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The 3@ method is a standard way to measure the thermal conductivity of thin films. In this study, we
apply the method to read the magnetic state of a perpendicularly magnetized CoTb ferrimagnetic Hall cross
using a thermal excitation. In order to generate the thermal excitation, an oscillating current at an @
frequency is applied to the Hall cross using different geometries. The magnetic signals oscillating at w, 2w,
and 3w are probed using a lock-in technique. From the analysis of the power dependence, we can attribute
the 3w response to the temperature oscillation and the 2w to the temperature-gradient oscillation. Finally,
the frequency dependence of the magnetic signals can be understood by considering the heat diffusion in a

two-dimensional model.

I. INTRODUCTION

Thermal management in microelectronic devices has
drawn a lot of interest, since it limits the performance of
electronic devices with ever-increasing transistor density
[1]. Thanks to the coupling of heat, electron, and spin, a
way has been proposed to circumvent the problem by
making use of the waste heat current to process informa-
tion. The young research field called spincaloritronics,
which stands at the convergence of two scientific fields,
namely, heat transport and spintronics, is expected to
deliver devices having the ability to store and/or process
spin information thanks to a heat current. Thermal currents,
which exist naturally in electronic devices, could then be
used to measure the spin state. One important device is the
nonvolatile magnetic memory for which, to read the
magnetic state, an electrical current must be injected
through the device. On the basis of previous work [2],
we study in this paper the feasibility of thermal reading of
magnetic states in Hall crosses by the oscillations of the
temperature and/or temperature gradient.

Since 2008, many publications have reported magneto-
voltaic signals at room temperature in response to a
thermal excitation in various geometries [3—12]. While
the origin of those effects, e.g., the longitudinal spin
Seebeck effect (LSSE), remains under debate, the measure
of voltages under an applied temperature gradient is
demonstrated. Significant progress has been made for
thermomagnetic effects at a high frequency or transient
state. Agrawal et al. studied the LSSE of YIG/Pt in the
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microsecond timescale [13]. Later, the frequency depend-
ence of the LSSE up to the gigahertz range was reported
through microwave heating [14]. Recently, the LSSE at
several picoseconds was shown through a pump-probe
method with an ultrafast heat-transfer process [15]. The
underlying oscillation of the heat current plays a vital role
in the high-frequency thermomagnetic effects.

In this study, we use an ac temperature method to have a
higher precision and be insensitive to experimental artifacts
due to thermoelectric effects [16]. The 3w method is now a
standard ac method for the measurement of the thermal
conductivity of thin films [9,16-21]. If an electrical current
is applied to the thin wire which oscillates at o, a
temperature oscillation at 2w is generated due to Joule
heating. Given that the resistivity varies linearly with the
temperature, the longitudinal resistance oscillates also at
2w. The oscillation of the voltage at 3w (the driving current
at o times the resistance at 2@) can be measured synchro-
nously with a lock-in amplifier on the thin wire. Through
the measurement of the real and imaginary parts of Vj,
against the frequency, the thermal conductivity of the layer
beneath the metal wire can be extracted.

In this study, we extend the standard 3w method to a
Hall cross geometry by replacing the longitudinal metal
resistance with the transversal resistance. Like the elec-
trical resistivity, the Hall resistivity varies linearly with
the temperature for small temperature oscillations (see
Appendix B). The Hall voltage, equal to the driving
current times the Hall resistivity, oscillates at 3w.
Moreover, the temperature gradient is converted into an
electrical field due to the spin Seebeck effect (SSE) [3,22],
anomalous Nernst effect (ANE) [4,23], or Righi-Leduc



effect (RLE) [2]. Since the temperature gradient oscillates
at 2w, the information about the temperature gradient can
also be extracted by measuring the signal at 2.

To highlight the difference between the temperature
oscillation and the temperature-gradient oscillation, the
heat flow is generated either locally (the heating current
is injected through the Hall cross) or nonlocally (the
heating current is injected in a wire eccentric of the Hall
cross). We first discuss the sample preparation and check
the presence of a temperature gradient under local and
nonlocal heating in Sec. II. The results of power depend-
ence in local and nonlocal heating geometry are shown in
Sec. III. In Sec. 1V, the frequency dependences are shown
and explained using a two-dimensional model. The validity
of the model is verified in Sec. V. Finally, the discussion
and conclusion are presented in Sec. VL.

II. SAMPLES AND METHODS

Hall crosses are made using a 20-nm Co,Tb,4 mag-
netic alloy layer. CoTb alloy is chosen because of its
perpendicular magnetic anisotropy and, consequently,
its square magnetization hysteresis loop when a field is
applied perpendicular to the film plane [24]. The
perpendicular anisotropy simplifies the magnetovoltaic
response, and we consider only two possible magnetic
states that could be read using a lateral temperature
gradient. The CoTb layer is deposited on a glass substrate
(1 mm) covered with a Ta(5 nm)/Pt(5 nm) buffer layer
to have a smooth surface and improve the adhesion of
the CoTb. A Pt (5 nm) capping layer is used to prevent
oxidation. All layers are grown by dc magnetron cosput-
tering with a base pressure of less than 5 x 10~° mbar.
After film deposition, Hall bars with dimensions 400 x
200 um? are patterned using UV lithography and Ar ion
etching in a two-step process [Fig. 1(a)]. First, the layer is
etched into a cross shape or wire shape [dark brown part in
Fig. 1(a)]. After etching, electron beam evaporation of
Ti(10 nm)/Au(100 nm) allows one to take contacts on
the CoTb layer [brown parts in Fig. 1(a)].

The oscillating electrical current is generated by a
function generator. In the local heating geometry, the
electrical current is sent through the Hall cross [from
contact L to contact R, Fig. 1(a)], like in classical Hall
measurements. The Joule heat is generated over the entire
line. In the nonlocal heating geometry, the electrical current
is sent from contact N to contact L, generating a temper-
ature gradient from left to right. The Hall voltage [V | — V_
in Fig. 1(a)] is always measured between the two trans-
versal contacts for the two geometries.

First, we study the distribution of temperature under dc
Joule heating using an infrared camera. A dc current of
20 mA is applied either locally or nonlocally with the
substrate maintained at room temperature, and the infrared
images for both geometries are taken at 4.5 s after the
current is set on [Figs. 1(c) and 1(d)]. For the local
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FIG. 1. (a) Optical picture of thin-film Hall cross Ta(5 nm)/
Pt(5 nm)/CoTb(20 nm)/Pt(5 nm). The voltage is measured
between the two transversal contacts when an electrical current
is applied locally (blue arrow) or nonlocally (yellow arrow).
The three contacts used are labeled as L, R, and N. (b) The real
part (black) and imaginary (red) part of the voltage at 2@ in
the nonlocal geometry as a function of the external field. The
current for heating is 50 mA at 7 Hz. Note that a nonmagnetic
contribution is present in addition to the Hall contribution. (c),
(d) The temperature distributions of the Hall cross in the local
geometry (c) and nonlocal geometry (d) are measured with an
infrared camera at room temperature with the presence of a dc
electrical current of 20 mA. Note that the calibration of the
temperature is done by measuring the infrared signal of the
magnetic layer at different temperatures, and thus the temper-
atures for the contacts and glass are not accurate.

geometry [Fig. 1(c)], the temperature of the metal line
is elevated with a maximum at the center of the line. The
maximum increase of temperature at the center is esti-
mated to be 5 K. For the nonlocal geometry [Fig. 1(d)], the
left part of the Hall cross is heated up, and we can see
clearly a temperature gradient across the metal line.

In the following, an electric current of angular frequency
w is used to generate an oscillating flow of heat. The
electrical signal is measured synchronously using the lock-
in technique. For all measurements, the reference wave is
set to be in phase with the driving current I, cos wt, and
the voltages at w, 2w, and 3w are recorded synchronously.
The current flowing from the left contact L to the right
contact R is labeled as /,. Generally, the voltage can be
expressed as the sum of a real part and an imaginary part:
V =V, +iV,. The imaginary part of the electrical signal
is zero if the voltage is induced by electrical effects, which
are several orders faster than the experimental angular
frequencies. For the effects related to the heat flow, a phase
delay often exists between the temperature oscillation and
the electrical-current oscillation.

For example, Fig. 1(b) shows the nonlocal voltage at 2w
as a function of the external field in the nonlocal geometry.



Both real and imaginary parts depend on the magnetic state.
In addition to the expected Hall effect contribution, a
nonmagnetic contribution which is the average voltage of
the two magnetic states arises from the small misalignment
of the two transversal contacts due to the microfabrication
process. Such a nonmagnetic contribution exists for all the
harmonics.

For the two magnetic states, we have V(+H) =V (+H)+
iVy(£H). V(+H) [respectively, V(—H)] is the Hall voltage
measured for perpendicular positive (respectively, negative)
saturated magnetization. Phenomenologically, we divide the
signal into two contributions: a nonmagnetic contribution
V o independent of the magnetic state and a Hall contribution
Vy that depends on the magnetic state: Vo, = [V, (+H)+
V.(=H)/2] +i[V.(+H) £ V.(—H)/2]. Only the Hall con-
tribution (that we refer to as Hall voltage in the rest of the
paper) is related to the magnetic effects. Note that in the
following we mainly discuss the Hall contribution.

III. POWER DEPENDENCE

For both the local and nonlocal geometries, we present in
Fig. 2 the Hall voltage at @ as a function of electrical-
current amplitude 7, the Hall voltage oscillation at 2w, and
Hall resistance oscillation as a function of I3. As the power
of Joule heating is given by I3R, the magnitude of the heat
can be adjusted by simply controlling the electric current.

In the local geometry, the current flows from L to R,
and I equals /.. The real and imaginary parts of the Hall
voltage at w as a function of the driving current are reported
in Fig. 2(a). The real part decreases linearly with the
current. From the slope of the linear curve, we obtain the
Hall resistance Ry = 0.383 Q, which agrees with an
independent dc measurement (not shown). The imaginary
part of the Hall voltage at w is close to zero, which indicates
that the voltage at @ is purely an electrical effect and no heat
process is involved.

The temperature gradient oscillates [Fig. 2(b)] at 2w and
is directly converted into a voltage at 2w by means of the
SSE, ANE, or RLE. Figure 2(b) shows the real and the
imaginary parts of the Hall voltage at 2w as a function of /3.
The linear dependence shows that the temperature gradient
is also proportional to the Joule heating.

The voltage at 3w is the oscillation of the Hall
resistance at 2w of the Hall cross times the driving
current at w. Then V3, /I, corresponds to the resistance
oscillation. Figure 2(c) shows the real and imaginary
parts of V3, /I, (only the Hall contribution is plotted) as a
function of 3. Note that the real and imaginary parts of
Vs,/1y are proportional to the in-phase and out-of-phase
temperature rise, respectively, because the Hall resistance
is proportional to the temperature (Appendix B). I3 can be
viewed as a measure of the Joule heating. The in-phase
and out-of-phase temperature oscillations increase lin-
early with the Joule heating.
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FIG. 2. Left and right columns correspond to local geometry
and nonlocal geometry, respectively. Measurements are per-
formed at 11.37 Hz. (a),(d) Real and imaginary components of
the Hall voltage measured at  as a function of the current. (b),(e)
Real and imaginary components of the Hall voltage measured at
2w as a function of I%. (c),(f) Real and imaginary components of
the Hall contribution of V3, /I as a function of I3. Note, in the
nonlocal geometry, / is replaced by /,, which is responsible for
the Hall voltage in (d). Open symbols are experimental data, and
solid lines correspond to linear fittings. The measurements are
performed at 150 K.

In the nonlocal geometry, the original idea is to generate
a temperature gradient without any electrical current in the
Hall cross by sending an electrical current from contact N
to contact L. Surprisingly, a leakage current still exists due
to the presence of equipotential lines in the asymmetric
nonlocal geometry. Figure 2(d) shows the Hall voltage
measured at @ as a function of the driving current /,. The
Hall voltage is induced by a longitudinal leakage current /.
From the Hall resistance Ry, we can deduce the longi-
tudinal current I, =V,_,/Ry. I, in the nonlocal heating
geometry is 4 orders of magnitude smaller than the
nominally injected electric current /,, which agrees with
the estimation of a finite-element analysis (data not shown).
The imaginary part of the Hall contribution is again close to
zero, showing that the voltage at w is independent of any
thermal oscillation.

Figure 2(e) shows the voltage at 2w as a function of I°.
The voltage, which is originating from the temperature
gradient, increases linearly with the Joule heating.

Unlike the temperature-gradient oscillation, the temper-
ature oscillation needs a probe current /, to measure the
oscillation of the Hall resistance. The temperature gradient
between the heat source and the probes needs to be taken



into consideration to interpret the signal at higher harmon-
ics in the nonlocal geometry. The voltage at 3w is given by
the resistance oscillating at 2 times the longitudinal
current /. Figure 2(f) shows the V3, /I, as a function of
I?. The strong noise indicates that the nonlocal temperature
oscillation and /, are very weak.

IV. FREQUENCY DEPENDENCE

The voltage at @ is independent of the temperature
oscillation and remains constant for the frequency range
from 3 to 200 Hz. Since the voltages at 2w and 3w are
related to the thermal effects, we need to consider the heat
propagation to understand the frequency dependences of
V2a) and V3a}‘

In the local geometry, the heat is liberated only through
the longitudinal metal line. If we assume the heat prop-
agates only through the glass substrate and neglect the heat
propagation in the remaining metal parts, the Hall cross is
simplified to be a thin metal line. Following the solution
given in the literature [17], the temperature distribution
induced by an infinite line is

P . 2w\ /2
T =— sztK et 1
Ik ¢ OK a ) ’"}’ m

where P/ is the power per unit length, a is the thermal
diffusivity, k is the thermal conductivity, and r is the
distance to the metal heating line. The thermal diffusion
length is given by \/a/i2w. The derivation of Eq. (1) is
attached in Appendix C.

Figure 3 shows the experimental frequency dependence
of V3, in the local heating geometry. The sketch of the
sample is shown in Fig. 3. The real part of V3, clearly
deviates from the linear trend in the log scale due to
the large sample width. The frequency range is between 3
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FIG. 3. Frequency dependence of the real voltage (black open
circles) and imaginary voltage (red open circles) at 3w in the
local geometry at 150 K. The solid lines correspond to the
temperature oscillations calculated using the thermal diffusivity
7.8 x 1077 m?/s. Inset: The white arrow shows the direction of
heat flow in the Hall cross.

and 200 Hz in this study, which corresponds to a thermal
wavelength between 95 and 12 ym. The width between the
two voltage measurement points is 200 ym, which is
greater than the thermal wavelength. The general trend
of our experimental data is reproduced using Eq. (1). The
temperature as a function of the frequency shown in Fig. 3
is calculated numerically using a = 7.8 x 1077 m?/s,
which is reported in the literature for glass at 150 K [25].

Figure 4 shows the frequency dependence of the voltage
at 2w in the two geometries. For the local heating geometry,
the voltage induced by the longitudinal temperature gra-
dient should be zero if the Hall cross is heated homo-
geneously. However, we measure a voltage independent of
the frequency, which is likely due to inhomogeneous
heating along the Hall bar in the local geometry. For the
nonlocal heating geometry when the frequency is
increased, the voltage or the temperature gradient drops
quickly, since the voltage is proportional to the temperature
gradient. This can be explained by the decrease of the
thermal wavelength at a higher frequency. In solid lines, the
temperature gradients 0T /Or are calculated using Eq. (1)
and a = 7.8 x 1077 m?/s.

Note that the theoretical curves reproduce qualitatively
our experimental data. Indeed, the theoretical curves
are calculated considering an infinitely long heating line,
which is different from the Hall cross, especially for the
nonlocal geometry.
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FIG. 4. The real part (black open circles) and imaginary part
(red open circles) of the voltage measured at 2w as a function of
the frequency in the local (a) and the nonlocal geometry (b) at
150 K. The solid lines in (a) are lines to guide the eye. The solid
lines in (b) are the temperature-gradient oscillations calculated
using a = 7.8 x 1077 m?/s reported in Ref. [25]. Insets: The
white arrow shows the direction of heat flow in the Hall cross for
the two geometries.



Nonlocal

FIG. 5. The temperatures of different positions r are shown as
a function of the time at room temperature for the nonlocal
geometry. A dc current of 20 mA is applied to Hall cross at O s.
The temperatures are extracted from the infrared images
[Fig. 1(d)]. The thick solid lines correspond to the results
from numerical calculations using the same model with
a=6.4x 1077 m?/s. Inset: The white arrow shows the direc-
tion of heat flow in the Hall cross.

V. TIME-RESOLVED TEMPERATURE
MEASUREMENT

To further test the validity of the model for the Hall cross,
we apply the model to the time-resolved temperature
measurement in the nonlocal geometry with an infrared
camera. We measure the temperature evolution of the Hall
cross after a dc heating current using a time-resolved
infrared camera at room temperature. Figure 5 shows the
temperature evolution for different positions on the Hall
cross as a function of the time in the nonlocal geometry.
The final temperature distribution of the whole Hall cross
after 4.5 s is shown in Fig. 1(d). As the distance with
respect to the heat source increases, the temperature
increases more slowly. The temperature evolution is calcu-
lated numerically with the model under a Heaviside step
function to simulate the input heat power of 20 mA dc
current. The fitting is performed using @ = 6.4 x 10~ m?/s
at room temperature, which is reported in the literature [25].
The agreement between the measured and modeled tem-
perature profiles at different locations in the Hall cross
during the transient stage confirms the validity of our
thermal model.

VI. DISCUSSION AND CONCLUSION

Our study raises several issues on the use of a combined
3w and Hall measurement to read the magnetic configu-
ration. In order to highlight those issues and improve the
measurement, we provide the following clarifications:

(1) A leakage electric current is detected in the nonlocal
geometry. The longitudinal component of this cur-
rent /, could be estimated to be about 0.1% of the
injected longitudinal current in the local geometry.

However, the heat dissipated by the leakage current
(proportional to /2) is negligible. As a result, we can
conclude that this leakage current does not affect the
temperature gradient in the nonlocal geometry.

(2) The Hall voltage at 3w is given by the driving
current times the oscillating anomalous Hall resis-
tance. Consequently, a design with a greater am-
plitude of the anomalous Hall resistance would
improve the 3w output signal.

(3) The physical origin of the 2w signal cannot be
identified by our analysis of the temperature oscil-
lation and temperature-gradient oscillation. Indeed,
to our knowledge, the longitudinal temperature
along the Hall bar can be converted into a transversal
voltage by the SSE, ANE, or RLE. Several methods
are proposed in the literature to identify the origins
[2,26-28].

(4) Since the thermal wavelength is critical in the heat-
related phenomenon, the probe should be shorter
than the thermal wavelength to measure the mag-
netic states with an oscillating heat current. This is
always satisfied in the local geometry, as we are
probing at a heated spot. In the nonlocal geometry,
the amplitude of the temperature oscillation decays
at the scale of a thermal wavelength. For a given
frequency, the distance between the probe and the
source should as small as possible. One could
improve the signal by making the probe distance
smaller or at least comparable to the thermal wave-
length.

(5) In an optimized device, the substrate should have a
high thermal diffusivity and a low electric conduc-
tivity. High thermal diffusivity means a higher
thermal wavelength, which is beneficial for the
probe of magnetic states. An electrically conductive
substrate may bring spurious effects reported before
in ac measurements [10,12].

Based on the analyses of the 3w method, we show that it
is possible to read the magnetic states using heat (V,,). In
the thermal point of view, we give here the key ingredients
to optimize the sample design: (i) The distance between the
probe and heat source should be smaller than the thermal
wavelength of the working frequency, or, equivalently, the
thermal reading should be performed below the cutoff
frequency for a given Hall cross. (ii) Substrates with a high
thermal diffusivity will be preferable. (iii) Further improve-
ment of the signal needs the clarification and enhancement
of the physical mechanisms, which include the SSE, ANE,
and RLE.

In conclusion, the 3w method is combined with the
anomalous Hall voltage measurement to read the mag-
netic configuration of CoTb in a Hall cross using an
oscillating thermal excitation. From the power depend-
ence and frequency dependence, we identify that the
voltage responses V,, V,,, and V3, come from the



electrical current, temperature-gradient, and temperature
oscillations, respectively. This method can be generalized
to Hall crosses based on other materials.
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APPENDIX A: NONMAGNETIC CONTRIBUTION
IN THE LOCAL GEOMETRY AND
NONLOCAL GEOMETRY

In addition to the Hall contribution, a nonmagnetic
contribution presents for all the harmonics. The nonmag-
netic part contributes to the 3w signal as is discussed
extensively by previous publications about the 3-omega
method [17,21]. Figure 6 displays the power dependence of
V,, and V3, in the local and nonlocal geometry.

The nonmagnetic contribution mainly comes from the
imperfections of the Hall cross, such as misalignment of the
electrodes and inhomogeneity of the film thickness. We can
observe an unexpected behavior at a low heating current.
We attribute the artifact to the preamplifier, which generates
a weak higher-harmonic signal.
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FIG. 7. Offset resistance (open square) and Hall resistance
(open circle) are plotted as a function of the temperature. The
solid lines correspond to the linear fittings. For each temperature,
the offset resistance and Hall resistance are extracted from a
hysteresis loop. Inset: Hall resistance R at 18 K is plotted as a
function of external field H. A constant electric current of 1 mA
is used for the measurements.

APPENDIX B: ANOMALOUS HALL RESISTANCE
AS A FUNCTION OF TEMPERATURE

Figure 7 shows the offset resistance and anomalous Hall
resistance as a function of the temperature for one Hall
cross. It is nearly linear between the range of 18 and 300 K.
For a small temperature oscillation (<5 K), we can con-
sider that the resistance is proportional to the temperature.
The slope used for the fitting is 4.76 x 10~* Q/K.

APPENDIX C: DERIVATION OF EQ. (1)

The derivation of Eq. (1) is given in the book of Carslaw
and Jaeger [29]. For the sake of clarity, we attach the
derivation of Eq. (1) in this section. The general heat
equation reads

oT .
pcpa_v : (kVT) =9q,

where p is the mass density, ¢, the specific heat capacity, k
the thermal conductivity, and ¢ the heat source.

An instantaneous point source releases a quantity of
heat pc, at t = 0 in an infinite three-dimensional space; the
temperature distribution is given by

1
8(mat)3/?

T(r,t) = e Aat,

where a = k/pc,, and r is the distance to the point source.
Consider a thin infinity long heat line in an infinite three-
dimensional space and a quantity of heat per unit length of
line pc,, liberated from the line at 7 = O; the temperature
distribution is obtained by integrating the point source
solution over the line:
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If the heat is released periodically at pc,e™" per unit

length, the temperature distribution is given by integrating
the solution of the infinite long line source over time from
—oo to 1t
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A factor of 2 should be added when we apply the
equation to the wire-on-substrate structure, where the
substrate is assumed to be semi-infinite.
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