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Thermal Control of the Intrinsic Magnetic Damping in a Ferromagnetic Metal

José Holanda ,1,* O. Alves Santos ,2 and Sergio M. Rezende 3

1
Departamento de Física, Universidade Federal do Espírito Santo, 29075-910, Vitória, ES, Brazil

2
Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4,

Groningen, AG 9747, Netherlands
3
Departamento de Física, Universidade Federal de Pernambuco, 50670-901, Recife, Pernambuco, Brazil

 (Received 24 February 2021; revised 3 May 2021; accepted 1 July 2021; published 21 July 2021)

We report experiments on the control of intrinsic magnetic damping by thermal torque effects pro-
duced by the spin Seebeck effect and the anomalous Nernst effect in a thin layer of a ferromagnetic metal
(Permalloy (Py), Ni81Fe19). Damping is measured in ferromagnetic resonance (FMR) experiments on a
sample excited by microwave radiation and detected by the dc-voltage-generated spin rectification and
magnonic charge pumping in the Py film. Application of a temperature gradient in the longitudinal con-
figuration increases or decreases the dc-voltage line width, depending on the sign of the thermal gradient,
demonstrating that the magnetic damping in Py is controlled by currents generated by thermal effects. The
absolute values of the line-width changes in Py may reach 1 order of magnitude larger than in the ferrimag-
netic insulator yttrium iron garnet. The large change in magnetic damping is interpreted as a superposition
of different phenomena in the same metallic ferromagnet.
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I. INTRODUCTION

The continuing discoveries of processes to gener-
ate, transport, and detect spin currents are driving the
field of spintronics to previously unforeseen possibilities
[1–7]. The root of several spintronic phenomena in mag-
netic bilayers lies in the flow of spin angular momentum,
with or without the flow of charge carriers, generated in
a ferromagnetic material (FM) into an adjacent material
or vice versa. However, some phenomena studied in the
last decade were observed in a single ferromagnetic layer
[8–12]. When a single ferromagnetic layer is excited by
microwaves, the following effects stand out: spin rectifica-
tion (SR) and magnetic charge pumping (MCP). SR rep-
resents the dc voltage due to nonlinear coupling between
resistance and current caused by the magnetization dynam-
ics [4,13–19]. On the other hand, MCP is the direct con-
version of the spin current into charge current through the
spin-orbit interaction. Such an effect represents magnetiza-
tion precession into a ferromagnetic material with surface-
inversion-symmetry breaking [9,11,20,21]. The SR and
MCP phenomena associated with ferromagnetic resonance
(FMR) can be studied simultaneously. These phenomena
are intrinsic, mainly because they do not require a second
material to convert spin current into a charge current or
vice versa.
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In fundamental terms, two phenomena stand out in the
generation of spin-charge currents by a thermal gradient,
namely, the spin Seebeck effect (SSE) and the anomalous
Nernst effect (ANE). The spin Seebeck effect refers to the
generation of a spin current by a thermal gradient in FMs.
In the SSE, a temperature gradient, ∇T, applied perpen-
dicularly to the plane of the FM creates a spin current in
the same direction. Such a spin current flows into an adja-
cent normal metal (NM), where it is converted, through the
inverse spin Hall effect, into a charge current and detected
by a pertinent dc voltage [22–24]. The electric field in the
NM, expressed in terms of the thermal gradient applied
perpendicularly to the plane, can be written in the form
�ESSE = −αSσ̂ × ∇T, where αS is often called the spin
Seebeck coefficient, and σ̂ is the spin polarization in the
direction of the applied magnetic field. In a bilayer made
of a metallic FM film and a normal metal layer with a ther-
mal gradient applied perpendicularly to the plane, one also
expects to have a dc voltage due to the SSE [1,2]. Fur-
thermore, in the single metallic FM film, there is also an
electric field created by the ANE, �EANE = −αN σ̂ × ∇T,
where αN is the anomalous Nernst coefficient [1–6,22–32].
In fact, in a single metallic FM film, the currents due to the
SSE and ANE coexist, generating a superposition of both
phenomena.

The flow of spin angular momentum with or with-
out the flow of charge carriers allows the generation
of a spin current that can produce a charge current.
Thus, effects related to spin may be studied together with
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different processes in the same material. This relationship
between different phenomena is promising for applica-
tions, for example, in heat-assisted magnetic recording,
which is becoming increasingly important [33,34]. The
SR, MCP, ANE, and SSE are usually studied experimen-
tally with different setups and observed separately as well.
Here, we study the control of magnetic damping by thermal
effects in a single ferromagnetic Permalloy (Py, Ni81Fe19)
layer with varying thickness. The magnetization dynamics
is excited by microwave radiation in the FMR condition,
resulting in a dc voltage due to SR and MCP. Control of
magnetic damping is achieved by the currents due to the
SSE and ANE. This finding represents an advance in the
field of spin caloritronics in metallic FM films.

II. EXPERIMENTAL SETUP

The Py samples are grown by dc sputtering on
Si(0.4 mm)/SiO(300 nm), here simply called Si sub-
strates, with a rectangular shape having lateral dimensions
of 1.5 × 6 mm2 and thicknesses, lPy, varying from 5 to
100 nm. The typical pressures of base and argon are 10−8

and 10−3 Torr, respectively. The Py films have the same
quality as in previous works [4,11]. For the dc-voltage
measurements produced by the SR, MCP, SSE, and ANE
phenomena, two silver strips 300 µm wide are deposited
on the Py layer edges. In these strips, thin copper wires
are attached with silver paint and connected to a nanovolt-
meter to measure the dc voltage, V. The microwave signal
used for the SR and MCP measurements is provided by a
generator with frequency tunable over the range 5–8 GHz,
with a fixed microwave power of PS = 12 mW on samples.
Due to the low microwave power applied in our experi-
ments, the microwave heating contributions [35,36] may
be negligible. The microwave signal feeds a microstrip line
with a characteristic impedance of 50 � made on a Duroid
plate with a copper line 0.8 mm wide and a ground plane
fixed in a copper support. The Py film placed on top of the

microstrip and separated by an 80-µm-thick Mylar sheet
is excited by the rf magnetic field, hrf, perpendicular to
the magnetic field, H, applied in the film plane. The dc
voltage, V, generated in the ferromagnetic resonance con-
dition with fixed frequency is measured by sweeping the
magnetic field for the complete series of single films.

For the application of a thermal gradient across the
film, a commercial Peltier module, of width 2 mm, is
used to heat or cool the side of the metallic layer, while
the Si substrate is maintained in thermal contact with the
copper microstrip and the Duroid plate. The temperature
difference, �T, across the Si/Py sample is calibrated as
a function of the current in the Peltier module by means
of a differential thermocouple, with one junction attached
to a thin copper strip placed between the Peltier mod-
ule and the sample structure and the other attached to
the copper microstrip. After calibration, the thin copper
strip and the thermocouple are removed, so as not to
interfere with the dc voltage, V. Figure 1(a) shows the
setup that allows the application of a microwave driv-
ing field and a temperature difference across the FM
layer to measure the dc voltage, V. Figure 1(b) shows
the resonance field versus frequency measured at several
frequencies. The solid curve is obtained with the Kittel
equation [37], f = γ [(HR + HA)(HR + HA + 4πMeff)]1/2,
where γ = 2.8 GHz/kOe, 4πM eff = 4πMS − HS = 10.6 kG,
and anisotropy field HA = 10 Oe are values appropriate for
Py obtained from the best fit, where MS is the saturation
magnetization, HS = 2KS/(MSlPy), and KS is the surface
anisotropy constant [38]. The agreement between the Kit-
tel equation and data confirms that the voltage signals
correspond to the FMR absorption.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(c) show measurements of the dc
voltage obtained with a microwave frequency of 7 GHz
in two samples of a single layer of Py with thicknesses of
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FIG. 1. (a) Sketch of the experimental setup and sample arrangement used for the simultaneous measurements of the SR, MCP, SSE,
and ANE phenomena in Permalloy. Polarity of the measured voltages is indicated by plus and minus signs. (b) Symbols represent the
measured resonance field as a function of the frequency, and the solid curve is obtained from the Kittel equation [37].
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FIG. 2. Voltage, V, as a function of applied magnetic field measured in samples Si/Py (5 nm) and Si/Py (30 nm) at a frequency
of 7 GHz with fixed power of PS = 12 mW. (a),(c) No temperature difference. (b),(d) With a temperature difference of �T = −6 K.
(e)–(h) Symmetric components of lines in (a)–(d), respectively, showing line widths of �H = 32.66, 39.87, 15.31, and 15.73 Oe.

5 and 30 nm and the magnetic field, H, applied along the y
direction (ϕ = 0°), as defined in Fig. 1(a). The asymmetric
line is typical of the SR and MCP effects in metallic FM
films [11]. Figures 2(b) and 2(d) show similar measure-
ments made with a temperature difference of �T = −6 K.
To understand the behavior of the dc voltage generated in
a single layer of Py under a thermal gradient, we investi-
gate the line width obtained from the dc-voltage peaks. The
field scanning voltages have an asymmetric line shape that
can be fitted by a combination of symmetric Lorentzian
and antisymmetric Lorentzian derivative functions given
by [11]

V(H) = Vsym
(�H)2

[(H − HR)2 + (�H)2]

+ Vasym
�H(H − HR)

[(H − HR)2 + (�H)2]
, (1)

where Vsym and Vasym are the amplitudes of the symmet-
ric and antisymmetric components, while �H and HR are
the FMR line width and resonance field, respectively. With
the fits from data in Figs. 2(a)–2(d) with Eq. (1), from
the symmetric components in Figs. 2(e)–2(h) the follow-
ing line widths are obtained: 32.66, 39.87, 15.31, and
15.73 Oe, respectively. These results show that the change
in line width can be controlled by the thermal gradient
and provide evidence of the Onsager reciprocity relation-
ship between both phenomena, SSE and ANE, present in
the metallic ferromagnetic. Similar to our previous work
on yttrium iron garnet-platinum [39], the spin current that

flows parallel to the thermal gradient results in a change
of the magnetic damping, measured via the line width of
the voltage peak at the ferromagnetic resonance condition.
However, in the case of Permalloy, the ANE adds up to
the SSE for magnetic damping control. Such a contribu-
tion represents a relevant feature of the ANE, which is also
observed in Heusler compounds [40–42].

Figure 3(a) shows the ANE and SSE charge currents,
obtained by dividing the measured voltages by the resis-
tances of the Py layers along the length of the Peltier
element (2 mm), as a function of �T, for H =±0.9 kOe
and 7 GHz. In a metallic film such as Py, the application
of a thermal gradient generates a voltage due to the ANE,
but the spin current due to the SSE accumulates at the top
of the Py film and below the natural oxide layer [9,11].
Therefore, with the application of microwave signals, the
spin current due to the SSE is influenced by SR and MCP
also being converted into charge current due to the Onsager
reciprocity relationship in metallic ferromagnetic materials
[4–7,9,11,43,44]. Figures 3(b)–3(f) show measurements of
the field dependencies of the voltage, V, in the Py sam-
ples, produced by currents generated simultaneously by
SR, MCP, SSE, and ANE, at frequencies of 5 and 7 GHz
and a temperature difference of �T = +6 K, with the Si
substrate cooler than the Py layer. Although the currents in
the four processes (SR, MCP, SSE, and ANE) have differ-
ent natures, they result in a single voltage that represents
the superposition of all effects.

Figures 3(b)–3(f) also show that the contribution of the
SR and MCP effects to the dc voltage as a function of
the field, for several Py layer thicknesses, exhibits two
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FIG. 3. (a) ANE and SSE charge currents, obtained by dividing measured voltages by resistances from the Py layers in the length of
the Peltier element (2 mm) as a function of �T for H =±0.9 kOe and 7 GHz. Here, there are ANE, SSE, SR, and MCP contributions.
(b)–(f) Measurements of field dependencies of voltage V in the Py sample, produced by currents generated simultaneously by SR,
MCP, SSE, and ANE, over frequencies from 5 and 7 GHz at a temperature difference of �T =+6 K.

different regimes. In the first regime, which corresponds
to thicknesses ranging from 5 to 30 nm, the voltages
increase with the thickness up to around 30 nm. This is
the regime of thickness at which the surface perpendicular
anisotropy field is operative and is responsible for the sym-
metry breaking normal to the films. In the second regime,
which corresponds to thicknesses larger than 30 nm, the
layers are thick enough, and the perpendicular anisotropy
field does not play an important role anymore. In this case,
the contribution of MCP is small compared with SR [9,11].
The SR and MCP effects are activated easily in Py films
and controlled by the spin Hall effect [11,45,46], but there
are no reports of control through thermal effects.

Figures 4(a)–4(e) show the variation of line widths with
the temperature difference, �T, measured for Py (lPy) at
frequencies of 5, 6, 7, and 8 GHz. The line widths are mea-
sured by fitting of the measured line shapes with Eq. (1) as
previously described. Even with the length of the Py film
of 5 mm and nonuniform microwave excitation, only the
uniform mode is excited, which is commonly obtained in
Py [11–14,18,45–47].

The results in Figs. 4(a)–4(e) also show that magnetic
damping abruptly decreases with a thickness up to 30 nm

and slowly increases with larger thicknesses, as shown
in Fig. 4(f). Considering the magnetic damping parame-
ter, α = (γ /ω)�H , an essential role in the behavior of
the dc-voltage line width can be given by �H = �H0 +
�H2M + �Heddy. Here, �H 0 is the value of the extrinsic
contribution, �H 2M is the two-magnon scattering con-
tribution (�H2M = C2M/l2Py) [48], and the eddy-current
contribution (�Heddy = Ceddyl2Py) is important in the high-
thickness regime [49]. The solid line shown in Fig. 4(f)
is obtained with �H 0 ≈ 13 Oe, C2M = 395 Oe × nm2, and
Ceddy = 2.2 × 10−4 Oe/nm2, which is in good agreement
with Refs. [9,11]. Notably, the absolute values of the
line-width changes in Py shown in Fig. 4(a) is 1 order
of magnitude larger than in the ferrimagnetic insulator
yttrium iron garnet [3,6,36,50]. The proposal of control
of magnetic damping is a most intriguing phenomenon
associated with thermal effects and, in the experiments
described here, a decrease in damping with increasing tem-
perature gradient is visible in several ways. This means
that simultaneous measurements allow control of the cur-
rents resulting from magnetization dynamic by thermals
effects due to the Onsager reciprocity relationship between
spin-charge currents.
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IV. CONCLUSIONS

The dc voltage, V, generated in single layers of Permal-
loy is measured under microwave-driven FMR conditions
for a set of Permalloy films with thicknesses varying from
5 to 100 nm under an applied thermal gradient. All dc-
voltage signals exhibit asymmetric line shapes that are a
combination of symmetric Lorentzian and antisymmetric
Lorentzian derivative curves. The dc-voltage measure-
ments represent the voltage due to the superposition of
the SR, MCP, SSE, and ANE effects. The dc-voltage line
width shows that the magnetic damping in Py can be
controlled by currents generated due to the thermal gra-
dient. The damping increases or decreases depending on
the sign of the thermal gradient. This behavior is reported
for a single metallic ferromagnet and is much larger than
that in insulating ferrimagnets. These findings represent
a promising application of SSE and ANE phenomena in
spin-caloritronic devices in electronics.
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