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Abstract: 18 

We report room temperature long-distance spin transport of magnons in antiferromagnetic thin 19 

film hematite doped with Zn. The additional dopants significantly alter the magnetic anisotropies, 20 

resulting in a complex equilibrium spin structure that is capable of efficiently transporting spin 21 

angular momentum at room temperature without the need for a well-defined, pure easy-axis or 22 

easy-plane anisotropy. We find intrinsic magnon spin-diffusion lengths of up to 1.5 μm, and 23 

magnetic domain governed decay lengths of 175 nm for the low frequency magnons, through 24 

electrical transport measurements demonstrating that the introduction of non-magnetic dopants 25 

does not strongly reduce the transport length scale showing that the magnetic damping of hematite 26 

is not significantly increased. We observe a complex field dependence of the non-local signal 27 

independent of the magnetic state visible in the local magnetoresistance and direct magnetic 28 

imaging of the antiferromagnetic domain structure. We explain our results in terms of a varying 29 

and applied-field-dependent ellipticity of the magnon modes reaching the detector electrode 30 

allowing us to tune the spin transport. 31 

 32 

Antiferromagnetic (AFM) spintronics seeks to utilize the high-frequency dynamics, stability against 33 

magnetic perturbations and negligible stray fields in functionalizing AFM materials1. The electrical 34 

reading2,3 and writing4,5 of the Néel vector n in insulating AFMs, which further benefit from reduced 35 

Joule heating, demonstrate the role AFMs can play in developing devices, for instance, for memories. 36 

The Néel vector has been shown to efficiently transport AFM magnons, quantized magnetic excitations, 37 

across long distances in the low temperature easy-axis phase of the insulating AFM hematite (α-38 

Fe2O3)6,7. In easy-axis AFMs, the excited magnons are circularly polarized, making them capable of 39 

transporting angular momentum, and thus information8. In the absence of a magnetic field, magnetic 40 

anisotropy, or some other symmetry-breaking mechanism, the two magnon modes are degenerate, 41 

carrying equal and opposite values of angular momentum and no net spin transport is observed. It has 42 

been shown that the application of a spin-bias at the interface of the AFM and a heavy metal can lead to 43 

an excess of magnons with one polarization, enabling net spin transport6–8. The efficiency of the magnon 44 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
3
2
9
4
0



transport relies on a parallel alignment of n and the spin-bias and can be modified by the application of 45 

a magnetic field6–8. For AFM magnonic devices, one needs long-distance spin transport, conventionally 46 

thought to be facilitated by an antiferromagnet with an easy-axis anisotropy. However, the low 47 

temperatures required to stabilize the easy-axis phase of α-Fe2O3 makes it unsuited for AFM magnonic 48 

devices, which operate at room temperature. In the high temperature easy-plane phase, however, the 49 

low-energy magnons are, in general, predominantly linearly polarized. Very recently, the long-distance 50 

transport of magnon spin currents has been reported in the easy-plane phase of hematite, mediated by a 51 

superposition of linearly-polarized magnon modes that dephases9–11 and is strongly suppressed as 52 

compared to the easy-axis phase10. To improve the efficiency of AFM magnon transport at room 53 

temperature alternative methods of altering the magnetic anisotropies are required. One possible way is 54 

to alter the magnetic anisotropies of α-Fe2O3 by the introduction of dilute dopants which offer increased 55 

opportunities for tuning the magnetic properties.  The addition of dopants generally suppresses the easy-56 

axis phase12,13 and increase the conductivity of hematite14,15, thus increasing the magnetic damping and 57 

reducing the magnon transport efficiency. As shown in Refs. 9-11, magnon transport is still possible in 58 

easy-plane anisotropy antiferromagnets but with a reduced efficiency compared to easy-axis AFMs and 59 

requires a magnon dispersion with a small separation between the active magnon modes in order to 60 

enable mode superposition with  a large dephasing length. Whether the introduction of dopants, whilst 61 

maintaining the insulating nature of hematite, can aid in the transport of magnons, either by altering 62 

directly the magnetic structure or by changing the underlying magnon modes, and how the transport in 63 

such systems with complex anisotropies is affected by magnetic fields are open questions that are key 64 

to gauge the applicability of this material. If the introduction of dopants indeed allows for efficient 65 

magnon transport, this opens paths towards engineering of magnetic properties for AFM magnonic 66 

components without the need to maintain a transition to the easy-axis phase. 67 

In this paper, we make use of high-quality thin films of hematite doped with Zn, to investigate the 68 

magnon transport at room temperature. The transport properties of these films are determined as a 69 

function of the applied magnetic field and propagation distance of the magnons allowing us to extract 70 

effective attenuation lengths. Even though the introduction of Zn significantly alters the magnetic 71 

anisotropy, we observe efficient long-distance magnon transport. We make use of magnetic imaging to 72 

spatially resolve the impact of dilute doping on the equilibrium orientation of the magnetic order in thin 73 

film hematite and find that the magnetic-anisotropy symmetry is neither easy-axis nor easy-plane. We 74 

find a surprising dependence of the transport on an applied field, which is explained by models based 75 

on coherent frequency coupling of magnons. These observations open new avenues for the tuning of 76 

magnon transport in thin film hematite for applications.  77 

150-nm films (0001)-oriented hematite doped with 1% Zn (α-Fe1.99Zn0.01O3:(Zn)α-Fe2O3) were grown 78 

by pulsed laser deposition (PLD) on (0001)-oriented Al2O3 substrates from a stoichiometric target as 79 

detailed elsewhere16–18. Despite previous reports of additional ZnFe3O4 phases19–21 , we observe purely 80 

the α-Fe2O3 phase (Fig. 1a) with a diffraction peak angle of 2θ=39.227°, slightly smaller than the bulk 81 

value22 confirming previous reports on homogenous doping of hematite grown by PLD18.  The inset of 82 

Fig. 1a shows the rocking curve of the (0006) hematite peak, indicating the highly epitaxial nature of 83 

our films. Unlike reported previously for other growth methods19–21, insulating behavior is observed an 84 

electrical resistance of more than 100 GΩ, possibly due to Zn being divalent and replacing Fe3+ within 85 

the hematite structure, as well an absence of a ZnFe3O4 phase for such a low concentration of Zn20. 86 

The magnetic state is characterized by magnetometry using a superconducting quantum interference 87 

device (SQUID), shown in Fig. 1b for a magnetic field applied in-plane, perpendicular to [0001], and 88 

out-of-plane, parallel to [0001], where a linear subtraction has been made to account for the diamagnetic 89 

substrate background. Within the plane perpendicular to [0001], the antisymmetric, Dzyaloshinskii-90 

Moriya interaction3,22 leads to a canting of n that can be detected in magnetometry measurements as a 91 

hysteresis for a magnetic field within this plane, see Fig. 1b. An out-of-plane field elicits a response 92 

typically of a hard-axis loop but with a different saturation magnetization. Reports of undoped hematite 93 

films have shown that parasitic layers of the ferrimagnetic γ-Fe2O3 can nucleate at the interface between 94 
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the substrate and the α-Fe2O3
23 which may explain this difference that is not present in bulk hematite3. 95 

The x-ray absorption spectra (XAS) of the Fe edge is shown in Fig. 1c where clear linear dichroism 96 

(XMLD) is observed between linear vertically (V Pol.) and linear horizontally polarized (H Pol.) x-rays. 97 

The absence of x-ray magnetic circular dichroism (XMCD) confirms that our films are indeed 98 

antiferromagnetic at the surface, even with a possible ferrimagnetic seed layer. The canted moment is 99 

not visible in XMCD due to being below the available resolution. The symmetry of the XMLD and the 100 

subsequent measurements of the domain structure (see Fig. 3 and discussion) indicate that n lies 101 

predominantly in-plane24. 102 

 

Figure 1. a) X-ray diffraction of (0001)-orientated, (Zn)α-Fe2O3 showing no signs of secondary 
phases. Inset: rocking curve of film (0006) peak showing the relaxed nature of the films. b) 
Magnetometry measurements via SQUID at 300 K for a magnetic field parallel (black) and 
perpendicular (red) to the crystallographic c-axis. c) X-ray absorption spectra for vertically (black) 
and horizontally (red) polarized x-rays at the Fe-L2,3 edges. Clear linear dichroism (XMLD) is visible 
at both edges, multiplied by a factor of two to improve visibility.  

 103 

Having established the high quality of the antiferromagnetic (Zn)α-Fe2O3 films, we now turn our 104 

attention to probing the magnon transport properties of these films to establish if the introduction of Zn 105 

significantly alters the magnetic damping or prohibits magnon transport completely. We fabricate 7-nm-106 

thick Pt non-local devices by electron beam lithography (EBL), with electrical contacts made by a 107 

second EBL step and the deposition of Ti (4nm)/Au (32nm) (Fig. 2a). A charge current jc applied to one 108 

Pt wire leads to a spin accumulation μs at the Pt/(Zn)α-Fe2O3 interface due to the spin Hall effect (SHE)25. 109 

This spin accumulation creates a spin-bias across the interface, exciting AFM magnons in the (Zn)α-110 

Fe2O3 due to exchange coupling across the interface6–8,26. Their polarization is determined by the 111 

orientation of μs, which can be changed by reversing the current direction6,7. These excited magnons 112 

then diffuse away from the injector. They are absorbed by a second Pt wire placed at some distance d 113 

and generate a spin current in the Pt that, by the inverse-SHE, creates a (negative) voltage V that can be 114 

measured and converted to a non-local resistance Rel = (V(𝑗𝑐+) – V(𝑗𝑐− ))/2𝑗𝑐6,7. Very recent reports 115 

demonstrate that in easy-plane AFMs, a superposition of linearly-polarized modes can transport angular 116 

momentum, which dephases9–11. Alongside Rel, we can thus investigate the variation of the local 117 

resistance RL (see Fig. 2a), that varies due to the spin Hall magnetoresistance (SMR), where RL depends 118 

on the relative alignment of μs and the magnetic order parameters, the Néel vector n2,3 and the canted 119 

moment m27. 120 

We start by investigating RL at 300 K for a magnetic field H applied along the length of the Pt wire (Fig. 121 

2a), shown in Fig. 2b for increasing and decreasing H. We observe a sharp increase in RL at low magnetic 122 
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fields before a saturation of the signal at the same field observed for the canted moment in Fig. 1b, 123 

indicating that RL reflects the magnetic state of the film. However, the increase indicates that here, RL is 124 

dominated by the reorientation of m parallel to the magnetic field. If it was sensitive to n, this would 125 

arise as a decrease for this geometry28. A sensitivity to m indicates that RL should also exhibit a 126 

hysteresis, so we investigate in the inset of Fig. 2b magnetic fields around 0 T. As expected, we observe 127 

a hysteresis in RL, confirming that RL is dominated by the orientation of m and the interfacial spin-mixing 128 

conductance associated with n is significantly smaller than that associated with m28. This is consistent 129 

with an interfacial disorder-induced reduction in coupling to n29, while the non-local spin transport 130 

measurements discussed further below demonstrated that a large coupling with the thermal magnon bath 131 

is maintained30,31. 132 

  133 

Next, we investigate the magnon transport at 300 K given that for application of AFM magnonic devices, 134 

room temperature operation is a key requirement. Previous magnon transport in pure AFMs has been 135 

seen at low temperatures in easy-axis antiferromagnets6,7, where the key condition for magnon transport 136 

has been established as n║μs. At 300 K, undoped hematite is in the easy-plane phase32, a phase that can 137 

be stabilized further by the addition of dopants12,32, as indicated by our magnetometry and dichroism 138 

measurements in Fig. 1. In this phase, the excited magnon modes should be linearly polarized33, reducing 139 

the potential to transfer angular momentum by a magnonic spin current. As the magnetic field is 140 

increased, n will rotate to lie perpendicular to H at some critical magnetic field in order to minimize the 141 

Zeeman energy, known as a spin-flop. Given that m and n are orthogonal, we would anticipate that n┴H 142 

occurs by 300 mT when the canted moment aligns to the field direction (see Fig. 1b and Fig. 2b), and 143 

n║μs. However, as seen in Fig. 2c, the application of H║jc initially leads to no observable magnon 144 

transport and there is no evidence of the spin reorientation seen in Fig. 2b. As we increase H further, we 145 

observe a negative signal, before a reversal at μ0H = 6.8 T. The signal begins to increase, before reaching 146 

 

Figure 2. a) Schematic for non-local transport. Two Pt electrodes (grey) separated by a distance d 
(center-to-center) are patterned atop (Zn)α-Fe2O3 films (blue). A charge current is applied to the left 
electrode, while a local and non-local voltage are measured. b) Local magnetoresistance of Pt/(Zn)α-
Fe2O3 as a function of magnetic field at 300 K for an increasing (black) and decreasing (blue) field. 
RL0 is the average zero-field resistance. The inset shows fields around 0 T, where a hysteresis is 
visible. c) Non-local resistance as a function of field for a device with d=600 nm. The fits represent 
models centered around magnon mode-mixing 10,11 (details see main text). d) Decay with distance of 
the signal amplitude between the minimum and maximum values at μ0H = 6.8 T and 10.2 T, 
respectively. The fit accounts for the diffusive transport of magnons in the presence of an 
antiferromagnetic domain structure resulting in two exponential decays with λ1=175±35 nm and 
λ2=1.5±0.3 μm7. The error bars in c) and d) represent the standard deviation of the data points. 
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a peak at μ0H = 10.2 T, demonstrating that long-distance magnon transport is possible, even in doped 147 

hematite. For H applied in-plane, perpendicular to the Pt wires, no spin transport is observed from the 148 

electrical excitation of magnons below the injector. When H is applied out-of-plane, n and μs are not 149 

aligned and no magnon transport occurs. This symmetry for Rel indicates that the flowing magnon 150 

current is independent of m and depends on the direction of n only. However, a parallel alignment of n 151 

and μs has already occurred for fields of only a few 100 mT, opening the question of what drives the 152 

spin transport in these films at high magnetic fields.  153 

Recently, theoretical suggestions of the transport of angular momentum have been put forward where 154 

the uniaxial model is not applicable, relying on the coherent oscillations of the linear polarized 155 

eigenmodes10,11. Both models rely on the beatings that result from the breaking of axial symmetry about 156 

the Néel vector coherently coupling magnons with opposing polarization11,34 and precession of 157 

pseudospin with frequency 𝛺 . However, the model of Ref. 11 considers the time-dependent beatings 158 

and bears a constant contribution from anisotropy and a linear-in-applied-field term stemming from 159 

antisymmetric exchange (DMI)11. In contrast, the model of Ref. 10 relies on the spatial beatings and 160 

associates the frequency 𝛺 to the out-of-plane magnetic anisotropy and a term that is square in the 161 

applied field stemming from Zeeman energy. While a reduced magnetic symmetry due to doping renders 162 

our AFM films different from those investigated in Refs. 10 and 11, the two models can be applied to 163 

any anisotropy of the magnetic system. We show in Fig. 2c fits to Rel making use of both models where 164 

we find good agreement despite the different regions of the Brillouin zone considered by each model 165 

(low k for the model of Ref. 10 and high k for the model of Ref. 11). The crossing point in Fig 2c at μ0H 166 

= 8.3 T is proportional to either the square root of the anisotropy and exchange fields10 or the DMI11 of 167 

the system, but is distinct from a spin-flop and is instead a point of compensation where the contributing 168 

magnon modes intersect in both models10,11. This indicates that the full description of the spin transport 169 

should be based on a generalized model incorporating both models of Refs. 10 and 11. Further studies 170 

are required in order to disentangle the dominating transport mechanisms through varying the 171 

measurement geometry and environmental temperature. However, this is outside of the scope of the 172 

present study which shows that the observations here can be reproduced by both models.  173 

Making use of a single distance, we obtain spin-diffusion lengths of 147±25 nm and 137±25 nm from 174 

the models of Ref. 10 and Ref. 11, respectively, in good agreement with the dominating spin relaxation 175 

length extracted from injector-detector distance dependent measurements (Fig. 2d).  176 

To understand the transport mechanisms, we need to study the dependence of the non-local signal with 177 

wire separation, shown in Fig. 2d, by varying the separation between the wires. RL remains the same for 178 

all devices showing consistent interface properties. At each distance, the critical field where the transport 179 

is maximal is the same within 1% and no hysteretic behavior in Rel is observed. Fig. 2d shows the 180 

distance dependence of Rel at 300 K, where the value is taken as the difference between the minimum 181 

and the maximum of the signal in Fig. 2c. The signal drops exponentially with distance, indicating a 182 

dominating diffusive transport6–8. The exponential decay with distance of magnon transport can be 183 

described through a 1D-spin-diffusion equation taking the AFM domain structure into account7. The 184 

data in Fig. 2d can be fitted, as shown with the red line, with the two diffusion lengths λ1=175±35 nm 185 

for the dominant scattering process and λ2=1.5±0.3 μm for the higher frequency magnons that are not 186 

strongly affected by the domain structure7. The value of λ1 gives an indication of the domain size7, which 187 

we will investigate further later (Fig. 3), where we find an average domain size of 193±43nm. These 188 

length scales are also comparable to the spin-diffusion length found earlier, indicating that they are likely 189 

related. The dominant attenuation process, whether magnon dephasing or domain wall scattering, is not 190 

directly evident from this result. 191 

As discussed earlier, we can explain our electrical measurements through a coherent frequency coupling 192 

of magnon modes. This relies on the assumption that the rotational symmetry is broken, requiring a 193 

magnetic state without a pure uniaxial anisotropy. To correlate the magnetic structure with the electrical 194 

measurements in Fig. 2, we perform XMLD-PEEM imaging at the Fe-L2 edge at 300 K on identical 195 

films (Fig. 3a-3d). The samples are capped by 2-nm Pt to prevent charging. We observe large regions 196 
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of contrast showing antiferromagnetic domains, where the contrast indicates the orientation of n. We do 197 

not observe any x-ray magnetic circular dichroism (XMCD), indicating that the canted magnetic 198 

moments are not visible within the experimental resolution. The average size of the domains visible is 199 

193±43 nm, in good agreement with the estimated domain size from the non-local measurements (Fig. 200 

2d) and also with the dephasing length based on the two theoretical models (Fig. 2c). Whilst the domain 201 

size may change with applied field, the absence of a training effect in the electrical measurements 202 

through repeated field-cycling can exclude dominating effects of this type7. This confirms that n in these 203 

domains facilitates magnon, and thus spin, transport. We highlight in Fig. 3, domains that have similar 204 

behavior as we rotate the incident x-ray angle φ or change the beam polarization. The presence of a 205 

uniaxial anisotropy is ruled out by the large domains with varying contrast given that easy-axis AFMs 206 

have 180° domains and thus no dichroic contrast. We also find that n has both an in-plane and out-of-207 

plane component, differing between the highlighted domains. Consequently, n is not confined to the 208 

basal plane, and the magnetic anisotropy is more complex than the purely easy-plane anisotropy 209 

expected for undoped hematite35. Thus, we demonstrate that, by doping, one can control the magnetic 210 

properties whilst maintaining a good spin-transport medium.  211 

 212 

 

Figure 3. XMLD-PEEM images for (a) linear-horizontally and (b) linear-vertically polarized x-rays 
when the incident angle φ=0°. The object in the center is a non-magnetic particle used for alignment. 
XMLD-PEEM images for (c) linear-horizontally and (d) linear-vertically polarized x-rays for φ=90°. 
The highlighted regions indicate magnetic domains, where different colors indicate different behavior 
as a function of φ and beam polarization ruling out pure easy-axis and easy-plane anisotropy phases. 

  213 

In conclusion, we have demonstrated long-distance magnon transport at room temperature in an 214 

antiferromagnet by doping thin films of α-Fe2O3 with Zn. Despite the introduction of Zn significantly 215 

altering the magnetic anisotropy and thus the equilibrium orientation of the Néel vector, the magnetic 216 

damping remains low enough to facilitate long-distance transport of magnons at room temperature 217 

without the need for a pure easy-axis or easy-plane phase. The low magnetic symmetry of the anisotropy 218 

caused by the additional dopants allows for magnon transport though mixing of differently-polarized 219 

magnon modes explained by models considering different regions of the Brillouin zone. The fact that 220 

two independent theoretical models reproduce our results indicates that the magnon transport is not 221 

confined to a single limit. The introduction of dilute dopants offers an attractive alternative for tuning 222 

the magnon-transport properties of thin film antiferromagnetic materials for room temperature 223 

applications.  224 
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Data Availability 225 

The data that support the findings of this study are available from the corresponding author upon 226 

reasonable request. 227 
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