations. (b) The in-phase and quadrature signals of the
vector network analyzer when the modulation frequency var-
ied from 2.0 GHz to 2.4 GHz.

smaller than that of the substrate, therefore, the temper-
ature gradient would be thought that the thermal conduc-
tivity of the sapphire drove the linear relation between the
laser power and the ANE voltage. Because the anomalous
Nernst coefficient Cyng~ 1.96 x 107 V (K-T)™ of the
Permalloy has been well known from the previous studies
[21, 22, 29], it could be also estimated that the temper-
ature gradient in the Permalloy 10 nm was 2 K, when the
laser power was 370 mW.

Because the anomalous Nernst voltage directly shows
the magnetization direction of the ferromagnet, the 2D
magnetization image during the reversal process could be
measured as a function of the external magnetic field. The
color images in the Fig. 2(c) show the magnetic y-
components (M,) corresponding to the magnetic fields as
marked as the alphabet in the Fig. 2(a) at the laser power
of 370 mW. When the magnetization was parallel to the
magnetic field in the y-axis, (A), (B) and (D) showed the
single domain states either in the positive or the negative
y-direction. During the magnetization reversal of the
Permalloy block, the intermediate magnetization state (C)
indicated the domain walls. It means that the intermediate
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states of the micro-/nano-patterns in the magnetic sensor,
the memory and the logic device could be well defined
using the ANE measurement, when the spot size is
sufficiently decreased under sub-micrometer using the
objective lens.

Next, the dc voltmeter was replaced to the VNA to
confirm the frequency response of the ANE signal, when
the thermal gradient frequency increased up to sub-GHz.
The sinusoidal heating effect on the Permalloy surface
was induced by the intensity modulation of 22 mW laser
and observed by the VNA directly, when the modulation
frequency varied from 350 MHz to 2.4 GHz. As shown in
the Fig. 3(a), there was no significant intensity drop of
ANE magnitude during the modulation frequency sweep
of laser power. The effective path including the optical
path, the cable length, and the unsuitable contacts produced
the large oscillation of the magnitude of ANE signal.
However, unexpected noise were shown in the frequency
range from 1.9 GHz to 2.0 GHz in the Fig. 3(b). Above
the 2.0 GHz, the signal maintains the stable phase condi-
tion between the in-phase and the quadrature voltages, as
shown in Fig. 3(b). There might be several reasons to
explain this restriction. First of all, comparing to the low
modulation frequency modulations (<1 MHz), the
anomalous Nernst signals are very sensitive to the laser
power fluctuations at sub-GHz frequency. Second, the
detection patterns are also precisely prepared to get the
RF signals. Therefore, the sufficient chopping technique
and the coplanar waveguide pattern will be needed to
secure the ANE amplitude in the RF ranges.

4. Conclusion

The frequency response of ANE was measured in the
Permalloy 10 nm block on the sapphire substrate. The fast
variation of the heat flux was manipulated by the
modulation of laser intensity using the electro-optical
modulator up to 2.4 GHz. The frequency dependence of
the in-phase, the quadrature, and the phase signals were
verified by the VNA. Because of the frequency restriction
of the VNA and the systematic imperfection of the
coplanar waveguide design, a higher RF frequency is not
determined in this study. However, 2.4 GHz is about six
times higher than the cutoff frequency of the previous
spin Seebeck study. Because the ANE could verify the
magnetization direction of the ferromagnetic material in
the specific axis. It could be widely used for measuring
both the static and the dynamic magnetizations in the
wide frequency ranges. In particular, the ANE's large
bandwidth could provide additional reference signal in the
phase sensitive homo/heterodyne experiments.
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