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Thermoelectric Detection of Ferromagnetic Resonance of a Nanoscale Ferromagnet
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We present thermoelectric measurements of the heat dissipated due to ferromagnetic resonance of a
Permalloy strip. A microwave magnetic field, produced by an on-chip coplanar strip waveguide, is used to
drive the magnetization precession. The generated heat is detected via Seebeck measurements on a
thermocouple connected to the ferromagnet. The observed resonance peak shape is in agreement with the
Landau-Lifshitz-Gilbert equation and is compared with thermoelectric finite-element modeling. Unlike
other methods, this technique is not restricted to electrically conductive media and is therefore also

applicable to for instance ferromagnetic insulators.

DOI: 10.1103/PhysRevLett.108.167602

Thermal effects in ferromagnetic materials are subject to
extensive research since the discovery of the spin-Seebeck
effect [1-3]. Recently, spin dynamics and (spin-) calori-
tronics, two popular branches of spintronics, started to
come together as spin pumping induced by spin dynamics
has been proposed as the origin of the spin-Seebeck effect
[4,5]. Magnetization dynamics has been studied thor-
oughly in magnetic systems as it is an important mecha-
nism for future spintronic applications, e.g., for microwave
generators [6,7] and spin sources via spin pumping [8,9].
However, dissipation mechanisms that accompany magne-
tization dynamics, and cause local heating, are still not
fully understood [10,11].

Here, we focus on a new aspect, the coupling between
magnetization dynamics and the generation of heat. We
deduce from thermoelectric measurements on a Permalloy
(Py) island the heat dissipation during ferromagnetic reso-
nance. This on-chip detection technique, based on the
Seebeck effect, offers a novel method for characterizing
ferromagnetic resonance and hence is distinctly different
from other techniques, such as scanning thermal micro-
scopy [12,13]. Because of the thermal detection, electrical
contact to the ferromagnet is in principle not required.
Hence, this method allows for FMR measurements on
nonconductive materials like ferromagnetic insulators.

When a ferromagnet is brought into resonance, energy is
absorbed from the applied microwave field. This energy
causes the magnetization M to precess around an effective
field H and the motion is well described by the Landau-
Lifshitz-Gilbert (LLG) equation dM/dt = —yM X H +
(a/M)M X dM/dt with y = 176 GHz/T the gyromag-
netic ratio. The last term in the LLG equation describes the
damping of the magnetization towards the direction of the
effective field H, using the phenomenological damping
parameter «. This process is purely dissipative and con-
verts magnetostatic energy into heat. During ferromagnetic
resonance (FMR) this continuous dissipation leads to heat-
ing of the ferromagnetic material.

0031-9007/12/108(16)/167602(4)

167602-1

PACS numbers: 76.50.+g, 72.15.Jf, 75.78.—n, 85.80.Fi

In this experiment, we measured the temperature of a
ferromagnet while subject to a microwave magnetic field.
A ferromagnetic strip is placed close to the shortened end
of a coplanar strip waveguide (CSW) as shown in Fig. 1.
Microwave power is applied to the CSW, leading to an out
of plane rf magnetic field. A static magnetic field A is
applied along the easy axis of the magnet. In addition, a
thermocouple consisting of a NiCu and Pt wire is con-
nected to the ferromagnet by a Au bridge. In this way, the
temperature can be measured by making use of the
Seebeck effect. The Seebeck effect describes the genera-
tion of a voltage due to a temperature gradient, VV =
—SVT, with S the material dependent Seebeck coefficient.
The voltage that develops across the Pt wire is different
than the voltage that develops across the NiCu wire, lead-
ing to a nonzero voltage between the two wires. This
thermovoltage scales with the Seebeck coefficients (Sp, —
Snicu) and the temperature difference (7'} — 7). Note that
NiCu is chosen because of its relatively high Seebeck

FIG. 1 (color online). Concept of the thermoelectric detection
of ferromagnetic resonance. A coplanar strip waveguide gener-
ates a microwave magnetic field 4, in the Z direction acting on a
small ferromagnetic strip. A static magnetic field kg is applied
along the X axis. When the strip is brought into resonance, it
absorbs energy from the field which is dissipated as heat. The
dissipation is detected by a Pt-NiCu thermocouple which probes
the temperature 7 of the ferromagnet with respect to a reference
temperature T, via the Seebeck effect.

© 2012 American Physical Society
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coefficient (Snicy = —32 wV/K and Sp = —5 uV/K).
The Seebeck coefficients were determined in a separate
device specifically designed to accurately determine the
Seebeck coefficient of a material. In the following, we
calculate the temperature rise during FMR from the dis-
sipated power.

The energy of a ferromagnetic particle in a magnetic
field, the Zeeman energy, is given by

E=—[A7I-§dV (1)
\%4

with M the magnetization, B= /J“O(f]ext +H p/2) the sum
of the externally applied magnetic field and the demagnet-
izing field and V the volume of the particle. Here, Hy is
divided by two to compensate for double counting
because each element contributes as a field source and as
a moment in the integral [14]. For this experiment, a static
magnetic field, Ay, is applied in the % direction and a
driving rf field, A, coswt, in the Z direction, making B=
(hg — Nym, /2, =N,m, /2, hys coswt — N m,/2) with N,,
N, and N, the demagnetization factors. The dissipation
energy can now be calculated from the time derivative of
E, assuming a uniform M and B:

M - - dB
dE:_V<d . ,d_)’ )

dt dt BaM dt
where the first part of Eq. (2) expresses the dissipation due
to the magnetization motion and the second part the energy
absorbed from the microwave field. In equilibrium, the
absorption of energy from the microwave field equals the
dissipation, (dE/df) = 0, leading to heating of the ferro-
magnet. In order to find an expression for the dissipated
power, we use a procedure similar to Ref. [15] where the
magnetization dynamics is described by the linearized
LLG equation. We assume that for small angle preces-
sional motion dm,/dt = 0 such that m, is constant and
the solution to the Landau-Lifshitz-Gilbert (LLG) equation
can be written in terms of the sum of in-phase and out-of-
phase susceptibilities. The components m, and m_ are
now defined as m, = y,w;m,coswt + x}w,;m,sinwt
and m, = ylwmgcoswt + x!w m,sinwt with

aw* (v, + w,)

(w? — a)ya)z)2 + (aw)z(wy + w,)?’

Xy =
3)

_ w(w? — w,0,)

N —
Xy (0 = 0,0,)* + (aw) (0w, + ©,)*

Here, w is the frequency of the driving rf field, w, =
y(hy — (N, — Ny)my), w, = y(hy — (N, — N)my), o, =
vhy and my the saturation magnetization. The y. and y?
are related via . =ax), — o,/oy, and y!=
ayy + w, /o Xy respectively. With these expressions for
my, my, m_ and By, B, B, one can easily find its time deriv-
atives and calculate the relevant dot product of Eq. (2).
We are not interested in high frequency variations in the

dissipated power and hence, average out all contributions
that vary with a frequency w or 2w and find

(), =2 @
dt dissipation 2y

From this expression we can deduce that the resonance
peak shape of the dissipated power is determined by ! and
scales with the applied microwave field and frequency. In
order to convert this power into a temperature rise, we
make use of 3D finite-element thermoelectric modeling.
For details about the modeling we refer to earlier publica-
tions [16,17].

The samples are fabricated using a three-step electron
beam lithography process on top of a thermally oxidized Si
substrate. A scanning electron microscope (SEM) image of
the investigated devices is shown in Fig. 2. The devices
consist of a 50 nm thick Py strip (2 uwm X 400 nm) close to
a 100 nm thick Au coplanar strip waveguide. The CSW is
made using an optical lithography process. In the thermo-
electric device [Fig. 2(a)], there are two 40 nm thick
contacts (Pt and NiCu) forming a thermocouple. The Py
island is connected to the thermocouple by a highly ther-
mal conductive Au contact (thickness: 120 nm). The other
side of the thermocouple is connected by 120 nm thick Au
contacts to the bonding pads. In the case of the anisotropic
magnetoresistance (AMR) device [Fig. 2(b)], four 120 nm
thick Au contacts directly connect to the Py strip. The
NiCu is deposited by DC sputtering to preserve the original
alloy composition (45% Ni, 55% Cu). To avoid lift-off
problems a double-layer resist technique with a large
undercut (PMMA-MA and PMMA 950 K) is used. The
Au, Pt and Py are deposited using an e-beam evaporator
(base pressure 1 X 1077 mbar) and a single layer resist
(PMMA 950 K). Prior to the Au deposition, the NiCu, Pt
and Py surfaces are cleaned with Ar ion milling.

For the measurements, we have used a frequency modu-
lation method to obtain a better signal to noise ratio and to
remove background voltages due to heating of the CSW
short. The microwave field frequency is alternated between
two different values with a separation of 5 GHz. A lock-in
amplifier, tuned to the same frequency (17 Hz), measures
the difference in dc voltage across contacts 1 and 2

FIG. 2 (color online). (a) Scanning electron microscope (SEM)
image of the thermoelectric FMR device. (b) Image of a device
with four contacts for dc AMR detection of FMR.
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[Fig. 2(a)] between the two frequencies (V = Vy_pjgn —
Vi—iow)- Because of the large separation between Vy_jq,,
and Vy_pign, they can not both fulfill the resonance condi-
tion at a specific magnetic field. With this method, one
effectively measures the difference in the Seebeck or AMR
voltage when the ferromagnet is in- and off-resonance. All
measurements were performed at room temperature.
Figure 3(a) shows the measured Seebeck voltage as a
function of magnetic field for different rf field frequencies
(10-20 GHz) for 12 dBm rf power. The position of the
peaks and dips correspond to the resonance field for fi,,
and f;gh, respectively. We have plotted the peak position
as a function of the applied rf frequency in Fig. 3(b) and
found peak heights ranging from 46 nV at 10 GHz to
105 nV at 17 GHz. For a uniform precessional mode, the
resonance field is related to w by the Kittel equation [18]:

w? = yz(h() - (Nx - Ny)ms)(ho - (Nx - Nz)mv) )

The line corresponds to a fit of Eq. (5) and confirms the
precessional motion. We obtained the following fitting

parameters: N, = 0.01, N, =0.09, N, =090, and
a . . .
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FIG. 3 (color online). (a) Series of Seebeck voltage versus
magnetic field measurements for 11 different frequencies. The
traces are offset by 150 nV for clarity. Because of the modulation
technique using two driving frequencies that are 5 GHz apart,
peaks and dips are observed at the resonance fields for both
frequencies. (b) Frequency versus the magnetic field at the center
of the resonance peak. The line corresponds to a fit of the Kittel
equation. (c) Generated power and corresponding Seebeck volt-
age calculated using Eq. (5) and thermoelectric finite-element
modeling for multiple frequencies. The measured peak heights
of (a) are indicated by the black dots.

momg = 1.11 T. These parameters have been used to cal-
culate the dissipated power of Eq. (4) for different frequen-
cies. However, in order to do this accurately one first need
to determine the magnitude of the rf magnetic field
experimentally.

To obtain the correct experimental value for the magni-
tude of the rf magnetic field, we have measured the dc
anisotropic magnetoresistace (AMR) in a dedicated device
with a four-terminal geometry [shown in Fig. 2(b)]. The
AMR effect describes the dependence of the resistance on
the angle 6 between the current I and the direction of
magnetization M by R = R, — ARsin?6, where R, is the
resistance of the strip when I and M are parallel, and AR
the difference in resistance between the parallel and per-
pendicular alignment of I and M. A measurement of R as a
function of a perpendicular applied magnetic field is plot-
ted in Fig. 4(c). From this measurement, we determined the
magnitude of the AMR effect and found AR/R, = 1.5%.
For a steady resonant precession, the average cone angle 6.
of the precession can now be extracted from the observed
AMR voltage.

Figure 4(a) displays the AMR voltage versus magnetic
field for different microwave field frequencies. For this
measurement, we have used a dc current /. of 300 uA.
The obtained voltage now corresponds to the dc current
multiplied with the resistance change, being V =
1. ARsin?6,, and the precession angle can be extracted.
Using Eq. (3) and an expression for the average cone angle

(02) = ¥ (X? + X2+ X2+ X1P)/2 (6)

one can deduce hs = w,/y from a fit of the measured
peak height, and the result is plotted in Fig. 4(b) for a
microwave power of 12 dBm. The field strength is found to
decrease twofold when the frequency is increased from 10
to 20 GHz. We attribute this to frequency dependent at-
tenuation of the microwave signal, leading to smaller rf
fields at higher frequencies.
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FIG. 4. (a) AMR voltage vs magnetic field. Peaks and dips are
observed for the resonance fields of the two driving frequencies
(5 GHz apart). The different traces are offset for clarity reasons.
(b) The magnitude of the rf field is extracted from the peak
height of the resonance (V = IdCARsein20c).» (c) Anisotropic
magnetoresistance measurement with / and B perpendicularly
aligned.
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Now we can calculate, using finite-element modeling in
COMSOL MULTIPHYSICS, the Seebeck voltage that is gen-
erated due to the heating of the ferromagnet. In this model
we impose the constant heat flux, given by Eq. (4), through
the top layer of the ferromagnet and solve the thermo-
electric model [16,17]. Here we use the -electrical
conductivities and Seebeck coefficients obtained from
measurements in a dedicated test device, whereas the
thermal conductivities are taken from literature. Both, the
heat flux and the calculated Seebeck voltage are plotted in
Fig. 3(c) (solid lines) for multiple frequencies. Peak
heights ranging from 98 till 197 nV are calculated. For
comparison, the observed peak height of Fig. 3(a) is
replotted in Fig. 3(c) as black dots.

For a fixed rf field strength, the Seebeck voltage should
increase monotonically with frequency due to an increas-
ing dissipation [see Eq. (4)]. However, because of the
experimental variation in rf field strength for different
frequencies, a specific relation between the calculated
Seebeck voltage and the frequency is found [Fig. 3(c)].
The experimental data are in agreement with the calcula-
tions within a factor of 2 and follows partially the same
trend. This discrepancy is attributed to small sample to
sample variations in the rf field strength. Since the AMR
measurements are performed on a separate device, the
fields can differ for the thermoelectric device. Moreover,
small shifts in the contact area of the thermocouple can
lead to changes in the heat transport and hence, different
thermovoltages. Uncertainties in the thermal conductivities
of the materials in the finite-element modeling do intro-
duce an extra error, but based on previous work [16,17] we
expect the modeling to be accurate within a factor of 2.

Furthermore, circulating rf currents combined with an
oscillating magnetoresistance at the same frequency can
cause dc voltages via a rectifying effect and mimic the
observed thermal behavior in our devices [15]. We have
excluded these effects by using a similar device with an
Au-Au thermocouple such that the Seebeck effect van-
ishes. For this device we observed a flat background volt-
age without peaks and dips. We note that thermal voltages
can be of importance in other device geometries where
ferromagnets are electrically connected to nonmagnetic
metals. For example, detection of interface voltages that
arise due to spin-pumping [19,20] cannot be easily distin-
guished from generated Seebeck voltages. Thorough tem-
perature or material dependent measurements might offer a
solution to discriminate between both mechanisms.

In conclusion, we have demonstrated a new thermo-
electric detection technique for ferromagnetic resonance.
The observed resonance peaks are in good agreement with
the LLG equation and thermoelectric finite-element mod-
eling. Additionally, this technique can be applied on the
nanoscale and is not limited to conductive ferromagnetic
media. Thermal detection offers a valid, alternative method
for studying the dissipation, i.e., the Gilbert damping term,
in nanoscale ferromagnetic islands. We hope that these

results stimulate research for new physical effects that
arises from coupling between magnetization dynamics
and caloritronics.
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