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spin Hall phenomena
• Spin-orbit interactions: coupling between electrons’ orbital degrees of freedom with 

their spins, which in turn, couple to adjacent magnetization.
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We study the role of spin-orbit interactions in the coupled magnetoelectric dynamics of a ferromagnetic film
coated with an electrical conductor. While the main thrust of this work is phenomenological, several popular
simple models are considered microscopically in some detail, including Rashba and Dirac two-dimensional
electron gases coupled to a magnetic insulator, as well as a diffusive spin Hall system. We focus on
the long-wavelength magnetic dynamics that experiences current-induced torques and produces fictitious
electromotive forces. Our phenomenology provides a suitable framework for analyzing experiments on
current-induced magnetic dynamics and reciprocal charge pumping, including the effects of magnetoresistance
and Gilbert-damping anisotropies, without a need to resort to any microscopic considerations or modeling.
Finally, some remarks are made regarding the interplay of spin-orbit interactions and magnetic textures.
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I. INTRODUCTION

Several new directions of spintronic research have opened
and progressed rapidly in recent years. Much enthusiasm is
bolstered by the opportunities to initiate and detect spin-
transfer torques in magnetic metals [1] and insulators [2],
which could be accomplished by variants of the spin Hall
effect [3], along with the reciprocal electromotive forces
induced by magnetic dynamics. The spin Hall effect stands
for a spin current generated by a transverse applied charge
current, in the presence of spin-orbit interaction. From the
perspective of angular momentum conservation, the spin Hall
effect allows angular momentum to be leveraged from the
stationary crystal lattice to the magnetic dynamics. A range of
nonmagnetic materials from metals to topological insulators
have been demonstrated to exhibit strong spin-orbit coupling,
thus allowing for efficient current-induced torques.

Focusing on quasi-two-dimensional (2D) geometries, we
can generally think of the underlying spin Hall phenomena
as an out-of-equilibrium magnetoelectric effect that couples
planar charge currents with collective magnetization dynam-
ics. In typical practical cases, the relevant system is a bilayer
heterostructure, which consists of a conducting layer with
strong spin-orbit coupling and ferromagnetic layer with well-
formed magnetic order. In this case, the current-induced spin
torque reflects a spin angular momentum flux normal to the
plane, which explains the spin Hall terminology.

The microscopic interplay of spin-orbit interaction and
magnetism at the interface translates into a macroscopic
coupling between charge currents and magnetic dynamics. A
general phenomenology applicable to a variety of disparate
heterostructures can be inferred by considering a course-
grained 2D system, which both conducts and has magnetic
order as well as lacks inversion symmetry (or else the
pseudovectorial magnetization would not couple linearly to
the vectorial current density). In a bilayer heterostructure, the
latter is naturally provided by the broken reflection symmetry
with respect to its plane.

II. GENERAL PHENOMENOLOGY

Let us specifically consider a bilayer heterostructure with
one layer magnetic and one conducting, as sketched in Fig. 1.
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FIG. 1. (Color online) Heterostructure consisting of a magnetic
top layer and conducting underlayer. The charge current j induces a
torque τ acting on the magnetic dynamics, which quantifies the spin
angular-momentum transfer in the z direction. This can be thought
of as a spin current js entering the ferromagnet at the interface.
Reciprocally, magnetic dynamics ṅ induces a motive force ϵ acting
on the itinerant electrons in the conductor.

The nonmagnetic layer can be tailored to enhance spin-orbit
coupling effects in and out of equilibrium. Phenomenolog-
ically, we have a quasi-2D system along the xy plane,
which will for simplicity be taken to be isotropic and mirror
symmetric in plane while breaking reflection symmetry along
the z axis. In other words, the structural symmetry is assumed
to be that of a Rashba 2D electron gas (although microscopic
details could be more complex), subject to a spontaneous
time-reversal symmetry breaking due to the magnetic order.
Common examples of such heterostructures include a thin
transition-metal [1] or magnetic-insulator [2] film capped by
a heavy metal, or a layer of 3D topological insulator doped on
one side with magnetic impurities [4].

The course-grained hydrodynamic variables used to de-
scribe our system are the three-component collective spin
density (per unit area) s(r,t) = sn(r,t) ≡ (snx,sny,snz) and
the two-component 2D current density (per unit length)
j(r,t) ≡ (jx,jy) in the xy plane. Considering fully saturated
magnetic state well below the Curie temperature, we treat the
spin density as a directional variable, such that its magnitude
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• magneto-electric coupling between planar charge currents and magnetization in the 
adjacent (insulating) magnet.

- possibility to induce torques on the magnetization using electrical currents
- possibility to induce electromotive forces using magnetization dynamics



spin Hall phenomena - experiment
• experimental evidence for macroscopic coupling between electrical currents and 

magnetization dynamics in normal metal-magnet bilayers

field produced by the CPW is about 3 orders of magnitude
larger than its in-plane component, one is tempted to simply
neglect the terms arising form the in-plane field. This
approach is justified as long as only a single layer is studied.
However, as soon as a FM-NM bilayer with a highly
conductive NM is used, the inductively or capacitively
coupled microwave current largely flows in the NM and
therefore generates an in-plane Oersted field of the same
frequency and phase and with an amplitude comparable to the
rf field generated by the CPW. Hence the rf current distribu-
tion in the bilayer has a significant effect on the magnetization
dynamics in the FM layer and can even be the dominating
source of dc voltage generation by the AMR (Obstbaum et al.,
2014). Using standard electromagnetic wave simulation
codes, the rf magnetic-field contribution can be calculated
rather accurately.
When performing angular-dependent measurements, the

symmetric and antisymmetric contributions due to the ISHE
and the AMR can be traced [see Figs. 34(a) and 3(b)]. While
for in-plane excitation the signal shows the same angular

dependence, for the out-of-plane excitation case the antisym-
metric contribution can be suppressed completely at an angle
of φH ¼ 0 [see Fig. 34(d)]. The voltage contribution at this
angle is thought to arise from ISHE exclusively and allows
quantitative determination of the spin Hall angle. Note that in
these measurements both symmetric and antisymmetric con-
tributions can be observed in a bare FM layer when the angle
is set to φH ¼ 45° [see Fig. 34(c)].

2. Spin Hall effect modulation of magnetization damping

A MOD experiment that is the inverse of the FMR-SP was
proposed by Ando et al. (2008). In the MOD described in
Fig. 35, a FM-NM bilayer (in this case Py/Pt) is placed in a
microwave cavity (frequency 9.4 GHz) and subjected to an rf
driving field. By adjusting the external field, the bilayer can be
brought into FMR. A typical FMR trace dIðHÞ=dH is shown
in Fig. 35(b). The direction of the external magnetic field
encloses an angle θ with the direction of current flow. Since
the mm-sized sample consists of 10 nm NiFe and 10 nm Pt,
the effect of SP which contributes to the relaxation of the
precessing magnetization can be observed as a linewidth
broadening when comparing to the data obtained for a plain
NiFe film. Figure 35(c) illustrates the effect of a dc current
sent through the bilayer sample due to the combined action of
the SHE and STT. Because of the SHE a spin current is
generated in the Pt layer and enters the NiFe film. Its flow
direction is perpendicular to the interface and its polarization
direction σ depends on the direction of the current flow. The

FIG. 34 (color online). Symmetric (dots) and antisymmetric
(open squares) voltage signals amplitudes at FMR (at 12 GHz)
for a Py/Pt bilayer as a function of angle φH . In (a) the magnetic
excitation field is in-plane placing a Py/NM bilayer on top of the
signal line of a CPW. Both symmetric and antisymmetric
amplitudes obey a sinðφHÞ sinð2φHÞ behavior. (b) The magnetic
excitation field generated by the CPW is out-of-plane with respect
to the Py/Pt layers. The amplitudes of the antisymmetric part
follow a ½a sinðφHÞ þ b& sinð2φHÞ behavior. The symmetric part
obeys ½c sinðφHÞ þ d& sinð2φHÞ þ e cosðφHÞ, which reflects the
fact that the symmetric part is due to AMR and ISHE. (c) Voltage
at FMR for φH ¼ 45°, and (d) φH ¼ 0° for a single Py layer and a
Py/Pt bilayer. From Obstbaum et al., 2014.

FIG. 35 (color online). (a) A schematic illustration of the MOD
experiment to determine the spin Hall angle. H is the external
magnetic field, and Jc represents the applied electric current
density. (b) Magnetic-field dependence of the FMR signal for a
NiFe/Pt bilayer film and a pure NiFe film. Note the linewidth
broadening for NiFe/Pt due to SP. (c) Schematic illustration of the
spin Hall and the spin torque effects. M, Js, and σ denote the
magnetization, the flow direction of the spin-current density, and
the spin-polarization vector of the spin current, respectively. From
Ando et al., 2008.
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reaction, however, it is the spin polarization that generates an
electrical current (voltage) in the SGE. Inversely, an electrical
current generates the spin polarization in the ISGE.
Following theoretical predictions of the phenomena

(Ivchenko and Pikus, 1978; Aronov and Lyanda-Geller,
1989; Ivchenko, Lyanda-Geller, and Pikus, 1989; Edelstein,
1990; Malâshukov and Chao, 2002; Inoue, Bauer, and
Molenkamp, 2003), it was the SGE that was initially observed
in an asymmetrically confined two-dimensional electron gas
(2DEG) in a GaAs quantum well (Ganichev et al., 2002). The
key signature of the SGE is the electrical current-induced by a
nonequilibrium, but uniform, polarization of electron spins.
The microscopic origin of the effect is illustrated in Fig. 5. In
the nonequilibrium steady state, the spin-up and spin-down
subbands have different populations, induced in the Ganichev
et al. (2002) experiment by a circularly polarized light
excitation. Simultaneously, the two subbands for spin-up
and spin-down electrons are shifted in momentum space
due to the inversion asymmetry of the semiconductor struc-
ture, which leads to an inherent asymmetry in the spin-flip
scattering events between the two subbands. This results in the
flow of the electrical current.
A microscopic picture of the ISGE is illustrated in Fig. 6.

The uniform nonequilibrium spin density occurs as a conse-
quence of an electric-field and scattering induced redistribution
of carriers on the Fermi surface whose texture of spin expect-
ation values has a broken inversion symmetry. For the Rashba
spin-orbit coupling, illustrated in Fig. 6 for one chirality, the
uniform in-plane spin polarization is perpendicular to the
applied electrical current.

Initial observations of the ISGE were made in parallel with
the initial SHE experiments, in both cases employing the Kerr-
Faraday magneto-optical detection methods or circularly
polarized luminescence (Ganichev et al., 2004; Kato et al.,
2004a, 2004b; Silov et al., 2004; Wunderlich et al., 2004,
2005; Belkov and Ganichev, 2008; Ivchenko and Ganichev,
2008). Kato et al. (2004a, 2004b) observed the SHE and ISGE
in the same strained bulk n-InGaAs sample and Wunderlich
et al. (2004, 2005) detected the two effects in the same
asymmetrically confined 2D hole gas (2DHG) in a AlGaAs/
GaAs heterostructure.
Subsequently, it was predicted (Bernevig and Vafek, 2005)

and experimentally verified (Chernyshov et al., 2009) that the
ISGE can generate relativistic SOTs in a ferromagnetic semi-
conductor (Ga,Mn)As with broken inversion symmetry in the
strained crystal structure of a thin film sample. The reciprocal
relativistic effect converting magnetization dynamics into a
charge signal has also been observed in this inversion-
asymmetric (Ga,Mn)As material (Ciccarelli et al., 2014).
In the NM-FM bilayers with broken structural inversion

symmetry, both the SHE- and ISGE-based mechanisms have
been found to contribute to the relativistic spin torques
(Manchon et al., 2008; Miron et al., 2010; Pi et al., 2010;
Miron, Garello et al., 2011; Suzuki et al., 2011; Garello et al.,
2013; Kim et al., 2013; Pai et al., 2014). Similarly to the bulk
inversion-asymmetric materials, in the structurally asymmet-
ric NM-FM bilayers the reciprocal effects converting mag-
netization dynamics into charge signals have been observed
and attributed to the ISHE and SGE (Saitoh et al., 2006;
Rojas-Sánchez, Vila et al., 2013).
As mentioned, the SHE and the Mott scattering of free

electron beams can have the same extrinsic skew-scattering
origin (captured by the second-order Born approximation).
Moreover, in condensed matter systems, the SHE can arise
from the spin-dependent transverse deflection induced by the
intrinsic spin-orbit coupling in a perfect crystal with no
impurities. We also mentioned that this intrinsic SHE has
its direct counterpart in systems with broken time-reversal
symmetry in the intrinsic AHE.

E
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FIG. 5. Microscopic origin of the spin galvanic current in the
presence of k-linear terms in the electron Hamiltonian. The σykx
term in the Hamiltonian splits the conduction band into two
parabolas with the spin !1=2 in the y direction. If one spin
subband is preferentially occupied, for example, by spin injection
(the j − 1=2iy states shown in the figure) asymmetric spin-flip
scattering results in a current in the x direction. The rate of spin-
flip scattering depends on the value of the initial and final k
vectors. There are four distinct spin-flip scattering events pos-
sible, indicated by the arrows. The transitions sketched by dashed
arrows yield an asymmetric occupation of both subbands and
hence a current flow. If, instead of the spin-down subband, the
spin-up subband is preferentially occupied the current direction is
reversed. From Ganichev et al., 2002.
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FIG. 6 (color online). Left panel: Rashba spin texture for one of
the chiral states in equilibrium with zero net spin density. Right
panel: nonequilibrium redistribution of eigenstates in an applied
electric field resulting in a nonzero spin density due to broken
inversion symmetry of the spin texture. The opposite chirality
spin texture with lower Fermi wave vector is not drawn for clarity.
This reversed chirality will give and opposite but lower con-
tribution to the one shown, hence not changing the basic physics
illustrated here.
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- spin transfer torque

- inverse spin galvanic effect
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Mokrousov, 2010; Miao et al., 2013; Azevedo et al., 2014;
Mendes et al., 2014) or antiferromagnet (Zhang et al., 2014).
In FMR-SP, a spin current is injected from the FM into the

NM. The injected spin current is a pure ac spin current which
is not accompanied by a charge current but which nevertheless
can be detected electrically since it is converted into a charge
current by means of the ISHE in the NM (Saitoh et al., 2006).
The efficiency of the conversion process can be quantified by
the spin Hall angle. Since in the process of spin injection
angular momentum is lost in the FM, the FMR-SP leads to a
broadening of the FMR line (Mizukami, Ando, and Miyazaki,
2001; Urban, Woltersdorf, and Heinrich, 2001; Heinrich et al.,
2003), whereas the backflow of spin current into the ferro-
magnet generates a dc voltage that can also be used to detect
SP (Wang et al., 2006) as was experimentally demonstrated by
Costache, Watts, Sladko, van der Wal (2006) and Miao et al.
(2013). Note that an additional contribution that might
have to be taken into account in special cases arises from
the SGE as has recently been demonstrated for the Ag/Bi
interface (Rojas-Sánchez, Vila et al., 2013; Zhang et al., 2015)
and in FM-topological insulator surface state system (Fan
et al., 2014; Mellnik et al., 2014).
In MOD experiments, the direct SHE induced in the NM by

a dc electrical current is used to modify the damping in the FM
which is concomitantly driven into FMR by the application of
an rf magnetic field. In this approach, the dc spin current
generated by the SHE and injected across the NM-FM
interface leads to a damping or anti-damping-like torque
acting on the precessing magnetization of the FM.
Modulation of the damping is observed as a function of the
applied dc charge current and a detailed line-width analysis
allows extraction of the spin Hall angle (Saitoh and Ando,
2012). Note that the pure dc spin current is generated in the
bulk of the NM and that in order to quantitatively determine
the spin Hall angle it is important to know the transmissibility
of the NM-FM interface for the pure spin current.

In the SHE-STT, a spin current is used to transfer spin
angular momentum and thus to exert a torque on the magnetic
moments. In these experiments an ac current sent along the
NM-FM interface can create an rf excitation of the magneti-
zation of the FM via the SHE-STT. In conventional STT
junctions, an electrical current is sent perpendicular to a stack
with two FM electrodes to transfer angular momentum from
one FM to the other FM (Ralph and Stiles, 2008). SHE-STT
experiments, on the other hand, exploit the use of a
perpendicular pure spin current generated by an in-plane
electrical current in the attached NM via the SHE.
In both the MOD experiments and the SHE-STT, the

torques in the FM that are generated by the SHE in the
NM would be in addition to the ISGE-related SOTs present at
the inversion asymmetric FM-NM interface (Garello et al.,
2013; Freimuth, Blügel, and Mokrousov, 2014; Kurebayashi
et al., 2014). Hence, in these experiments the spin Hall angle
is in reality a parametrization of the total torques generated by
the currents and therefore it should be considered instead as
the effective spin Hall angle for the specific bilayer system. As
mentioned above, similarly spin pumping and detection of the
spin Hall angle via the ISHE may be affected by the SGE
arising from the specific bilayer interface.
In the rest of the section we expand on the details and recent

results of each of these FMR-based techniques. FMR-SP is the
more widely used technique to measure the effective spin Hall
angle thus we detail this technique more extensively.

1. Ferromagnetic resonance spin pumping

As described in the theory section (Sec. III.D),
Tserkovnyak, Brataas, and Bauer (2002a) and Tserkovnyak,
Brataas, and Halperin (2005) showed that the precessing
magnetization in a FM generates a spin current strictly at the
FM-NM interface, as sketched in Fig. 31. The spin current
generated at the interface propagates into the NM and
consequently decays on a length scale connected to the
effective spin-diffusion length λsd of the NM. As mentioned
in the theory section, we note that the term effective is used
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FIG. 30 (color online). Magnetoresistance curves as a function of
the angles (a) α, (b) γ, and (c) β, illustrated in the right panel. The
key contrast to conventional AMR is the trace in (b), where no
dependence is observed, while conventional AMR would give the
sinusoidal form illustrated in the dashed line. From Nakayama
et al. (2013).

FIG. 31 (color online). A spin current is generated by SP at the
FM-NM interface (gray arrows). The time-dependent spin polari-
zation of this current (indicated as a dark gray arrow) rotates
almost entirely in the y-z plane. The small time-averaged dc
component (small upward arrow) appears along the x axis. Both
components lead to charge currents in NM and can be converted
into ac and dc voltages by placing probes along the x and the y
direction, respectively. From Wei et al., 2014.
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simple models are considered microscopically in some detail, including Rashba and Dirac two-dimensional
electron gases coupled to a magnetic insulator, as well as a diffusive spin Hall system. We focus on
the long-wavelength magnetic dynamics that experiences current-induced torques and produces fictitious
electromotive forces. Our phenomenology provides a suitable framework for analyzing experiments on
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and Gilbert-damping anisotropies, without a need to resort to any microscopic considerations or modeling.
Finally, some remarks are made regarding the interplay of spin-orbit interactions and magnetic textures.
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I. INTRODUCTION

Several new directions of spintronic research have opened
and progressed rapidly in recent years. Much enthusiasm is
bolstered by the opportunities to initiate and detect spin-
transfer torques in magnetic metals [1] and insulators [2],
which could be accomplished by variants of the spin Hall
effect [3], along with the reciprocal electromotive forces
induced by magnetic dynamics. The spin Hall effect stands
for a spin current generated by a transverse applied charge
current, in the presence of spin-orbit interaction. From the
perspective of angular momentum conservation, the spin Hall
effect allows angular momentum to be leveraged from the
stationary crystal lattice to the magnetic dynamics. A range of
nonmagnetic materials from metals to topological insulators
have been demonstrated to exhibit strong spin-orbit coupling,
thus allowing for efficient current-induced torques.

Focusing on quasi-two-dimensional (2D) geometries, we
can generally think of the underlying spin Hall phenomena
as an out-of-equilibrium magnetoelectric effect that couples
planar charge currents with collective magnetization dynam-
ics. In typical practical cases, the relevant system is a bilayer
heterostructure, which consists of a conducting layer with
strong spin-orbit coupling and ferromagnetic layer with well-
formed magnetic order. In this case, the current-induced spin
torque reflects a spin angular momentum flux normal to the
plane, which explains the spin Hall terminology.

The microscopic interplay of spin-orbit interaction and
magnetism at the interface translates into a macroscopic
coupling between charge currents and magnetic dynamics. A
general phenomenology applicable to a variety of disparate
heterostructures can be inferred by considering a course-
grained 2D system, which both conducts and has magnetic
order as well as lacks inversion symmetry (or else the
pseudovectorial magnetization would not couple linearly to
the vectorial current density). In a bilayer heterostructure, the
latter is naturally provided by the broken reflection symmetry
with respect to its plane.

II. GENERAL PHENOMENOLOGY

Let us specifically consider a bilayer heterostructure with
one layer magnetic and one conducting, as sketched in Fig. 1.
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FIG. 1. (Color online) Heterostructure consisting of a magnetic
top layer and conducting underlayer. The charge current j induces a
torque τ acting on the magnetic dynamics, which quantifies the spin
angular-momentum transfer in the z direction. This can be thought
of as a spin current js entering the ferromagnet at the interface.
Reciprocally, magnetic dynamics ṅ induces a motive force ϵ acting
on the itinerant electrons in the conductor.

The nonmagnetic layer can be tailored to enhance spin-orbit
coupling effects in and out of equilibrium. Phenomenolog-
ically, we have a quasi-2D system along the xy plane,
which will for simplicity be taken to be isotropic and mirror
symmetric in plane while breaking reflection symmetry along
the z axis. In other words, the structural symmetry is assumed
to be that of a Rashba 2D electron gas (although microscopic
details could be more complex), subject to a spontaneous
time-reversal symmetry breaking due to the magnetic order.
Common examples of such heterostructures include a thin
transition-metal [1] or magnetic-insulator [2] film capped by
a heavy metal, or a layer of 3D topological insulator doped on
one side with magnetic impurities [4].

The course-grained hydrodynamic variables used to de-
scribe our system are the three-component collective spin
density (per unit area) s(r,t) = sn(r,t) ≡ (snx,sny,snz) and
the two-component 2D current density (per unit length)
j(r,t) ≡ (jx,jy) in the xy plane. Considering fully saturated
magnetic state well below the Curie temperature, we treat the
spin density as a directional variable, such that its magnitude

1098-0121/2014/90(1)/014428(8) 014428-1 ©2014 American Physical Society

• normal metal-magnet bilayers
- charge current in the xy plane
- structural inversion asymmetry in the z direction
- continuous rotational symmetry about the z axis
- mirror symmetry for all planes perpendicular to the xy plane

K. Garello et al., Nat. Nanotechnol. 8, 587 (2013) 
Y. Tserkovnyak and S. A. Bender, Phys. Rev. B 90, 014428 (2014)
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bolstered by the opportunities to initiate and detect spin-
transfer torques in magnetic metals [1] and insulators [2],
which could be accomplished by variants of the spin Hall
effect [3], along with the reciprocal electromotive forces
induced by magnetic dynamics. The spin Hall effect stands
for a spin current generated by a transverse applied charge
current, in the presence of spin-orbit interaction. From the
perspective of angular momentum conservation, the spin Hall
effect allows angular momentum to be leveraged from the
stationary crystal lattice to the magnetic dynamics. A range of
nonmagnetic materials from metals to topological insulators
have been demonstrated to exhibit strong spin-orbit coupling,
thus allowing for efficient current-induced torques.

Focusing on quasi-two-dimensional (2D) geometries, we
can generally think of the underlying spin Hall phenomena
as an out-of-equilibrium magnetoelectric effect that couples
planar charge currents with collective magnetization dynam-
ics. In typical practical cases, the relevant system is a bilayer
heterostructure, which consists of a conducting layer with
strong spin-orbit coupling and ferromagnetic layer with well-
formed magnetic order. In this case, the current-induced spin
torque reflects a spin angular momentum flux normal to the
plane, which explains the spin Hall terminology.

The microscopic interplay of spin-orbit interaction and
magnetism at the interface translates into a macroscopic
coupling between charge currents and magnetic dynamics. A
general phenomenology applicable to a variety of disparate
heterostructures can be inferred by considering a course-
grained 2D system, which both conducts and has magnetic
order as well as lacks inversion symmetry (or else the
pseudovectorial magnetization would not couple linearly to
the vectorial current density). In a bilayer heterostructure, the
latter is naturally provided by the broken reflection symmetry
with respect to its plane.

II. GENERAL PHENOMENOLOGY

Let us specifically consider a bilayer heterostructure with
one layer magnetic and one conducting, as sketched in Fig. 1.

y

z

j

ṅ
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H
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FIG. 1. (Color online) Heterostructure consisting of a magnetic
top layer and conducting underlayer. The charge current j induces a
torque τ acting on the magnetic dynamics, which quantifies the spin
angular-momentum transfer in the z direction. This can be thought
of as a spin current js entering the ferromagnet at the interface.
Reciprocally, magnetic dynamics ṅ induces a motive force ϵ acting
on the itinerant electrons in the conductor.

The nonmagnetic layer can be tailored to enhance spin-orbit
coupling effects in and out of equilibrium. Phenomenolog-
ically, we have a quasi-2D system along the xy plane,
which will for simplicity be taken to be isotropic and mirror
symmetric in plane while breaking reflection symmetry along
the z axis. In other words, the structural symmetry is assumed
to be that of a Rashba 2D electron gas (although microscopic
details could be more complex), subject to a spontaneous
time-reversal symmetry breaking due to the magnetic order.
Common examples of such heterostructures include a thin
transition-metal [1] or magnetic-insulator [2] film capped by
a heavy metal, or a layer of 3D topological insulator doped on
one side with magnetic impurities [4].

The course-grained hydrodynamic variables used to de-
scribe our system are the three-component collective spin
density (per unit area) s(r,t) = sn(r,t) ≡ (snx,sny,snz) and
the two-component 2D current density (per unit length)
j(r,t) ≡ (jx,jy) in the xy plane. Considering fully saturated
magnetic state well below the Curie temperature, we treat the
spin density as a directional variable, such that its magnitude

1098-0121/2014/90(1)/014428(8) 014428-1 ©2014 American Physical Society

"

⌧

• lower the temperature: quantization of the macroscopic degree of freedom, i.e., mono-
domain magnetization that collectively describes a macroscopic number of spins in the 
magnet

• spin Hall phenomena: electrical current can couple to the macroscopic quantum 
variables.



macroscopic quantum tunneling in magnetic systems

• macroscopic quantum tunneling in magnetic nanoparticles between different classical 
metastable configurations
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these experiments it has not been found 
possible to control or to characterize the 
particle size distributions. 

An alternate technique for making amor- 
phous ferrous particles of somewhat smaller 
dimensions uses a metallo-organic chemical 
vapor deposition process that is field-assisted 
by a scanning tunneling microscope tip in 
such a way that the deposition only occurs in 
a sub-lo nm region (15); this is shown in 
Fig. 1B. Another method that has proved 
successful for obtaining even smaller mag- 
netic structures relies on certain "natural" 
processes. The particles that are studied in 
the experiments described herein are pro- 
duced in horse spleens; these "ferritins," 
shown in Fig. lC, serve an iron-buffering 
and storage function in the animal body, 
consisting of a protein sheath surrounding a 
7.5-nm-diameter crystallite of a hydrated 
iron oxide closely related to aFe20, (hema- 
tite, a crystalline antiferromagnet) (16, 17). 
Other possible structures that are available 
for further study include certain fine ferrous 
particles that occur in soils, magnetic com- 
posites (1 I) ,  magnetite particles synthesized 
by magnetic bacteria, and small clusters of 
magnetic ions on a nonmagnetic surface 
produced by various surface deposition tech- 
niques (18). Recent progress on these latter 
materials has been reported in the deposition 
of iron (1 9) or cobalt (20) on the Au(ll1) 
surface (see Fig. ID); when done carefully, 
this process results in -1-nm particles 
spaced regularly on the Au(ll1) surface, 
separated by similar distances. 

Our studies on the dynamics of single- 
domain magnets at low temperatures focus 
on the quantum limit of "superparamag- 
netism." In sufficiently small magnetic par- 
ticles, especially ones that are magnetically 
soft (that is, have low anisotropy), the 
direction of the magnetization points in a 
single direction across the entire particle. 
Such a particle is superparamagnetic if this 
direction fluctuates in time from one pre- 
ferred orientation to another. In classical 
physics, at high temperatures, the super- 
paramagnetic fluctuations result from ther- 
mal agitation; in quantum physics, at low 
temperatures, the particle can coherently 
move from one magnetic orientation to 
another by tunneling (7), and this is the 
unique example of MQT described here. 

Magnetic Theory-Quantum 
Superparamagnetism 

We will consider here the dynamics of both 
ferromagnetic and antiferromagnetic parti- 
cles. In an FM, the spins of the constituent 
atoms are coupled together in such a way 
that they remain entirely "up" or "down," 
as seen in Fig. 2; the sum of all these spin 
vectors is the magnetization M of the par- 
ticle. In the magnets that we will consider 

(21), this magnetization will have two 
eauivalent low-enerm directions as indicat- u, 

ed in Fig. 2A, separated by an energy 
barrier that arises from the magnet's anisot- 
ropy (crystalline, shape, or surface). Anti- 

I 
Magnetization direction 

Fig. 2. (A) Schematic representation of the 
magnetic energy Eversus magnetization direc- 
tion, indicating two equivalent energy minima 
"up" and "down" separated by an energy bar- 
rier. The circular path labeled SW schematically 
indicates spin-wave motion. (B) Another repre- 
sentation of the energy barrier, with the heavy 
line indicating the (classical) saddle point path 
from one minimum to the other. The fine lines 
suggest the set of Feynman paths that need to 
be summed over to represent the quantum 
dynamics. (C) Representative arrangements of 
the atomic spins in the FM and AFM states; SW 
indicates the circular precession of spins in a 
wave of magnetization. Below this we show the 
progression of configurations as the systems 
progress from the "up" state over the barrier to 
the "down." The essential difference between 
the AFM and the FM is that in the "spin wave" 
and barrier configurations the FM spins remain 
nearly parallel, whereas in the AFM case their 
directions become skewed. 

Ferromagnetic Antiferromagnetic 

-3TTT 7 ~ ~ 1  
" t t t t  t  t t  t 

r n e r + + + +  A K K 

ferromagnets come in several varieties, but 
the Nee1 type is the most common and is 
well understood. In these, the magnetic 
coupling is such that neighboring spins 
prefer to be antialigned (Fig. 2C). The 
structure can be divided into two aligned 
sublattices, with magnetization vectors MI 
and M, = -MI. Ferromagnets and antifer- 
romagnets are particularly interesting be- 
cause their basic dynamical laws are very 
different from the dynamics of confined 
particles, yet these systems have dynamics 
that are different from one another. The 
action of the magnetization in a potential 
well is precession rather than oscillation. 
The classical law of motion for a magneti- 
zation M is the Bloch equation (22): 

Iownt  

Here y is the gyromagnetic ratio and E is 
the magnetic energy (originating, for exam- 
ple, from external fields or anisotropy). In 
addition, Bloch's equation says that the 
magnetization precesses in the direction 
perpendicular to the gradient of the energy, 
at a rate proportional to the magnitude of 
this gradient. Figure 3 indicates how such a 

t t t 

magnetization vector precesses as a function 
of time for so called "easy-axis anisotropy," 
for which there are potential minima for M 
lying in the 2 and - 2  directions. Such 
motion is a special case of a spin wave. 

For a NCel AFM, the classical dynamics 
are described by two coupled Bloch equa- 
tions for the two sublattice magnetizations 
MI and M, (22). In the lowest energy state 
the two sublattices will be exactly antipar- 
allel (if we assume that the same external 
field E acts on both sublatti~es); however, 
in a d~namical situation (Ma # 0) one 
sublattice lags the other slightly. This adds 

t t  t t  

Fig. 3. Representation of the magnetization 
vector M, showing the "up" state, the passage 
of M over the barrier to the "down" state, and 
the circular precessional motion of the spin 
wave (SW). 
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this talk: macroscopic magnetic qubit
• revisit the problem of macroscopic quantum tunneling in spintronic devices in the context 

of quantum bits
Spin superfluid Josephson quantum devices
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A macroscopic spintronic qubit based on spin superfluidity and spin Hall phenomena is proposed. This mag-
netic quantum information processing device realizes the spin-supercurrent analog of the superconducting phase
qubit, and allows for full electrical control and readout. We also show that an array of interacting magnetic phase
qubits can realize a quantum annealer. These devices can be built through standard solid-state fabrication tech-
nology, allowing for scalability. However, the upper bound for the operational temperature can, in principle, be
higher than the superconducting counterpart, as it is ultimately governed by the magnetic ordering temperatures,
which could be much higher than the critical temperatures of the conventional superconducting devices.

Introduction.—Macroscopic quantum phenomena in mag-
netic systems has been a topic of active research for a number
of years. Manifestations of such phenomena have been dis-
cussed in the context of ferromagnetic domain walls [1], mag-
netic nanoparticles [2, 3] as well as molecular magnets [4].
Molecular magnets, in particular, have garnered much atten-
tion for their potential utility in quantum information tech-
nology [5]. Despite these activities, research addressing the
possibility of macroscopic qubits in magnetic systems still re-
mains essentially absent. In this work, we propose the first
macroscopic spin-based qubit by combining two recent ad-
vancements in the field of spintronics: spin superfluidity and
spin Hall phenomena.

Spin superfluidity explores how analogs of conventional
superfluidity can be realized in magnetically ordered sys-
tems [6]. The Josephson e↵ect in conventional superfluids
involves a dissipationless mass flow between two weakly-
coupled superfluids, and relies on macroscopic phase coher-
ence of the superfluids each characterized by a U(1) order
parameter. Magnetic order in certain insulating magnets are
also described by macroscopic U(1) order parameters [6]. In
analogy with conventional superfluidity, coupling two such
magnets gives rise to the magnetic Josephson e↵ect involv-
ing dissipationless (superfluid) flow of spin angular momen-
tum between the magnets [7]. Spin Hall phenomenology is
often discussed in the context of a bilayer system consisting
of a normal metal with strong spin-orbit coupling and an in-
sulating ferromagnet [8]. The combination of spin-orbit cou-
pling in the metal and exchange coupling (between the con-
duction electron spins and the magnetic moments in the insu-
lator) at the metal|magnet interface allow angular momentum
to be transferred from the metal’s crystal lattice to the ferro-
magnet, thus engendering macroscopic coupling between the
electrical current in the metal and the magnetic order parame-
ter [9].

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling realizes a magnetic analog of the supercon-
ducting phase qubit [10] and permits full electrical control
and readout via spin Hall phenomena (see Fig. 1). We re-
fer to this device as the magnetic phase qubit. While electri-
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FIG. 1. The magnetic phase qubit. A mono-domain antiferromag-
net (AF) is exchange-coupled to a fixed mono-domain ferromagnet
(with its macrospin oriented along the x axis) and attached to a nor-
mal metal (N) with strong spin-orbit coupling. Charge current jc is
applied in the y direction in the N. Here, M denotes the total spin an-
gular momentum in the AF while n denotes the unit vector parallel
to the Néel order.

cal readout of molecular qubits can be challenging [5], spin
Hall phenomena o↵ers an alternative, and a possibly more
straightforward, method for electrical control and readout of
the magnetic qubit. The device is an example of a macro-
scopic qubit that can be constructed from solid state materials
and so should o↵er the same advantages as the superconduct-
ing qubits of strong inter-qubit coupling and scalability. The
magnetic qubit is based on antiferromagnets, which are known
to display macroscopic quantum behavior at higher tempera-
tures than ferromagnets [2]. We estimate the operational tem-
perature of the qubit to be T ⇠ 1 K, which, in contrast to
superconducting qubits, can be achieved by a pure helium-
4 cryostat without a dilution fridge. Furthermore, the zero
net magnetization in antiferromagnets implies that they do
not generate stray fields; this is advantageous when coupling
qubits, as it will eliminate any unwanted magnetic cross-talk
between neighboring qubits. We show that a coupled array of
these qubits can realize a quantum annealer [11], which could
be used to solve certain hard optimization problems and ma-
chine learning tasks.

Model.—The prototype magnetic phase qubit consists of
an isotropic (Heisenberg) antiferromagnetic insulator (AF) at-
tached to a normal metal (N) with strong spin-orbit coupling,
exchange-coupled to a fixed ferromagnetic layer, and sub-
jected to an external magnetic field in the �z direction (see
Fig. 1). We consider low enough temperatures such that only
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Introduction.—Macroscopic quantum phenomena have
long fascinated physicists for their importance in both funda-
mental science and device applications [1]. The most well-
studied of the phenomena is perhaps the Josephson e↵ect,
involving dissipationless flow of electrical current between
two weakly-coupled superconductors [2]. It plays a central
role in superconducting Josephson devices [3], which hold
promise as an architecture for a quantum bit (qubit), the basic
unit of quantum information [4]. Manifestations of macro-
scopic quantum behavior have also been pursued in magnetic
systems [5]. Indeed, macroscopic quantum phenomena have
been discussed in the context of depinning of ferromagnetic
domain walls [6], quantum tunneling between states with dif-
ferent magnetic orientations in ferromagnetic [7] and anti-
ferromagnetic [8] nanoparticles, as well as molecular mag-
nets [9]. Molecular magnets, in particular, have garnered
much attention for their potential utility in quantum informa-
tion technology [10]. However, an alternative macroscopic
qubit in magnetic systems is yet unexplored.

In this work, we introduce the first macroscopic spin-based
qubit by combining two recent advancements in the field of
spintronics: spin superfluidity and spin Hall phenomena. Spin
superfluidity explores how analogs of conventional superfluid-
ity can be realized in magnetically ordered systems [11]. The
conventional Josephson e↵ect relies on macroscopic phase co-
herence of the two superconductors, each characterized by a
U(1) order parameter. Magnetic order in certain insulating
magnets are also described by macroscopic U(1) order pa-
rameters [11]. In analogy with superconductors, coupling two
such magnets gives rise to the magnetic Josephson e↵ect in-
volving dissipationless (superfluid) flow of spin angular mo-
mentum between the magnets [12].

Spin Hall phenomenology is often discussed in the con-
text of a bilayer system consisting of a normal metal with
strong spin-orbit coupling and an insulating ferromagnet with
well-formed magnetic order [13]. The combination of spin-
orbit coupling in the metal and exchange coupling (between
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FIG. 1. Heterostructure that realizes the magnetic phase qubit.
A mono-domain easy-plane ferromagnet (F), with macrospin S, is
exchange-coupled to a fixed mono-domain ferromagnet (with its
macrospin oriented along the x axis) and attached to a normal metal
(N) with strong spin-orbit coupling. A charge current jc is applied in
the y direction in the N.

the conduction electron spins and the magnetic order) at the
metal|magnet interface allow angular momentum to be trans-
ferred from the metal’s crystal lattice to the ferromagnet, thus
engendering macroscopic coupling between the electrical cur-
rent in the metal and the magnetic moments in the ferromag-
net [14]. In light of these developments, one may question
whether the magnetic Josephson e↵ect can serve as a basis
for a qubit (in analogy with the superconducting Josephson
devices), and whether spin Hall phenomena can realize elec-
trical control and readout of such a qubit.

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling can realize a magnetic analog of the super-
conducting phase qubit [15] and permits full electrical con-
trol and readout via spin Hall phenomena. We refer to this
device as the magnetic phase qubit. We show how a cou-
pled array of these qubits can realize a quantum annealer [16],
which could be used to solve certain hard optimization prob-
lems and machine learning tasks. While the electrical readout
of molecular qubits can be challenging [10], spin Hall phe-
nomena o↵ers an alternative, and a possibly more straightfor-
ward, method for electrical control and readout of the mag-
netic qubit. The device is an example of a macroscopic qubit
that can be constructed from state-of-the-art solid state mate-

- propose a qubit based on macroscopic quantum phenomena in magnetic nanostructures
- experimental progress in spin-torque/spin pumping phenomena may give fully electrical 

means to control and readout qubit states

- what energy scale(s) set the upper bound for qubit operational temperature? (how can we 
improve the bound?)

- estimates of the decoherence times with state-of-the-art spintronic devices, and 
comparisons to two-qubit times

- possible with current spintronics technology: offers good inter-qubit coupling & scalability 

ferromagnetic prototype antiferromagnetic prototype

These heterostructures realize magnetic analogs of the superconducting phase qubit and permits full 
electrical control and readout via spin Hall phenomena
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Introduction.—Macroscopic quantum phenomena have
long fascinated physicists for their importance in both funda-
mental science and device applications [1]. The most well-
studied of the phenomena is perhaps the Josephson e↵ect,
involving dissipationless flow of electrical current between
two weakly-coupled superconductors [2]. It plays a central
role in superconducting Josephson devices [3], which hold
promise as an architecture for a quantum bit (qubit), the basic
unit of quantum information [4]. Manifestations of macro-
scopic quantum behavior have also been pursued in magnetic
systems [5]. Indeed, macroscopic quantum phenomena have
been discussed in the context of depinning of ferromagnetic
domain walls [6], quantum tunneling between states with dif-
ferent magnetic orientations in ferromagnetic [7] and anti-
ferromagnetic [8] nanoparticles, as well as molecular mag-
nets [9]. Molecular magnets, in particular, have garnered
much attention for their potential utility in quantum informa-
tion technology [10]. However, an alternative macroscopic
qubit in magnetic systems is yet unexplored.

In this work, we introduce the first macroscopic spin-based
qubit by combining two recent advancements in the field of
spintronics: spin superfluidity and spin Hall phenomena. Spin
superfluidity explores how analogs of conventional superfluid-
ity can be realized in magnetically ordered systems [11]. The
conventional Josephson e↵ect relies on macroscopic phase co-
herence of the two superconductors, each characterized by a
U(1) order parameter. Magnetic order in certain insulating
magnets are also described by macroscopic U(1) order pa-
rameters [11]. In analogy with superconductors, coupling two
such magnets gives rise to the magnetic Josephson e↵ect in-
volving dissipationless (superfluid) flow of spin angular mo-
mentum between the magnets [12].

Spin Hall phenomenology is often discussed in the con-
text of a bilayer system consisting of a normal metal with
strong spin-orbit coupling and an insulating ferromagnet with
well-formed magnetic order [13]. The combination of spin-
orbit coupling in the metal and exchange coupling (between
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FIG. 1. Heterostructure that realizes the magnetic phase qubit.
A mono-domain easy-plane ferromagnet (F), with macrospin S, is
exchange-coupled to a fixed mono-domain ferromagnet (with its
macrospin oriented along the x axis) and attached to a normal metal
(N) with strong spin-orbit coupling. A charge current jc is applied in
the y direction in the N.

the conduction electron spins and the magnetic order) at the
metal|magnet interface allow angular momentum to be trans-
ferred from the metal’s crystal lattice to the ferromagnet, thus
engendering macroscopic coupling between the electrical cur-
rent in the metal and the magnetic moments in the ferromag-
net [14]. In light of these developments, one may question
whether the magnetic Josephson e↵ect can serve as a basis
for a qubit (in analogy with the superconducting Josephson
devices), and whether spin Hall phenomena can realize elec-
trical control and readout of such a qubit.

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling can realize a magnetic analog of the super-
conducting phase qubit [15] and permits full electrical con-
trol and readout via spin Hall phenomena. We refer to this
device as the magnetic phase qubit. We show how a cou-
pled array of these qubits can realize a quantum annealer [16],
which could be used to solve certain hard optimization prob-
lems and machine learning tasks. While the electrical readout
of molecular qubits can be challenging [10], spin Hall phe-
nomena o↵ers an alternative, and a possibly more straightfor-
ward, method for electrical control and readout of the mag-
netic qubit. The device is an example of a macroscopic qubit
that can be constructed from state-of-the-art solid state mate-
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~Ṡ =
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control
• qubit state can be controlled by introducing an ac component to the external charge 

current jc

• effective quantum two-level Hamiltonian in the rotating wave approximation
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readout
• readout by adiabatically lowering the potential barrier ΔU close to E1

• “particle” rolling down: macrospin rotating inplane
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Introduction.—Macroscopic quantum phenomena have
long fascinated physicists for their importance in both funda-
mental science and device applications [1]. The most well-
studied of the phenomena is perhaps the Josephson e↵ect,
involving dissipationless flow of electrical current between
two weakly-coupled superconductors [2]. It plays a central
role in superconducting Josephson devices [3], which hold
promise as an architecture for a quantum bit (qubit), the basic
unit of quantum information [4]. Manifestations of macro-
scopic quantum behavior have also been pursued in magnetic
systems [5]. Indeed, macroscopic quantum phenomena have
been discussed in the context of depinning of ferromagnetic
domain walls [6], quantum tunneling between states with dif-
ferent magnetic orientations in ferromagnetic [7] and anti-
ferromagnetic [8] nanoparticles, as well as molecular mag-
nets [9]. Molecular magnets, in particular, have garnered
much attention for their potential utility in quantum informa-
tion technology [10]. However, an alternative macroscopic
qubit in magnetic systems is yet unexplored.

In this work, we introduce the first macroscopic spin-based
qubit by combining two recent advancements in the field of
spintronics: spin superfluidity and spin Hall phenomena. Spin
superfluidity explores how analogs of conventional superfluid-
ity can be realized in magnetically ordered systems [11]. The
conventional Josephson e↵ect relies on macroscopic phase co-
herence of the two superconductors, each characterized by a
U(1) order parameter. Magnetic order in certain insulating
magnets are also described by macroscopic U(1) order pa-
rameters [11]. In analogy with superconductors, coupling two
such magnets gives rise to the magnetic Josephson e↵ect in-
volving dissipationless (superfluid) flow of spin angular mo-
mentum between the magnets [12].

Spin Hall phenomenology is often discussed in the con-
text of a bilayer system consisting of a normal metal with
strong spin-orbit coupling and an insulating ferromagnet with
well-formed magnetic order [13]. The combination of spin-
orbit coupling in the metal and exchange coupling (between
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FIG. 1. Heterostructure that realizes the magnetic phase qubit.
A mono-domain easy-plane ferromagnet (F), with macrospin S, is
exchange-coupled to a fixed mono-domain ferromagnet (with its
macrospin oriented along the x axis) and attached to a normal metal
(N) with strong spin-orbit coupling. A charge current jc is applied in
the y direction in the N.

the conduction electron spins and the magnetic order) at the
metal|magnet interface allow angular momentum to be trans-
ferred from the metal’s crystal lattice to the ferromagnet, thus
engendering macroscopic coupling between the electrical cur-
rent in the metal and the magnetic moments in the ferromag-
net [14]. In light of these developments, one may question
whether the magnetic Josephson e↵ect can serve as a basis
for a qubit (in analogy with the superconducting Josephson
devices), and whether spin Hall phenomena can realize elec-
trical control and readout of such a qubit.

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling can realize a magnetic analog of the super-
conducting phase qubit [15] and permits full electrical con-
trol and readout via spin Hall phenomena. We refer to this
device as the magnetic phase qubit. We show how a cou-
pled array of these qubits can realize a quantum annealer [16],
which could be used to solve certain hard optimization prob-
lems and machine learning tasks. While the electrical readout
of molecular qubits can be challenging [10], spin Hall phe-
nomena o↵ers an alternative, and a possibly more straightfor-
ward, method for electrical control and readout of the mag-
netic qubit. The device is an example of a macroscopic qubit
that can be constructed from state-of-the-art solid state mate-
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qubits can realize a quantum annealer. These devices can be built through standard solid-state fabrication tech-
nology, allowing for scalability. However, the upper bound for the operational temperature can, in principle, be
higher than the superconducting counterpart, as it is ultimately governed by the magnetic ordering temperatures,
which could be much higher than the critical temperatures of the conventional superconducting devices.

Introduction.—Macroscopic quantum phenomena in mag-
netic systems has been a topic of active research for a number
of years. Manifestations of such phenomena have been dis-
cussed in the context of ferromagnetic domain walls [1], mag-
netic nanoparticles [2, 3] as well as molecular magnets [4].
Molecular magnets, in particular, have garnered much atten-
tion for their potential utility in quantum information tech-
nology [5]. Despite these activities, research addressing the
possibility of macroscopic qubits in magnetic systems still re-
mains essentially absent. In this work, we propose the first
macroscopic spin-based qubit by combining two recent ad-
vancements in the field of spintronics: spin superfluidity and
spin Hall phenomena.

Spin superfluidity explores how analogs of conventional
superfluidity can be realized in magnetically ordered sys-
tems [6]. The Josephson e↵ect in conventional superfluids
involves a dissipationless mass flow between two weakly-
coupled superfluids, and relies on macroscopic phase coher-
ence of the superfluids each characterized by a U(1) order
parameter. Magnetic order in certain insulating magnets are
also described by macroscopic U(1) order parameters [6]. In
analogy with conventional superfluidity, coupling two such
magnets gives rise to the magnetic Josephson e↵ect involv-
ing dissipationless (superfluid) flow of spin angular momen-
tum between the magnets [7]. Spin Hall phenomenology is
often discussed in the context of a bilayer system consisting
of a normal metal with strong spin-orbit coupling and an in-
sulating ferromagnet [8]. The combination of spin-orbit cou-
pling in the metal and exchange coupling (between the con-
duction electron spins and the magnetic moments in the insu-
lator) at the metal|magnet interface allow angular momentum
to be transferred from the metal’s crystal lattice to the ferro-
magnet, thus engendering macroscopic coupling between the
electrical current in the metal and the magnetic order parame-
ter [9].

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling realizes a magnetic analog of the supercon-
ducting phase qubit [10] and permits full electrical control
and readout via spin Hall phenomena (see Fig. 1). We re-
fer to this device as the magnetic phase qubit. While electri-
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FIG. 1. The magnetic phase qubit. A mono-domain antiferromag-
net (AF) is exchange-coupled to a fixed mono-domain ferromagnet
(with its macrospin oriented along the x axis) and attached to a nor-
mal metal (N) with strong spin-orbit coupling. Charge current jc is
applied in the y direction in the N. Here, M denotes the total spin an-
gular momentum in the AF while n denotes the unit vector parallel
to the Néel order.

cal readout of molecular qubits can be challenging [5], spin
Hall phenomena o↵ers an alternative, and a possibly more
straightforward, method for electrical control and readout of
the magnetic qubit. The device is an example of a macro-
scopic qubit that can be constructed from solid state materials
and so should o↵er the same advantages as the superconduct-
ing qubits of strong inter-qubit coupling and scalability. The
magnetic qubit is based on antiferromagnets, which are known
to display macroscopic quantum behavior at higher tempera-
tures than ferromagnets [2]. We estimate the operational tem-
perature of the qubit to be T ⇠ 1 K, which, in contrast to
superconducting qubits, can be achieved by a pure helium-
4 cryostat without a dilution fridge. Furthermore, the zero
net magnetization in antiferromagnets implies that they do
not generate stray fields; this is advantageous when coupling
qubits, as it will eliminate any unwanted magnetic cross-talk
between neighboring qubits. We show that a coupled array of
these qubits can realize a quantum annealer [11], which could
be used to solve certain hard optimization problems and ma-
chine learning tasks.

Model.—The prototype magnetic phase qubit consists of
an isotropic (Heisenberg) antiferromagnetic insulator (AF) at-
tached to a normal metal (N) with strong spin-orbit coupling,
exchange-coupled to a fixed ferromagnetic layer, and sub-
jected to an external magnetic field in the �z direction (see
Fig. 1). We consider low enough temperatures such that only
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shown in Fig. 1. A large interface in the yz plane with full
translational symmetry and periodic boundary conditions is
assumed. The temperature is taken to be constant (and low)
across the entire heterostructure, so that spin transport is driven
purely by a spin bias in the absence of any thermal gradients.
Each metallic reservoir is modeled as a Fermi liquid made
up by spin-up and spin-down electrons. The nonequilibrium
spin accumulation, fomented, e.g., by the spin Hall effect, is
introduced in the left reservoir by assigning different chemical
potentials to the two spin species, µL↑ and µL↓, such that
each species occupies the single-particle states according to
the respective Fermi-Dirac distribution, nLσ (ε) = [eβ(ε−µLσ ) +
1]−1. In the right reservoir, the absence of spin accumulation
implies µR↑ = µR↓. The spin quantization axis is taken to be
parallel to the z axis, and so the vectorial spin accumulation is
defined as µs = (µL↑ − µL↓)ez ≡ µsez.

A. Classical dynamics for magnetic bulk

Let us first consider an isolated AF. Undamped Landau-
Lifshitz dynamics for the Néel unit vector n and the total
(normalized) spin density m can be obtained from Eq. (2)
by minimizing the action subject to the nonlinear constraints
|n| = 1 and n · m = 0. The resultant dynamics are given by

sṅ = χ−1m × n + b × n, (4)

sṁ = An × ∇2n + b × m. (5)

The nonlinear constraints are evidently obeyed in these
equations. These equations can be obtained by parametriz-
ing the Néel vector with two angles θ (relative to the
xy plane) and φ (relative to the x axis), i.e., n =
(cos θ cos φ, cos θ sin φ, sin θ ), and by defining two com-
ponents of the total magnetization transverse to the Néel
vector, mθ and mφ , such that m = (−mθ sin θ cos φ −
mφ sin φ,−mθ sin θ sin φ + mφ cos φ,mθ cos θ ).

In the presence of a uniform external field in the negative z
direction, i.e., b = −bez, the equilibrium solution to Eqs. (4)
and (5) is given by θ (0) = 0, m

(0)
θ = χb, and m

(0)
φ = 0. The

classical moments form a uniform staggered order with a slight
canting of spins out of the xy plane in the positive z direction,
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FIG. 2. (Color online) A pictorial representation of the classical
antiferromagnetic ground state in the presence of a magnetic field in
the negative z direction. SA and SB are the sublattice A and B spins,
respectively. n and m are the corresponding Néel order and the net
spin density (normalized by s). n is taken to lie in the xy plane, such
that θ = 0.

which minimizes the Zeeman term in energy. The azimuthal
angle φ can be arbitrary. This equilibrium state is represented
pictorially in Fig. 2.

B. Spin waves and spin current

Coupling the AF to the external reservoirs perturbs this
uniform static equilibrium state. In anticipation of this, we
consider small deviations ϑ , ξθ , and ξφ of θ , mθ , and mφ ,
respectively, from the equilibrium solution obtained above:
mθ = χb + ξθ , mφ = ξφ , and θ = ϑ , while allowing the
zero-mode coordinate φ to vary smoothly over space-time.
The precession of the Néel vector about the z axis will be
involved eventually in the collective (superfluid) spin transport
of interest. Writing Lagrangian (2) in terms of θ , φ, mθ , and
mφ , and expanding up to quadratic order in ϑ , ξθ , and ξφ , as
well as φ̇ and ∇φ, it becomes

LAF ≈ s(ξθ φ̇ − ξφϑ̇) − A

2
[(∇ϑ)2 + (∇φ)2]

−
ξ 2
θ + ξ 2

φ

2χ
− χb2

2
ϑ2. (6)

This gives the linearized Euler-Lagrange equations

sφ̇ = χ−1ξθ , sξ̇θ = A∇2φ, (7)

sϑ̇ = −χ−1ξφ, sξ̇φ = −A∇2ϑ + χb2ϑ, (8)

which approximate Eqs. (4) and (5). For small-amplitude
fluctuations relative to a homogeneous equilibrium state,
the two pairs of variables, (φ,ξθ ) and (ϑ,ξφ), describe two
independent spin-wave branches of the AF: the former gapless
with linear dispersion ω = cq, in terms of the spin-wave speed
c = s−1√A/χ ; and the latter gapped with dispersion ω =!

(b/s)2 + (cq)2. The direction of the applied field defines
the axis of cylindrical symmetry of the system [with the
gapless spin-wave branch corresponding to the associated U(1)
Goldstone mode]. Therefore, in the absence of damping, the
total spin angular momentum polarized along the z axis is a
conserved quantity. The associated spin-supercurrent density
in the AF bulk can then be extracted from the continuity
equation sṁz = −∇ · J s as

J s(x) = −A∇φ, (9)

since ṁz = ξ̇θ , in our linearized treatment. Throughout this
work, we are interested only in this spin-current component,
which is polarized along the z axis.

C. Magnetic damping

Damping of the magnetic dynamics can be phenomeno-
logically incorporated by endowing Eqs. (4) and (5) with
appropriate dissipative terms. Adding viscous damping terms
that are first order in time derivative, are zeroth order in spatial
derivative, are time-reversal-symmetry breaking, obey a space-
group symmetry flipping n → −n while m → m, and satisfy
the constraints |n| = 1 and n · m = 0, the Landau-Lifshitz
equations (4) and (5) are modified to

s(ṅ + αn × ṁ) = χ−1m × n + b × n, (10)

s(ṁ + αm × ṁ + α′n × ṅ) = An × ∇2n + b × m. (11)
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A macroscopic spintronic qubit based on spin superfluidity and spin Hall phenomena is proposed. This mag-
netic quantum information processing device realizes the spin-supercurrent analog of the superconducting phase
qubit, and allows for full electrical control and readout. We also show that an array of interacting magnetic phase
qubits can realize a quantum annealer. These devices can be built through standard solid-state fabrication tech-
nology, allowing for scalability. However, the upper bound for the operational temperature can, in principle, be
higher than the superconducting counterpart, as it is ultimately governed by the magnetic ordering temperatures,
which could be much higher than the critical temperatures of the conventional superconducting devices.

Introduction.—Macroscopic quantum phenomena in mag-
netic systems has been a topic of active research for a number
of years. Manifestations of such phenomena have been dis-
cussed in the context of ferromagnetic domain walls [1], mag-
netic nanoparticles [2, 3] as well as molecular magnets [4].
Molecular magnets, in particular, have garnered much atten-
tion for their potential utility in quantum information tech-
nology [5]. Despite these activities, research addressing the
possibility of macroscopic qubits in magnetic systems still re-
mains essentially absent. In this work, we propose the first
macroscopic spin-based qubit by combining two recent ad-
vancements in the field of spintronics: spin superfluidity and
spin Hall phenomena.

Spin superfluidity explores how analogs of conventional
superfluidity can be realized in magnetically ordered sys-
tems [6]. The Josephson e↵ect in conventional superfluids
involves a dissipationless mass flow between two weakly-
coupled superfluids, and relies on macroscopic phase coher-
ence of the superfluids each characterized by a U(1) order
parameter. Magnetic order in certain insulating magnets are
also described by macroscopic U(1) order parameters [6]. In
analogy with conventional superfluidity, coupling two such
magnets gives rise to the magnetic Josephson e↵ect involv-
ing dissipationless (superfluid) flow of spin angular momen-
tum between the magnets [7]. Spin Hall phenomenology is
often discussed in the context of a bilayer system consisting
of a normal metal with strong spin-orbit coupling and an in-
sulating ferromagnet [8]. The combination of spin-orbit cou-
pling in the metal and exchange coupling (between the con-
duction electron spins and the magnetic moments in the insu-
lator) at the metal|magnet interface allow angular momentum
to be transferred from the metal’s crystal lattice to the ferro-
magnet, thus engendering macroscopic coupling between the
electrical current in the metal and the magnetic order parame-
ter [9].

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling realizes a magnetic analog of the supercon-
ducting phase qubit [10] and permits full electrical control
and readout via spin Hall phenomena (see Fig. 1). We re-
fer to this device as the magnetic phase qubit. While electri-
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FIG. 1. The magnetic phase qubit. A mono-domain antiferromag-
net (AF) is exchange-coupled to a fixed mono-domain ferromagnet
(with its macrospin oriented along the x axis) and attached to a nor-
mal metal (N) with strong spin-orbit coupling. Charge current jc is
applied in the y direction in the N. Here, M denotes the total spin an-
gular momentum in the AF while n denotes the unit vector parallel
to the Néel order.

cal readout of molecular qubits can be challenging [5], spin
Hall phenomena o↵ers an alternative, and a possibly more
straightforward, method for electrical control and readout of
the magnetic qubit. The device is an example of a macro-
scopic qubit that can be constructed from solid state materials
and so should o↵er the same advantages as the superconduct-
ing qubits of strong inter-qubit coupling and scalability. The
magnetic qubit is based on antiferromagnets, which are known
to display macroscopic quantum behavior at higher tempera-
tures than ferromagnets [2]. We estimate the operational tem-
perature of the qubit to be T ⇠ 1 K, which, in contrast to
superconducting qubits, can be achieved by a pure helium-
4 cryostat without a dilution fridge. Furthermore, the zero
net magnetization in antiferromagnets implies that they do
not generate stray fields; this is advantageous when coupling
qubits, as it will eliminate any unwanted magnetic cross-talk
between neighboring qubits. We show that a coupled array of
these qubits can realize a quantum annealer [11], which could
be used to solve certain hard optimization problems and ma-
chine learning tasks.

Model.—The prototype magnetic phase qubit consists of
an isotropic (Heisenberg) antiferromagnetic insulator (AF) at-
tached to a normal metal (N) with strong spin-orbit coupling,
exchange-coupled to a fixed ferromagnetic layer, and sub-
jected to an external magnetic field in the �z direction (see
Fig. 1). We consider low enough temperatures such that only
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A macroscopic spintronic qubit based on spin superfluidity and spin Hall phenomena is proposed. This mag-
netic quantum information processing device realizes the spin-supercurrent analog of the superconducting phase
qubit, and allows for full electrical control and readout. We also show that an array of interacting magnetic phase
qubits can realize a quantum annealer. These devices can be built through standard solid-state fabrication tech-
nology, allowing for scalability. However, the upper bound for the operational temperature can, in principle, be
higher than the superconducting counterpart, as it is ultimately governed by the magnetic ordering temperatures,
which could be much higher than the critical temperatures of the conventional superconducting devices.

Introduction.—Macroscopic quantum phenomena in mag-
netic systems has been a topic of active research for a number
of years. Manifestations of such phenomena have been dis-
cussed in the context of ferromagnetic domain walls [1], mag-
netic nanoparticles [2, 3] as well as molecular magnets [4].
Molecular magnets, in particular, have garnered much atten-
tion for their potential utility in quantum information tech-
nology [5]. Despite these activities, research addressing the
possibility of macroscopic qubits in magnetic systems still re-
mains essentially absent. In this work, we propose the first
macroscopic spin-based qubit by combining two recent ad-
vancements in the field of spintronics: spin superfluidity and
spin Hall phenomena.

Spin superfluidity explores how analogs of conventional
superfluidity can be realized in magnetically ordered sys-
tems [6]. The Josephson e↵ect in conventional superfluids
involves a dissipationless mass flow between two weakly-
coupled superfluids, and relies on macroscopic phase coher-
ence of the superfluids each characterized by a U(1) order
parameter. Magnetic order in certain insulating magnets are
also described by macroscopic U(1) order parameters [6]. In
analogy with conventional superfluidity, coupling two such
magnets gives rise to the magnetic Josephson e↵ect involv-
ing dissipationless (superfluid) flow of spin angular momen-
tum between the magnets [7]. Spin Hall phenomenology is
often discussed in the context of a bilayer system consisting
of a normal metal with strong spin-orbit coupling and an in-
sulating ferromagnet [8]. The combination of spin-orbit cou-
pling in the metal and exchange coupling (between the con-
duction electron spins and the magnetic moments in the insu-
lator) at the metal|magnet interface allow angular momentum
to be transferred from the metal’s crystal lattice to the ferro-
magnet, thus engendering macroscopic coupling between the
electrical current in the metal and the magnetic order parame-
ter [9].

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling realizes a magnetic analog of the supercon-
ducting phase qubit [10] and permits full electrical control
and readout via spin Hall phenomena (see Fig. 1). We re-
fer to this device as the magnetic phase qubit. While electri-
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FIG. 1. The magnetic phase qubit. A mono-domain antiferromag-
net (AF) is exchange-coupled to a fixed mono-domain ferromagnet
(with its macrospin oriented along the x axis) and attached to a nor-
mal metal (N) with strong spin-orbit coupling. Charge current jc is
applied in the y direction in the N. Here, M denotes the total spin an-
gular momentum in the AF while n denotes the unit vector parallel
to the Néel order.

cal readout of molecular qubits can be challenging [5], spin
Hall phenomena o↵ers an alternative, and a possibly more
straightforward, method for electrical control and readout of
the magnetic qubit. The device is an example of a macro-
scopic qubit that can be constructed from solid state materials
and so should o↵er the same advantages as the superconduct-
ing qubits of strong inter-qubit coupling and scalability. The
magnetic qubit is based on antiferromagnets, which are known
to display macroscopic quantum behavior at higher tempera-
tures than ferromagnets [2]. We estimate the operational tem-
perature of the qubit to be T ⇠ 1 K, which, in contrast to
superconducting qubits, can be achieved by a pure helium-
4 cryostat without a dilution fridge. Furthermore, the zero
net magnetization in antiferromagnets implies that they do
not generate stray fields; this is advantageous when coupling
qubits, as it will eliminate any unwanted magnetic cross-talk
between neighboring qubits. We show that a coupled array of
these qubits can realize a quantum annealer [11], which could
be used to solve certain hard optimization problems and ma-
chine learning tasks.

Model.—The prototype magnetic phase qubit consists of
an isotropic (Heisenberg) antiferromagnetic insulator (AF) at-
tached to a normal metal (N) with strong spin-orbit coupling,
exchange-coupled to a fixed ferromagnetic layer, and sub-
jected to an external magnetic field in the �z direction (see
Fig. 1). We consider low enough temperatures such that only
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A proposal for a macroscopic solid-state qubit based on spin superfluidity and spin Hall phenomena is pre-
sented. We introduce a magnetic Josephson device that realizes the spin-supercurrent analogs of the current-
biased Josephson junction and the superconducting phase qubit, and show how to utilize spin Hall phenomena
to perform full electrical control and readout of the qubit. We present an array of interacting magnetic phase
qubits that can realize a quantum annealer. This magnetic quantum information processing device benefits from
the standard solid-state materials and fabrication technology which allow for scalability. However, the upper
bound for the operational temperature can, in principle, be higher than the superconducting counterpart, as it is
ultimately governed by the magnetic ordering (Curie or Néel) temperatures, which could be much higher than
the critical temperatures of the conventional superconducting devices.
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Introduction.—Macroscopic quantum phenomena have
long fascinated physicists for their importance in both funda-
mental science and device applications [1]. The most well-
studied of the phenomena is perhaps the Josephson e↵ect,
involving dissipationless flow of electrical current between
two weakly-coupled superconductors [2]. It plays a central
role in superconducting Josephson devices [3], which hold
promise as an architecture for a quantum bit (qubit), the basic
unit of quantum information [4]. Manifestations of macro-
scopic quantum behavior have also been pursued in magnetic
systems [5]. Indeed, macroscopic quantum phenomena have
been discussed in the context of depinning of ferromagnetic
domain walls [6], quantum tunneling between states with dif-
ferent magnetic orientations in ferromagnetic [7] and anti-
ferromagnetic [8] nanoparticles, as well as molecular mag-
nets [9]. Molecular magnets, in particular, have garnered
much attention for their potential utility in quantum informa-
tion technology [10]. However, an alternative macroscopic
qubit in magnetic systems is yet unexplored.

In this work, we introduce the first macroscopic spin-based
qubit by combining two recent advancements in the field of
spintronics: spin superfluidity and spin Hall phenomena. Spin
superfluidity explores how analogs of conventional superfluid-
ity can be realized in magnetically ordered systems [11]. The
conventional Josephson e↵ect relies on macroscopic phase co-
herence of the two superconductors, each characterized by a
U(1) order parameter. Magnetic order in certain insulating
magnets are also described by macroscopic U(1) order pa-
rameters [11]. In analogy with superconductors, coupling two
such magnets gives rise to the magnetic Josephson e↵ect in-
volving dissipationless (superfluid) flow of spin angular mo-
mentum between the magnets [12].

Spin Hall phenomenology is often discussed in the con-
text of a bilayer system consisting of a normal metal with
strong spin-orbit coupling and an insulating ferromagnet with
well-formed magnetic order [13]. The combination of spin-
orbit coupling in the metal and exchange coupling (between
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FIG. 1. Heterostructure that realizes the magnetic phase qubit.
A mono-domain easy-plane ferromagnet (F), with macrospin S, is
exchange-coupled to a fixed mono-domain ferromagnet (with its
macrospin oriented along the x axis) and attached to a normal metal
(N) with strong spin-orbit coupling. A charge current jc is applied in
the y direction in the N.

the conduction electron spins and the magnetic order) at the
metal|magnet interface allow angular momentum to be trans-
ferred from the metal’s crystal lattice to the ferromagnet, thus
engendering macroscopic coupling between the electrical cur-
rent in the metal and the magnetic moments in the ferromag-
net [14]. In light of these developments, one may question
whether the magnetic Josephson e↵ect can serve as a basis
for a qubit (in analogy with the superconducting Josephson
devices), and whether spin Hall phenomena can realize elec-
trical control and readout of such a qubit.

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling can realize a magnetic analog of the super-
conducting phase qubit [15] and permits full electrical con-
trol and readout via spin Hall phenomena. We refer to this
device as the magnetic phase qubit. We show how a cou-
pled array of these qubits can realize a quantum annealer [16],
which could be used to solve certain hard optimization prob-
lems and machine learning tasks. While the electrical readout
of molecular qubits can be challenging [10], spin Hall phe-
nomena o↵ers an alternative, and a possibly more straightfor-
ward, method for electrical control and readout of the mag-
netic qubit. The device is an example of a macroscopic qubit
that can be constructed from state-of-the-art solid state mate-
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A proposal for a macroscopic solid-state qubit based on spin superfluidity and spin Hall phenomena is pre-
sented. We introduce a magnetic Josephson device that realizes the spin-supercurrent analogs of the current-
biased Josephson junction and the superconducting phase qubit, and show how to utilize spin Hall phenomena
to perform full electrical control and readout of the qubit. We present an array of interacting magnetic phase
qubits that can realize a quantum annealer. This magnetic quantum information processing device benefits from
the standard solid-state materials and fabrication technology which allow for scalability. However, the upper
bound for the operational temperature can, in principle, be higher than the superconducting counterpart, as it is
ultimately governed by the magnetic ordering (Curie or Néel) temperatures, which could be much higher than
the critical temperatures of the conventional superconducting devices.

PACS numbers: 75.45.+j, 85.75.-d, 75.78.-n, 03.67.Lx

Introduction.—Macroscopic quantum phenomena have
long fascinated physicists for their importance in both funda-
mental science and device applications [1]. The most well-
studied of the phenomena is perhaps the Josephson e↵ect,
involving dissipationless flow of electrical current between
two weakly-coupled superconductors [2]. It plays a central
role in superconducting Josephson devices [3], which hold
promise as an architecture for a quantum bit (qubit), the basic
unit of quantum information [4]. Manifestations of macro-
scopic quantum behavior have also been pursued in magnetic
systems [5]. Indeed, macroscopic quantum phenomena have
been discussed in the context of depinning of ferromagnetic
domain walls [6], quantum tunneling between states with dif-
ferent magnetic orientations in ferromagnetic [7] and anti-
ferromagnetic [8] nanoparticles, as well as molecular mag-
nets [9]. Molecular magnets, in particular, have garnered
much attention for their potential utility in quantum informa-
tion technology [10]. However, an alternative macroscopic
qubit in magnetic systems is yet unexplored.

In this work, we introduce the first macroscopic spin-based
qubit by combining two recent advancements in the field of
spintronics: spin superfluidity and spin Hall phenomena. Spin
superfluidity explores how analogs of conventional superfluid-
ity can be realized in magnetically ordered systems [11]. The
conventional Josephson e↵ect relies on macroscopic phase co-
herence of the two superconductors, each characterized by a
U(1) order parameter. Magnetic order in certain insulating
magnets are also described by macroscopic U(1) order pa-
rameters [11]. In analogy with superconductors, coupling two
such magnets gives rise to the magnetic Josephson e↵ect in-
volving dissipationless (superfluid) flow of spin angular mo-
mentum between the magnets [12].

Spin Hall phenomenology is often discussed in the con-
text of a bilayer system consisting of a normal metal with
strong spin-orbit coupling and an insulating ferromagnet with
well-formed magnetic order [13]. The combination of spin-
orbit coupling in the metal and exchange coupling (between

F

z

x
L

N

S

fixed ferromagnet

tN

� x

jc�N

FIG. 1. Heterostructure that realizes the magnetic phase qubit.
A mono-domain easy-plane ferromagnet (F), with macrospin S, is
exchange-coupled to a fixed mono-domain ferromagnet (with its
macrospin oriented along the x axis) and attached to a normal metal
(N) with strong spin-orbit coupling. A charge current jc is applied in
the y direction in the N.

the conduction electron spins and the magnetic order) at the
metal|magnet interface allow angular momentum to be trans-
ferred from the metal’s crystal lattice to the ferromagnet, thus
engendering macroscopic coupling between the electrical cur-
rent in the metal and the magnetic moments in the ferromag-
net [14]. In light of these developments, one may question
whether the magnetic Josephson e↵ect can serve as a basis
for a qubit (in analogy with the superconducting Josephson
devices), and whether spin Hall phenomena can realize elec-
trical control and readout of such a qubit.

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling can realize a magnetic analog of the super-
conducting phase qubit [15] and permits full electrical con-
trol and readout via spin Hall phenomena. We refer to this
device as the magnetic phase qubit. We show how a cou-
pled array of these qubits can realize a quantum annealer [16],
which could be used to solve certain hard optimization prob-
lems and machine learning tasks. While the electrical readout
of molecular qubits can be challenging [10], spin Hall phe-
nomena o↵ers an alternative, and a possibly more straightfor-
ward, method for electrical control and readout of the mag-
netic qubit. The device is an example of a macroscopic qubit
that can be constructed from state-of-the-art solid state mate-
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• projecting to the quantum two-level system
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FIG. 2. A coupled array of magnetic phase qubits realizing a quan-
tum annealer. Each qubit is coupled to its own normal metal with in-
dependently tunable dc and ac currents. The bridge regions (shaded
in blue) mediate exchange coupling between nearest neighbor ferro-
magnets and give rise to e↵ective inter-qubit coupling.

to its own N so that its splitting ~!10,i and the Rabi frequency
⌦ac,i can be tuned independently by adjusting the dc and ac
amplitudes of jc,i(t), respectively (i here labels the qubits). We
connect neighboring Fs via a “bridge” (shaded in blue), which
is an insulating material mediating an exchange interaction J0i j
between i-th and j-th Fs. Here, we assume the coupling J0i j can
be tuned to be both positive and negative with varying magni-
tudes. Again for strong easy-plane anisotropy (K � J0i j), the
interaction becomes Hint ⇡ �

P
hi< ji J0i jS cos('i � ' j), where

hi, ji label the nearest neighbor qubits. Quantizing this Hamil-
tonian and projecting it to the two lowest states of each qubit,
the interaction Hamiltonian reads [27]

Ĥint =
X

hi< ji
J0i j�

2S �̂x
i �̂

x
j . (13)

The coupled array of qubits is then described by the total
Hamiltonian Ĥt = Ĥ0 + Ĥint, where

Ĥ0 = �
X

i

"
~!10,i

2
�̂z

i +
jac,i�

2

 
0 ei!10,it

e�i!10,it 0

!#
. (14)

Quantum annealer.—A quantum annealer solves hard op-
timization problems by finding the ground state of a “problem
Hamiltonian” through a process involving quantum fluctua-
tions. It can be implemented with a classical Ising Hamil-
tonian that encodes the computational problem, and a trans-
verse field term, ĤQA(t) = �A(t)

P
i �̂

x
i + B(t)ĤIsing, where

ĤIsing = �
P

i hi�̂
z
i �

P
i< j Ji j�̂

z
i �̂

z
j, i, j label lattice sites, and t

runs from 0 to t f . At t = 0 (and temperature T ), the quantum
annealing process begins in the limit of strong transverse field,
i.e., A(0) � {kBT, |B(0)hi|, |B(0)Ji j|} 8i, j, when the quantum-
mechanical fluctuations dominate, and then one gradually de-
creases A(t) and increases B(t) such that the state of system
approaches a classical bit string that ideally representing the
ground state of the problem Hamiltonian. Generally, at su�-
ciently low temperatures, the quality of solution is improved
when time-scale of annealing schedule is substantially larger

~!10/kB T1 = T2/2 ⌧2q/T1 |�V |
100mK 10µs 10�4 1V

TABLE I. Table summarizing the main parameters of the magnetic
phase qubit. The qubit splitting and the two-qubit time scale are de-
noted by ~!10 and ⌧2q, respectively, and �V is the voltage generated
during the readout process across `N = 1µm length of the N.

than the inverse of the square of the minimum gap between
instantaneous ground-state and the first existed state of the ef-
fective many-body Hamiltonian given by ĤQA. Rotating the
spin axes of all the qubits by ⇡/2 about the y axis (such that
�̂z,x ! ±�̂x,z), Ĥt can be shown to mimic the Hamiltonian
ĤQA so the coupled array of magnetic phase qubits above can
be used to implement quantum annealing.

Discussion.—The qubit must operate at temperatures
kBT ⌧ ~!10 ⌘ kBT+ ⇠

p
KJ [c.f. Eq. (9)] [28]. Here, we take

both the F and the fixed ferromagnet to be 1µm⇥1µm⇥0.1µm
films of yttrium iron garnet (YIG), an insulating ferrimagnet.
Assuming the easy-plane to be the film plane (arising due to
shape anisotropy), modeling YIG as a cubic crystal (a = 12Å)
with e↵ective S 0 = 14.2 [29], and using J/K ⇠ 0.1, we
find T+ ⇡ 100mK (comparable to the superconducting phase
qubits [15]). Using ↵ ⇠ 10�5 (for YIG) [30], and assum-
ing that the damping enhancement ↵"# due to the N just ex-
ceeds ↵, we take ↵̃ ⇠ 10�5. We then obtain T1 ⇠ 10µs. As
shown above, the non-linearity necessary for the qubit to re-
main within the two-level subspace requires ⌘ ⇠ 1. The (lin-
ear) current density necessary to achieve this is j̄c ⇠ JS/A #.
Here, # = ~ tan ✓SH/2etN , where ✓SH is the e↵ective spin Hall
angle for the N|F interface and tN is the N thickness [18]. Us-
ing ✓SH ⇠ 0.1 (appropriate for Pt|YIG interface), tN = 10nm,
and setting all other parameters to the values above, we ob-
tain j̄c ⇠ 106A · m�1. Based on the same parameters (and
using jc ⇠ 106A ·m�1), the magnitude of the voltage decrease
that needs to be detected for the readout process is �V ⇠ 1V.
Finally, from Eq. (13), the ratio of the two-qubit time scale
⌧2q to T1 time can be estimated as ⌧2q/T1 = ↵̃~!10/J0i j ⇠
↵̃(KJ)1/2/J0i j. Taking J0i j ⇠ J (and again assuming J/K ⇠ 0.1
and ↵̃ ⇠ 10�5), we obtain ⌧2q/T1 ⇠ 10�4. The important pa-
rameters are summarized in Table I [31].

To reduce the Joule heating caused by the current in the N,
one may reduce J in order to decrease j̄c. However, a de-
crease in J will also lead to an undesirable decrease in T+.
Alternatively, j̄c can be reduced, with possibly little e↵ect on
T+, by increasing the e↵ective spin Hall angle ✓SH; this may
be achieved by using materials with strong e↵ective spin Hall
angles like topological insulators in place for the N [32]. An
increase in K together with a decrease in ↵̃ is also desirable in
order to increase T+ without compromising the T1,2 times.

Summary and outlook.—We propose a solid-state device
that can prepare and control macroscopic quantum states by
utilizing the physics of the spin superfluidity and spin Hall
phenomena. This spin-supercurrent device can be used for
preparing macroscopic quantum entanglement, probabilistic

J 0K
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p
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• turning the qubit coupling ON and OFF
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A proposal for a macroscopic solid-state qubit based on spin superfluidity and spin Hall phenomena is pre-
sented. We introduce a magnetic Josephson device that realizes the spin-supercurrent analogs of the current-
biased Josephson junction and the superconducting phase qubit, and show how to utilize spin Hall phenomena
to perform full electrical control and readout of the qubit. We present an array of interacting magnetic phase
qubits that can realize a quantum annealer. This magnetic quantum information processing device benefits from
the standard solid-state materials and fabrication technology which allow for scalability. However, the upper
bound for the operational temperature can, in principle, be higher than the superconducting counterpart, as it is
ultimately governed by the magnetic ordering (Curie or Néel) temperatures, which could be much higher than
the critical temperatures of the conventional superconducting devices.

PACS numbers: 75.45.+j, 85.75.-d, 75.78.-n, 03.67.Lx

Introduction.—Macroscopic quantum phenomena have
long fascinated physicists for their importance in both funda-
mental science and device applications [1]. The most well-
studied of the phenomena is perhaps the Josephson e↵ect,
involving dissipationless flow of electrical current between
two weakly-coupled superconductors [2]. It plays a central
role in superconducting Josephson devices [3], which hold
promise as an architecture for a quantum bit (qubit), the basic
unit of quantum information [4]. Manifestations of macro-
scopic quantum behavior have also been pursued in magnetic
systems [5]. Indeed, macroscopic quantum phenomena have
been discussed in the context of depinning of ferromagnetic
domain walls [6], quantum tunneling between states with dif-
ferent magnetic orientations in ferromagnetic [7] and anti-
ferromagnetic [8] nanoparticles, as well as molecular mag-
nets [9]. Molecular magnets, in particular, have garnered
much attention for their potential utility in quantum informa-
tion technology [10]. However, an alternative macroscopic
qubit in magnetic systems is yet unexplored.

In this work, we introduce the first macroscopic spin-based
qubit by combining two recent advancements in the field of
spintronics: spin superfluidity and spin Hall phenomena. Spin
superfluidity explores how analogs of conventional superfluid-
ity can be realized in magnetically ordered systems [11]. The
conventional Josephson e↵ect relies on macroscopic phase co-
herence of the two superconductors, each characterized by a
U(1) order parameter. Magnetic order in certain insulating
magnets are also described by macroscopic U(1) order pa-
rameters [11]. In analogy with superconductors, coupling two
such magnets gives rise to the magnetic Josephson e↵ect in-
volving dissipationless (superfluid) flow of spin angular mo-
mentum between the magnets [12].

Spin Hall phenomenology is often discussed in the con-
text of a bilayer system consisting of a normal metal with
strong spin-orbit coupling and an insulating ferromagnet with
well-formed magnetic order [13]. The combination of spin-
orbit coupling in the metal and exchange coupling (between
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FIG. 1. Heterostructure that realizes the magnetic phase qubit.
A mono-domain easy-plane ferromagnet (F), with macrospin S, is
exchange-coupled to a fixed mono-domain ferromagnet (with its
macrospin oriented along the x axis) and attached to a normal metal
(N) with strong spin-orbit coupling. A charge current jc is applied in
the y direction in the N.

the conduction electron spins and the magnetic order) at the
metal|magnet interface allow angular momentum to be trans-
ferred from the metal’s crystal lattice to the ferromagnet, thus
engendering macroscopic coupling between the electrical cur-
rent in the metal and the magnetic moments in the ferromag-
net [14]. In light of these developments, one may question
whether the magnetic Josephson e↵ect can serve as a basis
for a qubit (in analogy with the superconducting Josephson
devices), and whether spin Hall phenomena can realize elec-
trical control and readout of such a qubit.

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling can realize a magnetic analog of the super-
conducting phase qubit [15] and permits full electrical con-
trol and readout via spin Hall phenomena. We refer to this
device as the magnetic phase qubit. We show how a cou-
pled array of these qubits can realize a quantum annealer [16],
which could be used to solve certain hard optimization prob-
lems and machine learning tasks. While the electrical readout
of molecular qubits can be challenging [10], spin Hall phe-
nomena o↵ers an alternative, and a possibly more straightfor-
ward, method for electrical control and readout of the mag-
netic qubit. The device is an example of a macroscopic qubit
that can be constructed from state-of-the-art solid state mate-
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A macroscopic spintronic qubit based on spin superfluidity and spin Hall phenomena is proposed. This mag-
netic quantum information processing device realizes the spin-supercurrent analog of the superconducting phase
qubit, and allows for full electrical control and readout. We also show that an array of interacting magnetic phase
qubits can realize a quantum annealer. These devices can be built through standard solid-state fabrication tech-
nology, allowing for scalability. However, the upper bound for the operational temperature can, in principle, be
higher than the superconducting counterpart, as it is ultimately governed by the magnetic ordering temperatures,
which could be much higher than the critical temperatures of the conventional superconducting devices.

Introduction.—Macroscopic quantum phenomena in mag-
netic systems has been a topic of active research for a number
of years. Manifestations of such phenomena have been dis-
cussed in the context of ferromagnetic domain walls [1], mag-
netic nanoparticles [2, 3] as well as molecular magnets [4].
Molecular magnets, in particular, have garnered much atten-
tion for their potential utility in quantum information tech-
nology [5]. Despite these activities, research addressing the
possibility of macroscopic qubits in magnetic systems still re-
mains essentially absent. In this work, we propose the first
macroscopic spin-based qubit by combining two recent ad-
vancements in the field of spintronics: spin superfluidity and
spin Hall phenomena.

Spin superfluidity explores how analogs of conventional
superfluidity can be realized in magnetically ordered sys-
tems [6]. The Josephson e↵ect in conventional superfluids
involves a dissipationless mass flow between two weakly-
coupled superfluids, and relies on macroscopic phase coher-
ence of the superfluids each characterized by a U(1) order
parameter. Magnetic order in certain insulating magnets are
also described by macroscopic U(1) order parameters [6]. In
analogy with conventional superfluidity, coupling two such
magnets gives rise to the magnetic Josephson e↵ect involv-
ing dissipationless (superfluid) flow of spin angular momen-
tum between the magnets [7]. Spin Hall phenomenology is
often discussed in the context of a bilayer system consisting
of a normal metal with strong spin-orbit coupling and an in-
sulating ferromagnet [8]. The combination of spin-orbit cou-
pling in the metal and exchange coupling (between the con-
duction electron spins and the magnetic moments in the insu-
lator) at the metal|magnet interface allow angular momentum
to be transferred from the metal’s crystal lattice to the ferro-
magnet, thus engendering macroscopic coupling between the
electrical current in the metal and the magnetic order parame-
ter [9].

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling realizes a magnetic analog of the supercon-
ducting phase qubit [10] and permits full electrical control
and readout via spin Hall phenomena (see Fig. 1). We re-
fer to this device as the magnetic phase qubit. While electri-
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FIG. 1. The magnetic phase qubit. A mono-domain antiferromag-
net (AF) is exchange-coupled to a fixed mono-domain ferromagnet
(with its macrospin oriented along the x axis) and attached to a nor-
mal metal (N) with strong spin-orbit coupling. Charge current jc is
applied in the y direction in the N. Here, M denotes the total spin an-
gular momentum in the AF while n denotes the unit vector parallel
to the Néel order.

cal readout of molecular qubits can be challenging [5], spin
Hall phenomena o↵ers an alternative, and a possibly more
straightforward, method for electrical control and readout of
the magnetic qubit. The device is an example of a macro-
scopic qubit that can be constructed from solid state materials
and so should o↵er the same advantages as the superconduct-
ing qubits of strong inter-qubit coupling and scalability. The
magnetic qubit is based on antiferromagnets, which are known
to display macroscopic quantum behavior at higher tempera-
tures than ferromagnets [2]. We estimate the operational tem-
perature of the qubit to be T ⇠ 1 K, which, in contrast to
superconducting qubits, can be achieved by a pure helium-
4 cryostat without a dilution fridge. Furthermore, the zero
net magnetization in antiferromagnets implies that they do
not generate stray fields; this is advantageous when coupling
qubits, as it will eliminate any unwanted magnetic cross-talk
between neighboring qubits. We show that a coupled array of
these qubits can realize a quantum annealer [11], which could
be used to solve certain hard optimization problems and ma-
chine learning tasks.

Model.—The prototype magnetic phase qubit consists of
an isotropic (Heisenberg) antiferromagnetic insulator (AF) at-
tached to a normal metal (N) with strong spin-orbit coupling,
exchange-coupled to a fixed ferromagnetic layer, and sub-
jected to an external magnetic field in the �z direction (see
Fig. 1). We consider low enough temperatures such that only
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summary
• ferromagnetic / antiferromagnetic phase qubit
• a macroscopic magnetic qubit (based on spintronic device)
• potential for strong inter-qubit coupling and scalability
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A macroscopic spintronic qubit based on spin superfluidity and spin Hall phenomena is proposed. This mag-
netic quantum information processing device realizes the spin-supercurrent analog of the superconducting phase
qubit, and allows for full electrical control and readout. We also show that an array of interacting magnetic phase
qubits can realize a quantum annealer. These devices can be built through standard solid-state fabrication tech-
nology, allowing for scalability. However, the upper bound for the operational temperature can, in principle, be
higher than the superconducting counterpart, as it is ultimately governed by the magnetic ordering temperatures,
which could be much higher than the critical temperatures of the conventional superconducting devices.

Introduction.—Macroscopic quantum phenomena in mag-
netic systems has been a topic of active research for a number
of years. Manifestations of such phenomena have been dis-
cussed in the context of ferromagnetic domain walls [1], mag-
netic nanoparticles [2, 3] as well as molecular magnets [4].
Molecular magnets, in particular, have garnered much atten-
tion for their potential utility in quantum information tech-
nology [5]. Despite these activities, research addressing the
possibility of macroscopic qubits in magnetic systems still re-
mains essentially absent. In this work, we propose the first
macroscopic spin-based qubit by combining two recent ad-
vancements in the field of spintronics: spin superfluidity and
spin Hall phenomena.

Spin superfluidity explores how analogs of conventional
superfluidity can be realized in magnetically ordered sys-
tems [6]. The Josephson e↵ect in conventional superfluids
involves a dissipationless mass flow between two weakly-
coupled superfluids, and relies on macroscopic phase coher-
ence of the superfluids each characterized by a U(1) order
parameter. Magnetic order in certain insulating magnets are
also described by macroscopic U(1) order parameters [6]. In
analogy with conventional superfluidity, coupling two such
magnets gives rise to the magnetic Josephson e↵ect involv-
ing dissipationless (superfluid) flow of spin angular momen-
tum between the magnets [7]. Spin Hall phenomenology is
often discussed in the context of a bilayer system consisting
of a normal metal with strong spin-orbit coupling and an in-
sulating ferromagnet [8]. The combination of spin-orbit cou-
pling in the metal and exchange coupling (between the con-
duction electron spins and the magnetic moments in the insu-
lator) at the metal|magnet interface allow angular momentum
to be transferred from the metal’s crystal lattice to the ferro-
magnet, thus engendering macroscopic coupling between the
electrical current in the metal and the magnetic order parame-
ter [9].

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling realizes a magnetic analog of the supercon-
ducting phase qubit [10] and permits full electrical control
and readout via spin Hall phenomena (see Fig. 1). We re-
fer to this device as the magnetic phase qubit. While electri-
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FIG. 1. The magnetic phase qubit. A mono-domain antiferromag-
net (AF) is exchange-coupled to a fixed mono-domain ferromagnet
(with its macrospin oriented along the x axis) and attached to a nor-
mal metal (N) with strong spin-orbit coupling. Charge current jc is
applied in the y direction in the N. Here, M denotes the total spin an-
gular momentum in the AF while n denotes the unit vector parallel
to the Néel order.

cal readout of molecular qubits can be challenging [5], spin
Hall phenomena o↵ers an alternative, and a possibly more
straightforward, method for electrical control and readout of
the magnetic qubit. The device is an example of a macro-
scopic qubit that can be constructed from solid state materials
and so should o↵er the same advantages as the superconduct-
ing qubits of strong inter-qubit coupling and scalability. The
magnetic qubit is based on antiferromagnets, which are known
to display macroscopic quantum behavior at higher tempera-
tures than ferromagnets [2]. We estimate the operational tem-
perature of the qubit to be T ⇠ 1 K, which, in contrast to
superconducting qubits, can be achieved by a pure helium-
4 cryostat without a dilution fridge. Furthermore, the zero
net magnetization in antiferromagnets implies that they do
not generate stray fields; this is advantageous when coupling
qubits, as it will eliminate any unwanted magnetic cross-talk
between neighboring qubits. We show that a coupled array of
these qubits can realize a quantum annealer [11], which could
be used to solve certain hard optimization problems and ma-
chine learning tasks.

Model.—The prototype magnetic phase qubit consists of
an isotropic (Heisenberg) antiferromagnetic insulator (AF) at-
tached to a normal metal (N) with strong spin-orbit coupling,
exchange-coupled to a fixed ferromagnetic layer, and sub-
jected to an external magnetic field in the �z direction (see
Fig. 1). We consider low enough temperatures such that only
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the standard solid-state materials and fabrication technology which allow for scalability. However, the upper
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ultimately governed by the magnetic ordering (Curie or Néel) temperatures, which could be much higher than
the critical temperatures of the conventional superconducting devices.
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Introduction.—Macroscopic quantum phenomena have
long fascinated physicists for their importance in both funda-
mental science and device applications [1]. The most well-
studied of the phenomena is perhaps the Josephson e↵ect,
involving dissipationless flow of electrical current between
two weakly-coupled superconductors [2]. It plays a central
role in superconducting Josephson devices [3], which hold
promise as an architecture for a quantum bit (qubit), the basic
unit of quantum information [4]. Manifestations of macro-
scopic quantum behavior have also been pursued in magnetic
systems [5]. Indeed, macroscopic quantum phenomena have
been discussed in the context of depinning of ferromagnetic
domain walls [6], quantum tunneling between states with dif-
ferent magnetic orientations in ferromagnetic [7] and anti-
ferromagnetic [8] nanoparticles, as well as molecular mag-
nets [9]. Molecular magnets, in particular, have garnered
much attention for their potential utility in quantum informa-
tion technology [10]. However, an alternative macroscopic
qubit in magnetic systems is yet unexplored.

In this work, we introduce the first macroscopic spin-based
qubit by combining two recent advancements in the field of
spintronics: spin superfluidity and spin Hall phenomena. Spin
superfluidity explores how analogs of conventional superfluid-
ity can be realized in magnetically ordered systems [11]. The
conventional Josephson e↵ect relies on macroscopic phase co-
herence of the two superconductors, each characterized by a
U(1) order parameter. Magnetic order in certain insulating
magnets are also described by macroscopic U(1) order pa-
rameters [11]. In analogy with superconductors, coupling two
such magnets gives rise to the magnetic Josephson e↵ect in-
volving dissipationless (superfluid) flow of spin angular mo-
mentum between the magnets [12].

Spin Hall phenomenology is often discussed in the con-
text of a bilayer system consisting of a normal metal with
strong spin-orbit coupling and an insulating ferromagnet with
well-formed magnetic order [13]. The combination of spin-
orbit coupling in the metal and exchange coupling (between
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FIG. 1. Heterostructure that realizes the magnetic phase qubit.
A mono-domain easy-plane ferromagnet (F), with macrospin S, is
exchange-coupled to a fixed mono-domain ferromagnet (with its
macrospin oriented along the x axis) and attached to a normal metal
(N) with strong spin-orbit coupling. A charge current jc is applied in
the y direction in the N.

the conduction electron spins and the magnetic order) at the
metal|magnet interface allow angular momentum to be trans-
ferred from the metal’s crystal lattice to the ferromagnet, thus
engendering macroscopic coupling between the electrical cur-
rent in the metal and the magnetic moments in the ferromag-
net [14]. In light of these developments, one may question
whether the magnetic Josephson e↵ect can serve as a basis
for a qubit (in analogy with the superconducting Josephson
devices), and whether spin Hall phenomena can realize elec-
trical control and readout of such a qubit.

In this Letter, we show that a heterostructure consisting
of magnetic insulators and a normal metal with strong spin-
orbit coupling can realize a magnetic analog of the super-
conducting phase qubit [15] and permits full electrical con-
trol and readout via spin Hall phenomena. We refer to this
device as the magnetic phase qubit. We show how a cou-
pled array of these qubits can realize a quantum annealer [16],
which could be used to solve certain hard optimization prob-
lems and machine learning tasks. While the electrical readout
of molecular qubits can be challenging [10], spin Hall phe-
nomena o↵ers an alternative, and a possibly more straightfor-
ward, method for electrical control and readout of the mag-
netic qubit. The device is an example of a macroscopic qubit
that can be constructed from state-of-the-art solid state mate-


