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Terahertz (THz) magnetization dynamics is a key property of antiferromagnets and ferrimagnets that
could harness the THz forefront and spintronics. While most of the present THz measurement techniques
are for bulk materials, the sensitivities of which rely on the volume of material, measurement techniques
suitable for thin films are quite limited. In this study, we explore and demonstrate the electrical detection of
the antiferromagnetic dynamics in ferrimagnetic Gd-Co thin films by using a 154-GHz gyrotron, which is
a high-power electromagnetic wave source. Captured resonant modes allow us to characterize the peculiar
magnetization dynamics of Gd-Co around the net angular momentum compensation. As the gyrotron
frequency is scalable up to THz, our demonstration is a milestone toward THz measurements for antiferro-
and ferrimagnetic thin films.
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Antiferromagnets are one of the promising magnetic
materials that can sustain and work at terahertz (THz)
frequency [1]. Amid antiferromagnetic-ferrimagnetic spin-
tronics [2–5], where antiferromagnets and ferrimagnets are
used as active materials in spintronic devices, the THz
magnetization dynamics of antiferromagnets and ferrimag-
nets is a key property that can harness the THz forefront
and spintronics. Recent advances in THz measurement
techniques have realized some key experiments on the
antiferromagnetic dynamics and relevant phenomena, such
as control of THz spin oscillation [6–8], the THz spin-
pumping effect [9], and ultrafast spin switching [10,11].

However, the measurement principles used in those
studies, such as the magneto-optical effect and resonant
absorption, rely on the volume of the materials. Therefore,
the same principle can hardly be applied for characteriz-
ing the dynamics of thin films, which is a central interest
when considering any antiferro- and ferrimagnetic integra-
tion devices. Indeed, due to the measurement difficulty,
the basic properties of magnetization dynamics in anti-
ferromagnetic thin films, such as resonant frequency and
magnetic damping constant, remain elusive while, it is not
perhaps legitimate to assume that these properties are same
as those in bulk materials. Therefore, the establishment of
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a measurement technique for characterizing antiferromag-
netic dynamics in thin films is a pressing issue for THz
spintronics.

Electrical detection of the magnetic resonance is one of
the routes to establishing such a measurement technique.
For ferromagnetic thin films, there are wide varieties of
electrical measurement techniques that capture the mag-
netization dynamics. For instance, the homodyne detec-
tion technique, taking advantage of the nonlinear coupling
between a rf current and a magnetoresistance oscillation
[12–14], is widely used to characterize the dynamics in
ferromagnetic thin films. The resultant electrical signal
can be expressed as V = (�ρ/M2)(J · M)M − RH J × M,
where �ρ is the resistance change due to magnetoresis-
tance, M is the magnetization, J is the current induced by
electromagnetic wave irradiation, and RH is the anomalous
Hall effect constant. The technique not only character-
izes ferromagnetic films as thin as subnanometers [15],
but can also characterize various interesting nonequilib-
rium phenomena, such as spin torque [16]. Another is the
spin-to-charge conversion technique, which takes advan-
tage of a combination of the spin-pumping effect and the
inverse spin Hall effect in a bilayer composed of ferromag-
net/spin Hall metal, where the spin Hall metal is Pt, Ta,
etc. [17,18]. Persistent magnetization dynamics in the fer-
romagnetic layer creates and pumps a spin current into the
spin Hall metal layer by the spin-pumping effect. The spin
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current injected in the spin Hall metal layer is converted
into a charge current by which electrical detection of the
magnetization dynamics is realized. The principle of the
latter technique was recently demonstrated in particular
bulk-antiferromagnet/spin Hall metal interfaces [19,20],
i.e., MnF2/Pt and Cr2O3/Pt; this strongly suggests that the
characterization of thin films is possible.

An electrical signal, or more precisely a dc voltage sig-
nal, emerging at the resonance for both techniques is, in
principle, proportional to the power of the input electro-
magnetic wave. Considering the case for ferromagnets,
a sizable input microwave power (>mW) is generally
required to obtain a comfortably detectable voltage signal
of the order of μV [14,18]. A concern when it comes to the
THz frequency is that such high-power continuous-wave
(cw) THz sources are quite limited. The gyrotron is one
of the few cw THz sources that can produce a power of
>mW [21]. It consists of a linear-beam vacuum tube, in
which the electron beam undergoes cyclotron resonance
in a strong magnetic field. The cyclotron motion of the
electrons emits electromagnetic waves at the resonant fre-
quency and its higher harmonics. It is lab-size equipment
and more accessible than other technologies, such as the
free-electron laser [22].

Here, we explore the electrical detection of anti-
ferromagnetic resonant modes in GdxCo1−x/Ta and
GdxCo1−x/Pt thin films by employing a gyrotron that can
generate 154 GHz with a nominal power of 500 mW. We
clearly detect the resonances as a voltage signal, through
which the characteristic magnetization dynamics of the
Gd-Co alloy and its temperature dependence are discussed.

Bilayers of Gd0.17Co0.83(20 nm)/Ta(3 nm) (sample
A), Gd0.16Co0.84(20 nm)/Pt(3 nm) (sample B), and
Gd0.16Co0.84(20 nm)/Ta(3 nm) (sample C) are deposited
on thermally oxidized Si substrates by magnetron sput-
tering with a base pressure of 1.5 × 10−6 Pa. GdxCo1−x
layers are formed by cosputtering of Gd and Co, and
the composition is controlled by the sputtering power for
each element. The Ta and Pt capping layer is to protect
the Gd-Co layer from oxidation and to utilize the inverse
spin Hall effect. Gd-Co alloys are one of the typical rare-
earth–transition-metal ferrimagnets that show both mag-
netization and angular momentum compensation tempera-
tures due to the difference in the temperature dependences
of the magnetic moment and the gyromagnetic ratio of
Gd to Co. The Gd-Co alloys generally show two dynamic
modes due to the antiferromagnetically coupled magnetic
sublattices of Gd and Co [23,24]. Peculiar magnetization
dynamics in the vicinity of these compensation temper-
atures are comprehended by nonzero angular momentum
with zero magnetization and vice versa [25–28].

Figure 1(a) shows the schematic of the measurement
setup with a gyrotron. The 154-GHz continuous elec-
tromagnetic wave with a nominal power of 500 mW
is generated by a gyrotron and guided into a hollow

waveguide sticking out of a cryostat with a superconduct-
ing magnet. The electromagnetic wave is linearly polarized
by a wire grid placed in the pathway. The sample shaped
as a 1.5 × 5 mm2 rectangular piece is placed at the end of
the waveguide such that the Poynting vector of the electro-
magnetic wave is parallel to both the sample surface and
the sample’s transverse direction. The linearly polarized rf
h field is aligned perpendicular to the sample plane. Volt-
age is measured across the sample’s longitudinal direction
with a sweeping external magnetic field, H ext, colinear to
the Poynting vector. The field direction opposite to the
Poynting vector is defined as the positive field, as shown
in Fig. 1(a).

Figure 1(b) shows typical spectra for sample A, with
the Ta capping layer, at room temperature with negative
and positive magnetic fields. Clear dc voltage peaks are
observed, and there are two resonant modes at around ±2
and ±4 T. The peaks at around ±4 T (labeled as �) are
larger than those at around ±2 T (labeled as �), and the
polarities of the peak voltages are opposite to each other.
For both modes, the polarity of the peak voltage is reversed
when the magnetic field is reversed, which suggests that
the dc voltage is from the magnetic resonances of Gd-Co.

First, we discuss the origin of the dc voltage peak. As
discussed above, there are two possible detection mecha-
nisms in our measurement configuration, i.e., the homo-
dyne mechanism and the spin-pumping mechanism, that
create the dc voltage at the resonance. If the spin-pumping
mechanism were dominant, sample B, with the Pt cap-
ping layer, and sample C, with the Ta capping layer, would
show opposite voltage polarities at the resonance because
the signs of the spin Hall angles for Pt and Ta are oppo-
site to each other [29,30]. As shown in Fig. 1(c), the
voltage polarity at the resonance is the same for both sam-
ples B and C, indicating that the dominant mechanism is
not spin pumping but the homodyne caused by nonlinear
coupling between the induction current and the magnetore-
sistance of the Gd-Co film. A slight difference in the line
shape between samples could come from a misalignment
of the rf h field with respect to the sample geometry, as
the line shape is quite sensitive to the alignment with the
homodyne mechanism [13,31].

Next, we discuss the temperature dependence of the res-
onant modes. Figure 2(a) shows the spectra for sample
A at various temperatures. We observe a clear dc volt-
age peak shifting in the range between 4 and 2 T with
decreasing temperature. Figure 2(b) summarizes the reso-
nant field, µ0H res, and resonant linewidth, µ0�H res, which
are extracted by Lorentzian peak fitting, as a function of
temperature. µ0H res decreases with decreasing tempera-
ture, and µ0�H res varies with respect to temperature and
has a maximum at around 100 K.

Associated with the temperature-dependent magneti-
zation and the temperature-dependent angular momen-
tum, Gd-Co alloys generally show a strong temperature
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(a)

(b) (c)

FIG. 1. (a) Schematic illustra-
tion of the measurement setup.
154-GHz electromagnetic wave
is generated by the gyrotron
and irradiated to the sample.
Dc voltage across the sample
is measured with sweeping
external magnetic field. (b)
Typical dc voltage spectra with
negative and positive magnetic
fields for sample A [Gd0.17
Co0.83(20 nm)/Ta(3 nm)] at room
temperature. (c) Dc voltage spec-
tra for sample B [Gd0.16Co0.84 >

(20 nm/Pt(3 nm)] and sample C
[Gd0.16Co0.84(20 nm)/Ta(3 nm)]
at room temperature. � and �

label larger and smaller peaks,
respectively.

dependence of the resonant frequency. Here, we define the
temperature-dependent net magnetization, M (T), and net
angular momentum, snet(T), as [32]

M (T) = M ′
Co(1 − T/Tc)

βCo − M ′
Gd(1 − T/Tc)

βGd , (1)

snet(T) = M ′
Co/γCo(1 − T/Tc)

βCo

− M ′
Gd/γGd(1 − T/Tc)

βGd , (2)

where Tc is the critical temperature for the ferrimagnetic-
paramagnetic transition, and M ′

Gd,Co and βGd,Co are the
magnetization at 0 K and the critical exponent, respec-
tively, for each element. γGd,Co = gGd,CoμB/� is the gyro-
magnetic ratio, with the Bohr magneton, μB; reduced
Planck’s constant, �; and g factor, gGd,Co, for each element.
By obtaining M ′

Gd,Co and βGd,Co from measured M (T),

snet(T) can be estimated using the literature values of gGd =
2.02 and gCo = 2.11 [33].

Figure 3 shows the measured M (T) for sample A with
a magnetization compensation temperature of TM ∼ 40 K.
The obtained snet(T) is overlayed in Fig. 3. The angular
momentum compensation temperature, TA, is found to be
130 K. Resonant linewidths in Gd-Co are theoretically pre-
dicted to increase as the temperature approaches TA. As
we see in Fig. 2(b), µ0�H peaking at 100 K, roughly cor-
responding to the estimated TA, is consistent with theory
[34] and previous experimental observations [23,35].

Ferrimagnetic dynamics is essentially described by two
sets of Landau-Lifshitz-Gilbert (LLG) equations for each
magnetic sublattice of Gd and Co. When solving the
simultaneous equation using the Neel vector basis, one
obtains the eigenfrequencies [36,37]:

(a) (b) FIG. 2. (a) Dc voltage spectra at
various temperatures for sample
A. (b) Temperature dependence
of the resonant field, µ0H res, and
linewidth, µ0�H res, for the reso-
nant peaks labeled as � and �.
Data markers correspond to the
labels of Fig. 1(b).
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(f ±)
2 =

s2
net + ρμ0M (2Hext + M ) ±

√
s4

net + 2ρs2
netμ0M (2Hext + M ) + ρ2(μ0M )2(M )2

2(2πρ)2 , (3)

where f − and f + indicate the low-frequency mode and
high-frequency mode, respectively; and ρ is the momen-
tum of inertia [38]. μ0 is the vacuum permeability. With
Eq. (3), snet(T) can also be obtained at each temperature by
using the obtained H res, M (T), and f ± = 154 GHz with
the literature value of ρ = 2 × 10−19 kg m−1 [37].

Figure 4 shows snet(T) estimated from Eq. (3) and that
estimated from Eq. (2) with the measured M (T) (taken
from Fig. 2). Data points of blue and red squares are
obtained for the larger resonant peaks (labeled as �) by
setting f − = 154 GHz and f + = 154 GHz, respectively.
There are no solutions of snet(T) for the smaller peaks
(labeled as �), indicating that these peaks may be associ-
ated with nonuniform magnetization modes or spin-wave
modes. Values of snet(T) obtained in two different ways are
roughly consistent with each other. In addition, this calcu-
lation identifies that observed resonant peaks are from the
low-frequency mode above TA and high-frequency mode
below TA.

These results invoke the immediate question why there
is only one mode at given temperatures. To address this
issue, we introduce the concept of handedness for magne-
tization dynamics. When solving the set of LLG equations
using the elliptical basis of each sublattice magnetization,
one then finds f − = fR and f + = fL at T > TA and f − = fL
and f + = fR at TM < T < TA, in comparison with Eq.
(3) [24], where fR and fL are, respectively, the resonant
frequency for the right-handed and left-handed preces-
sion modes with respect to a principal axis parallel to the
net magnetization. This analysis indeed reveals the reso-
nant peaks we observe are always the right-handed modes
throughout the temperature range. We therefore find that
the left-handed modes are invisible in our experiment.

FIG. 3. Measured M (T) for sample A under the in-plane
magnetic field of 100 mT and snet(T) estimated by Eq. (2).

In most of the previous experimental studies on Gd-Co
dynamics, contrary to our results, the two modes at a given
temperature are clearly identified [23,24]. We suspect the
reason why we do not see the left-handed modes might
be rooted in how the dynamics is excited. Those previous
studies used either the pump-probe technique or Brillouin
light scattering (BLS). The pump-probe technique ther-
mally excites the magnetization dynamics and BLS occurs
through energy and momentum transfer from photons;
neither excitation mechanism is directly relevant to the
magnetic susceptibility. On the other hand, in the present
measurement, the dynamics is purely driven by the rf h
field. Therefore, magnetic susceptibility is an important
factor in efficiently exciting the magnetization dynamics
in the present study. Indeed, the magnetic susceptibility at
fL is found to be smaller than that at fR, and they can differ
by as much as a factor of 10 (see the Supplemental Mate-
rial [39–45]), which could explain why the resonant peaks
of the left-handed mode are too small to be seen in our
experiment.

Finally, we would like to discuss the measurement con-
figuration. Since the homodyne mechanism seems to be
dominant in our measurement, it is possible to further
enhance and maximize the dc voltage signal by looking
into the correct geometry of the applied-field direction and
the rf h-field directions with respect to the sample [14,31],
which in the present study cannot be realized due to vari-
ous geometrical limitations in the measurement setup but
will be optimized in future work.

FIG. 4. Comparison of snet(T) estimated by Eqs. (2) and (3).
Blue and red squares are obtained for the resonant peaks [labeled
as � in Fig. 2(a)] by setting f − = 154 GHz and f + = 154 GHz
in Eq. (3), respectively. Black line shows snet(T) estimated by Eq.
(2).
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In summary, we demonstrate the electrical detection of
magnetic resonance in Gd-Co ferrimagnetic thin films at
154 GHz by employing the gyrotron as a high-power elec-
tromagnetic wave source. It is found that the dc voltage
peaks are predominantly from the homodyne mechanism.
The temperature dependence of the resonant modes is well
explained by the temperature dependence of the net angu-
lar momentum in Gd-Co. The lack of left-handed resonant
modes in our observation could be related to the signifi-
cant difference in the magnetic susceptibilities of the right-
and left-handed modes. Since homodyne detection is a
common effect in magnetic films with appreciable mag-
netoresistance, and the gyrotron frequency is scalable up
to THz [21], our demonstration is a milestone toward THz
measurements for antiferro- and ferrimagnetic thin films.
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