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ABSTRACT 

The compensated magnetic order and characteristic, terahertz frequencies of antiferromagnetic 

materials makes them promising candidates to develop a new class of robust, ultra-fast spintronic 

devices. The manipulation of antiferromagnetic spin-waves in thin films is anticipated to lead to 

new exotic phenomena such as spin-superfluidity, requiring an efficient propagation of spin-waves 

in thin films. However, the reported decay length in thin films has so far been limited to a few 

nanometers. In this work, we achieve efficient spin-wave propagation, over micrometer distances, 

in thin films of the insulating antiferromagnet hematite with large magnetic domains whilst 

evidencing much shorter attenuation lengths in multidomain thin films. Through transport and 

magnetic imaging, we conclude on the role of the magnetic domain structure and spin-wave 

scattering at domain walls to govern the transport. We manipulate the spin transport by tailoring 

the domain configuration through field cycle training. For the appropriate crystalline orientation, 

zero-field spin-transport is achieved across micrometers, as required for device integration. 

 

MAIN TEXT 

Recently, the focus of spintronics research has been shifting towards utilizing antiferromagnetic 

materials, with benefits over ferromagnets including terahertz spin dynamics and high stability 
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against applied external magnetic fields, whilst the multiple sublattices of an antiferromagnet offer 

possibilities for novel phenomena not observed in ferromagnets.1,2 Beyond reading3,4 and 

switching5,6 of the antiferromagnetic order, the manipulation of antiferromagnetic spin-waves 

could open pathways to both the development of ultrafast spin-logic devices, and to the realization 

of room temperature spin-superfluidity, the spin analogue to superconductivity.7–9 However, the 

efficient transport of antiferromagnetic spin-waves  has only been demonstrated in a mm thick 

antiferromagnetic single crystal,10 whilst  reports on thin film antiferromagnets have shown that 

spin-information only propagates across a few nanometers in both insulating11–14 and metallic15–18 

antiferromagnets.   

Spin-transport in antiferromagnetic insulators occurs through the excitation of the magnetic 

order, and the propagation of spin-waves, also known as magnons. Antiferromagnetic magnons 

can be either linearly- or circularly-polarized. However, only circularly-polarized magnon modes, 

present in antiferromagnets with an easy-axis anisotropy, carry angular momentum, permitting the 

transport of spin-information.19 The spin-information of these magnons is carried (anti-)parallel to 

the equilibrium orientation of the antiferromagnetic Néel vector, n.10,20 The propagation of 

antiferromagnetic magnons can be monitored in an adjacent heavy metal layer acting as the source 

of detection and of excitation.10,21 The generated signal strength is proportional to ∝ (𝒏𝒏 ⋅ 𝝁𝝁𝑆𝑆)2, 

where 𝝁𝝁𝒔𝒔 is the spin-accumulation in the heavy metal, leading to a maximal efficiency for n||μs. 

The additional application of an external magnetic field, H, can be used to manipulate the direction 

of n with respect to μs and also serves to tune the frequencies of the contributing magnons. In 

particular, in an easy-axis (EA) antiferromagnet, H||𝑧̂𝑧(EA) leads to the well-known spin-flop 

transition, with the presence of a soft magnon mode21,22 and by which the magnons undergo a 

transition from circular to linear polarization and the spin conductance is anticipated to diverge.21 
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The decay length of such excited magnons is expected to scale with their frequency,15,23 and to 

depend on the magnetic damping of the material, which is reduced in insulating compounds due 

to the absence of conduction electrons.24,25 This is in contradiction with the short propagation 

lengths reported in both metallic and insulating systems indicating that there is a mechanism in 

addition to the intrinsic magnetic damping dominating the transport of spin waves in this class of 

materials. 

A particularly promising antiferromagnetic material for spin-transport is the iron oxide hematite, 

α-Fe2O3, an ubiquitous prototypical antiferromagnet commonly used in applications as diverse as 

humidity sensors26 and photoelectrochemical cells.27 Beyond these applications, it is also a 

promising material to investigate the propagation and manipulation of antiferromagnetic spin-

waves using spintronic effects, given its low magnetic damping and intrinsic micrometer spin-

diffusion length in bulk single crystals.10 Hematite is also unique for its well-known Morin phase 

transition (MT),28 where it undergoes a transition at a temperature TM from an easy-axis phase 

along the (0001) c-axis to an easy-plane phase where the magnetic moments lie perpendicular to 

(0001) (TM ~ 260 K in undoped bulk crystals). While long-distance spin-transport has been studied 

in bulk hematite,10 investigating the transport in thin films will permit one to unravel the 

mechanism controlling the transport of magnons in thin film antiferromagnets. Answering this 

question could also permit one to realize the potential of this materials class in an applications-

relevant thin film setting.  

In this work, we address these open questions by realizing long-distance magnon transport in a 

thin film antiferromagnetic system and we identify the mechanisms governing the magnon 

propagation length by a systematic study. As the materials system, we employ epitaxial α-Fe2O3 

thin films grown on sapphire substrates with different surface plane orientations.29,30 The magnon 
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propagation is investigated in these films as a function of the strength of a magnetic field applied 

along different directions with respect to the magnetic symmetry axes allowing for the extraction 

of the magnon propagation lengths of the different systems. To unravel the origin of the differences 

in the observed spin-transport length scales, the antiferromagnetic domain structure of the same 

films is determined by direct imaging and we identify, in conjunction with theoretical calculations, 

scattering at domain walls as the factor governing the propagation and thus the transport length.  

First, we consider α-Fe2O3 grown along the (0001) direction. These films show a Morin 

transition at TM = 200 K which is hysteretic in nature31 (details of the growth, Supporting 

Information), below which n is aligned along the c-axis, which is out of the plane as shown 

schematically in Fig. 1(a) (along z for T < TM). 

When a charge current 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖  flows through the Pt injector of a non-local structure (Fig. 1(a) and 

details in Supporting Information), a transverse spin current is created due to the spin Hall Effect 

(SHE) and a spin-bias 𝝁𝝁𝑠𝑠 builds up at the Pt/α-Fe2O3 interface polarized within the sample plane 

along y32. Given that a dissipation channel opens up as a spin flow across this interface, this spin-

bias results in the excitation of spin-polarized magnons for a parallel alignment of the 

antiferromagnetic order and 𝝁𝝁𝑠𝑠. A resulting non-equilibrium magnon population builds up in the 

α-Fe2O3 for 𝝁𝝁𝑠𝑠||n that then diffuses away from the injector.10,33 The polarization of the non-

equilibrium magnons, whether linear or circular, will depend on the symmetries of the 

antiferromagnet being investigated. The magnonic spin current flowing in the antiferromagnet is 

then absorbed by a Pt detector due to the non-equilibrium between the magnon population of the 

α-Fe2O3 and the electron population of the Pt at the interface,10,33 whereby it is converted to a 

charge current via the inverse SHE. This spin-bias signal can then be expressed as a non-local 

resistance (𝑅𝑅𝑒𝑒𝑒𝑒 = 𝑉𝑉𝑒𝑒𝑒𝑒 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖⁄ ).  
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We measured Rel for selected different antiferromagnetic configurations with the magnetic fields 

in the sample plane, parallel to the wires (which are parallel to x) and out of the plane, along the 

easy-axis (along z), Fig. 1. Here, we focus on measurements performed at 175 K, below TM, in the 

easy-axis phase where we can stabilize and propagate circularly-polarized magnons.  

  

Figure. 1. (a) Schematic of the used non-local geometry of platinum wires on top of an 

antiferromagnetic insulator thin film. The electrical contacts and axes are indicated as well as the 

relative orientation of the Néel vector (blue) in respectively the easy-axis (T<TM) and easy-plane 

(T>TM) phases (here assuming an additional threefold in-plane anisotropy) for the 100 nm thick 

(0001) films. (b) Spin-bias signal for H||z and a wire separation of 750 nm in geometry two, scaled 

appropriately. The spin-bias signal displays a hysteretic-like behavior due to an additional 

magnetic anisotropy of magnetoelastic origin above 𝜇𝜇0𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| ≈ 5 .5 T that needs to be overcome 

when lowering the field and shows a training effect with field cycling (1-3) that is reset when 

warmed above TM. (c) Spin-bias signal for H||x and a wire separation of 750 nm wires in geometry 

two, scaled appropriately. The spin-bias signal increases up to 𝜇𝜇0𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷
⊥ = 2.5 T, where the Néel 

vector 𝒏𝒏 is aligned along y. This orientation shows no training effect or hysteresis. 
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For a field applied along y, perpendicular to the non-local Pt wires, as well as at zero field, we 

observe no spin-bias signal arising from the injected spins as in all these cases n⊥μs. On the 

contrary, maximal signals for Rel are observed for magnetic fields perpendicular to the wires in 

ferromagnetic materials.33 For a field H||z (Fig. 1(b)), we observe the spin-flop transition at around 

𝜇𝜇0𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| ≈ 5 T, above which n lies in the sample plane (see Fig. 1(a)). The transmitted signal 

reaches a maximum in close vicinity to 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| . As the field is reduced back to zero, we see a 

hysteresis like behavior emerging, where the Rel is larger for some field range than for the 

increasing field branch. By repeated field cycling, we also see a clear training effect, where the 

peak amplitude increases and the transition width becomes sharper with successive cycles 

indicating changes in the magnetic properties. As a first key result, this demonstrates that the 

properties of the spin transport are not given just by the magnetic system but can be additionally 

tuned by magnetic field effects.  

We ascribe the observed enhancement of the transport with applied field to the strong induced 

softening of one of the magnon modes10,22,34 in the vicinity of spin-flop transition and the 

corresponding increase of the magnon population as the magnon gap is reduced. Below 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| , 

n⊥μs and the signal is suppressed whilst in the transition region around 𝐻𝐻𝑐𝑐,𝑠𝑠𝑓𝑓
|| , n has a non-zero 

projection on μs leading to a pronounced contribution to the signal. As the field is further increased 

(𝐻𝐻 > 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| ), the excited magnons adopt a linear polarization in the easy-plane phase, the magnon 

gap opens and the signal diminishes. 

The hysteretic behavior observed, along with the training effect in these (0001) thin films is 

distinctly different from the behavior found previously for single crystals.10 To understand this 

behavior, we need to firstly take into account the particular geometry where the field is applied 
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along the easy-axis perpendicular to the surface, which has not been previously measured for single 

crystals. In this case above the spin-flop with H||z, n is in the easy-plane phase, which exhibits a 

3-fold in-plane degeneracy. This leads to the formation of domains where, due to this 3-fold 

degeneracy, the Néel vector rotates by 60° in adjacent domains. Successive field cycles through 

the spin-flop transition lead to depinning and annihilation of domains walls, and given the 

pronounced increase of the signal this is a first indication that the spin-transport depends on the 

domain configuration. The domain formation above the spin-flop is dominated by the 

magnetostrictive interaction, which can be sizeable in hematite,35 and additionally imperfections 

of the substrate as the growth seed can have an effect. Such an additional magnetostrictive-induced 

anisotropy above 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  leads to a pinning potential that must be overcome when the magnetic field 

is lowered thus leading to the hysteretic signal due to hysteretic changes in the domain structure. 

From a hysteresis width of ~ 1.5 T, we calculate a uniaxial anisotropy field of 30 mT and 

magnetostrictive field of 8 mT. From this, we can estimate the strength of the pinning to be 8 ×

102 J
m3 in agreement with literature values on bulk samples35 (details, see model in Supporting 

Information).  

Beyond this first geometry of the applied field direction, we next apply the field along the wires, 

H||x (see Fig. 1(c)). We also observe a spin-bias signal in this geometry. We note that in easy-axis 

antiferromagnets that also have a bulk Dzyaloshinskii-Moriya interaction (DMI) parallel to the 

easy-axis, a spin-reorientation for 𝑯𝑯 ⊥ 𝐄𝐄𝐄𝐄 can occur.36-38 This transition is not seen in simple easy-

axis antiferromagnets without bulk DMI such as Cr2O3 and is a smooth second-order transition, 

unlike the hysteretic spin-flop transition at 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| . In an applied field perpendicular to the EA, the 

spins begin to cant towards the direction of H, leading to an arising perpendicular component of 

the DMI. This component then acts to align the spins perpendicular to the easy-axis given its 
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antisymmetric nature. The net result is such that, from zero field to a critical field 𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷
⊥ , the spins 

smoothly rotate and align perpendicular to both the external field and the DMI vector (||EA). This 

leads to a progressive parallel alignment of n and µs, accompanied by the softening of one magnon 

mode37,38 allowing us to draw strong parallels to magnetic field transitions along respectively the 

hard and easy-axis of a ferromagnet. Similarly to the H||z case, these two features explain the 

increasing signal up to 𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷
⊥  where n||μs. The signal is furthermore exhibiting a π periodicity of 

the angle between n and μs (see Supporting Information). Above this critical field of the spin-

reorientation, the signal again decreases at large fields due to the emergent linearly-polarized 

magnons and an opening of the magnon gap.37,38 In contrast to the case H||z, no additional domain 

structure is formed when H||x, as the equilibrium orientation of n is nondegenerate, leading to the 

absence of any hysteresis or training effects. We note here that these measurements were 

performed 25 K below the measured Morin transitions of these films, however the same signals 

are observed in the clean easy-axis phase at 100 K, whilst the signal is drastically different at 290 

K in the clean easy-plane phase (see Supporting Information). 

As a magnonic spin current is transmitted when μs and n are parallel, in the (0001) oriented 

films this requires the application of high magnetic fields. Such fields are impractical and 

inefficient for applications that make use of antiferromagnetic components, in addition to the 

problem of the ambiguity of the signal in the “flopped” state for H||EA as the magnon modes 

transition from circularly to linearly polarized. It has also been shown that in ferromagnetic 

systems, the application of large magnetic fields strongly modifies the spin diffusion length39 

although it is unclear if such an effect is also present in antiferromagnets.15 Therefore, rather than 

using magnetic fields to align n and μs, a zero-field projection would not only be more practical 



 10 

for antiferromagnetic transport applications, but also allow for the investigation of the transport 

properties of antiferromagnetic magnons without the modification of the magnon spectra.  

Therefore we next grow (11�02) (r-plane) oriented thin films of hematite which exhibit a Morin-

temperature TM=200 K (see Supporting Information),  and have both a stable surface termination40 

and a zero-field projection of n onto the surface plane. For wires perpendicular to the EA projection 

(Fig. 2(a)), a parallel alignment of n and μs is possible below the spin-reorientation. Thus, we can 

study potential zero-field transport as a function of external field perpendicular (H||x, Fig. 2(b)) 

and parallel (H||y, Fig. 2(c)) to the wires. A significant signal is observed even at zero field where 

the magnon polarizations have a nonzero projection on μs. With increasing field the signal 

increases until n rotates perpendicular to H41 and the field dependence shows no training effect or 

hysteresis. The suppression of the signal with increasing field above the spin-flop transition has 

the same origin as for the previously discussed (0001) growth orientation. This crystallographic 

orientation thus highlights that an efficient magnonic transport is possible through a careful choice 

of geometry, even without an applied field.  

 

Figure 2. (a) Sketch of non-local geometry with respect to the magnetic axis for 500 nm thick 

(11�02) hematite films. The EA is tilted 33° in the yz plane, indicated by the dashed line. The Néel 

vector lies parallel to the EA at zero-field. (b, c) Spin-bias signal for (11�02) hematite with wires 
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separated by 850 nm perpendicular to the projection of the EA. The field is directed along (b) H||x 

and (c) H||y for two cycles (1,2). There exists a significant spin-bias signal at zero-field that is 

suppressed at high fields as the Néel vector rotates. There is no observed training effect or 

hysteresis for this geometry. The error bars are the standard deviation of the data points. 

 

The key question is then the propagation length, and whether information can be transported 

across sufficient distances to allow for the development of spin-logic devices. While previously 

transport in thin film antiferromagnets has only been possible over few nm distances, we can 

transport spins here over µm as shown in Fig. 3 (the value of Rel was recorded at both 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
| |  and 

𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷
⊥  in the (0001) films whilst for the (11�02) films, the value at μ0H = 1.5 T for H||x and H||y 

is taken to remove any possible interfacial canting 42). The lack of a threshold7,8 and the used 

elevated temperature of 175 K indicate that diffusive rather than superfluid transport dominates,10 

allowing us to use a one-dimensional spin-diffusion-relaxation equation to estimate the spin-

diffusion lengths in our films.33 We find for (0001) and (11�02) samples for the three selected 

geometries: 𝜆𝜆𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷
⊥ = 350 nm, 𝜆𝜆𝑟𝑟,1.5 𝑇𝑇

𝒙𝒙 = 600 nm, and 𝜆𝜆𝑟𝑟,1.5 𝑇𝑇
𝒚𝒚 = 800 nm, which is two orders of 

magnitude greater than previous reports for epitaxial11 or polycrystalline12 thin film 

antiferromagnets. However, one must also note that the distance dependence of Rel at 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  cannot 

be fitted with a simple 1D spin-diffusion model and, for this situation, the hysteretic behavior and 

the observed training effects do not allow for an unambiguous determination (inset of Fig. 3). 

Together with the observation that the signal during the hysteretic behavior depends on the field 

cycling which affects the spin structure, this raises the major open question of the origin of the 

transport of magnons across distances far larger than previously observed in thin film 
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antiferromagnets. Furthermore, we need to explain why the spin-transport length-scales vary so 

strongly even within a single material and cannot be described for all geometries by a simple 

diffusion model.33 

 

 

 

 

 

 

 

 

Figure 3.  Distance dependence of non-local resistance Rel  for (0001) hematite at both 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  (red) 

and 𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷
⊥  (blue) as well as (11�02) hematite for a field directed along x (green) and y (grey) along 

with fits to the one-dimensional spin-diffusion equation. The solid red line of 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  represents a 

diffusion equation with two characteristic lengths. Inset shows the spin-bias signal for low 

distances. The error bars represent the standard deviation of the data. For 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  the error bars 

represent the standard deviation of multiple field cycles. The curve at 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  (red) is the average 

across many successive field cycles for each device at the peak field for the lowering field sweep. 

 

To analyze the mechanisms that govern the propagation lengths, we consider two factors. The 

decay of magnons due to magnetic damping leads to an attenuation that is, in the simplest model, 

a materials property and independent of the spin structure. Additionally, scattering of magnons is 
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predicted to occur at magnetic domain walls43,44 leading to a spin-structure dependent propagation 

length and could serve as a possible explanation for the short diffusion lengths previously seen. 

To investigate these factors, we performed X-ray magnetic linear dichroism photoelectron 

emission (XMLD-PEEM) imaging at the Fe L2 edge (details, see Supporting information). Whilst 

the domain structure of the (11�02) films at zero-field can be imaged directly, the domain structure 

in the (0001) films at either 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  and 𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷

⊥  cannot be directly observed due to the need for high 

magnetic fields that cannot be applied during PEEM imaging. However, the type of domain 

structure at the spin-flop field can be obtained by making use of the temperature-field equivalence 

for hematite and instead imaging the spin-structure above TM, where the magnetic state is also in 

the easy-plane and energetically a similar situation is attained.36 For the (0001) films, we observe 

in Fig. 4(a)-4(c) (100 K – 300 K) a multi-domain pattern. Above TM (Fig. 4(c)) we find domain 

sizes of a few hundred nanometers. When we reduce the temperature, the domain spin structure 

changes strongly across the Morin transition to a state that is reproducible when cooling. 

Surprisingly, we still measure a contrast from magnetic domains below TM (see Fig. 4(a)) where 

the spin-structure should be in the easy-axis phase, and 180° domains should lead to the same 

dichroic signal and the absence of contrast. We associate this contrast to a distribution of the 

growth crystallites leading to an off-axis component of n (see Supporting Information). However, 

we can infer the presence of 180° domain walls below TM from the clear observation in the (11�02) 

films (see Fig. 4(d)) as discussed later.45 Whilst the domain structure above TM gives an indication 

of the magnetic state at 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| , no direct, quantitative way exists to access the magnetic state at 

𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷
⊥ . Nevertheless, the domains are expected to be similarly sized and lack degeneracy at 𝐻𝐻𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷

⊥ , 

as evidenced by the non-hysteretic transport signal (Fig.1(c)), separated by 180° domain walls.  
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Figure 4. (a)-(c) XMLD-PEEM images of 100 nm thick (0001) hematite at T1 = 100 K, T2 = 250 

K and T3 = 300 K, and µ0H = 0 T. (d) XMLD-PEEM imaging of 500 nm (1102) hematite at T = 

100 K, below the Morin transition, and µ0H = 0 T. Large, micrometer sized domains are separated 

by clear 180° domain walls. The scale bars represent 2 μm. 

 

In the (11�02) films, we observe below TM and at zero-field that 180° domain walls separate 

large single domain areas and the contrast is larger than for the (0001) orientation due to the 

inclination of the easy-axis (see Fig. 4(d)). To our knowledge, the clear observation of 180° 

antiferromagnetic domain walls in antiferromagnetic films has not been reported, and so far only  

90° domain walls have been observed.46 The size of the domains is of the order of many 

micrometers, an order of magnitude larger than in the (0001) orientation. The (11�02) films thus 

show not only longer propagation lengths than (0001) films but also larger antiferromagnetic 

domains, highlighting the relation between the domain structure and the spin-transport.  

To understand this behavior, we discuss the propagating magnonic spin current properties and 

its interaction with domains and domain walls. The magnons are excited with a broad spectrum of 
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energy and wavevector (k) with an upper limit determined by the thermal energy. Within a single 

domain, the magnon propagation length is mainly determined by spatial diffusion with a length 

scale governed by the magnetic damping. However, the presence of domain walls introduces 

additional dissipation channels through spin-dependent scattering.43,44,47 This can reduce the 

propagation length of the magnons and experimentally lead to an attenuation of the signal. At 60° 

domain walls, such as above 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| , magnons scatter due to the Néel order reorientation between 

the neighboring domains, however the question of the behavior at a 180° domain wall remains.  

For circularly-polarized magnons, as in the easy-axis phase of hematite, we now develop a 

simple toy model of the scattering process at a 180° domain wall pinned by a homogeneous 

distribution of defects acting to fix the orientation of n in the center of the 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.48,49 By solving the Lagrange function, we can 

establish the expression of a pinned domain wall (including its width 𝑥𝑥𝐷𝐷𝐷𝐷) in the presence of 

uniaxial anisotropy and homogeneous pinning around the domain wall (see Supporting 

Information). The magnons in the domain wall are the perturbations of the Néel vector on top of 

the static magnetic texture. In the limit of a pinning width much smaller than the domain wall 

width (𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑 ≪ 𝑥𝑥𝐷𝐷𝐷𝐷), the domain wall leads to the reflection of incident plane waves with a 

reflection coefficient given by, 

𝑅𝑅 =
4�𝐸𝐸pin/𝐸𝐸DW�

2

4�𝐸𝐸pin/𝐸𝐸DW�
2

+ 𝑘𝑘2𝑥𝑥DW
2

, (1) 

with 𝑥𝑥𝐷𝐷𝐷𝐷 the domain wall width, 𝐸𝐸pin and 𝐸𝐸DW respectively the pinning and domain wall 

energies. As seen from this equation, pronounced reflection (with the reflection coefficient R ≤ 1) 
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occurs for magnons with a wave-vector k ≤ kcrit, where the critical value is the upper limit of the 

reflecting potential given by,  

𝒌𝒌crit =
4𝐸𝐸pin

𝐸𝐸DW

1
𝑥𝑥DW

, (2) 

which depends on the ratio between the pinning and the domain wall energies.  

It should be mentioned that although equation (1) is derived under the assumption that H=0, it 

is also valid for H ≤ Hsf, the spin flop field, where the energy of the domain wall now adopts the 

field-dependence given by, 𝐸𝐸DW → 𝐸𝐸DW�1 − 𝐻𝐻2/𝐻𝐻sf
2. This means that in the vicinity of the spin-

flop field, the reflection of magnons substantially increases 𝒌𝒌crit ≫ 1/𝑥𝑥DW. 

From this model, we find that the scattering is significant up to a critical value of the wavevector, 

kcrit, which is proportional to the pinning field obtained from the experimental data. For large 

pinning, all types of antiferromagnetic magnons can scatter from the domain walls and the 

propagation length is dominated by the domain size.  

This now allows us to explain the observed transport: with magnetic domains larger than the 

diffusion length, the magnon transport obeys a 1D diffusive model in the (11�02) films. In in the 

(0001) films, with the presence of many domain walls that act as scattering sites, the signal 

attenuates over shorter distances where the size of the domains serve to define the characteristic 

decay length. This additional scattering can then be described by a set of diffusion equations, 

𝐷𝐷𝒌𝒌Δ𝜌𝜌𝒌𝒌 −
1
𝜏𝜏
𝜌𝜌𝒌𝒌 = 0, (3) 

where the diffusion coefficients Dk depend on the magnon wavenumber k, 𝜌𝜌𝒌𝒌 is the number of 

magnons with the certain k per unit volume, 𝜏𝜏 is the relaxation time whose dependence on k can 

be neglected. As the domain walls are effectively transparent for magnons with a large wavevector, 

k>kcrit, the corresponding diffusion coefficient is that of a single domain sample, Dk = D0. 
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However, for magnons with a wavevector less than kcrit, the scattering from the domain walls 

greatly reduces the effective rate of diffusion. For simplicity, we then assume that in this case, Dk 

~ D1 for all magnons below this threshold, k<kcrit. Within this simplified picture, the electrical 

signal, i.e. Rel, measured at a distance x is then proportional to the total magnon flux,  

R𝑒𝑒𝑒𝑒(𝑥𝑥) ∝�𝜌𝜌k′ (𝑥𝑥)
k

≈ 𝜌𝜌0 �
𝑓𝑓
λ1

exp �−
𝑥𝑥
λ1
� +

1 − 𝑓𝑓
λ0

exp �−
𝑥𝑥
λ0
�� (4) 

where 𝜌𝜌0 is the total number of magnons created in the vicinity of the injector due to the spin 

accumulation μs, f is the fraction of magnons with k<kcrit and λ0,1 = �𝐷𝐷0,1𝜏𝜏  is the diffusion length 

of the magnons with respectively k<kcrit and k>kcrit. We use equation (4) to fit the experimental 

data in Fig. 3 for the value of Rel in the (0001) film at 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
||  with λ1 = 67 nm and λ0 = 700 nm. We 

present in the Supporting Information a summary of the diffusion lengths for the curves in Fig. 3 

alongside the size of the domains imaged in Fig. 4 extracted from intensity profiles of the PEEM 

images.  

We thus find that magnons with a high wavenumber, in other words the high frequency magnons 

that one would aim to use for antiferromagnetic devices, diffuse with a characteristic length 

comparable to the other geometries discussed so far whilst the low frequency magnons are 

scattered with a secondary characteristic length scale qualitatively governed by the domain 

structure (Fig. 4). There has been increasing interest in the past few years in the transport regime 

of magnons in antiferromagnets, including in the diffusive50 and in particular the superfluid 

regimes.8,51 Such a possible magnonic supercurrent can exist in antiferromagnets with an easy 

plane anisotropy, such as above 𝐻𝐻𝑐𝑐,𝑠𝑠𝑠𝑠
|| , however, it suffers from phase slips that act to disrupt the 

precession of n within the easy-plane.52,53 In the presence of spin structures like domain walls, the 

flowing magnons can be absorbed by the spin texture54 or they may even act as conduits for the 
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flowing spin current.55 However, the orientation of the domain walls, and thus the rotation of n 

across them, is both parallel and perpendicular to the direction of propagation, which would hinder 

any possibility for spin transport in the superfluid regime.  The small domains frequently observed 

in thin film antiferromagnets3,45,46 thus prove detrimental to the transport of spin information, 

regardless of transport regime when the excited magnons are lower in frequency such as those 

injected by ferromagnetic layers at resonance12 or from broadband excitations such as performed 

here and in other studies11,15 where the scattering acts as a filter on the propagating magnon current. 

We here highlight that the functionalization of antiferromagnetic spintronic devices strongly 

benefits from either the absence of antiferromagnetic domain walls or from higher frequency 

excitations. 

To conclude, the transport of spin-information in antiferromagnetic thin films with large 

magnetic domains can reach micrometers, as in the best ferromagnetic thin film systems,33 which 

opens the way for instance towards the development of antiferromagnetic spin-logic devices.56 An 

applied magnetic field can be used to both train the domain structure and control the orientation of 

the Néel vector in order to facilitate the detection and tune the transport efficiency of magnonic 

spin transport. For selected growth orientations, a zero-field projection of the Néel vector can be 

achieved leading to field free spin-transport. Thus our identified different approaches to control 

magnon transports offer promising routes to the application of antiferromagnets in magnonic 

devices.56 

Corresponding Author 

*rolebrun@uni-mainz.de. *klaeui@uni-mainz.de.  

Author Contributions 



 19 

R.L. and M.K. proposed and supervised the project. A.R. performed with R.L. the transport 

experiments. R.L., L.B. and F.K. performed the XMLD-PEEM measurements and analyzed the 

data with A.R. A.R. patterned with R.L. the samples. D.A.G., A.K. and Av.R. grew and optimized 

the films. A.R., R.L. and S.B. performed the XRD and SQUID measurements with input from G.J. 

O.G., C.U. and A.Q. developed theoretical understanding with assistance and input from J.S., R.D. 

and A.B. A.R. and R.L. analyzed the data with inputs from M.K. and O.G. A.R. and R.L. wrote 

the paper with M.K. and O.G. All authors commented on the manuscript. *These authors 

contributed equally. 

ACKNOWLEDGEMENTS 

The authors acknowledge thoughtful input and discussion with David Ellis. We also thank 

Helmholtz Zentrum Berlin for the allocation of synchrotron radiation beamtime. A.R., G.J., and 

M.K. acknowledge support from the Graduate School of Excellence Materials Science in Mainz 

(DFG/GSC 266). A.R., R.L. and M.K. acknowledge support from the DFG project number 

423441604. R.L. acknowledges the European Union’s Horizon 2020 research and innovation 

programme under the Marie Skłodowska-Curie grant agreement FAST number 752195. S.B. and 

G.J. from DFG project number 358671374. O.G. and J.S. acknowledge the support from the 

Humboldt Foundation, the ERC Synergy Grant SC2 (No. 610115), the EU FET Open RIA Grant 

no. 766566. O.G. additionally acknowledges the DFG (project SHARP 397322108). D. A.G., A.K. 

and Av.R. acknowledges support from the European Research Council under the European 

Union’s Seventh Framework programme (FP/200702013) / ERC (Grant Agreement No. 617516). 

D.A.G.  acknowledges support from The Center for Absorption in Science, Ministry of Immigrant 

Absorption, State of Israel. L.B. acknowledges the European Union’s Horizon 2020 research and 



 20 

innovation programme under the Marie Skłodowska-Curie grant agreement ARTES number 

793159. All authors from Mainz also acknowledge support from both MaHoJeRo (DAAD 

Spintronics network, project number 57334897) and SPIN+X (DFG SFB TRR 173, projects A01 

and B02). A.Q. and A.B. acknowledge support from the European Research Council via Advanced 

Grant number 669442 ‘Insulatronics’. A.Q., C. U., R.A.D., M.K. and A.B. were supported by the 

Research Council of Norway through its Centres of Excellence funding scheme, project number 

262633 ‘QuSpin’. 

Supporting Information 

The supporting information contains details of the growth of the hematite films as well as 

descriptions of the structural and magnetic characterization. The measurement procedure for the 

transport measurements is also presented along with the angular dependence of the signal for a 

fixed magnetic field. Next, the signals for the two field directions in the (0001) films is shown at 

temperatures far above the Morin transition and far below. Finally, details and derivation of the 

model used to describe the scattering of magnons from 180° antiferromagnetic domain walls is 

included. 

REFERENCES  

(1)  Baltz, V.; Manchon, A.; Tsoi, M.; Moriyama, T.; Ono, T.; Tserkovnyak, Y. 

Antiferromagnetic Spintronics. Rev. Mod. Phys. 2018, 90 (1), 015005.  

(2)  Jungwirth, T.; Sinova, J.; Manchon, A.; Marti, X.; Wunderlich, J.; Felser, C. The Multiple 

Directions of Antiferromagnetic Spintronics. Nat. Phys. 2018, 14 (3), 200–203.  

(3)  Baldrati, L.; Ross, A.; Niizeki, T.; Schneider, C.; Ramos, R.; Cramer, J.; Gomonay, O.; 



 21 

Filianina, M.; Savchenko, T.; Heinze, D.; et al. Full Angular Dependence of the Spin Hall 

and Ordinary Magnetoresistance in Epitaxial Antiferromagnetic NiO(001)/Pt Thin Films. 

Phys. Rev. B 2018, 98 (2), 024422.  

(4)  Hoogeboom, G. R.; Aqeel, A.; Kuschel, T.; Palstra, T. T. M.; van Wees, B. J. Negative Spin 

Hall Magnetoresistance of Pt on the Bulk Easy-Plane Antiferromagnet NiO. Appl. Phys. 

Lett. 2017, 111 (5), 052409.  

(5)  Bodnar, S. Y.; Šmejkal, L.; Turek, I.; Jungwirth, T.; Gomonay, O.; Sinova, J.; Sapozhnik, 

A. A.; Elmers, H.-J.; Kläui, M.; Jourdan, M. Writing and Reading Antiferromagnetic 

Mn2Au by Néel Spin-Orbit Torques and Large Anisotropic Magnetoresistance. Nat. 

Commun. 2018, 9 (1), 348.  

(6)  Chen, X. Z.; Zarzuela, R.; Zhang, J.; Song, C.; Zhou, X. F.; Shi, G. Y.; Li, F.; Zhou, H. A.; 

Jiang, W. J.; Pan, F.; et al. Antidamping-Torque-Induced Switching in Biaxial 

Antiferromagnetic Insulators. Phys. Rev. Lett. 2018, 120 (20), 207204.  

(7)  Takei, S.; Halperin, B. I.; Yacoby, A.; Tserkovnyak, Y. Superfluid Spin Transport through 

Antiferromagnetic Insulators. 2014, 90 (9).  

(8)  Qaiumzadeh, A.; Skarsvåg, H.; Holmqvist, C.; Brataas, A. Spin Superfluidity in Biaxial 

Antiferromagnetic Insulators. Phys. Rev. Lett. 2017, 118 (13), 137201.  

(9)  Bunkov, Y. M.; Alakshin, E. M.; Gazizulin, R. R.; Klochkov, A. V; Kuzmin, V. V; L’vov, 

V. S.; Tagirov, M. S. High-TC Spin Superfluidity in Antiferromagnets. Phys. Rev. Lett. 

2012, 108 (17),  

(10)  Lebrun, R.; Ross, A.; Bender, S. A.; Qaiumzadeh, A.; Baldrati, L.; Cramer, J.; Brataas, A.; 



 22 

Duine, R. A.; Kläui, M. Tunable Long-Distance Spin Transport in a Crystalline 

Antiferromagnetic Iron Oxide. Nature 2018, 561 (7722), 222–225.  

(11)  Baldrati, L.; Schneider, C.; Niizeki, T.; Ramos, R.; Cramer, J.; Ross, A.; Saitoh, E.; Kläui, 

M. Spin Transport in Multilayer Systems with Fully Epitaxial NiO Thin Films. Phys. Rev. 

B 2018, 98 (1), 14409. 

(12)  Wang, H.; Du, C.; Hammel, P. C.; Yang, F. Spin Transport in Antiferromagnetic Insulators 

Mediated by Magnetic Correlations. Phys. Rev. B 2015, 91 (22), 220410.  

(13)  Hahn, C.; de Loubens, G.; Naletov, V. V.; Ben Youssef, J.; Klein, O.; Viret, M. Conduction 

of Spin Currents through Insulating Antiferromagnetic Oxides. Europhys. Lett. 2014, 108 

(5), 57005. 

(14)  Hung, Y.-M.; Hahn, C.; Chang, H.; Wu, M.; Ohldag, H.; Kent, A. D. Spin Transport in 

Antiferromagnetic NiO and Magnetoresistance in Y3Fe5O12/NiO/Pt Structures. AIP Adv. 

2017, 7 (5), 055903. 

(15)  Cramer, J.; Ritzmann, U.; Dong, B.-W.; Jaiswal, S.; Qiu, Z.; Saitoh, E.; Nowak, U.; Kläui, 

M. Spin Transport across Antiferromagnets Induced by the Spin Seebeck Effect. J. Phys. 

D. Appl. Phys. 2018, 51 (14), 144004.  

(16)  Saglam, H.; Zhang, W.; Jungfleisch, M. B.; Sklenar, J.; Pearson, J. E.; Ketterson, J. B.; 

Hoffmann, A. Spin Transport through the Metallic Antiferromagnet FeMn. Phys. Rev. B 

2016, 94 (14), 140412.  

(17)  Cramer, J.; Fuhrmann, F.; Ritzmann, U.; Gall, V.; Niizeki, T.; Ramos, R.; Qiu, Z.; Hou, D.; 

Kikkawa, T.; Sinova, J.; et al. Magnon Detection Using a Ferroic Collinear Multilayer Spin 



 23 

Valve. Nat. Commun. 2018, 9 (1), 1089.  

(18)  Merodio, P.; Ghosh, A.; Lemonias, C.; Gautier, E.; Ebels, U.; Chshiev, M.; Béa, H.; Baltz, 

V.; Bailey, W. E. Penetration Depth and Absorption Mechanisms of Spin Currents in 

Ir20Mn80 and Fe50Mn50 Polycrystalline Films by Ferromagnetic Resonance and Spin 

Pumping. Appl. Phys. Lett. 2014, 104 (3), 032406.  

(19)  Keffer, F.; Kittel, C. Theory of Antiferromagnetic Resonance. Phys. Rev. 1952, 85 (2), 329–

337. 

(20)  Gomonay, O.; Yamamoto, K.; Sinova, J. Spin Caloric Effects in Antiferromagnets Assisted 

by an External Spin Current. J. Phys. D. Appl. Phys. 2018, 51 (26), 264004.  

(21)  Bender, S. A.; Skarsvåg, H.; Brataas, A.; Duine, R. A. Enhanced Spin Conductance of a 

Thin-Film Insulating Antiferromagnet. Phys. Rev. Lett. 2017, 119 (5), 056804.  

(22)  Gurevich, A. G.; Melkov, G. A. Magnetization Oscillations and Waves; CRC Press, 1996. 

(23)  Tatara, G.; Pauyac, C. O. Theory of Spin Transport through an Antiferromagnetic Insulator. 

Phys. Rev. B 2019, 99 (18), 180405.  

(24)  Liu, Q.; Yuan, H. Y.; Xia, K.; Yuan, Z. Mode-Dependent Damping in Metallic 

Antiferromagnets Due to Intersublattice Spin Pumping. Phys. Rev. Mater. 2017, 1, 

61401(R). 

(25)  Jiang, W.; Upadhyaya, P.; Zhang, W.; Yu, G.; Jungfleisch, M. B.; Fradin, F. Y.; Pearson, J. 

E.; Tserkovnyak, Y.; Wang, K. L.; Heinonen, O.; et al. Magnetism. Blowing Magnetic 

Skyrmion Bubbles. Science 2015, 349 (6245), 283–286.  



 24 

(26)  Cantalini, C.; Faccio, M.; Ferri, G.; Pelino, M. Microstructure and Electrical Properties of 

Si-Doped α-Fe2O3 Humidity Sensor. Sensors Actuators B Chem. 1993, 16 (1–3), 293–298.  

(27)  Dotan, H.; Kfir, O.; Sharlin, E.; Blank, O.; Gross, M.; Dumchin, I.; Ankonina, G.; 

Rothschild, A. Resonant Light Trapping in Ultrathin Films for Water Splitting. Nat. Mater. 

2013, 12 (2), 158–164. 

(28)  Morin, F. J. Magnetic Susceptibility of α-Fe2O3 and α-Fe2O3 with Added Titanium. Phys. 

Rev. 1950, 78 (6), 819–820. 

(29)  Grave, D. A.; Klotz, D.; Kay, A.; Dotan, H.; Gupta, B.; Visoly-Fisher, I.; Rothschild, A. 

Effect of Orientation on Bulk and Surface Properties of Sn-Doped Hematite (α-Fe2O3) 

Heteroepitaxial Thin Film Photoanodes. J. Phys. Chem. C 2016, 120 (51), 28961–28970.  

(30)  Grave, D. A.; Dotan, H.; Levy, Y.; Piekner, Y.; Scherrer, B.; Malviya, K. D.; Rothschild, 

A. Heteroepitaxial Hematite Photoanodes as a Model System for Solar Water Splitting. J. 

Mater. Chem. A 2016, 4 (8), 3052–3060. 

(31)  Shimomura, N.; Pati, S. P.; Sato, Y.; Nozaki, T.; Shibata, T.; Mibu, K.; Sahashi, M. Morin 

Transition Temperature in (0001)-Oriented α-Fe2O3 Thin Film and Effect of Ir Doping. J. 

Appl. Phys. 2015, 117 (17), 17C736.  

(32)  Sinova, J.; Valenzuela, S. O.; Wunderlich, J.; Back, C. H.; Jungwirth, T. Spin Hall Effects. 

Rev. Mod. Phys. 2015, 87 (4), 1213–1260.  

(33)  Cornelissen, L. J.; Liu, J.; Duine, R. A.; Youssef, J. Ben; Van Wees, B. J. Long-Distance 

Transport of Magnon Spin Information in a Magnetic Insulator at Room Temperature. Nat. 

Phys. 2015, 11 (12), 1022–1026. 



 25 

(34)  Besser, P. J.; Morrish, A. H. Spin Flopping in Synthetic Hematite Crystals. Phys. Lett. 1964, 

13 (4), 289–290.  

(35)  Levitin, R. Z.; Pakhomov, A. S.; Shchurov, V. A. Magnetoelastic Properties of Hematite. 

Sov. Phys. JETP 1969, 29. 

(36)  Flanders, P. J.; Shtrikman, S. Magnetic Field Induced Antiferromagnetic to 

Weakferromagnetic Transitions in Hematite. Solid State Commun. 1965, 3 (9), 285–288.  

(37)  Morrison, B. R.; Morrish, A. H.; Troup, G. J. High-Field Antiferromagnetic Resonance in 

α-Fe2O3. Phys. Status Solidi 1973, 56 (1), 183–195.  

(38)  Ozhogin, V. I.; Shapiro, V. G. New Type of Antiferromagnet Resonance in α-Fe2O3. JETP 

Lett 1967, 6, 7. 

(39)  Cornelissen, L. J.; Van Wees, B. J. Magnetic Field Dependence of the Magnon Spin 

Diffusion Length in the Magnetic Insulator Yttrium Iron Garnet. Phys. Rev. B 2016, 93, 

20403(R).  

(40)  Kraushofer, F.; Jakub, Z.; Bichler, M.; Hulva, J.; Drmota, P.; Weinold, M.; Schmid, M.; 

Setvin, M.; Diebold, U.; Blaha, P.; et al. Atomic-Scale Structure of the Hematite α-Fe2O3 

(11̅02) “R-Cut” Surface. J. Phys. Chem. C 2018, 122 (3), 1657–1669.  

(41)  Lebrun, R.; Ross, A.; Gomonay, O.; Bender, S. A.; Baldrati, L.; Kronast, F.; Qaiumzadeh, 

A.; Sinova, J.; Brataas, A.; Duine, R. A.; et al. Anisotropies and Magnetic Phase Transitions 

in Insulating Antiferromagnets Determined by a Spin-Hall Magnetoresistance Probe. 

Commun. Phys. 2019, 2 (1), 50.  

(42)  Vélez, S.; Bedoya-Pinto, A.; Yan, W.; Hueso, L. E.; Casanova, F. Competing Effects at 



 26 

Pt/YIG Interfaces: Spin Hall Magnetoresistance, Magnon Excitations, and Magnetic 

Frustration. Phys. Rev. B 2016, 94, 174405.  

(43)  Lan, J.; Yu, W.; Xiao, J. Antiferromagnetic Domain Wall as Spin Wave Polarizer and 

Retarder. Nat. Commun. 2017, 8 (1), 178.  

(44)  Yu, W.; Lan, J.; Xiao, J. Polarization-Selective Spin Wave Driven Domain-Wall Motion in 

Antiferromagnets. Phys. Rev. B 2018, 98 (14), 144422.  

(45)  Appel, P.; Shields, B. J.; Kosub, T.; Hedrich, N.; Hübner, R.; Faßbender, J.; Makarov, D.; 

Maletinsky, P. Nanomagnetism of Magnetoelectric Granular Thin-Film Antiferromagnets. 

Nano Lett. 2019, 19 (3), 1682–1687.  

(46)  Wadley, P.; Reimers, S.; Grzybowski, M. J.; Andrews, C.; Wang, M.; Chauhan, J. S.; 

Gallagher, B. L.; Campion, R. P.; Edmonds, K. W.; Dhesi, S. S.; et al. Current Polarity-

Dependent Manipulation of Antiferromagnetic Domains. Nat. Nanotechnol. 2018, 13 (5), 

362–365.  

(47)  Tveten, E. G.; Qaiumzadeh, A.; Brataas, A. Antiferromagnetic Domain Wall Motion 

Induced by Spin Waves. Phys. Rev. Lett. 2014, 112 (14), 147204.. 

(48)  Kosevich, A. M.; Ivanov, B. A.; Kovalev, A. S. Magnetic Solitons. Phys. Rep. 1990, 194 

(3–4), 117–238.. 

(49)  Gomonay, E. V.; Loktev, V. M. Spintronics of Antiferromagnetic Systems (Review 

Article). Low Temp. Phys. 2014, 40 (1), 17–35.  

(50)  Rezende, S. M.; Rodríguez-Suárez, R. L.; Azevedo, A. Diffusive Magnonic Spin Transport 

in Antiferromagnetic Insulators. Phys. Rev. B 2016, 93 (054412). 



 27 

(51)  Takei, S.; Tserkovnyak, Y. Superfluid Spin Transport Through Easy-Plane Ferromagnetic 

Insulators. Phys. Rev. Lett. 2014, 112 (22), 227201. 

(52)  Kim, S. K.; Takei, S.; Tserkovnyak, Y. Thermally Activated Phase Slips in Superfluid Spin 

Transport in Magnetic Wires. Phys. Rev. B 2016, 93 (2), 020402. 

(53)  Kim, S. K.; Tserkovnyak, Y. Topological Effects on Quantum Phase Slips in Superfluid 

Spin Transport. Phys. Rev. Lett. 2016, 116 (12), 127201.  

(54)  Upadhyaya, P.; Kim, S. K.; Tserkovnyak, Y. Magnetic Domain Wall Floating on a Spin 

Superfluid. Phys. Rev. Lett. 2017, 118 (9), 097201. 

(55)  Kim, S. K.; Tserkovnyak, Y. Magnetic Domain Walls as Hosts of Spin Superfluids and 

Generators of Skyrmions. Phys. Rev. Lett. 2017, 119 (4), 047202.  

(56)  Chumak, A. V.; Vasyuchka, V. I.; Serga, A. A.; Hillebrands, B. Magnon Spintronics. Nat. 

Phys. 2015, 11 (6), 453–461.  

 

 

 

  



 28 

Table of Contents Graphic 

 

 


