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Section 1. Antenna design and k-selectivity 

For our study, we use radio-frequency antennas of ground-signal-ground (GSG) type separated by 

a distance d. When an rf-current is injected, the antenna generates a dynamic magnetic field that 

excite the SWs. Thus, the antennae's shape defines the wave vector of the excited SW. The antenna 

excitation spectrum is predicted from calculating the Fourier transform of the spatial current 

distribution in the antennas (40). 

In this work, we have used only one geometry of antenna with 3 different ground-signal lines 

widths in order to select different k-vectors.  

The widths and the k-values are represented in Table S1., where wg and ws are the widths for the 

ground and signal lines respectively. These two are separated by a distance s, the separation 

distance. 

Device Name wg (µm) ws (µm) s (µm) k (rad/µm) 

Design 1 2 4 2 0.6 

Design 2 1 2 1 1.1 

Design 3 0.5 1 0.5 2.3 
Table S1: Antenna design. Table showing the ground-signal-ground widths wg and ws and the separation distance s 

from a ground line to a signal line, for three devices, resulting in three different characteristic k-vector associated for 

each antenna. 

The current density profiles of the 3 different designs in k-space are shown in Fig. S1. 

Figure S1:  G-S-G antenna design. (a) Schematic: the ground lines of width wg are separated by a distance s from the 

central signal line of width ws, (b) Optical microscope image for one design showing the direction of propagation of 

the spin-waves �⃗⃗�  , (c) Current density profile of three different sizes of GSG antenna  in function of the wavevector k

and showing the maximum k-value i.e. the value at which the spin-wave is excited ; Each curve corresponds to one 

antenna in one design ; Blue for design 1 , orange for design 2 and black for design 3. 



Section 2. Spin-wave spectroscopy gating

a. Principle of time gating

The vector network analyzer permits measuring the scattering parameters (amplitude and phase) in 

the frequency domain. However, measuring in the time domain is an option available in most vector 

network analyzers(53) such as the  ZVA 67 used in this study. This type of measurement is done 

through the inverse Fourier transform of the S-parameters in the frequency domain. Thus, this 

technique allows localizing the time at which the response hosts noise, or different signals 

propagating at different speeds. As a result, we can determine a ‘gate’ in time to measure a clean 

signal. Gating is a filter in the time domain, where the gate window is selected by fixing a starting 

and a stop gating times [Tstart:Tstop], then the s-parameters are measured within this time window 

and are then transformed back to the frequency domain as shown in Fig. S2. 

Figure S2: Principle of time domain spectroscopy: (a) Exemplary spectra taken for a YIG film of 500 nm thickness, 

to enhance the signal amplitude in this example, for H = 100 mT, with an applied gate of boundaries Tstart=8 ns and 

Tend =30 ns.  (b) Fourier transform of the spectra in (a) showing a resonance frequency at 3.5 GHz. 

b. Frequency Domain with a Time Gate:

Different types of time domain measurements exist with a VNA [4]. Here we use the mode 

“Frequency with time gate”, i.e.  a standard frequency domain measurement, of which the data is 

then transformed mathematically to time domain where a gate (of a chosen shape) is applied. Thus, 

the data outside of the selected gate are removed before being converting back to the frequency 

domain. The data is processed by the analyser by using either a band pass mode or low pass mode. 

In the measurements shown in Figure 4 in the main text, we have used “Frequency with Time 

gate”, with a bandpass transformation. The difference between both modes is that in bandpass 

mode, the time zero-frequency point is not considered and the information on the phase is lost. Yet 

this mode is more convenient to use here since it does not include any restrictions on the frequency 

sweep points as it works for any set of equidistant points. 

c. Time gating of spin-waves:

Spin waves possess rich dispersion relations that can be studied by various means, such as Brillouin 

light scattering (BLS) and inductive means (VNAs). It is possible that the material under study 

hosts several SWs branches (families) with different frequencies, yet at a very close frequency, one 

from the other, where the main mode is the most intense branch of the spectrum. This leads to a 

complex SW spectrum where the oscillations profile of the imaginary part of the transmission 

parameter presents either ripples or a mixture of small peaks contributing strongly to the main 



response of the main branch, which complicates the calculation of the associated group velocity for 

each mode (35). Since each of these modes has a different group velocity, i.e., different delays, a 

way to differentiate between them is to use the time gating technique. 

We performed measurements with different gates for the two experimental cases reported in the 

main text, either k ⟂ n (i.e. H // k), and k // n (i.e. H ⟂ k). For each configuration, we show the 

results obtained with the following cases of gates: No gate [0:50ns], gate [0:1 ns] and gate [2-50 

ns].  

In the case of α-Fe2O3 for k ⟂ n: Figure S3. (a-c) shows a color map of the imaginary part of the 

transmission inductance parameter L21 as a  function of the swept frequencies and fields for three 

different time gatings. 

1. Measurement with no gate [0:50ns]: In this measurement shown in Fig. S3 (a), we perform

a regular frequency domain measurement without gating the signal as no detectable spin-

wave signal propagates with a time travel larger than 20 ns in our system. When no gate is

applied, we observe clear oscillations of the transmitted inductance with two main intense

spin-wave maxima separated by a Δf of about 2 GHz. However, as mentioned in the main

text, within this gap of 2 GHz, we observe weaker peaks, yet these modes are hindered by

the main ones.

2. Measurement with Gate [0:1ns]: In this measurement we perform a frequency domain

measurement with gating. We apply a gate that starts from 0 ns and cuts the signal after 1

ns. We observe cleared oscillations of the inductance L21 as shown in Fig. S3 (b). We can

then fit field-by-field the position in frequency of these peaks, and we can extract the group

velocity of the associated spin-wave mode from the evolution of Δf as shown in Fig. 2 (c)

of the main text.

Figure S3: Imaginary part of the transmission spectra L21 at different gates for k ⟂ n: (a) The case without applying 

a time gate (i.e. measuring from 0 ns to 50ns). (b) Case of a gate starting at 0 ns to 1 ns , the blue lines are fitted peaks 

of the imaginary part of L21. 

In the case of α-Fe2O3 for k // n: Figure S4. (a-c) displays a color map of the imaginary part of 

the transmission inductance parameter L21 in function of the swept frequencies and fields for three 

different time gatings. 

1. Measurement with no gate [0:50ns]: With no gate applied, the imaginary part of the L21

parameter in Fig. S4. a shows a richer spectrum in peak intensities than in the previous case

(H // k). The fits of the peaks used to calculate the spin-wave group velocity are presented

as black dots.

2. Measurement with a gate [0:1ns]: Due to the complex spectrum, the use of gating is

necessary to differentiate between the different peaks. By gating from 0 ns to 1 ns we

attempt to isolate the fastest propagating mode. By doing so we cut from the measured the

signal the contribution of the slower modes and also all other measurement losses. From the

fits shown in Fig. S4 (b) (blue lines) we were able to extract the group velocity by following



three neighbouring peaks i.e. two modes and we find group velocities of higher values than 

in the case without gating. 

3. Measurement with Gate [2:50ns]: Now, we do a gate starting from 2 to 50 ns in order to

isolate the slower mode. We observe that the Δf between neighbouring branches has indeed

shrinked resulting in lower group velocity (see Fig. 3 in the main text).

Figure S4: Imaginary part of the transmission spectra L21 at different gates for  k // n: (a) The case without applying 

a time gate (i.e. measuring from 0ns to 50ns), the black straight lines are the fitted peaks of the imaginary of L21. (b) 

Case of a gate starting at 0ns to 1 ns , the blue lines are the fitted peaks of the imaginary part of L21, (c) Case of a gate 

starting from 2 ns to 50 ns, the red lines are the fitted peaks of im(L21) 



Section 3. Spin-wave spectroscopy for k at different k-values. 

In this section, we show the results of the measurements done on designs 2 and 3 (Table S1). We 

present here the measurements done for both directions of k, with the exact parameters of design 1 

(Section S4) and with no gating applied. 

We show in Figure S5 (a-c) the color maps of log|𝐿21| as a function of the swept frequency and of

the applied field for k ⟂ n. For k = 0.6 and 2.3 rad/μm, we observe the dominance of one spin-

wave mode and at k= 1.2 rad/ μm with an increase in frequency of about 1 GHz for the dominant 

mode. We also observe the presence of a secondary spin-wave branch lower in amplitude and in 

frequency for k = 1.1 rad/μm, which goes beyond standard analysis and would require further 

investigation using for example Brillouin Light Scattering.  

Figure S5:  Frequency transmission spectra of the three designs for k ⟂ n: (a) Color map of |𝑳𝟐𝟏| for the design 1

having an excitation k at 0.6 rad/µm, (b) Color map of the absolute value of L21 for the Design 2 having an excitation 

k at 1.2 rad/µm, (c) Color map of the absolute value of L21 for the Design 3 having an excitation k at 2.3 rad/µm. 

In Figure S6, we then show the results for k // n, we observe a clear increase in frequency between 

k = 0.6 rad/μm and 2.3 rad/μm for the main spin-wave peak, corresponding to the bulk spin-wave 

mode. One should however notice that more secondary spin-wave peaks can be observed for k = 

0.6 rad/μm, as the devices are larger and enable a more efficient detection. The frequency of the 

spin-wave mode with surface character has a smaller increase than expected for a surface mode (see 

Suppl. Mat 6 for detailed experiments and Suppl. Mat. 7 for detailed theory). Also, in this case, 

the device with k =1.2 rad/μm shows more pronounced secondary spin-wave peaks, which could 

indicate that the mode hybridization is maximum for this range of k vectors.  

Figure S6: Transmission spectra of the three designs for H ⟂ k // n: (a) Color map of |𝑳𝟐𝟏| for the design 1 having

an excitation k at 0.6 rad/µm, (b) Color map of the absolute value of L21 for the design 2 having an excitation k at 1.2 

rad/µm, (c) Color map of the absolute value of L21 for the design 3 having an excitation k at 2.3 rad/µm. 



Section 4. Spin-wave non-reciprocity for k // n and k ⟂ n: 

Non-reciprocity is a common feature observed for surface spin-waves in the case of 

ferromagnets(10). However, in antiferromagnets, non-reciprocal spin-waves have until now only 

been predicted for the spin-flopped phase of an easy-axis antiferromagnet (7, 8). As shown in the 

main text, we observe non-reciprocity for some spin-waves modes for the case k // n which is in 

line with the theoretical predictions of Refs. (7, 8).  

Here after, we present some detailed data of the spin-wave transmission properties of L12 and L21 

for positive and negative fields that complement the data from Fig. 4 in the main text. In Fig. S7, 

we present L12 and L21 for positive and negative fields for k//n for the largest antennas (Design 1 

with an edge to edge distance of 14 μm between antennas) in order to have the largest amplitude 

response, and on the spin-waves that arrive after more than 2 ns of travel time which are stable over 

the entire field range. We observe that L12 and L21 have a reverse behaviour for positive and 

negative fields, the signal being larger for the two non-reciprocal modes identified in the main for 

L12 for negative fields and for L21 positive fields. This observation further confirms the non-

reciprocal behaviour of these antiferromagnetic spin-wave modes.  

Figure S7: Transmission spectra in k // n with [2:50ns] gating: (a) The |𝑳𝟏𝟐| as a function of the frequency and of

the negative magnetic field; for this case three peaks are observed. (b) The |𝑳𝟏𝟐| as a function of frequency and positive

magnetic field; for this only the highest mode of (a) is still observed clearly while the two lowest branches are hardly 

seen. In (c),(d) we repeat the same spectra of (a) and (b) but with |𝑳𝟐𝟏|, the peaks apparition and disappearance  are

reversed as expected.  

In Fig. S8, we then present for the same devices L12 and L21 for positive and negative fields for 

k⟂n in the same experimental conditions. In this case, we observe a slight difference for positive 

and negative fields at magnetic fields between 100-150 mT. However, we can associate it with the 

small hysteretic behavior in the sample and not to a potential non-reciprocity as we measure the 

same signals for L12 and L21. This latter feature also indicates that our devices have nearly 

symmetric antennas and that our setup has well calibrated radiofrequency properties. The absence 

of non-reciprocity in this second configuration is also here in line with standard predictions for bulk 

antiferromagnetic spin-waves(7, 8, 17, 54). We also notice that the spin-wave amplitude is about 3-5 

times smaller for k⟂n compared to k//n. 



Figure S8: Transmission spectra for k⟂n without time gating (a-b) The |𝑳𝟏𝟐| as a function of frequency and the

negative magnetic field. In (c-d), we repeat the same measurements for |𝑳𝟐𝟏| and observe similar results.

• Example of non-reciprocity spectra for k = 2.3 rad/um:

In Fig. S9, we show the frequency versus field maps sample design with k = 2.3 rad/μm for k//n. 

Here also we evidence a nonreciprocal behavior with larger amplitude at high field for one field 

direction. This evidences that the non-reciprocity is also present at larger k, in line with the theory 

developed in Suppl. Mat S8. One can also notice here that the non-reciprocity is also present for 

the main spin-wave branch, indicating the presence of mode hybridization between the bulk spin-

wave mode and the surface modes which has been reported in ferromagnets (46) and therefore goes 

beyond the standard theory developed later. 

Figure S9: The transmission spectra (|𝑳𝟏𝟐|  and |𝑳𝟐𝟏|) for k⟂n (a-b) as a function of magnetic field for design 2

with k = 2.3 rad/um: (a-b) k⟂n: Clear difference in intensity from negative to positive fields, dominance of spin-waves 

in negative fields for |𝑳𝟏𝟐| (a), and in positive fields for |𝑳𝟐𝟏| (b).



Section 5. Magneto-static spin-wave in antiferromagnets 

In antiferromagnets, in absence of dipole-dipole effects, spin waves are degenerate and can 

propagate only in the bulk with a standard quadratic dispersion in k. In presence of dipolar effects, 

the following modifications of spin wave modes are possible (7, 17). First, oscillations of the Néel 

vector induce nonzero magnetization leading to a lift of the degeneracy of the bulk spin-wave modes 

(see Section 5a). If this dynamic magnetization is oriented perpendicular to the sample surface, 

surface modes might also appear (see Section 5b). The origin of the surface mode in this case is 

the magnetostatic dipolar field which should vanish outside the film and penetrate into the sample 

until a finite length. In case of the canted antiferromagnets, additional contributions into the spectra 

can appear due to oscillations of the nonzero magnetic moments.  

a. Bulk magnon spectra

Here we consider magnon spectra of an easy-plane canted antiferromagnet. The sample surface is 

parallel to the easy plane, the external magnetic field 𝑯 is applied parallel to the easy plane, 

perpendicular to equilibrium orientation of the Néel vector 𝒏𝟎, 𝑯 ⊥ 𝒏𝟎.

In neglection of dipolar effects, magnon spectra split into two branches  

𝒇𝟏 = √𝒇𝟏𝟎
𝟐 +

𝒄𝟐𝒌𝟐

(𝟐𝝅)𝟐
, 𝒇𝟐 = √𝒇𝟐𝟎

𝟐 +
𝒄𝟐𝒌𝟐

(𝟐𝝅)𝟐
 (Eq. S1) 

with different frequency gaps, 𝑓10 and 𝑓20  and the same phase velocity 𝑐 whose value does not 

depend on propagation direction. The lower branch with the frequency 𝑓1 corresponds to in-plane 

oscillations of the Néel vector 𝒏, while the upper branch with the frequency 𝑓2 corresponds to out-

of-plane oscillations of 𝒏. In presence of the magnetic field(41)  

𝒇𝟏𝟎 = (
𝜸

𝟐𝝅
)√𝑯𝒆𝒙𝑯𝒂𝒏−𝒊𝒏 + 𝑯(𝑯𝑫𝑴𝑰 + 𝑯), 𝒇𝟐𝟎 = (

𝜸

𝟐𝝅
)√𝑯𝒆𝒙𝑯𝒂𝒏−𝒐𝒖𝒕 + 𝑯𝑫𝑴𝑰(𝑯𝑫𝑴𝑰 + 𝑯) (Eq. S2)

where  𝛾 is gyromagnetic ratio, 𝐻𝑒𝑥 is exchange field that keeps sublattice magnetizations 

antiparallel, 𝐻𝐷𝑀𝐼 is DMI field that induces canting of magnetic sublattices, 𝐻𝑎𝑛−𝑖𝑛 and 𝐻𝑎𝑛−𝑜𝑢𝑡

parametrize in-plane and out-of-plane anisotropy. Magnons are considered as excitations above an 

equilibrium state with the Néel vector 𝒏𝟎 and nonzero magnetization 𝒎0 =
𝐻𝐷𝑀𝐼�̂�×𝒏0+𝑯

𝐻𝑒𝑥
, 𝒎0 ⊥ 𝒏𝟎. 

It should be noted that in contrast to compensated antiferromagnets, the orientation of the Néel 

vector can be reversed by the reversal of 𝑯, due to coupling between 𝒎0 and 𝒏𝟎 imposed by DMI. 

To include magnetostatic effects, we calculate magnon spectra by solving coupled equations for 

fluctuations of the Néel vector and the potential of dipole field 𝜓  (7, 19). We first focus on the 

dipolar effects that modify magnon spectra compared to Eqs. (S1-2). In canted antiferromagnets 

dipolar effects appear due to a nonzero magnetization that originates i) from canting of the magnetic 

Figure S10. In-plane mode and dipolar effects. In-

plane oscillations of the Néel vector, 𝛿𝒏𝑖𝑛, create an

out-of-plane dynamic magnetization 𝛿𝒎𝑑𝑦𝑛. In

addition, DMI-induced magnetization oscillates in 

plane (vector 𝛿𝒎𝐷𝑀𝐼). Magnons that propagate

perpendicular to the magnetic field (𝒌 ⊥ 𝑯, 𝒌//𝒏0)
create additional dipolar field due to oscillations of  

𝛿𝒎𝐷𝑀𝐼. Dynamic magnetization 𝛿𝒎𝑑𝑦𝑛 creates

magnetic charges at the sample surface and is 

responsible for formation of surface waves. 

Figure S11. Out-of-plane mode and dipolar 

effects. Out-plane oscillations of the Néel vector, 

𝛿𝒏𝑜𝑢𝑡, create an in-plane dynamic magnetization

𝛿𝒎𝑑𝑦𝑛. which creates a dipolar field for magnons

propagating parallel to the magnetic field (𝒌//𝑯,𝒌 ⊥
𝒏0)



sublattices, 𝒎𝑐𝑎𝑛 =
𝐻𝐷𝑀𝐼�̂�×𝒏+𝑯

𝐻𝑒𝑥
 due to DMI field  and external magnetic field 𝑯; ii) from dynamics 

magnetization due to oscillations of the Néel vector, 𝒎𝑑𝑦𝑛 = 𝒏 × �̇�/(𝛾𝐻𝑒𝑥).  

Based on the known results for ferromagnets(11), we anticipate the following dipolar effects in 

canted antiferromagnets (see Figures S10 and S11). Here we focus on the in-plane mode that we 

measure experimentally in the main text. One should notice that out-of-plane mode dynamic 

magnetization oscillates in-plane and contributes only into the bulk mode with  𝒌 ⊥ 𝒏0 (𝒌//𝑯). 

First, as mentioned in the main text, for 𝒌//𝒏 (𝒌 ⊥ 𝑯), we thus observe a contribution of the 

dipolar field into the gap for the bulk modes as : 

𝑓𝒌||𝒏0
= √𝑓10

2 + (
1

2𝜋
)
2

[
4𝜋𝑀𝑠

𝐻𝑒𝑥
𝛾2(𝐻 + 𝐻𝐷𝑀𝐼)2 + 𝑐2𝑘2] (Eq. S3)

In this case magnetostatic (dipolar) contribution in to the energy gap is proportional to oscillations 

of the canted magnetization (terms with DMI and magnetic field), but it is diminished (compared 

to ferromagnets) due to the small factor  
4𝜋𝑀𝑠

𝐻𝑒𝑥
 (around 0.1 T). 

In case of 𝒌 ⊥ 𝒏0 having nonzero component also in z direction, dipolar field can couple with the 

in-plane and out-of-plane modes and the resulting spin-wave mode has the following frequency: 

𝑓𝒌⊥𝒏0

2 =
1

2
(𝑓1

2 + 𝑓2
2 +

4𝜋𝑀𝑠

𝐻𝑒𝑥
(𝑓1

2 sin2 𝜃  + 𝑓2
2 cos2 𝜃)) −

1

2
√[𝑓1

2 + 𝑓2
2 +

4𝜋𝑀𝑠

𝐻𝑒𝑥
(𝑓1

2 sin2 𝜃  + 𝑓2
2 cos2 𝜃)]

2

− 4(1 +
4𝜋𝑀𝑠

𝐻𝑒𝑥
) 𝑓1

2𝑓2
2 (Eq. S4)

Where 𝜃 is the angle between k vector and z-axis. Dipolar fields thus contribute into the energy 

gap and also favor inhomogeneous distribution of the magnetization. This results in the softer 

dependence 𝑓(𝒌), and can lead to a negative group velocity at small 𝒌 for non-zero kz (θ≠π/2). At 

larger 𝒌, dipolar fields are balanced by the exchange interactions that favour homogeneous 

ordering, and 𝑓(𝒌) dependence show always positive group velocity. Below we show in Fig. S12 

a representation of graph for non-zero k in the z direction.  

Figure S12 Frequency dispersion of 𝒌 ⊥ 𝒏𝟎 modes with non-zero kz = 0, indicating a non-uniform profile of the spin-

wave mode within the bulk of the sample. The material parameters to compute these curves are the same as in the main 

text, see Table S2 



This could experimentally be observed due to the non-uniform radiofrequency magnetic field 

generated by our antenna over the sample thickness, resulting in the presence of secondary spin-

wave peaks. However, considering the antenna design (Suppl. Mat S1), we do not expect these 

modes to dominate in the experiments. 

In absence of z-component of the wave vector (θ≠π/2), the Equation S5 for the bulk mode is then 

reduced to (as in the main text): 

𝑓𝒌⊥𝒏0 = (1 +
4𝜋𝑀𝑠

𝐻𝑒𝑥
)√𝑓10

2 + (
𝑐𝑘

2𝜋
)
2

 (Eq. S5) 

with positive dispersion. Due to smallness of 𝜉 =
4𝜋𝑀𝑠

𝐻𝑒𝑥
≪ 1 this dispersion is close to 𝑓1 at k = 0. 

k ⊥ n k // n 

HDMI (T) 2 (blue) - 1.9 (brown) 1.8 

Freq γHDMI 

(GHz) 56 - 52 

50 

f10 (GHz) 10,3 (blue) – 12 (brown) 9.5 (lower red) – 1.5 (higher red) 

F20 (GHz) 184 184 

𝜉 = 4𝜋𝑀𝑠/𝐻𝑒𝑥 0.013 0.013 

c (km/s) 24.5 24.5 
Table S2 Material parameters obtained from fitting the experimental frequency dispersions for 𝒌 ⊥ 𝒏𝟎 and 𝒌||𝒏𝟎,

and as a function of k. 

Below we also show in Fig. S13 the fits obtained from fitting the reflection spectra |𝐿11|  for k ⟂
n and k // n, corresponding to the insets of Figure 1 (b-c). One can see that for k // n, the |𝐿11|
parameter shows a resonance peak at lower frequency than for the transmission signal |𝐿21| (shown

in Fig. 1 from the main manuscript) which could indicate that it is mainly sensitive to the uniform 

magnetization dynamics (k =0). 

Figure S13: Reflection spectra of the L11 parameters for antenna with a k selectivity around 0.6 rad/μm. Lines 

correspond to the fits in the main text with the parameters from Table S2.  

In the limit of k vector within the center of the Brillouin zone, we determine the following group 

velocity for the bulk spin-wave modes: 

𝑣𝑔 =
𝑐2𝑘

2𝜋𝑓(𝑘;𝐻)
 (𝐄𝐪. 𝐒𝟔) 

where the frequency 𝑓(𝑘;𝐻) of the spin-wave is given by Eqs. 3-5 and depends on the magnetic 

field. For a fixed value of the k vector, 𝑓(𝑘;𝐻) increases with the field and hence the group velocity 

decreases.  



b. Surface spin-waves

The presence of dipolar field can result in appearance of the surface modes. For this case, one needs 

an out-of-plane component of the magnetization which in our case appears due to dynamic 

magnetization 𝒏 × �̇� . However, though oscillations of DMI-induced canted magnetization are 

always in-plane for this crystal orientation they also contribute into formation of the surface mode. 

Additionally, the stabilization of surface spin-waves requires a negative permeability within the 

bulk, in order to prevent penetration of oscillations of the magnetization into the sample bulk, which 

arises from the presence of a canted moment.  

As such, surface in-plane modes are allowed, for any orientation of propagation vector within the 

plane. To model the system, we still follow the approach from Refs. (7, 19) and use magnetostatic 

boundary conditions at one of the sample surfaces, while assuming that the sample is thick enough 

and that the influence of the other surface can be neglected. We then obtain the following formula 

for the frequency of the surface mode for k // n:  

𝑓𝑠𝑢𝑟 =
𝑓10

2 +(
𝑐𝒌

2𝜋
)
2

𝛾(𝐻+𝐻𝐷𝑀𝐼)

𝜋

+
𝛾

4𝜋
(1 +

4𝜋𝑀𝑠

𝐻𝑒𝑥
) (𝐻 + 𝐻𝐷𝑀𝐼) (Eq. S7)

Here z-component of vector 𝒌 is imaginary. 

In Fig. S5, we plot for the two following sets of parameters (fitted from experiments as in the main 

text, or theoretical ones with smaller 𝐻𝐷𝑀𝐼 = 1.3 𝑇). Surface mode exists only in a certain range of 

the 𝑘 vectors 𝑘 > 𝑘𝑐𝑟, at which spin-wave cannot propagate into the bulk. One can thus notice that 

surfaces modes are not supposed to be stable in the experimental accessible range of k vectors with 

HDMI = 2 T, and above a critical 𝑘𝑐𝑟 ≈ 3 rad/μm for a lower 𝐻𝐷𝑀𝐼 and larger Ms/Hex. This could 

indicate that these surface modes should be more easily detectable in Brillouin Light Scattering 

experiments. The discrepancy between the experiments and the theory could indicate that the 

surface of hematite have slightly different parameters than the bulk as reported in some articles(55, 

56). 

Figure S14 Frequency and decay length of the surface spin-waves modes for k // n. (a) The HDMI = 1.3 T and ratio 

𝑴𝒔 𝑯𝒆𝒙⁄ = 0.2 are fixed in this figure. Other parameters remain the same as in Table S2. (b) Case corresponding to the

experimental parameters given in Table S2.  

These above conditions are related to the fact that surface modes are only stable when the 

permeability in the bulk of the material is negative, leading to the following condition on the decay 

length δ: 

δ = −k
(1+χ{zx})

1+χ{zz}
> 0 (Eq. S8)

The diagonal component χ{zz} corresponds to the out-of-plane dynamic magnetization 𝒏 × �̇�, it 

depends on the frequency of oscillations, anisotropy 𝐻𝑎, and Ms/Hex. χ{zx} corresponds to the out-

of-plane oscillations of the in-plane nonzero magnetization and is proportional to 𝐻𝐷𝑀𝐼 (and thus 

linked to the presence of a canted moment) and frequency 𝑓𝑠𝑢𝑟, and also Ms/Hex. 1 + χ{zx}and 1 +



χ{zz} should have different signs. One should notice that if nondiagonal susceptibility is zero (i.e no 

canted moment), no localised solution is possible. 

If DMI is extremely large and anisotropy is small, the frequency is large and the factors have the 

same sign. If DMI is zero, there is no canted magnetization and thus no coupling with the dynamic 

magnetization can occur. Here, due to the low magnetic anisotropy of hematite, the gap of the bulk 

spin-wave mode is particularly small so that one requires a small DMI field to lower the frequency 

of the surface mode (see Eq. S5 for the surface mode) in order to fulfil this condition.  

In the limit of k vector within the center of the Brillouin zone, we determine the following group 

velocity for the bulk spin-wave modes, we can also determine the group velocity of the surface 

spin-wave modes: 

𝑣𝑔 =
𝑐2𝑘

2𝜋𝑓𝐷+𝛾𝐻
 (Eq. S9) 

With 𝑓𝐷 =  𝛾𝐻𝐷𝑀𝐼/2𝜋. One can notice that the surface spin-wave group velocities also decrease as 

a function of the applied magnetic field, in line with the behaviour of the slower spin-wave modes 

measured (blue dots) in Fig. 3c of the main manuscript.  



Section 6. Angular dependency of the power absorbed in the antiferromagnet 

The absorbed power in the magnetic material is given by 𝑃𝑎𝑏𝑠 =
𝜔

2
(𝜒⊥|ℎ⊥|2 + 𝜒//|ℎ//|

2
). For a 

magnetic field H applied in the sample with an angle θ from the transducer axis, we thus get the 

two components of the rf-excitation field  ℎ⊥ = ℎ𝑥 cos 𝜃 𝑒⊥ + ℎ𝑧𝑒𝑧 and ℎ// = ℎ𝑥 sin 𝜃 𝑒// (see Fig.

S15). We can then obtain (57): 

𝑃𝑎𝑏𝑠 = 𝐴 cos 𝜃2 + 𝐵 with 𝐴 =
𝜇0𝜔

2
(𝜒⊥|ℎ𝑥|

2 − 𝜒//|ℎ𝑥|
2) and 𝐵 =

𝜇0𝜔

2
(𝜒⊥|ℎ𝑧|

2 − 𝜒//|ℎ𝑥|
2)

The angular dependence of the inverse spin-Hall voltage shown in Fig. 5 from the main is then 

proportional to the cross product of the absorbed power 𝑃𝑎𝑏𝑠 with the detection of the inverse spin-

Hall effect (in sin 𝜃). 

Figure S15 Sketch of the antenna with the rf excitation fields 

Section 7. Magnetic characterization of hematite single crystals 

We characterized the amplitude of the canted moment at room temperature in the purchased single 

crystals using a standard vibrating sample magnetometer (VSM). In Fig. S16, we performed 

measurements for a magnetic field applied in the sample plane, and extracted a total magnetic 

moment of about 25 memu for the canted moment of a single crystals with a size of 5 x 5 x 0.5 

mm3. This leads to a canted moment of about 2 emu/cm3 in line with previous reports in single 

crystals(58, 59). One can notice that a recent article on spin-wave transport in hematite (60) used 

single crystals with a value about 50% lower . This lower dipolar coupling could thus contribute to 

the absence of surface spin-wave reported in this recent study.  
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Figure S16 : Magnetic moment of the sample when applying a magnetic field within the sample plane (c-plane, 

easy-plane of hematite). Inset corresponds to a zoom at low magnetic fields to show the hysteresis loop associated 

with switching of the canted moment.  

We also performed VSM for a magnetic field applied perpendicular to the sample plane to check 

the orientation of the small canted moment. In Fig. S17, we observe the absence of switching of 

the canted moment which is in line with the fact that the c-axis is a hard axis in the canted easy-

plane phase of hematite. At an applied magnetic field of up to 2.5T, the measured net moment is 

approximately 30 memu, which remains considerably lower than the net moment (60 memu) that 

is observed when applying a magnetic field within the sample plane. This indicates that a magnetic 

field of 2.5T is too low to align the canted moment along the applied magnetic field. Therefore, one 

cannot investigate the possibility to stabilize surface spin-waves with an out-of-plane canted 

moment with this orientation of single crystals(7, 8, 54). 
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Figure S17: Magnetic moment of the sample when applying a magnetic field perpendicular the sample plane (c-

plane, easy-plane of hematite). Inset corresponds to a zoom at low magnetic fields and show the absence of 

switching of the canted moment.  



 Section 8. Spin-wave spectroscopy for a magnetic field applied perpendicular to the 

sample plane 

We also performed spin-wave spectroscopy measurements for a magnetic field applied 

perpendicular to the sample plane (c-plane). Given the large out-of-plane anisotropy, the spin-wave 

frequency is nearly constant as a function of the applied magnetic field as shown in Fig. S18 and 

as expected from Ref. (41). The small increase of spin-wave frequency with fields can be associated 

with a small misalignment and the discontinuous signals at small magnetic fields (< 30 mT) with 

domain reorientation within the sample plane. 

Figure S18: Spin wave transmission measurement showing the transmitted amplitude |L21| for a magnetic field 

H applied perpendicular to the sample plane (c-plane) at k ≈ 0.6 rad/μm. 
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