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Motivated by the recently discovered magnonic Hanle effect in an insulating antiferromagnet [1],
we develop a spin transport theory based on low-energy waves of antiferromagnetic Néel order.
These waves have two polarizations, which we describe in analogy to optics using the Stokes vector
on the Poincaré sphere. We find that the polarization, which encodes the magnon spin angular
momentum, changes periodically with a frequency that is nonlinear in the magnetic field. This
explains the observed asymmetry in the Hanle signal as a function of the magnetic field, along
with other salient experimental features. By providing an energy-resolved description of the spin
injection, our theory combines the kinetic transport of magnons with the coherent dynamics of their
polarization in an intuitive way. This opens a general perspective on a coherent control of magnonic
spin density in collinear antiferromagnets.

Antiferromagnetic materials, characterized by their
staggered spin order (Néel order), have become promis-
ing candidates in spintronic applications [2, 3]. Due to
their net zero magnetization and ability to harness spin-
orbit effects [4–10], they possess many useful properties,
such as the lack of stray magnetic fields, the resilience
to external magnetic noise, and ultrafast spin dynam-
ics [11], while retaining effective magnetoelectric controls.
The staggered character of the spin order leads to two
kinds of low-energy excitations (magnons) that are dis-
tinguished by their polarization [12, 13]. This polariza-
tion, in turn, controls the spin angular momentum of the
magnons, which can provide a handle on the spin cur-
rent in antiferromagnetic devices [1, 14–16]. Recently,
this has been demonstrated in the form of the magnonic
Hanle effect [1], where the magnon spin is manipulated
by an applied magnetic field [17]. In this experiment,
see Fig. 1(a), a spin current is continuously injected into
the antiferromagnet (blue) via the spin Hall effect (I)
and measured at the detector via the inverse spin Hall
effect (Udet). The resultant spin Hall voltage Udet shows
a maximum at a finite magnetic field h0, two minima,
and an asymmetry with respect to h0, see Fig. 1(b). In
Ref. [1], the experimental findings are interpreted in anal-
ogy to the electronic spin Hanle effect [18, 19], i.e., in
terms of the diffusive transport of a pseudospin [1, 20–
22] that undergoes a Larmor-like precession in a pseudo-
magnetic field. While this phenomenological theory does
indeed capture some essential features, it lacks a more
fundamental, energy-resolved description. Moreover, it
does not explain the asymmetry of the experimental sig-
nal and crucially depends on the presence of Dzyaloshin-
skii–Moriya interaction (which we argue not to be the
case).
In this paper, we develop a microscopic perspective,

which bridges the key aspects of magnon kinetics with
coherent precession of the Stokes vector parametrizing
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FIG. 1. (a) Experimental geometry. Antiferromagnetic
hematite (blue) is in contact with two platinum electrodes
(gray) separated by length ℓ which serve as spin injector and
detector, respectively. An injected right-circularly polarized
Néel order wave continuously changes polarization (and thus
spin) along the trajectory (yellow). (b) Measured spin Hall
signal Udet normalized by the maximum U0 as a function of
the in-plane magnetic field h normalized by h0 [see Eq. (11)].
Experimental data (orange dots) were read off from Fig. 2
in Ref. [1] and are compared to our theory (line). The pa-
rameters for the fit are τrel = 80h−1

0 , D = 0, ℓ = 5
√
Dτrel,

kBT = 30h0, and ∆ = 4h0. For the inset, we use the param-
eters τrel = 23h−1

0 and ℓ = 22
√
Dτrel.

elliptical polarization, while accounting for energy de-
pendence of the spin injection, propagation, and detec-
tion processes. To this end, we start with a classical
description of the dynamics of the Néel order waves and
represent their polarization using the Stokes vector on
the Poincaré sphere in analogy to optics. Employing
an energy-resolved description of the interfacial spin cur-
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rents [23, 24], we express the spin Hall signal at the de-
tector as

Udet ≈ C
kBT∫
∆

dε

∞∫
0

dτg(ℓ, τ) cos [η(ε)τ ] . (1)

The result has an intuitive interpretation, where each
magnon of energy ε (the lower bound ∆ is roughly given
by the magnon gap and the upper bound by temperature
kBT ) travels diffusively from injector (z = 0) to detector
(z = ℓ) in a time τ described by the diffusive propagator
g(ℓ, τ). The polarization and thus spin of the magnon
oscillates as cos [η(ε)τ ], where the frequency η(ε) depends
nonlinearly on the magnetic field h and the energy ε.
In Fig. 1(b), we compare the theory (blue line) to the
detected spin signal (orange dots). The equation (1) is
derived below, along with the expression for the prefactor
C. We remark that additional energy-dependent factors
in the integrand cancel out in the low-energy description
of a collinear antiferromagnet.
Néel order dynamics.—Classically, the magnetic order

in an antiferromagnet is conveniently described by two
fields, namely the Néel order n with |n| = 1 and the spin
density ρ with n ·ρ = 0. The Lagrangian in a low-energy
effective theory takes the form [25]

L[n,ρ] =ρ · n× ṅ− A

2

∑
i=x,y,z

(∂in)
2 − ρ2

2χ

+ ρ · (h+ n×D)− K

2
(c · n)2 , (2)

where A is the Néel order stiffness and χ the transverse
spin susceptibility. In addition, we include Dzyaloshin-
skii–Moriya interaction with D = Dex and a Zeeman
term with the externally applied magnetic field h = hey.
Also, the system possesses an easy-plane anisotropy K
with c = ex [1]. To incorporate Gilbert damping, we use
the Rayleigh dissipation function [26]

R[ṅ] =
α

2
ṅ2, (3)

with Gilbert damping coefficient α. We study the clas-
sical wave dynamics of an injected right-circularly po-
larized Néel mode (which is the classical counterpart
of magnons with spin +ℏ). For this purpose, we in-
tegrate out the spin density ρ and expand in small
perturbations n = n0 + δn with n0 = (0, 0, 1) and
δn =

[
δnx, δny,−(δn2

x + δn2
y)/2

]
ensuring n2 = 1. We

find the decoupled wave equations of two linearly polar-
ized Néel modes [27](

∂2
t − c2∇2 +

1

τrel
∂t +∆2

x/y

)
δnx,y = 0, (4)

where we define the magnon speed c =
√
A/χ, the

relaxation time τrel = χ/α, and the frequency gaps
∆2

x = K/χ + D2 + hD and ∆2
y = h2 + hD. The

resulting eigenmodes have gapped dispersions ωx/y =√
∆2

x/y + (ck)2 + O(τ−2
rel ) which give rise to the average

frequency and the detuning

ω̄(k) =
ωx(k) + ωy(k)

2
, (5)

η(k) = ωx(k)− ωy(k), (6)

respectively. The plane-wave solutions (up to taking the
real part) are then given by

δn(r, t) = Cp(t)ei[k·r−ω̄(k)t]e−t/2τrel , (7)

with small amplitude C ≪ 1. The polarization is de-
scribed by the (complex) Jones vector

p(t) =
1√
2

[
e−iη(k)t/2ex + ieiη(k)t/2ey

]
, (8)

which, initially, is right circular, p(0) = p⟲ = (ex +

iey)/
√
2 and thus a superposition of linear polarized

eigenmodes. A convenient tool to visualize the polar-
ization is given by the (real) 3d Stokes vector S =
(S1, S2, S3) defined on the Poincaré sphere [28]. It can
be derived from p(t) via

S(k, t) = R1

(π
2

)∑
i,j

p∗i (t)σijpj(t), (9)

using the Pauli matrices σ = (σ1, σ2, σ3). To ensure
that the north (south) pole of the Poincaré sphere corre-
sponds to a right-circular (left-circular) polarization p⟲
(p⟳), we perform a rotation by π/2 about the 1-axis us-
ing R1(π/2). We emphasize that the Stokes vector is,
in principle, not related to real space. Only its projec-
tion on the 3-axis, e3 ·S(k, t), is proportional to the spin
(projected on the Néel order n0) that is carried by the
wave [27]. Thus, linear polarized waves found on the
equator of the Poincaré sphere have zero spin [29]. From
Eq. (8) and Eq. (9), we find that the dynamics of the
Stokes vector are described by

Ṡ(k, t) = −η(k)× S, (10)

where η(k) = (0, η(k), 0). Thus, the detuning η(k) leads
to a precession of the Stokes vector around the 2-axis
on the Poincaré sphere which corresponds to a continu-
ously changing polarization of the wave, see Fig. 2(a)-(b).
Specifically, the polarization is changing from (i) right
circular to (iii) −π/4 linear to (v) left circular to (vii)
+π/4 linear and back to right circular (i).

From our classical considerations of Néel dynamics, we
can draw already two of the main conclusions about the
magnonic Hanle effect. First, for a particular nonzero
magnetic field

h0 =
√
K/χ+D2, (11)

we get ∆x = ∆y, i.e., a degeneracy of the two linearly-
polarized eigenmodes δnx,y [30]. In this limit, there is
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FIG. 2. (a) Polarization of Néel order mode described by 3d
Stokes vector (orange arrow) which changes on the Poincaré
sphere by rotation around the 2-axis (green), where |↔⟩ and
|↕⟩ are the stationary polarizations of the eigenmodes. (b)
Néel mode polarization changing from (i) right circular |⟲⟩
to (iii) −π/4 linear |↘↖⟩ to (v) left circular |⟳⟩ to (vii) +π/4
linear |↙↗⟩ and back to (i) right circular |⟲⟩. In between
[(ii),(iv),(vi),(viii)], the polarization is elliptical.

zero precession, η(k) = 0, and circularly polarized modes
become proper eigenmodes as well. This, in turn, means
that the spin angular momentum of an injected Néel or-
der wave does not oscillate in time resulting in a maxi-
mum signal Udet at the detector, see Fig. 1(b) [31]. Sec-
ond, the precession frequency is, in general, nonlinear in
the magnetic field

η(k) =
√
h2
0 + hD + (ck)2 −

√
h2 + hD + (ck)2 (12)

=
h2
0 − h2

2ck
+O

(
1

k3

)
, (13)

where in the second line we performed an expansion in
k−1. Due to this nonlinearity in h, the local minima
of the signal Udet are found nonsymmetrically around
h0 at positions h0 ± δh± with δh− ̸= δh+. Using the
condition η(k)τ = ∓π that the polarization (spin) has
flipped from right-circularly (+ℏ) to left-circularly (−ℏ)
polarized modes, where τ is a characteristic time for
a magnon to travel from injector to detector, we find
that δh− ≥ δh+. This explains why the signal Udet is
stretched for h < h0 and compressed for h > h0, see

Fig. 1(b). Only for D = k = 0, we retrieve Larmor-
like physics with η(0) = h0 − h and the signal becomes
symmetric, δh− = δh+. Moreover, we find that the
Dzyaloshinskii–Moriya interaction D is dispensable for
the effect in contrast to what is found in Ref. [1]. Our
findings are in agreement with micromagnetic simula-
tions performed in Ref. [32].
Kinetic theory.—To quantify the time τ it takes for

magnons to travel from injector to detector, we assume
for each energy ε a 2d diffusive transport regime [33] with
r = (y, z) due to the effective 2d geometry of the setup

∂tm(ε, r, t) = D∇2m− m

τrel
, (14)

with magnon density m(ε, r, t) per volume and energy,
diffusion constant D, and spin relaxation time τrel. Here,
we assume besides Gilbert damping also elastic, spin-
conserving scattering events with a constant mean free
path ℓmfp, leading to an energy-independent diffusion co-
efficient D ∼ c ℓmfp. We remark that the kinetic the-
ory is readily adaptable to other transport regimes (e.g.,
energy-dependent diffusion). Now, in order to keep track
of the polarization dynamics, we combine Eq. (10) and
Eq. (14) to obtain

∂tq(ε, r, t) = D∇2q− q

τrel
− η(ε)× q+Q(ε, r), (15)

where q(ε, r, t) is the coarse-grained product of the
magnon density m(ε, r, t) and the associated Stokes vec-
tor S(ε, r, t) describing the polarization. Here, we ap-
proximate the dispersion as linear ε ≈ ℏck and write
η(ε) ≡ η(k). For consistency, we introduce a lower cut-
off ∆ < ε with ∆ ∼ ∆x,y, anticipating that modes near
the gap are of minor importance in spin transport due to
their low velocity and high detuning, see Fig. 3. Finally,
we added a source term

Q(ε, r) = jinjs (ε)
W

d
δ(z)Θ

(
L

2
− |y|

)
e3 (16)

which continuously injects a spin current I injs =∫
dε jinjs (ε)WL at z = 0 of right-circularly polarized Néel

order waves at the interface. Here, W and L are the
width and length of the injector and d is the thickness of
the hematite film.

The magnon kinetic theory of spin transport summa-
rized in Eq. (15)-(16) is the key result of this paper. For
spin transport in electronic systems [18, 34], it is often
justified to neglect the energy dependence, as the relevant
processes take place close to the Fermi energy. For spin
transport in magnonic systems, on the other hand, the
energy dependence is crucial. Thereby, our microscopic
theory is going beyond an energy-independent descrip-
tion of pseudospin dynamics as introduced in Ref. [1]. In
the next section, we estimate the energy dependence of
the injected spin current jinjs (ε).
Interfacial spin current.—At the interface, itinerant

electrons in the normal metal can inelastically flip their
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AF

FIG. 3. Spin injection at the interface between normal metal
(N) and antiferromagnet (AF). Spin-flip excitations in N are
effectively described by a Bose-Einstein distribution (red)
with spin accumulation µ and temperature T . At the in-
terface, electrons flip their spin from +ℏ/2 to −ℏ/2 (red ar-
rows) creating a right-circularly polarized Néel mode (orange
arrow), i.e., a superposition of eigenmodes (green and blue).
Due to a low velocity and high detuning, excitations close to
the band gap (gray area) can be neglected by approximating
ε = ℏck (gray dashed line) and limiting the integration from
∆ to kBT .

spin ℏ/2 to create a magnon (right-circularly polarized
Néel mode) in the antiferromagnet and vice versa, see
Fig. 3. To model this interfacial spin current, we use the
formula [27]

j⟲s (ε) =
ℏ2g↑↓n
4πχ

N (ε) [nBE(ε− µ)− n(ε)] , (17)

where nBE(ε−µ) =
[
e(ε−µ)/kBT − 1

]−1
describes the

Bose-Einstein distributed spin-flip excitations in the
metal with spin accumulation µ, and n(ε) describes the
occupation of right-circularly polarized magnons in the
antiferromagnet. An analogue contribution j⟳s comes
from left-circularly polarized magnons, where the expres-
sion has an overall minus sign and we have to replace
µ by −µ [27]. The total spin current is then given by
js = j⟲s + j⟳s . g↑↓n is the interfacial spin-mixing conduc-
tance per area which we assume to be equal at injector

and detector. N (ε) = ε2

2π2c3ℏ3 is the density of states per
energy and volume for one magnon branch. We empha-
size the difference to a normal metal/ferromagnet inter-
face [23], where we would obtain an additional factor of
ε. In the following, we assume that the interfaces act as
bottlenecks of spin transfer so that build-up of injected
magnons can be ignored. Thus, at the injector, we can
assume n(ε) ≈ nBE(ε) leading to the inflowing spin cur-
rent

jinjs (ε) ≈ 2g↑↓n
(2πc)3ℏχ

µkBT, (18)

where we expanded in the spin accumulation µ and as-
sumed the Rayleigh-Jeans limit (ε ≪ kBT ). Remark-
ably, the current becomes completely energy indepen-
dent. Similarly, at the detector, where µ = 0, the ex-
cess magnons are now on the antiferromagnetic side and
given by the diffusive spin density ρz(ε, r) at r = (y, ℓ)
with −L/2 < y < L/2. We obtain the outflowing spin
current

jdets (ε, r) =
ℏg↑↓n
4πχ

ρz(ε, r), (19)

where ρz(ε, r) = e3 · q(ε, r) is given by the stationary
solution of Eq. (15) [27]. In Fig. 4(a), we show the nor-
malized spin current density jdets (ε) for various energies ε
as a function of the magnetic field h. We find that for all
energies the central peak is found at h = h0. However,
its width is roughly given by

∆h ≈ 2π

ℏ

√
D

lτrel

ε

h0
, (20)

and therefore grows linearly with energy ε, see Fig. 4(b).
Additional, secondary peaks occur whenever the Stokes
vector S of the magnons rotates on average by an angle
2nπ (maxima) or (2n+1)π (minima) around the Poincaré
sphere on their way from injector to detector. Since the
detuning η(ε) is energy dependent, the secondary peak
positions change as a function of ε. Also, the asymmetry
in the magnetic field h is clearly visible in Fig. 4(b).
Finally, in the detector, this spin current jdets in turn

induces a charge current jdetc via the inverse spin Hall ef-
fect, jdetc = θjdets , which gives rise to the detected voltage

Udet =
θ

σ

L/2∫
−L/2

dy

∫
dε jdets (ε, y, ℓ)

≈ θ

σ

ℏg↑↓n
4πχ

WL

d
jinjs︸ ︷︷ ︸

C

kBT∫
∆

dε

∞∫
0

dτg(ℓ, τ) cos [η(ε)τ ] ,

(21)

where θ is proportional to the spin Hall angle [35]
and σ is the electrical conductivity. In the second
line, we use that L ≫ ℓ and introduce the propagator

g(ℓ, τ) = e−ℓ2/4Dτe−τ/τrel/
√
4πDτ of an effective 1d dif-

fusion equation with relaxation [27]. Also, we roughly
limit the integration to ∆ < ε < kBT , see Fig. 3. The
upper limit allows us to use the Rayleigh-Jeans limit,
while the lower limit ∆ ≳ ∆x,y ignores states near the
band gap due to their slow velocity and large detuning.
The final equation (21) has a very intuitive interpreta-
tion. Each magnon with energy ε that is injected at
the source z = 0 propagates diffusively to z = ℓ in a
time τ during which the spin oscillates with η(ε) and
decays with τrel. Interestingly, each energy slice dε con-
tributes equally. By comparing to the experimental data
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FIG. 4. (a) Spin current density jdets (ε) per energy injected
into the detector as a function of magnetic field h for ε =
0.2 kBT (blue), ε = 0.4 kBT (green) and ε = 0.8 kBT (black).
jdets (ε) is normalized by the maximum value js,0. In (b), we
show jdets /js,0 as a function of both h and ε. Since we use
an approximated linear dispersion ε ≈ ℏck, the excitations
close to the band gap (gray shaded area) are not adequately
captured. The remaining parameters are the same as in Fig. 1.

extracted from Ref. [1], we find a good agreement, see
Fig. 1(b). By assuming larger separations ℓ ≫ √

Dτrel
[see the inset of Fig. 1(b)], we can even reproduce the
overshooting for small and large magnetic fields, albeit
at the expense of a smaller signal.
Discussion and outlook.—Exploiting the coherent con-

trol of the polarization of magnons in antiferromag-
nets is a promising route in future spintronics applica-
tions [1, 14–16]. Starting from the classical Néel order
dynamics, we derived an intuitive kinetic equation keep-
ing track of both the magnon density and polarization.
While the dynamics of the magnon density can be de-
scribed by a generic kinetic theory, the magnon polariza-
tion dynamics is governed by energetics and is described
in terms of the Stokes vector on the Poincaré sphere —
in analogy to optics. In addition, we explicitly model the
energy-resolved interfacial spin currents, allowing us to
describe both spin injection and detection. Applying our
theory to the magnetic Hanle effect, we found that the in-
jected right-circularly polarized modes show a precession
of the Stokes vector with a frequency that is nonlinear
in the magnetic field and only weakly dependent on the
Dzyaloshinskii–Moriya interaction. For simplicity, we as-
sumed in our kinetic theory only elastic scattering events
leading to an energy-conserving diffusion equation. We
find that the resulting inverse spin-Hall voltage measured
in Ref. [1] (data extracted from Fig. 2 of publication) is
well reproduced by our model, including the asymmetry
in the magnetic field.

As an outlook, our magnon kinetic theory could be
applied to altermagnets. In fact, we expect the Hanle ef-
fect to be a useful probe for altermagnetic physics as the
wavevector-dependent splitting (in the circularly polar-
ized basis) in such materials can lead to a reinforcement
of spin transfer and a suppression of the Hanle dephasing
due to anisotropies.

ACKNOWLEDGMENTS

This work was supported by the U.S. Department of
Energy, Office of Basic Energy Sciences under Grant No.
DE-SC0012190.

[1] T. Wimmer, A. Kamra, J. Gückelhorn, M. Opel,
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