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We report on coherent propagation of antiferromagnetic (AFM) spin waves over a long distance
(∼10 µm) at room temperature in a canted AFM α-Fe2O3 owing to the Dzyaloshinskii-Moriya
interaction (DMI). Unprecedented high group velocities (up to 22.5 km/s) are characterized by
microwave transmission using all-electrical spin wave spectroscopy. We derive analytically AFM
spin-wave dispersion in the presence of the DMI which accounts for our experimental results. The
AFM spin waves excited by nanometric coplanar waveguides have large wavevectors in the exchange
regime and follow a quasi-linear dispersion relation. Fitting of experimental data with our theoretical
model yields an AFM exchange stiffness length of 1.7 Å. Our results provide key insights on AFM
spin dynamics and demonstrate high-speed functionality for AFM magnonics.

Spin waves or magnons [1–4] as collective spin
excitations can transport coherent spin information in
a magnetic media over long distances [5–7] without
suffering from Ohmic loss, and are therefore promising
for magnon-based computing with low-power consump-
tion [8, 9]. So far, an overwhelming majority of magnonic
research are conducted in ferro- or ferri-magnetic
materials, such as yttrium iron garnet (YIG) [10–14],
permalloy [15–18] and magnetic multilayers [19–21]. In
ferromagnetic (FM) materials, long wavelength spin
waves are predominantly affected by dipolar interactions,
resulting in Damon-Eshbach (DE) and backward-volume
(BV) modes with distinct configurations of the magneti-
zation (m) and wavevector (k) and with non-degenerate
dispersions [Fig. 1(a)]. This anisotropy hinders spin
waves from propagating through a curved circuit [22]
and leads to vulnerability to external field disturbances.
Thus, it is desirable to excite high-k exchange spin
waves in ferromagnets with short wavelengths that are
substantially less anisotropic. Exchange spin waves in
ferromagnets [23] follow a parabolic dispersion relation,
suggesting an increasing group velocity for higher k.
So far, it has been extremely challenging to excite
exchange spin waves with a velocity around 1 km/s
and a wavelength below 100 nm [6, 24, 25]. In
antiferromagnetic (AFM) materials, these challenges and
obstacles are inherently neutralized because spin waves
are insensitive to disturbing magnetic fields [26] and
can propagate with higher velocities [27]. However,
new challenges arise as antiferromagnets have zero
net moment [28]. In addition, antiferromagnetic spin
waves fall typically in the THz or sub-THz frequency
regime [29, 30] and are so far mostly excited using an

optical method [27, 31] that is difficult to integrate
with on-chip magnonic devices. Diffusive transport of
multichromatic magnons have been studied by electrical
injection and detection using Pt contacts [7, 32–36]
which are insensitive to phase coherency. All-electrical
excitation and detection of coherent AFM spin waves [37]
are highly desired for magnonics, but remain challenging.
Recently, advanced microwave technology based on
solid-state extenders enabled frequency multiplication of
conventional GHz source into sub-THz generators for
all-electrical AFM magnon excitation [38, 39]. Until
now, coherent AFM spin waves are electrically excited
only with k = 0, i.e., antiferromagnetic resonance
(AFMR) [31, 38–40] (e.g. black arrow in Fig. 1(b)), which
has zero group velocity in a canted AFM [41]. High-
velocity propagating AFM exchange spin waves with
electrical excitation has not been realized so far.

In this Letter, we experimentally demonstrate coherent
propagation of AFM exchange spin waves over a long
distance (10 µm) in α-Fe2O3 with a high group velocity
(22.5 km/s) at room temperature. The velocity is
approximately one order of magnitude higher than that
of FM exchange spin waves [6, 24, 25]. α-Fe2O3 also
known as hematite is an insulating antiferromagnet [42–
48] with ultra-low magnetic damping (∼ 10−5) [32]
and high Néel temperature (∼960 K) [49]. At room
temperature (above its Morin temperature TM ' 260 K),
α-Fe2O3 is in an easy-plane antiferromagnetic phase,
where its Néel vector n lies in the plane [Fig. 1(c)]
normal to the corundum crystal c axis [50]. The bulk
Dzyaloshinskii-Moriya interaction (DMI) in α-Fe2O3

induces a small canted moment [51] as shown in the
inset of Fig. 1(b). The weak canted moment (∼1.2
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FIG. 1. (a) Ferromagnetic-type spin-wave dispersion for
a 200 nm-thick YIG film. The k ⊥m and k //m modes
are separated due to the dipolar interaction. The k =
0 mode is the ferromagnetic resonance (FMR). Exchange-
dominated spin waves follow a quadratic k2 relation. (b) Spin-
wave dispersion of a canted antiferromagnet α-Fe2O3. The
k ⊥ n and k // n modes as illustrated in (c) are degenerate
and adhere to a linear k dependence in exchange regime.
The black arrow marks the antiferromagnetic resonance
(AFMR) with k = 0. Inset illustrates the canting of
two sublattices induced by the DMI. (c) Illustrations of
exchange spin waves in an easy-plane antiferromagnet at two
different configurations, namely, wavevector k parallel and
perpendicular to Néel vector n.

emu/cm3) existing in the easy plane is characterized

by x-ray diffraction and vibrating sample magnetometer
as shown in Supplementary Material (SM) Fig. S1 [52].
Although the canted moment is negligibly weak as a net
magnetic moment (∼1% of YIG magnetic moment), it
facilitates AFMR excitation with conventional microwave
antennas [50, 51]. As the easy-plane anisotropy is
remarkably small (Ha ∼0.06 mT), the AFMR frequency
drops to around 20 GHz, which is accessible using
conventional microwave techniques. The negligible easy-
plane anisotropy also allows the Néel n to rotate freely
in plane with respect to the spin-wave wavevector k,
as illustrated in Fig. 1(c) for k // n and k ⊥ n as
examples. Unlike in ferromagnets where k ⊥ m (DE)
and k//m (BV) behave differently [Fig. 1(b)], spin waves
in antiferromagents are degenerate for k ⊥ n and k // n
[Fig. 1(c)] and any intermediate angle because the AFM
spin-wave dispersion is not affected by dipolar interaction
but fully determined by exchange interaction. Recently,
Boventer et al. [51] have theoretically derived the AFMR
(k = 0) formula for α-Fe2O3. However, literature on the
spin-wave dispersion for an easy-plane antiferromagnet
with DMI remains elusive.

Let us first derive and discuss the spin-wave dispersion
for an antiferromagnet with DMI-induced canting and
easy-plane anisotropy like that of α-Fe2O3 [Fig. 1(b)].
We consider a one-dimensional spin chain with two
sublattices m1 and m2 that are antiferromagnetically
coupled and confined in the easy plane. In the
AFM system, the exchange energy, Zeeman energy,
anisotropy energy and Dzyaloshinskii-Moriya (DM)
energy constitute the total free energy, from which we
obtain the equations of motion describing the dynamics
of two spin sublattices in a mean-field approximation (see
Sec. II in SM [52]),


dm1

dt
= −γµ0m1 ×

[
H0 −Hexm2 −

1

2
Hexa

2
ex∇2m2 −HA (m1 · ẑ) ẑ +Ha (m1 · ŷ) ŷ +HDM (m2 × ẑ)

]
dm2

dt
= −γµ0m2 ×

[
H0 −Hexm1 −

1

2
Hexa

2
ex∇2m1 −HA (m1 · ẑ) ẑ +Ha (m2 · ŷ) ŷ−HDM (m1 × ẑ)

] , (1)

where H0 is the external magnetic field, Hex is the
strength of the exchange field, aex is the exchange
stiffness length (see SM Sec. II [52]), HA (Ha) is the
out-of-plane (in-plane) anisotropy and HDM is the DM
effective field. The exchange stiffness term consisting
of Hex and aex is discussed in the SM Table I [52]
with a comparison between ferro-(ferri-)magnetic [55]
and antiferromagnetic models [56]. Coordinate axes
are defined in the inset of Fig. 1(b). Considering a
small canting angle θ induced by the DMI, the cartesian
coordinate defined with n and m at equilibrium is
subsequently transformed to align with m1 or m2 in

order to deduce the dynamics of the sublattices. By
extracting the eigenfrequencies of Eq. 1, one derives the
dispersion relations for both low-frequency and high-
frequency AFM magnon modes (see SM Sec. II [52]).
Since only the low-frequency one is relevant for our
experiments, we present its spin-wave dispersion here as

f =
γµ0

2π

√
H0(H0 +HDM) + 2HaHex +H2

exa
2
exk

2, (2)

where γ is the gyromagnetic ratio and µ0 is the vacuum
permeability. If on the one hand we take k = 0,
the last term underneath the square root vanishes and
thereby it reduces to the uniform AFMR of a canted
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FIG. 2. (a) A global scanning electron microscopic (SEM) image of two coplanar waveguide (CPW) antennas integrated on
α-Fe2O3 with a ground-signal-ground (GSG) design. The pitch of the contact pad is 250µm, compatible with microwave
probes. The gray background represents α-Fe2O3 substrate. (b) SEM image within the black dashed square area in (a). (c)
SEM-resolved image of a CPW. The center-to-center distance s between CPW1 and CPW2 for this device is 8µm. The blue
arrow indicate the spin-wave wavevector k. The yellow-rendered parts are the gold conducting lines whose width w = 380 nm
is characterized by the further close-up image in (d). (e)-(g) Spin-wave transmission spectra S12 measured by a vector network
analyzer (imaginary part of the S parameter) and plotted as a function of applied magnetic field for three devices with different
propagation distances s = 5, 8, 10µm. (h) Lineplots extracted at 45 mT for propagation distances s. Spectra are shifted for
clarity. Orange arrows highlight the peak positions.

antiferromagnet as studied by Boventer et al. [51]. If
on the other hand we do not introduce the DMI in
the system, the first term beneath the square root
disappears and hence Eq. 2 becomes essentially the same
as the dispersion for an easy-plane AFM such as NiO
as analyzed by Rezende et al. [56] in the absence of
DMI. In Fig. 1(b), we plot the spin-wave dispersion
for the low-frequency mode in α-Fe2O3 based on Eq. 2
with µ0H0 = 60 mT. Here we take the exchange field
µ0Hex = 1040 T from Ref. [43]. By fitting the field-
dependent AFMR in a flip-chip measurement (k = 0,
see SM Fig. S7 [52]), we extract the effective DM field
µ0HDM = 2.7 T and µ0Ha = 0.067 mT. These values
are close to those in Refs. [50, 51] and are adapted in
plotting the dispersion in Fig. 1(b). Thus, the calculated
dispersion relation predicts a group velocity of up to
26.5 km/s.

In the following, we present experimental demonstra-
tion of high-velocity propagation of spin waves in α-
Fe2O3 with all-electrical excitation and detection. The
DMI-induced small canted moment can couple with an
external microwave field and therefore provides us an
opportunity to excite antiferromagnetic spin waves with
conventional coplanar waveguide antennas [6, 14–16, 25]
fabricated on hematite using e-beam lithography and
evaporation. Figures 2(a-d) show the scanning electron
microscope (SEM) images of the measured device with a

spin-wave propagation distance s= 8µm. Conventional
coplanar waveguides (CPWs) with a ground-signal-
ground (GSG) design are patterned on a 0.5 mm-thick
α-Fe2O3 crystal with e-beam lithography and connected
to a vector network analyzer (VNA) to excite and detect
spin waves. The spin-wave wavevectors excited by the
CPWs are along the [112̄0] crystal orientation within
the (0001) easy plane, which is the film plane. All
measured devices are patterned on the same single-
crystal film. Transmission spectra S21 (excitation at
CPW1 and detection at CPW2) are measured by a VNA
as a function of magnetic field, sweeping from negative
to positive values. Data are shown in Figs. 2(e-g) for
propagation distances (s) of 5µm, 8µm and 10µm.
The asymmetric amplitude of transmission spectra at
positive and negative fields may arise from chiral
magnetic near field emission induced by the nanoscale
microwave antennas [57, 58] in combination with
the unconventional time-reversal symmetry breaking of
hematite, which is recently classified as an emergent
magnetic phase altermagnetism [59]. A tentative
theoretical model is discussed in SM Sec. II [52] taking
into account of the chiral precession of the canted
moment. Very recently, similar spin-wave non-reciprocity
is reported in association with a surface mode observed
in hematite [60]. Single spectra extracted at 45 mT
are plotted together for three different propagation
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FIG. 3. (a) CPW-excited magnetic field wavevector
distribution calculated by fast Fourier transformation (FFT)
using the dimensions measured in the SEM image of (b)
as w = 380 nm and d =1120 nm. (c) AFM spin-wave
dispersion plotted for 51 mT, where the background intensity
represents the wavevector distribution imposed by CPW
as shown in (a). Three equivalent wavevector segments
∆k project into different frequency spans ∆f1, ∆f2 and
∆f3 in accordance with the dispersion. The frequency
spans manifests themselves as peak-to-peak separation in the
measured transmission spectrum S21 in (d). These frequency
spans correspond to a phase change of 2π after propagation
over a certain distance s. The orange dashed curve in
(d) defines effective excitation envelope corresponding to the
wavevector distribution of CPW in (a). Horizontal and
vertical black dashed lines are guide for the eyes.

distances in Fig. 2(h). The transmission signal amplitude
decays due to spin-wave damping. With increasing s,
the observed signal oscillation becomes denser and the
number of peaks (marked by orange arrows) increases, for
the following reason. The VNA is sensitive to the phase
delay between both antennas and the interval between
two adjacent peaks corresponds to a phase difference
∆φ = 2π. Over a certain propagation distance s, the
phase change is given by ∆φ = ∆k · s, where ∆k
represents a broad wavevector excitation generated by
the nanoscale CPW antennas, as shown in Fig. 3(a) and
(b). When ∆φ = ∆k · s reaches 2π, the second peak
appears and the corresponding frequency interval ∆f
is observed [Fig. 3(d)]. Therefore, the spin-wave group
velocity vg can be estimated [14–16] using

vg =
∂ω

∂k
≈ 2π∆f

∆k
=

2π∆f

2π/s
= ∆f · s. (3)

At different parts of the spin-wave dispersion in Fig. 3(c),
the frequency intervals ∆f differ (∆f1 6= ∆f2 6= ∆f3) in
spite of an identical wavevector increment ∆k = 2π/s.

The higher-frequency part of the dispersion presents
a steeper slope, ∆f3 > ∆f2 > ∆f1 as observed in
Fig. 3(d). This indicates an increasing group velocity
according to Eq. 3, given a fixed propagation distance
s. Apart from the phase oscillation, the amplitude
envelope (orange dashed arrows) is determined by the
broad k excitation (blue shadow region) of the nanoscale
CPW as characterized in Fig. 3(a). The frequency
interval ∆f2 located at the center of the envelope
around 17.5 GHz therefore exhibits the largest oscillation
amplitude. Based on Eq. 3, we can extract the
average group velocity at about 17.5 GHz (orange dot in
Fig. 3(c)) from a linear fitting of the measured frequency
interval ∆f as a function of 1/s, as shown in the bottom-
right inset of Fig. 4. The slope of the fitted red line
yields a group velocity of about 14.2 km/s. Following this
method, we extract group velocities at different frequency
bands and plot them in Fig. 4 as the red open squares.
The data acquisition from linear fittings of ∆f versus
1/s for frequencies of 15.9 GHz, 18.8 GHz and 20.7 GHz
are presented in SM Sec. IV [52]. Two additional devices
with slightly modified CPWs (Type 2 and Type 3) were
also measured and group velocities obtained from these
two samples (see SM Sec. IV [52]) are plotted as the
orange circle and blue open triangle in Fig. 4. From the
distance-dependent measurements, we extract a decay
length of about 10 µm for coherent AFM spin waves
(see SM Sec. V [52]). In conformity with the AFM spin-
wave dispersion [Fig. 1(b)], we observe degenerate spin-
wave modes (see SM Sec. VI [52]) for different angles (φ)
between Néel vector (n) and wavevector (k), exhibiting
almost identical spin-wave group velocities for different
φ (top-left inset of Fig. 4).

The group velocities extracted from different samples
(Fig. 4) increase asymptotically toward a saturated group
velocity (linear range in dispersion) of γµ0Hexaex. The
group velocity as a function of frequency can be derived
from the dispersion (Eq. 2). By fitting our data, we
obtain an exchange stiffness length aex = 1.7 Å, which
could also be considered as an effective lattice constant
in the 1D spin-chain model. This value corresponds
to an AFM exchange stiffness [61] of about 10 pJ/m
and a saturated velocity [62] of 30.2 km/s (see SM
Sec. II [52]). To approach the saturated velocity,
we fabricate even smaller CPW antennas with larger
wavevector k (∼5.2 rad/µm, see SM Sec. VII [52]).
With these CPWs, we did not observe clear signal
oscillations in transmission spectra, which we attribute
to the impedance mismatch due to the down-scaling of
the microwave antennas [63, 64]. For micrometer-scale
CPW antennas with small wavevectors (∼1.0 rad/µm,
see SM Sec. VII [52]), we again did not observe oscillating
transmission signals owing to a low group velocity at the
low-k limit.

In summary, we experimentally observed the coherent
propagating AFM spin waves at room temperature
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FIG. 4. AFM spin-wave group velocities for different
frequencies extracted from the transmission spectra S21 at
51 mT. The values are given by the slope from a linear fit of
∆f versus 1/s based on Eq. 3. Bottom-right inset shows an
example for the linear fitting of the measurement data around
17.2 GHz for three different propagation distances s = 5 µm,
8 µm and 10 µm. Red open squares are data obtained from
the samples with the CPW design shown in Fig. 3(b). Orange
circles and blue open triangles are data obtained from the
samples with two other CPW designs with slightly different
dimensions as described in SM Sec. IV [52]. The solid line is
the calculation taking the exchange length by fitting of our
data aex=1.7 Å. Top-left inset presents the angle dependent
group velocities at 51 mT and around 18.8 GHz. The red
dotted line is a horizontal line around 18 km/s.

in a single-crystal α-Fe2O3. Over a long distance of
10 µm, the coherence of AFM spin waves can still be
detected with a high group velocity of up to 22.5 km/s.
With measurements using CPW antennas of different
propagation distances, the AFM spin-wave dispersion
could be indirectly characterized via the relationship
between group velocities and frequencies. These
data could be accounted for with a theoretical model
that takes into account exchange, DM, Zeeman and
anisotropy energy. The AFM exchange stiffness length
is estimated to be about 1.7 Å. One promising feature
of AFM spin waves is their chirality, as it provides
an additional degree of freedom. It has been shown
that right- and left-handed modes can be detected
electrically [39, 65]. High-velocity coherent propagating
AFM spin waves is suggestive of great prospects for
coherent AFM magnonics.

Note added.−During the revision of this manuscript,
we become aware that recent reports on spin-wave
dispersion of hematite studied by Brillouin light

scattering [66] and non-reciprocial propagation of spin
waves in hematite [60] have been posted.
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length of antiferromagnetic magnons governed by domain
configurations. Nano. Lett. 20, 306-313 (2020).

[34] J. Han, P. Zhang, Z. Bi, Y. Fan, T. S. Safi, J. Xiang, J.
Finley, L. Fu, R. Cheng, and L. Liu, Birefringence-like
spin transport via linearly polarized antiferromagnetic
magnons. Nat. Nanotechnol. 15, 563-568 (2020).

[35] T. Wimmer, A. Kamra, J. Gückelhorn, M. Opel, S.
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A. Anane, M. Kläui, A. Brataas, and R. Lebrun,
Antiferromagnetic cavity magnon polaritons in collinear
and canted phases of hematite. Phys. Rev. Appl. (to be
published) arXiv:2203.10924.

[41] S. Rezende, A. Azevedo, and R. L. Rodŕıguez-Suárez,
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