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Unlike ferromagnets, collinear antiferromagnets have two precession modes exhibiting opposite chi-
rality, which enables the use of the polarization degree of freedom of magnons. In this study, we
experimentally measure the polarization-selective spectra of magnetic resonance in perpendicularly mag-
netized synthetic antiferromagnets using a wideband crossed microstrip circuit. The magnetic resonances
with right-handed and left-handed precession modes are directly detected, and theoretical analysis and
numerical simulations explain the measurement results by considering the difference in the perpendicular
magnetic anisotropy and damping constant between the top and bottom ferromagnetic layers. We also
show that magnetic excitations with different polarization types can be excited under degeneracy between
the two precession modes. Our work suggests that perpendicularly magnetized synthetic antiferromagnet
structures provide an attractive platform for manipulating the polarization degree of freedom of magnons.
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I. INTRODUCTION

Magnonics is a research field that aims to realize new
functional and high-performance devices using collective
excitations of ordered magnetic moments, called magnons
[1–3]. Because magnons can carry angular momentum,
several device concepts for data transport and processing
have been proposed and demonstrated, such as spin-wave-
based logic gates and neuromorphic and Boolean com-
puting [4–13]. The data in these magnonic applications
are encoded by magnon frequency, amplitude, or phase.
However, polarization degree of freedom is rarely used
to encode data. This is because the magnetic moments in
ferromagnets can precess only in a counterclockwise direc-
tion with respect to the effective magnetic field based on
the Landau-Lifshitz-Gilbert (LLG) equation, and therefore
ferromagnetic magnons always possess right-handed chi-
rality. On the other hand, magnon modes with both right-
handed and left-handed chirality are allowed in collinear
antiferromagnets (AFMs) owing to the antiparallel cou-
pling between two sublattice magnetic moments [14,15],
as shown in Fig. 1(a). When these two precession modes
are degenerate, arbitrary polarizations, including ellipti-
cally or linearly polarized magnons, can be achieved.
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Therefore, there has been a growing interest in polar-
ization manipulation using AFM magnons in recent years,
and various methods have been theoretically proposed
[16–20], including spin-wave field-effect transistors [16,
20] and polarizing and retarding effects through magnetic
textures [17]. However, these have yet to be experimen-
tally demonstrated because it is difficult to realize the
excitation of coherent AFM magnons owing to their immu-
nity to an external magnetic field. In recent years, coherent
spin pumping effects in AFM/heavy-metal heterostruc-
tures with Cr2O3 or MnF2 have been observed, and it has
been revealed that opposite precession chiralities in AFMs
transport the angular momentum with opposite signs [21,
22]. In these experiments, owing to the strong superex-
change coupling in crystalline AFMs, a large magnetic
field (several teslas or more) is required to break the degen-
eracy of the two precession modes, and the resonance
frequency reaches sub-THz making it difficult to perform
the broadband frequency measurements necessary for a
deep understanding of AFM dynamics. In synthetic anti-
ferromagnets (SAFs), two antiferromagnetically coupled
ferromagnetic layers are separated by a thin nonmagnetic
spacer [23–25]. Because the static and dynamic magnetic
properties of SAFs can be easily manipulated and detected
owing to the relatively weak exchange coupling com-
pared with crystalline AFMs [26], conventional techniques
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FIG. 1. (a) Illustration of antiferromagnetic resonance modes
with right-handed and left-handed circular precession in collinear
antiferromagnets. Although the resonance frequencies of the
right-handed and left-handed precession modes are degenerate
without a magnetic field, they are split into high frequency and
low frequency with an applied magnetic field due to the opposite
precession chirality. (b) Schematic illustration of our experi-
mental setup with a crossed microstrip resonator. The external
magnetic field is applied along the out-of-plane direction.

employed for ferromagnetic materials can be applied
[27–35]. Circularly polarized (CP) microwaves are excel-
lent tools for selectively exciting magnetic resonances with
different precession chiralities [36]. CP microwaves can be
generated from the superposition of two orthogonal lin-
early polarized microwaves with a difference in phase of
π/2 in time, as schematically shown in Fig. 1(b). To date,
experimental demonstrations of selective magnetic excita-
tions and magnetization switching using CP microwaves
have been reported [37–42]. However, few studies have
directly distinguished the polarization of antiferromagnetic
resonance modes, particularly in magnetic thin films.

In this work, the antiferromagnetic resonances in per-
pendicularly magnetized SAFs composed of two Co/Ni
multilayers separated by a Ru thin layer are investi-
gated using broadband and polarization-selective spec-
troscopy with a crossed microstrip resonator. We first
show polarization-selective excitation with a single Co/Ni
multilayer to characterize the polarization of the CP
microwave field generated by the crossed microstrip res-
onator. In addition, the magnetic properties of single
Co/Ni multilayers with different numbers of repetitions
are evaluated. Subsequently, the magnetic resonances with
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FIG. 2. (a) Film structure of p-FM and (b) M -H loops for
different repetition number N = 6, 8, 10. (c) Film structure of p-
SAF and (d) M -H loops for N = 6, 8, 10. The inset of (d) depicts
the magnetization configuration of top and bottom Co/Ni multi-
layers for antiparallel configuration depending on the field sweep
direction.

right-handed and left-handed precession modes with per-
pendicularly magnetized SAFs are directly detected. We
find that the crossing field at which the two precession
modes degenerate is shifted from the zero field owing to
the difference in perpendicular magnetic anisotropy (PMA)
between the two Co/Ni multilayers, and this shift field
can be modified by changing the stacking repetition num-
ber. By comparing the experimental results with numerical
simulation, the possible polarizations of the magnetic exci-
tation in our perpendicularly magnetized SAF structure are
discussed.

II. EXPERIMENT

Thin films are deposited by dc magnetron sputtering on
thermally oxidized Si substrates. We fabricate two types of
samples: Ta(2.0)/Ru(5.0)/Co(0.2)/[Ni(0.6)/Co(0.2)]N /

Ru(2.0) for perpendicularly magnetized ferromagnets
(hereafter referred to as p-FM) and Ta(2.0)/Ru(5.0)/Co
(0.2)/[Ni(0.6)/Co(0.2)]N /Ru(0.5)/Co(0.2)/[Ni(0.6)/Co
(0.2)]N /Ru(2.0) for perpendicularly magnetized SAFs
(hereafter referred to as p-SAF), where the values in paren-
theses are the thicknesses in nanometers [Figs. 2(a) and
2(c)]. We vary the repetition number N of the Co/Ni
multilayer to 6, 8, or 10, which correspond to ferromag-
netic layer thicknesses of 5.0, 6.6, and 8.2 nm, respec-
tively. Co/Ni multilayers are chosen because of their high
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FIG. 3. (a) Spectra of �S21 (blue) and �S12 (red) on a perpendicularly magnetized ferromagnet structure with N = 6 under various
frequencies of 12.5–14.0 GHz. Color plots of �S21 − �S12 for different repetition number (b) N = 6, (c) N = 8, and (d) N = 10. The
external magnetic field is swept from +300 to −300 mT, i.e., a downward field sweep. The solid and dashed lines represent the fit to
Kittel’s formula.

PMA, large magnetic thickness, and low magnetic damp-
ing [43–45]. Figures 2(b) and 2(d) show the out-of-plane
magnetic hysteresis loops obtained using a superconduct-
ing quantum interference device magnetometer for p-FM
and p-SAF with N = 6, 8, and 10. For p-FM structures,
all samples show full remanent magnetization, indicating
a perpendicular easy axis. For the p-SAF structures, both
the top and bottom Co/Ni multilayers have perpendicular
easy axes, and the magnetic moments between the two lay-
ers are fully compensated owing to the interlayer exchange
coupling through the Ru(0.5) spacer layer. As the antifer-
romagnetically coupled exchange field (Hex) is inversely
proportional to the thickness of the ferromagnetic layer,
the switching field decreases with increasing N. It should
be noted that the out-of-plane magnetic hysteresis loops
obtained using the magneto-optical Kerr effect (MOKE)
in the polar configuration reveal that the tail-to-tail (T-T)
or head-to-head (H-H) antiparallel magnetization config-
urations can be obtained depending on the field sweep
direction, as shown in the inset of Fig. 2(d) (see Appendix
A for more details).

CP microwaves are generated by the combined method
of an overcoupled crossed microstrip resonator and a
hybrid coupler developed by Arakawa et al. [46]. Broad-
band and polarization-selective spectroscopy measure-
ments are performed by placing a test sample with an
area of 5 × 5 mm2 below the square-shaped waveguide,
with the magnetic layer side facing the ground plane, as
shown in Fig. 1(b). For electrical isolation, the surface
of the magnetic layer is covered with sputter-deposited
SiO2. This setup is positioned between the pole pieces
of an electromagnet to apply an out-of-plane magnetic
field. Subsequently, two orthogonal microstrip lines are
connected to a hybrid coupler (Marki, QH-0226) and
vector network analyzer (Keysight, N5224A) through

same-length microwave cables. The hybrid coupler is
used as a microwave power splitter, which generates a
π/2 phase shift between the two outputs. The microwave
power, intermediate frequency bandwidth, and trace aver-
age count of the vector network analyzer are set to 0 dBm
(1 mW), 1 kHz, and 10, respectively. The microwave
transmission parameters S21 and S12 are acquired with
frequency range 6–20 GHz and step width 0.05 GHz
while sweeping the out-of-plane magnetic field. To extract
the contribution of the magnetic resonance, we consider
the relative change in the magnitude of Snm as �Snm ≡
|Snm(f , H⊥)| − |SBG

nm |, where (n, m) = (1, 2) are the port
numbers and SBG

nm is the background signal under the off-
resonant field. All measurements are performed at room
temperature.

III. RESULTS AND DISCUSSION

We start with p-FM structures to investigate the polar-
ization of the CP microwave field generated by the
crossed microstrip resonator and the perpendicular mag-
netic anisotropy of the Co/Ni multilayers. Figure 3(a)
shows the transmission spectra (�S21 and �S12) of a p-FM
structure with N = 6 measured under various microwave
frequencies. The microwave absorption dips for �S21
spectra are observed in the positive magnetic field region,
whereas those for �S12 spectra are observed in the neg-
ative magnetic field region. This indicates that the mag-
netic resonance is selectively excited, depending on the
polarization of the CP microwave field. In our experi-
mental configuration, the microwave output from port 1
of the vector network analyzer generates a right-handed
CP microwave field. Conversely, the output from port 2
generates a left-handed field. To visualize the polariza-
tion of the magnetic resonance in p-FM structures, color
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plots of �S21 − �S12 are shown in Figs. 3(b)–3(d) for
N = 6, 8, and 10 in p-FM structures. Because magne-
tization switching reverses the polarization of the mag-
netic resonance, the sign of the magnetic resonance peaks
is inverted between the positive and negative magnetic
field regions. The obtained resonance frequencies as a
function of the magnetic field can be explained using
Kittel’s formula [44], f = μ0γ (Hext + H eff

k )/2π , where
μ0, γ , and H eff

k are the vacuum permeability, gyromag-
netic ratio, and effective PMA field, respectively [see
Figs. 3(b)–3(d)]. The estimated μ0H eff

k values are 268, 329,
and 353 mT for p-FM structures with N = 6, 8, and 10,
respectively.

We next investigate the polarization of the magnetic res-
onance in the p-SAF structures. Figures 4(a)–4(c) show
color plots of �S21 − �S12 for N = 6, 8, and 10 for the p-
SAF structures. The upper (lower) results show the spectra
obtained from the downward (upward) field sweep, cor-
responding to the T-T (H-H) antiparallel magnetization
configuration. Two precession modes are clearly observed
for all samples within the magnetic field range, in which
the two magnetizations are antiparallel. It should be noted
that the resonance frequencies for the two precession
modes show opposite linear dependences on the magnetic
field, which is consistent with the dependence expected by
considering the sign of the angular momentum of each pre-
cession mode. In addition, we find that the crossing field in
which the two precession modes degenerate is shifted from
the zero field and inverted by changing the antiparallel
magnetization configuration.

To analyze these results, we solve coupled LLG equa-
tions (see Appendix B for more details) and find the reso-
nance condition of two modes for T-T or H-H antiparallel

TABLE I. Parameters used in calculated resonance frequen-
cies for perpendicularly magnetized synthetic antiferromagnet
structures.

N μ0H eff
k,BL (mT) μ0H eff

k,TL (mT) μ0HE (mT)

6 268 368 130
8 329 349 65
10 353 273 20

magnetization configurations as

f T - T
± = ±μ0γ

2π
(Hext − �H eff

k )

+ μ0γ

2π

√
H̄ eff

k (H̄ eff
k + 2HE), (1)

f H - H
± = ±μ0γ

2π
(Hext + �H eff

k )

+ μ0γ

2π

√
H̄ eff

k (H̄ eff
k + 2HE), (2)

where �H eff
k = (H eff

k,BL − H eff
k,TL)/2 and H̄ eff

k = (H eff
k,BL

+ H eff
k,TL)/2 are the difference and average of the effec-

tive PMA field between the top and bottom ferromagnetic
layers, respectively, and HE is the interlayer exchange
field. From Eqs. (1) and (2), the shift in the crossing
field is attributed to the difference in PMA between the
top and bottom ferromagnetic layers, as reported in pre-
vious studies [35,47]. As shown in Figs. 4(a)–4(c), the
resonance frequencies expressed by Eqs. (1) and (2) can
reproduce our experimental results very well with the
parameters shown in Table I. Regarding H eff

k,BL, we used
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FIG. 4. Color plots of �S21 − �S12 on perpendicularly magnetized synthetic antiferromagnet structures with (a) N = 6, (b) N = 8,
and (c) N = 10. The upper (lower) results show the spectra obtained by downward (upward) field sweep, corresponding to the tail-to-
tail (head-to-head) antiparallel magnetization configuration. The solid and dashed lines represent the resonance frequencies calculated
from Eqs. (1) and (2) with the parameters in Table I.
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the H eff
k values, which are experimentally determined using

p-FM structures for each N. As the repetition number N
increases, H eff

k,BL increases while H eff
k,TL decreases. This may

be attributed to the larger surface roughness of the top fer-
romagnetic layer. The difference in PMA between the two
layers is the smallest in the p-SAF structure with N = 8.

Figure 5(a) shows the experimentally obtained �S21
and �S12 spectra of the p-SAF structure with N = 8
at a microwave frequency of 11.95 GHz. We find that
the two precession modes are degenerate under μ0Hext =
10 mT, but with different absorption intensities. To gain
insights into the observed experimental results, magneti-
zation dynamics with two coupled single-domain magnets
are simulated by numerically solving the LLG equation
(see Appendix C for more details). The experimentally
obtained material parameters for the p-SAF structures
with N = 8 are used in the simulation. Figure 5(b)
shows the calculated precession amplitude spectra under
a microwave frequency of 11.95 GHz with right-handed
polarization (hRH) and left-handed polarization (hLH). We
find that different damping constants between top and bot-
tom layer (αTL and αBL) cause a difference in the peak
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FIG. 5. (a) Experimentally obtained spectra of �S21 (blue) and
�S12 (red) on a perpendicularly magnetized synthetic antiferro-
magnet structure with N = 8 under fixed frequency of 11.95 GHz
obtained by upward field sweep, corresponding to the head-
to-head antiparallel magnetization configuration. (b) Calculated
precession amplitude of the total magnetization under the appli-
cation of right-handed circularly polarized microwave field hRH
(blue) and left-handed circularly polarized microwave field hLR
(red). The vertical axis is inverted for comparison with the
experimental results.

amplitude, and the calculated spectra reproduce the exper-
imental results when the bottom Co/Ni multilayer has a
smaller damping constant [αBL = 0.02 and αTL = 0.03 are
used in Fig. 5(b)]. This damping difference may be related
to the difference in the growth quality between the top
and bottom Co/Ni multilayers due to the surface rough-
ness and/or strain relaxation. The damping constant is
often evaluated from the frequency dependence of resonant
linewidth. However, this kind of analysis cannot be applied
in our measurement due to the frequency characteristic of
the crossed microstrip resonator [46]. Therefore, further
experimental evidence is needed to discuss the damping
constant exactly.

Finally, we discuss the possible polarization of anti-
ferromagnetic resonance under the condition of degener-
acy between the two precession modes (μ0Hext = 10 mT,
f = 11.95 GHz in H-H antiparallel magnetization config-
uration). Figure 6(a) shows the trajectories of the total
magnetization m ≡ (mBL + mTL)/2 under the application
of four types of microwave fields (hRH, hLH, hx, and
hy), and Figs. 6(b)–6(e) show the detailed evolutions of
each magnetization trajectory, including mBL and mTL (see
Appendix C for the derivation of these variables). Com-
paring the trajectories when the CP microwave field hRH
or hLH is applied, the right-handed precession mode has
a larger precession amplitude than the left-handed mode.
This amplitude difference is due to the different damp-
ing constants between the top and bottom ferromagnetic
layers (αBL = 0.02 and αTL = 0.03), which is consistent
with the results shown in Fig. 5(b). When a linearly
polarized microwave field, hx or hy , is applied, the preces-
sion trajectory of m becomes elliptical with an oscillating
component in the direction of the microwave field, which
is recombined by the right-handed and left-handed preces-
sion modes [48]. These results reveal that p-SAFs provide
similar conditions to those of crystalline AFMs and enable
the manipulation of magnon polarization [16]. It should be
noted that magnetic resonance with perfectly linear polar-
ization can only be realized when the damping constants
between the top and bottom ferromagnetic layers are iden-
tical (not shown); therefore, it is important to engineer the
SAF structure to fully exploit the polarization degree of
freedom of the magnon.

IV. SUMMARY

We investigate the dynamics of perpendicularly mag-
netized synthetic antiferromagnets using broadband and
polarization-selective spectroscopy with a crossed
microstrip resonator. The precession chiralities of the
antiferromagnetic resonance are directly distinguished
depending on the polarization of the circularly polar-
ized microwave field. We find that the crossing fields
in which the right-handed and left-handed precession
modes are degenerate are shifted from zero fields, and
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FIG. 6. (a) Calculated trajectories of the total magnetization m under the application of four types of microwave fields, hRH, hLH, hx,
and hy , when the two precession modes are degenerate (f = 11.95 GHz and μ0Hext = 10 mT in the case of head-to-head antiparallel
magnetization configuration). (b)–(e) Corresponding trajectories of mBL, mTL, and m.

the microwave absorption intensities differ between the
two precession modes. Theoretical analysis and numer-
ical simulations explain these experimental results by
considering the difference in perpendicular magnetic
anisotropy and the damping constant between the top
and bottom ferromagnetic layers. With the experimen-
tally obtained material parameters, we also discuss
the possible polarization of the antiferromagnetic res-
onance. Our experimental results and analysis could
prove valuable for realizing the polarization manipula-
tion of antiferromagnetic magnons based on synthetic
antiferromagnets.
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APPENDIX A: MOKE LOOPS FOR p-SAF
STRUCTURES

Figure 7 shows the hysteresis loops measured by the
MOKE in the polar configuration for p-SAF structures
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FIG. 7. (a)–(c) MOKE hysteresis loops under a perpendicular magnetic field for perpendicularly magnetized synthetic antiferromag-
net structures.

with N = 6, 8, and 10. Depending on the field sweep direc-
tion, there is a Kerr intensity difference within the magnetic
field range in which the two magnetizations are antiparallel
even though the magnetic moments are fully compensated,
as shown in Fig. 2(d). Because the MOKE measurement
is a surface-sensitive technique, the change in Kerr inten-
sity associated with magnetization reversal in the bottom
layer is smaller than that in the top layer. Based on this
consideration and the results shown in Fig. 7, it is clear
that when the magnetic field is reduced from the saturated
states, magnetization reversal in the bottom layer occurs
first in all samples.

APPENDIX B: THEORETICAL MODEL

We consider interlayer exchange-coupled bilayers with
perpendicular magnetic anisotropy and a system includ-
ing two ferromagnetic layers with the same thicknesses t
and saturation magnetizations Ms, but different magnetic
anisotropies H eff

k,BL �= H eff
k,TL. The effective magnetic field Hi

acting on the unit vector of the magnetic moment mi is
given by

Hi = (Hext + H eff
k,i mz,i)ez − HEmj (i �= j ), (B1)

where HE = −Jex/(μ0Mst) is the exchange field with
interlayer exchange coupling energy per unit area Jex. The
equations of motion for magnetization precessions in each
layer can be obtained from the coupled LLG equations:

dmi
dt = −μ0γ mi × (Hi + hrf) + αimi × dmi

dt , (B2)

where αi is the Gilbert damping constant and hrf is the
microwave field. Now, we consider a small oscillation of
magnetization around the z axis. Using the approximation
|δmx,i|, |δmy,i| � 1, mi can be expressed as

mi = (δmx,iex + δmy,iey)ei2π ft + mz,iez. (B3)

Here, we introduce the circular variables δm±,i = δmx,i ±
iδmy,i and h± = hrf,x ± ihrf,y , and the linearized LLG equa-
tions can be obtained by substituting Eqs. (B1) and (B3)
into Eq. (B2).

For the T-T antiparallel magnetization configuration
mz,BL = −1, mz,TL = 1, Eq. (B2) becomes

(
±2π f

μ0γ
− H̃ T - T

BL + iαBL
2π f
μ0γ

)
δm±,BL + HEδm±,TL

= hrf,±, (B4)

−HEδm±,BL +
(

±2π f
μ0γ

− H̃ T - T
TL − iαTL

2π f
μ0γ

)
δm±,TL

= −hrf,±, (B5)

where H̃ T - T
BL = Hext − H eff

k,BL − HE and H̃ T - T
TL = Hext +

H eff
k,TL + HE . For the H-H antiparallel magnetization con-

figuration mz,BL = 1, mz,TL = −1, Eq. (B2) becomes
(

±2π f
μ0γ

− H̃ H - H
BL − iαBL

2π f
μ0γ

)
δm±,BL − HEδm±,TL

= −hrf,±, (B6)

HEδm±,BL +
(

±2π f
μ0γ

− H̃ H - H
TL + iαTL

2π f
μ0γ

)
δm±,TL

= hrf,±, (B7)

where H̃ H - H
BL = Hext + H eff

k,BL + HE and H̃ H - H
TL = Hext −

H eff
k,TL − HE . The resonance frequencies given in Eqs.

(1) and (2) can be obtained by setting the determinant
of the system [4 × 4 matrix on the left-hand side of
Eqs. (B4)–(B7)] equal to zero, with αBL = αTL = 0.

APPENDIX C: NUMERICAL SIMULATION

The numerical simulations are performed by solving
Eq. (B2) using the conventional fourth-order Runge-Kutta
algorithm. To excite the magnetic resonance, we apply the
microwave field at fixed frequency f defined as hrf(θ , δ) ≡

014032-7
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h0(cos θ cos(2π ft)ex + sin θ cos(2π ft + δ)ey), where μ0
h0 = 0.1 mT. The polarization of the microwave field
can then be tuned as hRH = hrf(π/4, −π/2), hLH =
hrf(π/4, π/2), hx = hrf(0, 0), or hy = hrf(π/2, 0). In the
calculation shown in Fig. 5(b), we initially assign the
magnetization state in the H-H antiparallel magnetization
configuration mz,BL = 1, mz,TL = −1, and then calculate
the precession amplitude of the total magnetization m at
each point of the applied magnetic field.
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