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We show that the interaction between the spin-polarized current and the magnetization dynamics can be
used to implement black-hole and white-hole horizons for magnons—the quanta of oscillations in the
magnetization direction in magnets. We consider three different systems: easy-plane ferromagnetic metals,
isotropic antiferromagnetic metals, and easy-plane magnetic insulators. Based on available experimental
data, we estimate that the Hawking temperature can be as large as 1 K. We comment on the implications of
magnonic horizons for spin-wave scattering and transport experiments, and for magnon entanglement.
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Introduction.—Hawking’s 1974 postulation [1] that
black holes evaporate by radiating particles with a thermal
spectrum has triggered an enormous amount of scientific
research and debate. It showed that black holes have a
temperature—now called the Hawking temperature—
confirming earlier ideas by Bekenstein on black-hole
entropy and black-hole thermodynamics [2]. Computing
the black-hole entropy from a microscopic statistical-
physics description has been a key test of candidates for
quantum-gravity theories ever since [3]. At the founda-
tional level, the scaling of the black-hole entropy with area
rather than volume led to the formulation of the so-called
holographic principle [4] and to debates concerning the
black-hole information paradox [5].
Despite these developments, Hawking radiation from

gravitational black holes has not been observed yet. This is
in part due to the low Hawking temperatures associated
with astronomical black holes. Creating small black holes
—which should have a higher Hawking temperature—
seems experimentally impossible, and, if one were to
succeed, they would evaporate rapidly. To circumvent such
problems and to shed light on conceptual issues in the
theoretical treatment of Hawking radiation—such as the so-
called trans-Planckian problem—Unruh [6] suggested
experimentally creating black-hole-horizon analogues. A
black-hole horizon for sound waves in a flowing medium is
created by a transition from subsonic to supersonic flow,
such that waves along the flow and incoming from the
subsonic region cannot escape from the supersonic region.
A white-hole horizon is then a region where the flow
changes from supersonic to subsonic. In this case, a wave
traveling against the flow from the subsonic region cannot
penetrate the supersonic part. Unruh’s original proposal
concerned waves in water and motivated experiments in
that direction [7]. This system cannot be driven into the
quantum regime where the temperature is much lower than

the Hawking temperature. Nonetheless, by measuring the
energy dependence of reflection and transmission ampli-
tudes of waves scattering off the horizon in the classical
regime, the Hawking spectrum can be determined up to
normalization as the underlying physics is linear. This was
experimentally implemented in Ref. [8].
Unruh’s work motivated theoretical proposals for black-

hole-horizon analogues based on different systems in
different regimes [9,10]. These include theoretical propos-
als for superfluid helium [11], atomic Bose-Einstein con-
densates [12], light in dispersive media [13],
electromagnetic waveguides [14], ultracold fermions
[15], trapped-ion rings [16], exciton-polariton condensates
]17 ], light in nonlinear liquids [18], and, most recently,

Weyl semimetals [19]. Experimental observations of vari-
ous aspects of horizons have been reported for Bose-
Einstein condensates [20], optical systems [21], and
exciton-polariton condensates [22]. The essential ingre-
dients for analogue horizons are linearly dispersing waves
at long wavelengths and a background flow velocity which
can exceed the velocity of the waves.
In this Letter, we propose a solid-state realization of a

black-hole-horizon analogue. We outline how to use spin
transfer torques, i.e., torques arising from the interplay
between the spin current and the magnetization dynamics
[23], to implement a black hole for magnons—the quanta
of spin waves. In short, our proposal is based on the result
that a spin-polarized electric current through a magnetic
conductor interacts with the magnetization dynamics to
give the spin waves a Doppler shift with effective “spin-
drift” velocity vs—as was experimentally detected in
Ref. [24]. “Supersonic” and “subsonic” regions are then
regions were the velocity vs is larger and smaller (in
absolute value) than the spin-wave velocity c, respectively.
Our proposal is distinct from other implementations in

that the background flow for the excitations is not provided
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by a moving medium but rather by a separate “fluid”—the
spin current—that is controlled electrically and interacts
with the magnetization and its excitations. (The interaction
between magnons and spin superfluid currents was dis-
cussed in the context of magnon condensates in Ref. [25].)
In addition, the dissipation and, in particular, the dissipative
coupling of the spin current to the magnetization—or, in the
language of analogue gravity, the dissipative coupling
between excitations and background flow—is well under-
stood, which facilitates understanding its interplay with
Hawking radiation. Moreover, the interaction between
solitonic excitations—magnetic domain walls—and the
spin current allows for control over the position of domain
walls as has been demonstrated experimentally with the
long-term goal of building the magnetic “racetrack”
memory [26]. This allows for a controlled study of the
interaction between domain walls and the magnonic
horizon.
From a practical point of view, this system is attractive,

as it can be embedded in a device, can be electrically
contacted, and has properties that are controlled by mag-
netic fields and electrical currents. While this facilitates
experiments, a magnonic black-hole horizon may, in the
longer term, also serve as an on-chip resource of entangled
magnons for magnon-based quantum computation and
information purposes [27]—as pairs of Hawking particles
emitted from the horizon are entangled [1,28]. This was
experimentally demonstrated very recently in Bose-
Einstein condensates [20]. Below, we outline our proposals,
provide estimates for their Hawking temperatures, and
comment on experimental implications in the classical
and quantum regime. We discuss two systems: ferromag-
netic metals and antiferromagnetic metals. In the first of
these, experiments have advanced furthest, while experi-
ments on antiferromagnetic metals are rapidly catching up.
In the Supplemental Material [29], we also discuss a
proposal based on magnetic insulators.
Easy-plane ferromagnetic metal.—We consider a ferro-

magnetic metal far below its Curie temperature, such that
the unit vector nðx; tÞ along the direction of the magnetic
order parameter is the appropriate degree of freedom at low
energies and long wavelengths. Spintronics research over
the past decade [23,35–48] has established that, in the
presence of a steady-state transport current, it obeys the
Landau-Lifshitz-Gilbert equation with spin transfer torques
given by

� ∂
∂tþvs ·∇

�
n−n×Heff ¼−αn×

� ∂
∂tþ

β

α
vs ·∇

�
n; ð1Þ

provided that intrinsic spin-orbit coupling is not very
strong. In this equation, the velocity vs ¼ −gPμBj=2eMs,
which is proportional to the electrical transport-current
density j parametrizes the reactive and dissipative spin
transfer torques, corresponding to the terms proportional to

vs on the left- and right-hand sides of the above equation,
respectively. Here, g is the Landé factor, P the spin
polarization of the current, μB the Bohr magneton, e minus
the electric charge, and Ms the saturation magnetization.
The Gilbert damping parameter is given by α. Usually, the
dissipative coefficients β ∼ α because of approximate
Galilean invariance, and they are of the order 10−2. The
above equation accurately describes experiments on cur-
rent-driven domain wall motion in permalloy and other
magnetic materials [49–55], and it also predicts the spin-
wave Doppler shift that was measured in Ref. [24].
The effective field Heff ¼ −δE=ðℏδnÞ is determined as

the functional derivative of the energy E½n� and acquires
contributions from exchange, anisotropies, and external
fields. Here, we consider an easy-plane configuration and a
field in the z direction such that

E½n� ¼
Z

dx
a3

�
−
Js
2
n ·∇2nþ K

2
n2z þ Bnz

�
; ð2Þ

with a3 being the volume of a unit cell, Js the spin stiffness,
and B the external field (absorbing all prefactors). Finally,
K is the anisotropy contant that enforces the easy-plane
anisotropy. Minimization of this energy yields a magneti-
zation direction n ¼ −ẑ, with ẑ being the unit vector in the
z direction, for fields B > K. In this regime the magnons
disperse quadratically and have a gap ∼B − K. For B < K
the magnetization direction deviates from the z direction
and acquires a component in the x − y plane. In that case
we find that nz ¼ 1 − B=K, with the x − y component
determined by normalization. This latter so-called polar
phase can be interpreted as a Bose-Einstein-condensed
phase of magnons [56] and will turn out to have linearly
dispersing magnons.
The Landau-Lifschitz-Gilbert equation is rewritten

as a dissipative Gross-Pitaevskii equation by introducting
the complex field ψðx; tÞ by means of n¼
ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μB=2Ms

p
Re½ψ �Þ; ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μB=2Ms

p
Im½ψ �;μBjψ j2=MsÞ, which

corresponds to a classical linearized version of the usual
Holstein-Primakoff transformation. We find that

iℏ

� ∂
∂tþ vs · ∇

�
ψ ¼ ð−Js∇2 − μþ gjψ j2Þψ

þ ℏα

� ∂
∂tþ

β

α
vs · ∇

�
ψ ; ð3Þ

with the chemical potential μ ¼ K − B and the contact
interaction g ¼ KμB=Ms. In the polar phase when B < K,
and thus μ > 0, we insert ψ ¼ ffiffiffiffiffi

nc
p þ δψ , with nc ¼ μ=g

being the effective condensate density, into the above.
Linearizing with respect to δψ and δψ� leads to two
coupled equations for δψ and δψ�. Using the
Bogoliubov ansatz, we write δψ ¼ uðxÞe−iωt−
v�ðxÞeþiωt. The resulting equations are, up to the
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dissipative corrections proportional to α and β, equivalent
to the equation describing Bogoliubov excitations on top of
a Bose-Einstein condensate flowing with the velocity vs
[10,12,29]. Note, however, that here the velocity is given
not by a superflowing condensate but by the electrons
providing the nonzero charge current and the resulting
nonzero spin current. Taking, for the moment, vs to be
constant, we find in the long-wave limit and to leading
order in α and β the magnon dispersion relation
ðωk − vs · kÞ ¼ ck − iαck − iðα − βÞvs · k, with the spin-
wave velocity c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2JsðK − BÞp
=ℏ.

Black-hole and white-hole horizons are now imple-
mented by regions where the velocity vs changes from
jvsj < c to jvsj > c, and vice versa. We specifically con-
sider the setups in Fig. 1 that involve a wire geometry. A
current density is flowing from right to left, such that the
velocity vs is typically pointing from left to right (depend-
ing on the sign of the spin polarization P). A narrow region
in a wire leads to an increase in the current density, and
thus in jvsj with respect to a wider region. If the current
density in this narrow region is such that in the narrow
region jvsj > c, while in the wider regions of the wire we
have jvsj < c, there will be a black-hole horizon for
magnons coming from the wide region on the left (traveling
“downstream,” i.e., to the right) in Fig. 1(a). Similarly, there

will be a white-hole horizon for magnons traveling to the
left from the right “upstream” region in Fig. 1(b). A dent in
the wire creates a pair of horizons, a black and a white one
[see Fig. 1(c)].
Since α and β are small, we ignore, in the first instance,

dissipation. We focus in the following on black-hole
horizons. The Hawking temperature TH of the black-hole
horizon is then given by kBTH ¼ ℏ

2π ∂ðjvs − cjÞ=∂r [10],
where the derivative is taken at the horizon and in the
direction perpendicular to it, and where kB is Boltzmann’s
constant. Taking a typical value of Js ¼ 10−39 Jm−2 for the
exchange interactions, and B=kB and K=kB to be on the
order of 1 K [26], we estimate c ∼ 103 m=s, although it can
be made arbitrarily small by tuning B↑K. The critical
current density jc required for jvsj to exceed c is
jc ∼Msjejc=μB ∼ 1011 A=m2, where we took g ∼ P ∼ 1,
Ms=μB ∼ 1 nm−3, and c ¼ 1000 m=s. We note here that
such large, or even larger, current densities are quite
common in experiments on current-driven domain wall
motion [26]. Assuming now that the current density
changes over a length scale of a d ¼ 1 nm—which can
be achieved by nanofabrication techniques—we find that
TH ∼ ℏc=kBd ∼ 1 K. At zero temperature, pairs of mag-
nons are created with one magnon being absorbed by the
black hole. The black-hole horizon will emit magnons with
a thermal spectrum determined by TH into the subsonic
region left of the magnonic black-hole horizon in Fig. 1(a).
Of course, the current density leads to an increase in
temperature because of Joule heating such that zero or
small temperatures are difficult to achieve. By tuning the
field B to approach K, one can lower c and the required
critical current jc. The Hawking temperature will go down
accordingly, but the Joule heating is quadratic in temper-
ature, whereas the change in Hawking temperature is linear,
allowing disentanglement of both effects.
There are also signatures of the physics of Hawking

radiation in the classical regime, i.e., at temperatures
T ≫ TH, as the underlying processes are linear.
Following the arguments of Ref. [8], we have it that the
ratio of spin-wave transmission (t) and reflection (r)
amplitudes off the black-hole horizon is given by

jtðωÞj2
jrðωÞj2 ¼ exp

�
−

ℏω
kBTH

�
: ð4Þ

Spin-wave scattering experiments are standard in the field
of magnonics [57] and may thus provide a first step towards
observing the nontrivial features of magnonic black-hole
horizons. The presence of the horizon itself can, of course,
also be detected with a spin-wave scattering experiment.
Using the above expression for the transmission and

reflection coefficients, along with standard Landauer-
Bütikker expressions for magnon transport properties, we
find that magnon transport coefficients are proportional to
In ¼

R
dϵϵnjtðϵÞj2ð−∂nB=∂ϵÞ, with nBðϵÞ ¼ ½eϵ=kBT − 1�−1

FIG. 1. Setup for creating magnonic black-hole and white-hole
horizons. A narrow region of a wire that carries a steady-state
current leads to an increased current density such that the
background velocity ∝ −j exceeds the magnon velocity if the
current exceeds jc. (a) A magnonic black-hole (MBH) horizon
for magnons incoming from the left. (b) A magnon white-hole
(MWH) horizon for magnons incoming from the right. (c) A pair
of MBH and MWH horizons. Incoming and scattered spin waves
are illustrated.
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being the Bose-Einstein distribution function at the
temperature T. Here, I0 is proportional to the spin conduct-
ance and I1 to the magnon contribution to the heat
conductance. Using Eq. (4) and a conservation of the norm,
we conclude that, at low temperatures, the transport coef-
ficients behave as if the actual temperature T is replaced by
T�, with 1=T� ¼ 1=T þ 1=TH, so that T�=T ¼ ðTH=TÞ=
ð1þ TH=TÞ. For the purpose of this estimate, we have
replaced the Bose-Einstein distribution function by the
Boltzmann one. When TH ≪ T the transport coefficients
thus behave as if the temperature is equal to TH, while in the
opposite limit T� ≈ T. This may provide a transport sig-
nature of the Hawking radiation.
When jvsj > c the ferromagnetic ground state may

become unstable towards the formation of a modulated
state [40,41]. This will not affect the physics in the subsonic
region (i.e., left of the black-hole horizon in Fig. 1). Taking
into account the dissipative terms, we find that the magnons
are linearly stable, however, when jðα − βÞvsj < αc, which
provides a large window for stability since α and β are
usually approximately equal.
Isotropic antiferromagnetic metal.—Our next proposal

concerns an isotropic antiferromagnetic metal and may also
be implemented using a synthetic antiferromagnet—i.e.,
two ferromagnetic layers separated by a normal metal—
provided the interlayer exchange coupling is sufficiently
strong. The interaction between spin-polarized current and
the magnetization dynamics in antiferromagnets has been
studied theoretically over the past decade [58–60].
Recently, electrical switching of an antiferromagnet was
reported using strong spin-orbit coupling [61,62]. In the
opposite limit of strong exchange interactions between
electron spins and magnetization, the equation of motion
for the Néel vector n of the antiferromagnet is given by
[58–60]

n × ½n̈ − c2a∇2nþ ðv · ∇Þ2nþ 2ðv · ∇Þ _n� ¼ n × hd; ð5Þ

where the velocity v plays the same role for antiferromag-
nets as the velocity vs does for ferromagnets. Furthermore,
hd ∝ α½ _nþ βðv ·∇Þn=α� describes relaxation and will, as
with ferromagnets, be ignored in the first instance since
it is usually small. Generally, we have it that v ∝ j, with the
prefactor determined by microscopic physics. Estimates
[59,63] show that velocities similar to the case of
ferromagnets can be obtained; i.e., jvj can be on the
order of 1000–10000 m=s for current densities
j ∼ 1011–12 A=m2. Since the antiferromagnetic spin-wave
velocity ca is on the order of ca ∼ 1000 m=s, we conclude
that black-hole horizons can be created for magnons in
antiferromagnets, as jvj can exceed ca.
Linearizing Eq. (5) around a collinear state n0 by means

of n ¼ n0 þ δn, we find that

1

c2a

� ∂
∂tþ v · ∇

�
2

Φ −∇2Φ ¼ 0; ð6Þ

where Φ ¼ n0 × δn. This equation shows that antiferro-
magnetic magnons interacting with a transport current are
described analogously to sound waves propagating in a
medium with nonzero velocity, albeit antiferromagnetic
magnons have two polarizations. Following the arguments
of Ref. [6] and considering the setup in Fig. 1, we find the
same expression for the Hawking temperature as for the
ferromagnetic metal (with c replaced by ca and vs replaced
by v). The possibilities for experimental detection in the
classical and quantum regimes are also similar.
Discussion, conclusion and outlook.—In conclusion, we

have shown that the interaction between spin current and
magnetization dynamics can give rise to black-hole and
white-hole horizons for magnons. For the metallic easy-
plane ferromagnet, we have discussed the effect of relax-
ation and how it stabilizes the homogeneous magnetic
ground state. While an extensive investigation into the
effects of dissipation in the quantum regime is beyond the
scope of this paper, we expect that it gives rise to a
characteristic length scale ℏc=αkBT over which the system
needs to be quantum coherent to observe spontaneous
magnon pair creation. In our discussions, we have
neglected the effects of unwanted anisotropies that give
the magnons a gap. Such anisotropies can be neglected as
long as the gap is smaller than kBTH. Given the exper-
imental control over anisotropies by doping, sample shape,
and material composition, we expect that this will not pose
a severe limitation. For example, in a thin wide wire, the
easy-plane anisotropy—required for obtaining the linear
dispersion at long wavelengths—is much larger than the
unwanted shape anisotropy that ultimately pins the mag-
netization within the easy plane.
One of the most interesting aspects of Hawking radiation

is that the emitted particle pairs are entangled. For our case
of magnetic systems, the quantity

hŜ−−kŜ−k ihŜþ−kŜþk i − hŜþk Ŝ−k ihŜþ−kŜ−−ki ð7Þ

exceeds its classical value of zero if the emitted pairs are
entangled [28]. Here, Ŝþk and Ŝ−k are the usual spin raising
and lowering operators at magnon momentum k, and the
magnons forming the pairs are emitted with momenta þk
and −k. Using the results of Ref. [64], we expect that the
above correlation function can, in principle, be measured
from a spin-spin correlation function, e.g., by neutron
scattering. Another possibly is to detect the magnon
entanglement via spin current noise [65]. In future work
we will investigate possible quantum-information devices
exploiting the entanglement between the magnonic
Hawking partners. Other interesting directions for future
research include the interaction of ferromagnetic solitons,
i.e., domain walls, with the horizons, the inclusion of strong
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spin-orbit coupling, and the development of a transport
theory that treats the magnon transport beyond the esti-
mates made here.
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