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The heat dissipation due to the resonant precessional motion of the magnetization in a ferromagnetic

metal has been investigated. We demonstrated that the temperature during the ferromagnetic

resonance can be simply detected by the electrical resistance measurement of the Cu strip line in

contact with the ferromagnetic metal. The temperature change of the Cu strip due to the

ferromagnetic resonance was found to exceed 10 K, which significantly affects the spin-current

transport. The influence of the thermal conductivity of the substrate on the heating was also investi-

gated. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935243]

The dynamical motion of the magnetization in the ferro-

magnetic material under the magnetic field can be well

described by a phenomenological Landau-Lifshiz-Gilbert

(LLG) equation.1,2 Application of the high-frequency mag-

netic field induces the resonant precessional motion of the

magnetizations such as the ferromagnetic resonance

(FMR)3–5 and spin-wave (SW) excitation.6–8 The frequency

range of these resonances in the ferromagnetic metal (FM)

can be widely tuned from sub-GHz to a few 10 GHz because

of a large gyromagnetic ratio c, where c=2p is approximately

29.2 GHz/T. Moreover, various phenomena combined with

magnetization dynamics such as spin pumping9–11 and spin

torque precession12,13 have been found recently. These prop-

erties are highly attractive for future applications in nano-

electric and telecommunication devices.6–8 Especially, since

the dynamical spin motion is found to generate the spin cur-

rent via the spin pumping effect,11,15,16 considerable atten-

tion have been paid to manipulate the magnetization

dynamics in the ferromagnets. To utilize these unique spin

functionalities in practical applications, the detailed experi-

mental studies on the magnetization dynamics with deepen-

ing the understandings are indispensable issues.

So far, the magnetization dynamics have been mainly

investigated under the assumption of a small amplitude of

the oscillation, in which the magnetization responses can be

treated by linearized LLG equation. However, this simplifi-

cation becomes invalid when the large amplitude of the pre-

cessional oscillation is excited.14 The deviation from the

linearized LLG equation is also caused by the extrinsic

natures such as the magnetic inhomogeneity and structural

defects. Moreover, it should also be noted that the dynamical

magnetization motion produces the dissipation because of

the existence of the damping term.1,9–11 This dissipation

finally produces the heat through the direct and indirect

magnon-phonon interactions. If the heating effect due to the

dissipation is non-negligibly large, the saturation magnetiza-

tion and the phenomenological damping factor will be

changed, leading to the modification of the magnetization

dynamics. Although the heating effect induced by the FMR

is well known as the FMR heating effect,18 the study on the

FMR heating effect has not been investigated intensively.

Especially, in the field of spintronics, there are only a few

reports about the investigation of the relationship between

spin dynamics and heat.19,20 On the other hand, recently, the

interaction between the spin and heat is found to play an im-

portant role both for the localized magnetic moment and the

spin polarization of conduction electrons.21–23 Particularly,

the spin current can be produced by the temperature gradient

across the ferromagnet(F)/nonmagnet(N) interface.24

Therefore, the spin current due to the FMR heating may be

considered in the phenomena observed in the F/N bilayer

systems in addition to the spin current induced by the spin

pumping.15–17 Thus, the precise evaluation of the FMR heat-

ing in the hybrid nanostructures is indispensable for the fun-

damental and technological developments of the spin

dynamics. In the present paper, we develop a simple detec-

tion method for the FMR heating effect in a patterned ferro-

magnetic structure with the optimized device structure in

order to minimize the spurious effects.

Our device consists of a rectangular ferromagnetic wire

covered by a thick Cu strip, which plays a role of the wave

guide for the microwave. As a ferromagnet, we use a

CoFeAl wire, which is simply fabricated by an e-gun evapo-

ration under the base pressure of 10�9 Torr.25 The dimen-

sions for the CoFeAl wire are 2 lm in width, 500 lm in

length, and 40 nm in thickness. Here, the anisotropic magne-

toresistance (AMR) for the CoFeAl is 0.03% at room tem-

perature, much smaller than the conventional FMs. The Cu

wave guide consists of large Cu pads and a narrow strip line.

Here, the dimension of the strip line is 4.5 lm in width,

450 lm in length, and 200 nm in thickness. In order to clarify

the influence of the heat, we fabricated the samples on two

kinds of the substrates with different thermal conductivities.

One is a floating-zone (FZ) Si substrate, which is widely uti-

lized for the high-frequency and power devices and has mod-

erate thermal conductivity. The other one is a glass substrate,

which is also often used for the high-frequency experiment

but has poor thermal conductivity. The temperaturea)t-kimu@phys.kyushu-u.ac.jp

0003-6951/2015/107(18)/182410/4/$30.00 VC 2015 AIP Publishing LLC107, 182410-1

APPLIED PHYSICS LETTERS 107, 182410 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  133.5.164.140 On: Tue, 23 Aug 2016

10:58:12

http://dx.doi.org/10.1063/1.4935243
http://dx.doi.org/10.1063/1.4935243
http://dx.doi.org/10.1063/1.4935243
mailto:t-kimu@phys.kyushu-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4935243&domain=pdf&date_stamp=2015-11-04


evaluation during the FMR is simply carried out by the elec-

trical resistance measurement of the Cu strip line with the FM

wire. Figure 1(b) shows the temperature dependence of the

electrical resistivity for our Cu in the range from 10 K to

320 K. The resistance shows almost linear variation in the

temperature range from 50 K to 320 K. We extend this linear

relation to 400 K in order to estimate the temperature increase

from the resistance measurements. We emphasize that the

electrical resistivity for the Cu is approximately 2.3 lX cm at

room temperature, which is approximately 20 times smaller

than that for the CoFeAl. This means that the current flowing

in the FM layer of the bilayer system is negligibly small

because of the large difference in the electrical resistivity and

the film thickness. In addition, because of the large size of the

Cu pad, the resistance of the pad area, which is less than

0.1 X, is negligibly small compared to the Cu strip line. This

indicates that we can precisely estimate the resistance of the

strip line from the two-terminal measurement.

First, we evaluate the microwave transmission charac-

teristic of the waveguide and the magnetization dynamics for

two samples prepared on the different substrates from the

reflection measurement (S11) for the Cu strip line using a

vector network analyzer.4,29 Here, the input microwave

power is �10 dBm and the external magnetic field is applied

along the Cu wire direction in order to fix the precession axis

of the magnetization. The spectra for each magnetic field

have been obtained by subtracting the background signal

measured at the strong magnetic field. Figures 2(a) and 2(b)

show the FMR spectra for the CoFeAl fabricated on the FZ-

Si and glass substrates, respectively. In both samples, the sig-

nal changes due to the FMR were clearly observed. The field

dependence of the resonant frequency fres is well reproduced

by the Kittel formula described by the following equation:3,4

fres ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0Hðl0H þMSÞ

p
: (1)

Here, l0 and MS are the vacuum permeability and the satura-

tion magnetization, respectively. From the fitting of the

Kittel’s equation, the saturation magnetization can be

obtained as 2.2 T, which is a reasonable value compared

with previous reports concerning Co-Fe Alloy.26 Here, we

focus on the spectrum shape due to the FMR. The signal

change due to the FMR in the glass substrate sample is

smaller than that in the FZ-Si substrate. This indicates that

the transmission loss of the Cu strip on a glass substrate is

worse than that on the FZ-Si substrate, meaning smaller

transmission power for the glass substrates sample. In

addition, we point out that the resonant signature in the

glass-substrate sample is broader that in the FZ-Si substrate.

Since the quantitative estimation of the damping constant is

not main subject in the present paper, we do not estimate the

damping constants for both films. However, from the spectra

shown in Fig. 2, we can easily expect that the damping con-

stant for the glass-substrate sample is much larger than that

for the FZ-Si-substrate sample. This is because the surface

roughness of the glass substrate is relatively large compared

to the FZ-Si substrate.27

We then measure the electrical resistance of the Cu strip

under the microwave irradiation in order to evaluate the tem-

perature during the FMR by using a current-bias low-fre-

quency lock-in detection technique with the bias current of

16 lA. Although the current for the resistance detection

flows in the Cu/CoFeAl bilayer system, we can neglect the

voltage drop in the FM because of much larger resistance of

the CoFeAl. Moreover, since the CoFeAl wire is located

underneath the Cu strip line entirely, the Cu strip line should

be heated by the FMR almost uniformly. Figures 3(a) and

3(b) show the electrical resistances of the Cu strip on the FZ-

Si and the glass substrates, respectively, as a function of the

FIG. 1. (a) Circuit diagram for the resistance measurement under the micro-

wave magnetic field application together with the conceptual image of the

FMR heating. (b) Temperature dependence of the resistivity for our Cu film.

FIG. 2. Image plots for the FMR spectra for (a) FZ-Si substrate sample and

(b) glass substrate sample together with the representative spectra for vari-

ous magnetic fields.

FIG. 3. Field dependences of the electrical resistances for the Cu strip lines

on (a) FZ-Si substrate and (b) glass substrate. During the resistance measure-

ments, the microwave signal with the power of 100 mW was superimposed.
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external magnetic field. Here, the direction of the magnetic

field is parallel to the current, corresponding to the longitudi-

nal configuration. In both samples, we clearly see the rapid

increases of the resistance around H¼ 98 mT, which is

exactly the same as the magnetic field for the FMR at

16 GHz, as shown in Fig. 3. Therefore, this increase should

be related to the FMR. Since the resistance change due to the

AMR, which is very small as described above, provides the

opposite contribution, we can rule out the spurious effects

from the AMR. More importantly, the resistance increase for

the glass substrate is roughly 50 times larger than that for the

FZ-Si substrate. Thus, we conclude that the main contribu-

tion of the observed resistance increase is caused by the

FMR heating.18

Now, we evaluate the temperature change DT due to

the FMR. In the present system, since the heat source is the

CoFeAl wire, the temperature gradient perpendicular to the

CoFeAl/Cu junction should be induced. This perpendicular

temperature gradient may give rise to the additional signals

such as the anomalous Nernst-Ettingshausen,28 spin

Seebeck,22 and spin-dependent Seebeck effects.23 However,

since the magnetic field is applied along the strip line (longi-

tudinal configuration), we can exclude the contributions

from such spurious effects. Therefore, we assume that the

observed resistance change is mainly caused by the change

of the Cu resistivity due to the heating.

From the assumption of the linear relationship between

the resistance and the temperature shown in Fig. 1(b), we

can roughly estimate the temperature of the Cu strip line. For

example, in the inset of Fig. 4, since the resistance change is

206 mX, DT is estimated to be 8 K at the microwave power

of 100 mW. Figure 4 shows the summary of the temperature

increase due to the FMR, where DT as a function of the input

microwave power is plotted. DT shows almost linear increase

with the microwave power below 100 mW, but the slope

starts to decrease gradually above 100 mW. This deviation is

probably due to the increase in the heat dissipation rate into

other parts such as air and substrate. Even in such a large dis-

sipation situation, DT reaches at approximately 15 K under

the microwave power of 200 mW. This is sufficiently large

for the thermal manipulation of the spin current.21–23 We

also emphasize that the estimated temperature corresponds

to the average temperature of the Cu strip line. Since the sys-

tem is connected to the large Cu pad and the radio-frequency

(RF) probe which play roles of the large thermal basses, the

huge heat flow into the outside should exist. Moreover, as

mentioned before, the temperature distribution in the vicinity

of the CoFeAl/Cu interface is inhomogeneous. These indi-

cate that the realistic temperature change of the ferromagnet

is much higher than DT estimated from the present

measurement.

Finally, we discuss about the resistance curve as a func-

tion of the external magnetic field. If we carefully see the

shape of the resistance curve, the curve slightly shows asym-

metric dependence with respect to the resonant field. The

reason for the asymmetry in the field dependence of the re-

sistance is not clear at moment. However, since the real part

of the magnetic susceptibility shows the anti-symmetric

Lorentz curve,29,30 the origin of the asymmetry should be

related to it. One of the possible reasons is the impedance

change of the waveguide due to the resonance. We used a

RF signal generator as the microwave source in the measure-

ments. Therefore, the input microwave power depends on

the impedance of the strip line.4 Since the inductance of the

waveguide reflects the real part of the magnetic susceptibil-

ity, the transmission power into the strip line also shows the

field dependence similar to the inductance. Another possibil-

ity is due to the eddy current loss in the FM strip,31 which

also should reflect the real part of the magnetic susceptibil-

ity. These two effects explain the small asymmetry observed

in the field-dependence of the resistance qualitatively.

In short, we have developed a relatively simple way to

evaluate the heat dissipation due to the magnetization dy-

namics. We showed that the temperature change due to the

FMR can be detected by the electrical resistance change of

the Cu strip and found that a nonlinear relationship between

the temperature change due to the FMR and the input micro-

wave power. The temperature change due to the FMR is

found to reach an approximately 13 K under the microwave

power of 200 mW. This is sufficiently a large value for

inducing the spin-heat dynamic effects. Considering the fact

that our detecting temperature corresponds to the steady-

state temperature, we expect that a thermal flow induced by

the magnetization dynamics can play a dominant role in the

phenomena with the magnetization dynamics.
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