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1. Sample Preparation and Characterization 

 

Supplemental Figure. S1. The magnet moments lie parallel to the crystallographic c-axis, the same 

axis that the DMI vector lies along and is the easy-axis of the antiferromagnetic structure. The two 

planes of interest are shown: the (0001) plane is indicated in green and the (11̅02) plane in orange.1 

 

All films were grown on sapphire substrates of different orientations in order to facilitate the growth of 

the desired hematite films. The films were deposited as previously described2 from a stoichiometric 

target of Fe2O3 by pulsed laser deposition in an oxygen atmosphere with a substrate set point temperature 

of 800 °C. Hematite crystallizes in the so-called corundum structure consisting of a hexagonal ab basal 

plane extended along the c-axis. The corundum structure is also that of sapphire, a common insulating 

substrate that is used here. The unit cell of hematite below the Morin transition is shown in Supplemental 

Fig. S1 with the two planes of interest indicated.  

The films were characterized by both X-Ray diffraction (XRD) and superconducting quantum 

interference magnetometry measurements (SQUID). Supplemental Figs. S2 and S3 of the 

Supplementary Information show the characterization for the (0001) and (11̅02) films repesctively. For 

the SQUID measurements, the films were saturated with 3 T at the starting temperature and then were 

cooled at a constant rate of 2 K/min under a static applied field ranging from 10 mT to 500 mT depending 

on the sample. The sample was then warmed in the same field at a rate of 5 K/min. Due to the 



diamagnetic contribution to the signal from the sapphire substrates used to grow the films, a constant 

subtraction to the signal was made from the data from the average value of the magnetization below the 

observed transition. 

For the non-local transport measurements, wires were defined using electron beam lithography and the 

subsequent lift-off of 7 nm of Pt deposited in an Ar atmosphere in a chamber with a base pressure of 

2x10-9 mbar. After deposition of the Pt, the wires were contacted using a bilayer of Cr (4nm)/ Au (32 

nm). The center-to-center separations were varied from 425 nm to 5.5 μm. The wire widths were 250 

nm with a parallel length of 80 μm for center-to-center separations up to 1 μm. For separations greater 

than this, a parallel length of 160 μm was used to increase the signal to noise ratio and decrease the 

geometric impact on the measured signal. In order to allow for direct comparison between the two 

geometries, calibration distances of 500 nm were used in both geometries. The samples were mounted 

to a piezo-rotating element installed into the variable temperature insert of a superconducting magnet. 

Transport measurements were performed at 175 K for the (0001) and (11̅02) hematite films. The piezo-

rotating element allows for 300° of continuous rotation, thus for rotation measurements, the sample was 

rotated in a static field for 200°. The field was then inverted and the sample rotated back to 0° allowing 

for a full 360° rotation with a large overlap between the forward and backward rotations. For uniaxial 

measurements, the angle was fixed while the field was swept along one of the three primary axes. A 

Keithley 2400 source meter was used to provide the injection current with a magnitude of Iinj=±600 μA 

(3.43x1011 A/m2) whilst the resulting non-local voltage was read-out by a Keithley 2182A 

nanovoltmeter. 

The magnetic properties of the hematite films were further investigated by means of X-ray photo-

emission electron microscopy (X-PEEM). These measurements were carried out at the SPEEM 

endstation of the UE49_PGM beamline at the BESSY-II synchrotron source of the Helmholtz-Zentrum 

Berlin.  

To investigate the two films, we capped them with 2 nm of Pt to prevent the building up of charge at the 

insulating surface and acquired x-ray absorption spectra (XAS) at the Fe L2,3 edges. The spectra were 



acquired either using linear vertical (LV) or linear horizontal (LH) polarization. The X-ray Magnetic 

Linear Dichroism (XMLD) is calculated according to the formula: 

𝑋𝐿𝑀𝐷 =
𝐿𝑉 − 𝐿𝐻

𝐿𝑉 + 𝐿𝐻
  

Here, the linear vertical polarization is the in-plane polarization.  

 

1.1 Sample Characterization for hematite (0001) 

Samples grown on (0001) sapphire lead to a similar alignment of the hematite film. A 100 nm film was 

grown in this orientation and the out of plane crystallinity was investigated by X-ray diffraction (XRD), 

as shown in Supplemental Fig. S2(a). 

 

 



The alignment of the crystallites was further checked by performing a rocking curve where the value of 

2θ is kept constant whilst the ω angle is varied around the expected value, insert of Supplemental Fig. 

S2(a). From the XRD and rocking curve, we can say that the growth of the films is epitaxial, however, 

the peak value for 𝜔 from the rocking curve differs from that expected from the 2𝜃 measurement. This 

arises from the fact that the XRD measurements are performed by aligning to the substrate peak on the 

assumption that the film and substrate are aligned parallel. The shift in the value of 𝜔 leads us to the 

conclusion that there is a slight tilting of the hematite unit cell away from the c-axis of the substrate. 

Furthermore, from the finite width of the rocking curve, we can conclude that there is a distribution of 

the growth direction as a result of crystallites. Finally, in the (0006) peak of the film, there is a small 

shoulder indicating the existence of a second length scale of the out of plane lattice constant within the 

film. Collectively, these slight off axis components give rise to the PEEM contrast visible in the main 

text below the Morin transition due to a distribution of the Néel vector orientation as well as acting as 

points of defect and strain, allowing for the nucleation of domains 3. The magnetization was measured 

via SQUID magnetometry as shown in Supplemental Fig. S2(b). This measurement was performed by 

cooling at a constant rate in an external magnetic field of 100 mT applied in the plane of the sample, 

perpendicular to the c-axis of the film. The magnetization increases slightly as we cool from 400 K to 

300 K and the magnetic state is in the easy-plane phase as shown in the sketch of Supplemental Fig. 

S2(b). As the temperature decreases further, the magnetization begins to decrease until it becomes 

constant around zero at 200 K, with the complete transition taking place across 50 K. We attribute this 

temperature to the complete rotation of the spin structure along the c-axis and label it as the Morin 

temperature TM 
4. As we increase the temperature again, the magnetization increases as the spin structure 

Supplemental Figure. S2. (a) XRD scan of (0001) hematite grown on sapphire. The (0006) peak of both 

hematite and sapphire are clearly visible and indicated. Insert: Rocking curve of (0006) peak. b) Temperature 

dependence of the magnetization for the film shown in (a). At 300 K, the existence of a canted moment leads 

to a measurable magnetization that decreases with temperature before becoming constant around zero at 200 

K which is attributed to the Morin temperature of this film. The temperatures indicated as T1, T2 and T3 are 

those where the XMLD-PEEM images of Fig. 4a-4c of the main text have been taken. 



returns to the easy plane phase. The Morin transition in our thin film displays a large thermal hysteresis, 

an effect previously reported in literature for thin films and nanoparticles of hematite 5,6. The XMLD-

PEEM images of this sample, Fig. 4(a)-4(c) of the main text, were recorded at T1, T2 and T3 as indicated 

on Fig. S2b. 

1.2 Sample Characterization for hematite (11̅02)  

The 500 nm film of hematite was grown on sapphire (11̅02) substrates in order to have the sample 

surface being the (11̅02) plane, known as the r-plane. Supplemental Fig. S3(a) shows the XRD across 

the (11̅02) peak for this film with the rocking curve being presented in the inset. The broad rocking 

curve indicates that there is a distribution in the unit cell growth directions as well as the peak for the 

rocking curve occurring at a value slightly smaller than expected from the XRD 2θ measurement, 

indicating that the growth direction of the film does not follow exactly the substrate direction. XRD 

scans across the (0006) and (112̅0) peaks of the film and substrate allow for the extraction of both the 

c- and a-axis lattice constants to be 𝑐 = 13.718 Å and 𝑎 =  5.0196 Å which are slightly smaller than 

the bulk values. Supplemental Fig. S3(b) shows a reciprocal space map of the c-axis of the film and 

substrate. The c-axis of the film is parallel to the substrate meaning that if we apply a magnetic field 

along the direction of the substrate c-axis, then this is also along the hematite c-axis. 

The temperature dependence of the magnetization is shown in Supplemental Fig. S3(c), where a clear 

Morin transition is observed when cooled under 10 mT, with minimal thermal hysteresis. The Morin 

temperature can be assigned to be around 200 K, slightly reduced from bulk. The transition also takes 

place across a large temperature range. Both the reduction, even in such a thick film, and the broad 

transition can both be attributed to the smaller unit cell of the film as compared to the bulk values leading 

to a change in the temperature dependence of the competing anisotropies that underlie the physics of the 

Morin transition 7.  



 

Supplemental Fig. S3: Characterization of (𝟏𝟏̅𝟎𝟐) oriented hematite films (a) XRD of (11̅02) film 

showing the (11̅02) peak of both hematite and the sapphire substrate. Inset: Rocking curve of the 

hematite (11̅02) peak. (b) Reciprocal space map around the (0006) substrate peak showing the 

alignment of the film and substrate. (c) Temperature dependence magnetization measured by SQUID 

showing a Morin transition at T = 200 K. 

 

2. Angular Dependence of (0001) Film 

In order to investigate the angular dependence of Rel, the (0001) film was rotated in a static field in the 

xy plane. This dependency is shown in Supplemental Fig. S4(b) as a function of angle where α is the 

angle between the applied field and the injection current and indicated in Supplemental Fig. S4(a). A 

parallel alignment of H and Iinj occurs for α = 0°. The shape of Rel shows a cos2α dependence with a 

maximal signal for the field applied along the wire. This is different to ferromagnets where a maximum 

signal occurs for a perpendicular alignment of H and Iinj 
8. This further supports the claim that the 

magnon current originating from the spin-bias is carried by the Néel order of the antiferromagnet and 

requires a parallel alignment of n and μs 
9. The signal increase with field until a peak is reached at μ0H 

= 2.6 T before being suppressed at higher fields, confirming the uniaxial measurements shown in the 

main text. For symmetry between the signal for H parallel or antiparallel to the wire also supports the 

lack of an observation of a hysteresis in the uniaxial measurements. 

Alongside rotation within the xy plane, where the spin-bias signal is either carried by the Néel order and 

maximal at 𝐻𝑐,𝐷𝑀𝐼
⊥  and zero for H||y, rotation in the yz plane was also carried out. This would then rotate 

between the field applied along the easy axis, out of the plane, and in plane, perpendicular to the wire 



and the easy axis. The spin-bias signal for this plane of rotation is shown in Supplemental Fig. S4(c) for 

static fields of varying magnitudes. At low and high fields, the signal is small with little distinct 

variations, as expected from looking at the uniaxial scans in the main text Figs. 1(b) and 1(c). At 4.5 T, 

a significant shape appears where the signal is zero for H||y (β=90°) and diverges for H||z (β = 180°). 

Between these two angles, the signal adopts a smoother shape, as expected from the spin reorientations 

observed in hematite previously. For a field parallel within a few degrees of the easy axis, here z, the 

spin transition is an abrupt spin flop, whilst for any angle off axis, it adopts a smoother, second order 

like transition 10. The shape of this field scan further confirms that the spin-bias signal is carried entirely 

by the Néel order of an easy axis antiferromagnet. For fields away from the spin-flop field, there a 

smooth transition that is suppressed as H approaches the easy axis. 

 

 

Supplemental Figure S4. (a) Non-local schematic with coordinate system and Néel vector 

orientation indicated. The angle between x and y is α where H||x is at α=0°. The angle between y and 

z is denoted as β where H||z is β=0°. (b) Rel for rotation in the α plane for different static fields. The 

shape is characteristic of a cos2 due to the cos dependence picked up by both injection and detection 

of magnons. (c) Beta plane scan of the non-local transport. The smooth rotation between the axes 

diverges for H||z when the critical field is reached and suppressed for other fields. 

 

3. Temperature dependence of the transport signal in (0001) orientated films 



In this section, the transport signals for a magnetic field parallel (H//z) or perpendicular (H//x) to the 

easy-axis in (0001) orientated films at 100 K and 295 K are presented. Supplemental figure S5 shows 

Rel at 100 K for both field directions whilst Supplemental Figure S6 shows the same for 295 K. The 

shape of the signals at 100 K is similar to that shown in the main text Figures 1b) and 1c), where for 

H//x there is again no hysteresis but the critical field 𝐻𝑐,𝐷𝑀𝐼
⊥  is shifted slightly to higher fields as expected 

from measurements of the temperature dependence of the critical fields in hematite.10 The magnitude of 

the signal is also suppressed at the reduced temperature, an effect previously reported for non-local 

magnon transport in ferrimagnetic insulators given the reduction of the thermal magnon population at 

these reduced temperatures. 11 For H//z the critical field for both the increasing and decreasing magnetic 

field are increased, again due to the complex temperature dependence of the critical anisotropies in 

hematite reducing the critical fields at higher temepratures.10 The signal is again suppressed by the 

reduced temperature, however far more drastically that for H//x. Whilst the curves presented in Fig. 1b) 

of the main text were taken on a device with 500 nm wire separation, that of Supplemental Fig. 5b) was 

taken on a device with 200 nm of wire separation. A detailed discussion of the temperature dependence 

of the spin diffusion lengths of the two geometries is however beyond the scope of this manuscript.  

 

Supplemental Figure S5 Non-local transport on 100 nm thick (0001) hematite films at 100 K for a field 

applied (a) perpendicular and (b) parallel to the easy-axis. The device in (a) has a wire separation of 500 

nm whilst that in (b) is 200 nm. 



When warming above the Morin transitions, the films become less insulating, as shown in supplemental 

figure 6a and b at 295 K. At this temperature the films are in the easy-plane phase and transport should 

be limited by the polarisation of the magnon modes. The large offset makes it challenging to resolve any 

possible magnon transport so we perform also rotational measurements in the xz plane, shown in 

supplemental figure 6c. At low magnetic fields, there is no evidence of modulation as a function of 

angle, however at large magnetic fields, some periodicity begins to enter. However a full investigation 

of the magnon transport in this phase, where the less insulating nature allows other effects such as 

anisotropic magnetoresistance to enter, alongside the role of the canted moment and its effects on the 

magnon polarisation12 is beyond the scope of this work.  

 

Supplemental Figure S6 Non-local transport on 100 nm thick (0001) hematite films at 295 K for a field 

applied a) perpendicular and b) parallel to the easy-axis. The devices in both have a wire separation of 

500 nm and become less insulating at high temperatures. c) Angular dependence of the same device in 

the xz plane at 𝜇0H = 4 (blue) and 10 (black) T normalised by the value at the in-plane angle. The solid 

lines represent a sin2 fit.  

 

4. Magnon scattering on a pinned domain wall 

In this section, we establish the model of a pinned domain wall. From the static properties of a pinned 

180° domain wall, we then derive the equations of magnon scattering in an antiferromagnetic domain 

wall, which lead to the magnon reflection coefficient given in Eq. (1) of the main text.  

A. Model of a Pinned Domain Wall 



The dynamics of the space (r) distribution of the Néel vector n(r, t) (|n|=1) in an antiferromagnetic 

texture is described within the Lagrange formalism 13,14. The Lagrange function is, 

ℒ =
𝑀𝑠

2𝛾2𝐻𝑒𝑥

[(𝒏 × 𝒏̇ − 𝛾𝑯)2 − 𝑐2(𝒏 × ∇𝒏)2] − 𝑤𝑎𝑛(𝒏, 𝑯) − 𝑤𝑝𝑖𝑛(𝒏, 𝒓). (𝑆1) 

Here, Hex is the exchange field which characterizes the inter-sublattice coupling, γ is the gyromagnetic 

ratio, c is the magnon phase velocity and Ms/2 is the saturation magnetization of the magnetic sublattices. 

The density of the magnetic anisotropy is modelled according to the rhombohedral symmetry of hematite 

as, 

𝑤𝑎𝑛 =  −
1

2
𝑀𝑠𝐻2|| cos2 𝜃 −

1

6
𝑀𝑠𝐻⊥ sin6 𝜃 cos 6𝜙, (𝑆2)

here we use a parameterization of the Néel vector in terms of the spherical angles θ and φ where θ is the 

angle between n and the easy-axis and φ is the angle between n and some crystallographic direction 

perpendicular to the easy-axis. 𝐻2||(𝐻) > 0 can be treated as the effective uniaxial anisotropy field 

which incorporates the effects of both the DMI and the external magnetic field H||𝑧̂ where 𝑧̂ is the 

direction of the uniaxial anisotropy. A small in-plane anisotropy field 𝐻⊥ > 0, 𝐻⊥ ≪ 𝐻2|| is introduced 

in order to fix the orientation of the domain wall plane (the plane in which the Néel vector rotates). 

We assume that the pinning of the domain wall originates from defects homogeneously distributed 

within the small interval 2xdef close to the domain wall center. The effective field of these defects, Hpin, 

favors an in-plane orientation of the Néel vector. The simplest form of such a pinning potential is, 

𝑤𝑝𝑖𝑛 = −
1

2
𝑓(𝜉)𝑀𝑠𝐻𝑝𝑖𝑛𝑥𝑑𝑒𝑓 sin2 𝜃 cos2 𝜙 , (𝑆3) 

where ξ is a coordinate in the direction of the domain wall normal and the form-function, 

f(ξ), is approximated with the Gaussian function as, 

𝑓(𝜉) =
1

√2𝜋𝑥𝑑𝑒𝑓

exp (−
𝜉2

2𝑥𝑑𝑒𝑓
2 ) .

 (𝑆4)

 

Dynamic equations for the variables θ and φ are obtained from the Euler-Lagrange equations 



with the Lagrange function (S1), 

𝜃̈ − 𝑐2𝜃′′ + 𝛾2𝐻𝑒𝑥𝐻2|| sin 𝜃 cos 𝜃 = 𝛾2𝐻𝑒𝑥𝐻𝑝𝑖𝑛𝑥𝑑𝑒𝑓𝑓(𝜉) sin 𝜃 cos 𝜃 cos2 𝜙 , (𝑆5) 

𝑑

𝑑𝑡
(𝜙̇ sin2 𝜃) − 𝑐2(𝜙′ sin2 𝜃)′ + 𝛾2𝐻𝑒𝑥𝐻⊥ sin6 𝜃 sin 6𝜙 = 𝛾2𝐻𝑒𝑥𝐻𝑝𝑖𝑛𝑥𝑑𝑒𝑓𝑓(𝜉) sin2 𝜃 cos 𝜙, 

where ′ indicates the spatial derivative in the ξ direction. In the first of equations (S5), we neglect the 

in-plane anisotropy term, 𝐻⊥ . 

B. The Static Domain Wall 

If the space distribution of the defects is much narrower that the domain wall width 𝑥DW ≡

𝑐/(𝛾√𝐻ex𝐻2||), so that 𝑥𝑑𝑒𝑓 ≪ 𝑥𝐷𝑊, equations (S5) are satisfied by the static solution, 

𝜃0(𝜉) = − arctan
1

sinh(𝜉/𝑥DW)
,  𝜑0 = 0, (𝑆6) 

which corresponds to a 180° domain wall with θ0 varying from 0 to π. However, the energy (per unit 

squared) of the pinned domain wall depends on the distance X between the center of the domain wall 

and the point of the localization of the defects, 

𝑈(𝑋) = 𝐸DW −
𝑥def𝑀𝑠𝐻pin

2 cosh2(𝑋/𝑥DW)
, (𝑆7) 

where 𝐸DW = 2𝑥DW𝑀𝑠𝐻2|| is the domain wall energy in the absence of pinning. Expression (S7) is 

calculated under the assumption that 𝜃 = 𝜃0(𝜉 − 𝑋). The value of 𝐸pin = 𝑥def𝑀𝑠𝐻pin/2 can be 

associated with the pinning energy.  

C. Magnon transport across a domain wall 

Having established a model for a pinned domain wall, we now turn our attention to the interaction 

between an incident magnon and the domain wall. The magnons in the domain wall are the perturbations 

of the Néel vector on top of the static solution given in equation (S6). Using the ansatz 𝜃 = 𝜃0(𝜉) +

𝜃̃(𝑡), 𝜑 = 𝜑0 + 𝜒̃(𝑡)/ sin2 𝜃0, where 𝜃̃(𝑡), 𝜒̃(𝑡) ∝ 𝑒𝑖𝜔𝑡 represent the perturbation from the equilibrium 

state, we reduce equations (S5) to a standard 1D Schrödinger-like problem (see e.g. Reference 15), 



ℋ̂0𝜃̃ −
𝐻pin

𝐻2||
𝑥def𝑓(𝜉) cos 2 𝜃0𝜃̃ = 𝜀𝜃̃, (𝑆8) 

−𝑥DW
2 𝜒̃′′ −

𝐻pin

𝐻2||
𝑥def𝑓(𝜉)𝜒̃ = 𝜀𝜒̃, 

where 𝜀 = 𝜔2/(𝛾2𝐻ex𝐻2||) is the dimensionless magnon energy and 

ℋ̂0 = −𝑥DW
2

𝑑2

𝑑𝜉2
+ 1 −

2

cosh2(𝜉/𝑥DW)
, (𝑆9) 

 is the Hamilton operator with a Pöschl-Teller potential (which is reflectionless)16,17. The in-plane 

anisotropy is neglected as compared to the pinning potential (𝐻⊥ ≪ 𝐻𝑝𝑖𝑛). We also assumed that H=0.  

In the limit 𝑥𝑑𝑒𝑓 ≪ 𝑥𝐷𝑊, the second of equations (S8) is a well-known Schrödinger equation with a 

delta function potential. The first of equations (S8) also reduces to the Schrödinger equation with a delta 

potential shifted by -Epin due to the supersymmetry of the operator given in equation (S9) (for details of 

the technique, see reference 18). Such a potential leads to the reflection of incident plane waves 

𝜃̃(𝑡),  𝜒̃(t) ∝  𝑒𝑖𝜔 𝑡−𝑖𝑘𝜉  with a reflection coefficient given in the main text as Eq. (1). 

5. Comparison of domain sizes from PEEM images 

Table 1 shows a summary of the domain sizes, domain wall widths and extracted diffusion lengths from 

electrical transport measurements. Supplementary Figure S7 shows example profiles of the intensity 

squared through PEEM images of both (0001) orientated films in the easy-plane phase and the (11̅02) 

orientated films at 100 K in the easy-axis phase. The domain walls and domains are indicated. The 

domain wall widths were defined by where the intensity reached 25% and 75% of the difference between 

domains for the (0001) orientated films and at 25% intensity for the (11̅02) orientated films. 

One can notice that the scattering length dominates the magnon decay only when the average size of the 

antiferromagnetic domains is smaller than the intrinsic diffusion length of the magnons.  



Film 

Orientation 

Domain Size 

(nm) 

Domain Wall 

Width (nm) 

Intrinsic 

diffusion 

Length 𝜆0 

(nm) 

Scattering Length 

𝜆1 (nm) 

Measurement 

technique 

XMLD-

PEEM 

XMLD-PEEM Electrical 

transport 

Electrical 

transport 

(11̅02) 2230±930 147±23 700±100 >>𝜆0 

(0001) 

(T>TM) 

485±225 

 

79±32 700±50 67±10 

(0001) 

(T<TM) 

460±205 105±25 350±30 >>𝜆0 

 

Table 1: Domain size and domain wall width for 500 nm (11̅02) orientated hematite films 

and 100nm (0001) orientated hematite in both the easy-axis (T<TM, H<𝐻𝑐,𝑠𝑓
||

) and easy-plane 

phases (T>TM, H>𝐻𝑐,𝑠𝑓
||

). The resulting diffusion lengths from fitting electrical transport data is 

included for comparison. The error bars, representing the standard deviation in the average 

sizes, is determined by the lack of statistics arising from the size of the XMLD-PEEM images. 
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Supplemental Figure S7 Intensity profiles of XMLD-PEEM images of (0001) and (11̅02) orientated 

hematite films. The (0001) intensity profile is from the easy-plane phase whilst the (11̅02) was taken in 

the easy-axis phase.  
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