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Abstract

Spin-based electronics—spintronics—is a candidate technology for com-
plementing or replacing traditional semiconductor electronics at the end
of Moore’s law. We consider different spin carriers—electrons, magnons,
and Cooper pairs—and their potential for providing energy-eflicient spin
currents and spin torques.

In two papers we consider spin—orbit torques in synthetic antiferro-
magnets and van der Waals magnets. Using a collective coordinate model,
we are able to explain a switching anomaly in synthetic antiferromagnets
which may mitigate the dependence on an in-plane field to switch reliably
using spin-Hall torques. We also find that spin—orbit torques in van der
Waals magnets with trigonal prismatic symmetry may provide an accessi-
ble platform for studying the Berezinskii-Kosterlitz—Thouless transition.

Joule heating is inherent to all resistive spin currents, but can be cir-
cumvented using magnons. In two further papers we consider magnonic
spin-transfer in ferromagnets and multiferroics. By deriving collective co-
ordinate equations, we clear up some of the confusion over the frequency-
dependence of the domain wall velocity. In a multiferroic, we show that
the domain wall velocity can be controlled using an applied electric field.

Joule heating can also be avoided by spin polarizing a supercurrent.
In the two final papers we consider a superconducting spin Hall effect:
the superspin Hall effect. We demonstrate and explain the occurrence of a
transverse spin current in a ferromagnetic Josephson junction with Rashba
interlayers, and consider experimental signatures of the effect. We find that
the inverse superspin Hall effect can give rise to an anomalous Josephson
current, and suggest that the resulting ¢, junction can be used to directly
detect the spin-polarization of a supercurrent.
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Errata

After the publication of paper vI on September 13, 2017, small but sig-
nificant errors were discovered in the text and equations. Although the
scientific conclusions remain unchanged, these errors affected the read-
ability of the paper. The errors were announced in a Publisher’s Note on
May 3, 2018 (Phys. Rev. B 97, 179901(E); 2018), and are corrected in the
online version.

The transpose has been removed in Eq. (4) as B}, is a row vector.

A sentence has been inserted after Eq. (5), indicating that the matri-
ces %; that appear in Eq. (5) are the usual Pauli matrices (i = 0, 1,2, 3,
where %, refers to the identity).

A sentence has been inserted after Eq. (10), indicating that  is p =
1/T, where Tis temperature.

References to Fig. 1(a) in the captions of Fig. 2 and 4 have been
changed to Fig. 1.

In the discussion following Eq. (25) on page s, the word “imaginary”
has been changed to “real”.

In the last paragraph of the same column, the word “real” has been
changed to “imaginary”.

On page 6, “band structure to” has been changed to “band structure
due to”.
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Introduction

11 The computer and the human genome

The availability of large amounts of computing power is an enabling tech-
nology in the sense that it permits radical advances in unrelated derivative
technologies. One example is the large amount of genetic information
that has become available over the last two decades due to advances in
DNA sequencing.

The joint announcement by the Human Genome Project and Celera
Genomics in June 2000 of the first working draft of the entire sequence of
the human genome [1-3] is undoubtedly one of the great achievements of
modern biotechnology. Although the methods of the two partners differed
in several aspects, they both relied at the most basic level on a sequencing
technique known as shotgun sequencing [4]. Because sequencing long
stretches of DNA remains a difficult task, shotgun sequencing proceeds by
copying many short random fragments from the original string of DNA.
Each of the fragments is then sequenced. By identifying overlaps between
the fragments, they can be lined up to reveal the sequence of the original
piece of, say, chromosomal DNa [5].

Each of these steps could in principle be performed by a human. How-
ever, in practice whole-genome sequencing is impossible without assis-
tance from computers. In this and countless other ways the rapid increase
in computing power over the last half century has a daily impact on our
lives.

Shotgun sequencing:
I chromosomal DNA
i i l random reads
_— —_—

a

i i l sequencing

tl.‘ assembly

I finished sequence



Transistors are the basic
building blocks of modern
electronics. They function as
amplifiers and switches.

Simply put, the reduction in
gate capacitance reduces the
time it takes to charge the gate
and switch the transistor.

Figure 1.1 Moore’s law pre-
dicts an exponential increase
in components per die. Over
the last five decades both
processors and memory chips
have roughly upheld Moore’s
1975 prediction. Redrawn after
Ref. 7.

1.2 Exaflops, zetabytes, and Moore’s law

Unlike previous enabling technologies such as the printing press or the
steam engine, electronic computers based on integrated circuits have
pulled off an exponential increase in performance. Consequently, they
have spawned several waves of derivative technologies based on, for in-
stance, the personal computer, internet, and big data.

The exponential increase in computing power that we have seen over
the last five decades comes down to larger and larger numbers of transis-
tors working at a faster and faster pace. Gordon Moore, then director of
research and development at Fairchild Semiconductor, predicted in 1965
that the number of components in an integrated circuit would double ev-
ery year for the next decade [6]. In 1975, he revised his estimate, forecasting
a doubling of components every two years [7]. This trend became known
as Moore’s law, see Fig. 1.1.

The reduction in transistor size has also allowed for an increase in oper-
ation frequency at the same power density because of the reduced capaci-
tance and reduction in threshold voltage. So-called Dennard scaling 8, 9]
thus gave an effective doubling of computing power every 18 months. At
the same time, it provided an opportunity to avoid the heat problem—that

I T
ol 1965 actual data |
+ 1975 projection
processor
#/die 10° |- memory -
wE o f
! ! !

|
1975 1995 2010
year



is, the problem of removing from the chip all the heat dissipated by its
integrated components.

Dennard scaling broke down in the early 2000s [10], bringing an end to
increasing clock frequencies. The heat problem—initially dismissed by
Moore—is now putting an end to Moore’s law itself [11, 12]. This gives rea-
son to be concerned, not only because it heralds the end of a golden age for
the semiconductor industry, but more importantly because a stagnation
in computing power spells the end of the unlimited growth of derivative
technologies.

Not only does the breakdown of Moore’s law challenge a continued
increase in computing power. All that heat that threatens to melt the
chips also represents energy that must be supplied. To reach the next
step in computing power, so-called exascale computing, would require
a power consumption of hundreds of megawatts. This is 1030 times
more than the worlds fastest supercomputers consume today [13]. The
world’s information and communication technology already accounts
for an appreciable amount of the global electricity demand [14]. Hence,
developing energy-efficient computing technologies is not only a matter
of technological development, but also an economical and environmental
issue.

To keep up the increase in computing power, chip manufacturers today
try to circumvent the heat problem by keeping part of the chip ‘dark’ at
any time—with an obvious cost in cPU performance—and by dividing
the load over multiple parallel cores. Yet these tricks can only take us so far.
Although computer performance can still be improved by a factor of 10°
before we reach the Landauer limit [17-19], it is becoming increasingly
clear that traditional semiconductor technology cannot take us all the way
there. Several candidate technologies have been proposed to replace or
complement traditional cM0s technology [15, 16]. In this thesis, we will
focus mainly on spin-based technologies, so-called spintronics [20-22].

China’s Sunway TaihuLight
clocks in at 93 pflops and
15 MW [13].

%

Consumer devices 4.4
Networks 2.3
Production of iIcT 2.2
Data centers 1.6

% of global demand ~ 10.5

Other well-known candidate
technologies include optical
interconnects, integration
with 111-1v semiconductors,
three-dimensional integration,
beyond-Boltzmann transistors,
memory-in-logic architectures,
superconducting computers,
carbon electronics, and
memristors [15, 16].



A useful classical analogy to
the electron spin is a spinning
charged sphere. A circulating
charge gives rise
)
/

/

to a magnetic
moment, which
explains the
connection
between spin and magnetism.
However, this analogy should
not be taken literally. To
achieve an angular momen-
tum of h/2 the equatorial
velocity of a “classical electron”
would have to be larger than
the speed of light! (See Ref. 23.)

1.3 Spintronics

Spinis afundamental property of the electron, just like mass or charge. The
charge e of the electron gives rise to electrical phenomena, like lightning
or household electricity. The spin h/2, on the other hand, gives rise to
magnetism, such as in fridge magnets or compass needles.

A magnet that points either ‘up’ or ‘down’ can be used to store a bit of
information (‘0”or ‘1"). Examples of such magnetic memories include mag-
netic tape recorders, hard drives, and magnetic random-access memories
(MRAM) [24, 25]. To read and write the magnetic memory the direction
of the magnetization must be addressed electrically. Magnetoresistance,
whereby changing the magnetization changes the material’s electrical re-
sistivity [26], has long been used as an efficient way to read magnetic
memories [24].

The memory is written using magnetic fields [24 ]. The magnetic field
is created by passing a current through a wire or coil in, say, the write head
of the hard disk. However, because of the resistance in the wires, passing
alarge current implies a large energy expenditure. Magnetic-field-based
solutions are also poorly scalable [27].

Better scalability and energy efficiency can be obtained by sending the
current through the magnetic bit itself [28]. As we will see in Chap. 3, spin
transferred from the current can act with a torque on the magnetization,
thereby rotating the magnetization from ‘up’ (‘0°) to ‘down’ (‘1") or vice
versa. Several manufacturers have already commercialized MRAMs based
on such spin-transfer torques (STT-MRAM) [29-31].

An inherent limitation of this technology is that each conduction elec-
tron can transfer no more than h angular momentum to the magnetization.
This limit can be circumvented using so-called spin—orbit torques [32]. As
we will see in Chap. 3, the properties of heavy metals such as platinum
makes it possible for each electron to transfer its angular momentum mul-
tiple times, thereby achieving the same torque with a smaller applied cur-



rent. In papers 1 and 11 we consider the effect of spin—orbit torques on the
motion of magnetic domain walls (the boundaries of domains with mag-
netization ‘up’ and ‘down’) and spin—orbit torques in the two-dimensional
magnet Fe3GeTe.

Although spin-orbit torques represent a considerable advance, so-
called Joule heating due to the electrical resistance is inherent to all current-
induced spin torques. The elementary spin excitations of magnets—spin
waves (or magnons)—represent an alternative to charge-based spin cur-
rents [33]. Magnons can propagate through both electrically conducting
magnets and magnetic insulators [34]. In fact, magnon propagation is
even more eflicient in magnetic insulators because the absence of charge
excitations represents one less channel through which energy can be dis-
sipated from the magnetic system. Similarly to electrons, magnons can
transfer spin to the magnetization and thereby act with a torque (Chap. 4
and Refs. 35-39). In paper 111 we consider such spin transfer from spin
waves in an ordinary ferromagnet. In paper 1v we consider additional
effects that are present in materials with a magnetoelectric coupling.

1.4 Superconducting spintronics

When cooled to within a few kelvin of the absolute zero, many metals
exhibit vanishing electrical resistance [43] and expel applied magnetic
fields [44]. This phenomenon is known as superconductivity [ 45-48]. Dis-
covered by H. Kamerlingh Onnes in 1911 [ 49], these so-called conventional
superconductors defied a microscopic theoretical understanding until 1957,
when Bardeen, Cooper, and Schrieffer published the so-called Bcs theory
of superconductivity [ 50, 51].

Without any electrical resistance there is no Joule heating. Conse-
quently, if these materials can somehow be integrated with the spin-based
functionality of spintronics, the resulting devices might be very energy
efficient. However, at first glance superconductivity and magnetism seem

Everyday magnets are known
as ferromagnets—that is, mag-
nets resembling magnetic
iron. Ferroelectric materials are
materials with a spontaneous
electric polarization. A mag-
netoelectric coupling [40] is a
coupling between the magne-
tization and the polarization
in a material that has both
magnetic and electric order (a
multiferroic (41, 42]).

Low-temperature elemental
superconductors:




The Meissner effect:
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to be mutually incompatible phenomena [52, 53]. Not only does supercon-
ductors expel magnetic fields (known as the Meissner effect [ 44]), but large
magnetic fields destroy superconductivity and push the superconductor
over the phase boundary into the normal state [45-48].

At the microscopic scale, the story is different. Superconductivity is
an intrinsically quantum-mechanical phenomenon. On a phenomeno-
logical level, the superconducting material can be described by a wave
function [54]. When the superconductor is placed next to another ma-
terial, the evanescent tail of this wave function will reach into the other
material and endow it with superconducting properties. As we will see in
Chap. 6, this proximity effect [s5—60] can give rise to new forms of super-
conductivity at the interface with properties that are different from those
of either bulk material [61-63]. Superconducting spintronics aims to harness
such exotic forms of superconductivity to obtain new device functional-
ity [64]. In papers viand viI we consider one such effect, namely the
superspin Hall effect.

1.5 Two-dimensional materials

Graphene is a sheet of graphite, only one atomic layer thick. The isolation
of graphene in 2004 [65-67] marked the start of the exploration of two-
dimensional crystalline materials. By exfoliation from bulk crystals, or
otherwise by chemical vapor deposition (cvD) or similar techniques,
dozens of two-dimensional crystals have been produced [68].

Graphene has a linear dispersion close to the Fermi level [69, 70].
Consequently, low-energy quasiparticles behave similarly to massless
electrons or holes (also known as massless Dirac fermions). Other two-
dimensional crystals exhibit similarly exciting properties, such as super-
conductivity, semiconductivity, insulating behavior, large spin—orbit cou-
pling, ferroelectricity, and magnetism [68, 71, 72]. A unique feature of
the two-dimensional crystals is that their Fermi level can be shifted a rel-



atively large amount by gating, which makes their properties electrically
tunable. This makes it interesting to incorporate these materials in devices
by combining them with three-dimensional materials or by stacking two-
dimensional crystals to form a so-called van der Waals heterostructure [68,
71).

Two-dimensional magnetic materials were discovered only in 2016 [72].
In paper 11 we consider spin—orbit torques in one such material, Fe3GeTe,.
Before the discovery of two-dimensional magnets, attempts were made at
making magnetic graphene [74]. These efforts include vacancies, adatoms,
and nanoribbon edges. In paper v we consider a fourth approach, namely
the magnetic proximity effect [75] A disadvantage of introducing vacancies
or adatoms to graphene is that it degrades the interesting electronic prop-
erties. Proximitizing graphene to a magnetic insulator has the advantage
that most of the transport properties of graphene remain unchanged.

The discovery of other two-dimensional magnets has made magnetic
graphene less technologically relevant. Magnetic graphene is, however,
still an interesting material. As a magnet it is unusual because it hasno d
or f electrons. An applied magnetic field can induce dissipationless, spin-
polarized edge states (paper v), and it could possibly realize the quantum
anomalous Hall effect, the quantum spin Hall effect, and the quantum
valley Hall effect [76].

In the following chapters I will present some of the most important con-
cepts for understanding papers 1-v11. The main results of the papers are
described in the sections marked with an asterisk in the table of contents.

Crystal structure of Fe;GeTe,:

AN
jgog
“ (\>(\>(\>(\ .

Felll Fe” Ge Te

Redrawn after Ref. 73.






Magnetism

2.1 Classifying magnetic materials

The susceptibility x of a material to be magnetized by an applied magnetic
field H can be defined as

-(2), ®

where M is the magnetization, H is the magnitude of the applied field, and
the parentheses indicate that the derivative is taken at constant temper-
ature. This simplified expression assumes that the magnetization M is
parallel to the applied magnetic field H. As we will see later in this chapter,
this is not always the case for finite-sized or crystalline samples.

The susceptibility is a dimensionless material parameter. For magnetic
applications, it has proven useful to classify materials according to the sign
and magnitude of their magnetic susceptibility.

A negative magnetic susceptibility (x < 0) means that the induced
magnetization points in the opposite direction of the applied magnetic
field. Consequently, the magnetic flux density B = po(H + M) inside the

Some common diamagnets
material is smaller than its vacaum value B = poH. (Here, u is the mag- 8

include [77]:
netic permeability of vacuum o = 47 - 1077 T/(A/m).) Materials with a silver  x=—2-106
negative susceptibility are known as diamagnets. Although many common a-quartz —1.10-6
materials exhibit a diamagnetic response, the response is typically quite  graphice —1.10-6
weak. The exceptions to this rule are superconducting materials. Because  copper -8-1077
of the Meissner effect, superconductors are perfect diamagnets (x = —1).  water —-7-1077



Some common paramagnets

include [77]:

manganese x = 7-107°
platinum 2-107°
aluminum 2-10°¢
sodium 7-1077

The formation of flux-closure
domains may produce a

a ferromagnet .
with zero net T i
magnetization: -

Yet another type of order is
ferrimagnetism. Ferrimagnets
are antiferromagnets in which
magnetic dipoles of different
magnitude partially cancel.

Spin-flop transition:
collinear: flopped:
(U S
up
H < H* H>H*

A small and positive magnetic susceptibility (x > 0) means that the
induced magnetization adds to the applied magnetic field, producing a
larger magnetic flux density inside than outside the material. Materials
with small positive susceptibilities are known as paramagnets. A paramag-
netic response indicates that the applied field aligns thermally disordered
magnetic dipoles in the material.

A large and positive magnetic susceptibility indicates that the material
is ferromagnetic. Ferromagnetic materials exhibit a spontaneous magneti-
zation M due to the alignment of magnetic dipoles in the material. Even
so, the net magnetization of a ferromagnetic sample may be zero due to
domain formation. Ferromagnetic materials are the subject of this chapter,
and we will consider domain formation in Sect. 2.6.

The spontaneous alignment of magnetic dipoles in a ferromagnetic
material is not the only possible magnetically ordered phase. In antiferro-
magnetic materials the magnetic moments of the material dipoles cancel
each other on the level of the unit cell. Still, neutron scattering experiments
show that these materials exhibit a high degree of order [78]. Evidence ofa
phase transition can also be seen in the specific heat and in the temperature
dependence of the magnetic susceptibility. Yet, under the simple classifi-
cation scheme we considered above, these materials would be classified as
paramagnets.

However, whereas the induced magnetization of a paramagnet saturates
smoothly at large applied magnetic fields, antiferromagnets are are prone
to exhibit discontinuous magnetization curves. One particular example is
the spin-flop transition of a collinear antiferromagnet [26]. In a collinear an-
tiferromagnet the microscopic magnetic dipoles are oriented antiparallel
to each other. If a magnetic field is applied parallel to this axis, the induced
magnetization will initially be very small. However, at some critical field
H* the antiferromagnet will flop, orienting the microscopic dipoles almost
perpendicular to the applied field. In this way the material can satisfy its
preference for an almost antiparallel arrangement of dipoles and lower its
energy by partially aligning the dipoles with the magnetic field.

10



2.2 Magnetism is quantum

The magnetic susceptibility is a well-defined quantity in classical electro-
magnetism. However, catastrophe strikes when we attempt to calculate the
magnetization of a classical system microscopically [79]. Considera collec-
tion of charged particles. This could be the conduction electrons of a metal,
say, or a gas of ionized atoms. We apply a magnetic field H = V x A/, to
this system and calculate the resulting magnetization. (A is the magnetic
vector potential.)

Biot—Savart’s law gives the magnetic field from a collection of charges
as

vy x 1’

B(r) = i Zfiw;/ig, (22)
where 1’ = r — r;, v is the position of charge 1, v; is the velocity of charge
i,and qj is the charge of charge i. The velocities of the particles are distrib-
uted according to the Maxwell-Boltzmann thermal distribution. It gives
the probability of finding particle n at position r, with momentum p-, as

dP = exp[—BH(P1, ..., PN, T1, .., TN)]dPy -+ dpndry - dry,  (23)

where B = 1/kgT, kg is Boltzmann’s constant, and Tis temperature. H is
the Hamiltonian of the system,
v P giA)?
H= Z‘ Im, +qip+V, (2.4)
where ¢ is the scalar potential and Vs, say, the crystal potential.
If we now attempt to calculate the thermally averaged magnetic field,

(B) = %JdP B, Z= JdP, (25)

we discover that, because B (r) from Eq. (2.2) is odd in momentum,
the net field is zero. Classical systems are not magnetized by an applied
field—their magnetic susceptibility is identically zero, x = 0.

11

This important theorem in
classical statistical mechan-
ics is called the Bohr—van
Leeuwen theorem [79, 80].
Independently discovered by
N. Bohr and ). H. van Leeuwen
in 1911 and 1919, it became
widely known only after J. H.
Van Vleck promoted it [81].



The hydrogen molecule

was first treated by Refs. 82
and 83. Itis also treated in
many books. Two particularly
readable treatments are
those by Refs. 84 and 85. A
nontechnical treatment can
be found in Ref. 86.

Quantum chemists call this
linear combination of atomic

orbitals, or LcAO for short [88].

Consequently, we must turn to quantum mechanics to explain diamag-
netism, paramagnetism, ferromagnetism, and all the other magnetic orders.
Our classical calculation fails at two counts in explaining ferromagnetism
in particular. First, it fails to account for the quantum-mechanical spin
of electrons and other fundamental particles. The spin contributes with
a magnetic dipole moment that is independent of the orbital moment.
Second, it fails to account for the interaction that allows the spins in a
ferromagnet to spontaneously align. Magnetostatic dipole—dipole inter-
actions are much to weak (~ 1072 meV) to provide the experimentally
observed transition temperatures (~ 10! meV).

2.3 Exchange interactions

To illustrate how quantum mechanics can give rise to spin interactions, we
consider the hydrogen molecule, Hy. The hydrogen molecule consists of
two electrons and two protons. The Hamiltonian of the electrons is

H =Hq + Hp + Vab, (2.6)
with
h? e? 1 1
et )
' 2m v 4mep \|ry — Ry| * Iri — Ryl
e? 1

Vap = — 1
@ 4mteg Irq — Tl

Here, e is the electron charge, m is the electron mass, € is the permittivity
of vacuum, r; is the position of electron i, and R; is the position of proton j.

To find the exact solution of this Hamiltonian is very hard, but the
properties of the exact solution can be captured using the variational
method [87]. As a trial wave function we choose a linear combination of
the 1s states of the hydrogen atom,

P(Ta, To) = x@1 (Ta)92(T) + BP2(Ta) @1 (Tp), (27)
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where, @1 is the 1s state of proton 1 and ¢, is the Ts state of proton 2. By
combining states where the electrons reside at different atoms, we avoid
the large on-site repulsion that comes with having two electrons in the
same orbital. The energy E of this state is

_ Jdradry $rHY (2.8)

5= dredro v

We calculate the normalization integral first,
Jdradrb P = o + B2 + 2apA?,

where A is the overlap integral, A = fdr ¢ (r)@,(r) = A*. Second, the
energy expectation value is

Jdradrb VHY = (E; + Ea) Jdradrb Y + Jdradrb W Vap .
Here, we assumed that [r; — R,| > [r; — Ry|for ¢ (1) and vice versa, which

gives H(;; = Ej1;. Since ¢ and ¢, are both 1s states, E; = E; = e. The
expectation value of the Coulomb interaction is

Idradrb P*Vaph = (o2 + B)U + 2apW
with
u= Jdradrb Vap 1 (ra) 22 (rp)12,
W= Jdradrb Vaodf (ra) b2 (ra) 3 (re) by (o). (2.9)

U and W are both real. W is known as the exchange term because it ex-
changes electron a and b. Assembling all this we have

(E—2e) (0 + B22apA%) = (a? + AU + 2xpW. (2.10)
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The spatially symmetric and
antisymmetric wave functions
of the H, molecule:

To find the values of o and 3 which makes E minimal, we differentiate with
respect to « and B, and set the derivatives equal to zero. The result is a set
of two linear equations. Writing them on matrix form we find

(4 % )eaemn( L 2 )](4)=0

This homogeneous set of equations has a solution only if the determi-
nant vanishes. That condition gives us an equation for E, which has the
solutions

u+w
Ey =2e+ ]__:7}\2 (211)
Substituting each of these energies back into the matrix, we find the so-
lutions (ecy, B+) = (1, +£1)/v2, which correspond to the wave functions

Yy = \E[@] (ra)@2(rp) £ @2(ra) @1 (T‘b)]~ (212)

The wave function 1. is symmetric under particle interchange and the
wave function \_ is antisymmetric under particle interchange. However,
the Pauli principle requires the total wave function to be antisymmetric.
Consequently, the spin part of b, must be the singlet state, and the spin
part of _ must be one of the triplet states. The integrals U and W have
been evaluated and W is negative, W < 0 [84]. The energy is therefore
minimized by the spatially symmetric wave function, .. Hence, the spins
are in the singlet state.

This effective spin interaction originates ultimately in the Pauli exclu-
sion principle and the Coulomb interaction. The electrostatic repulsion
between the electrons connects the two 1s states—they are no longer sta-
tionary states. The electrons can gain kinetic energy by hopping between
the states, but due to the Pauli principle that is only possible as long as they
do not have the same spin. This favors an ‘antiferromagnetic’ state [89].
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We can see this more clearly by writing out the exchange interaction in
creation and annihilation operators. The ‘exchange operator” is

veiy Y

u#v 01,02

Jdradrb (Ptt(ra)(P:/<rb)Vab(Pu(rb)(Pv (ra)

+ +
X Cu,01Cv,0,Cu,0,Cv,04

=-W Z CL,UI CHrO'ZCi’/O'ZCV/O'I ’
01,02
uFEV
where pand v run over y, v = 1,2 and o runs over o3 =1, . Performing
the sum over spins we obtain

(2.13)

V= —WZ (%nun\, +2S,. - SV),
HFEV

using Sy, = 3 3 Oyncliycunand Sy - Sy = SESE + 3 (S{ST + i),
where St = S¥ + S}l and o is the vector of Pauli matrices. Since W < 0,
the classical state that minimizes the expectation value of this operator is
that the spins point in opposite direction—that is, an ‘antiferromagnetic’
spin coupling.

There is no such simple two-electron model that illustrates a ground-
state ‘ferromagnetic’ coupling between the electrons. In fact, it can be
proven that the ground state of a two-electron system is always the spin
singlet state [79]. However, ferromagnetic exchange is possible in the
ground state of systems with three or more electrons. As a rule of thumb,
ferromagnetism is usually the result of many-particle physics. When fer-
romagnetic exchange does occur, the resulting symmetric spin state is
accompanied by an antisymmetric orbital state. That maximizes the av-
erage distance between the electrons, thus minimizing their Coulomb
repulsion. Ferromagnetism is therefore often the result of minimizing the
system’s potential energy [89].
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Heisenberg was the first to
suggest that ferromagnetism
could be understood in terms
of minimizing the electrons’
electrostatic repulsion [90, 91].
Whereas Heisenberg’s intuition
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electron wave function is
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the electrostatic repulsion is
maximal.



2.4 Spin-wave theory

In Eq. (213) we saw that the exchange interaction can be expressed as
a dot product of spins. We can use this as a phenomenological model
for exchange in many-electron systems. This is known as the Heisenberg
model [89, 90]. On a lattice with only nearest-neighbor interactions, the
Heisenberg model takes the form

%:]ZSi~Sj, (214)
(i,3)
where the angle brackets indicate that we sum over each nearest-neighbor
pair once. For] < 0 the spin-spin interaction is ferromagnetic.
In the classical ground state of this model, all spins are aligned in the
same direction. This is also the quantum-mechanical ground state. To see
this, we rewrite the Heisenberg Hamiltonian as

H=T) [5(5FSy +S7S5) +578%]. (215)
(i,3)

Applying this Hamiltonian to a state where all spins are aligned, the first
two terms give zero because the z components of spinsiandj are already
maximal and cannot be increased further by S{ and ;. The last term gives
E = JS?Nn/2,where Sisthe spin at eachsite, N is the total number oflattice
sites, and n is the number of nearest neighbors at each site. Consequently,
the classical ground state is a quantum-mechanical eigenstate. Since E =
JS2Nn/2 is the smallest energy possible, it is also the ground state.

To study the eigenexcitations and the spectrum of the Heisenberg
Hamiltonian, we need to diagonalize it. For that we use the Holstein—Pri-
makoff representation [92],

St =y25—dafa,q;, ST =aly25—alfa,, S¥=S—dala;, (216)

where the a-operators fulfill bosonic commutation relations. In the ground
state, (afa;) = 0, and all the spins point in the z direction. Thus the
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Holstein—Primakoff representation singles out the z direction as the ori-
entation of the magnet in the ground state. However, the Heisenberg
Hamiltonian itself has global spin-rotation symmetry (the generator of
global spin rotations, S - , commutes with the Hamiltonian). Hence,
the ground state breaks the symmetry of the Hamiltonian. This is known
as spontaneous symmetry breaking [89].

For large spins S we can expand the square roots in the Holstein—Pri-
makoff representation in 1/S. Truncating the expansion at zeroth order
gives the approximate relations

St ~V2Sa;, S; ~ V28, $¢=S—alq;. (2.17)

Substituting these relations into the Hamiltonian and keeping only bilinear
terms we obtain

H = ]SZNTI +]S Z (a}‘ai + a‘{a]- — af{ai — a;raj ).
(i,3)

This Hamiltonian is still not diagonal, but it can be diagonalized by a
Fourier transformation,

k k
The resulting Hamiltonian is
H=Ey+ Z wkaiak, (2.19)
®

Wi =—=J$Y (1—cosk-8), Eo = JS2Nn,
5
where § is the nearest-neighbor vectors. (Thus for a square lattice we have
8 = +ey, iey.)

The eigenexcitations of the Heisenberg Hamiltonian are known as
magnons. As we will see in Chap. 4, their classical interpretation is spin
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Spin waves:
7 N7
”\ 4 H\) 4 N
\,/ AN _/

This result is known as Bloch’s
three-halves power law [96].

waves— wave solutions to the magnetization’s classical equation of motion.
For small wave vectors, their spectrum is quadratic,

x = —JSkZ.

(220)

The magnetization can be calculated as the thermal expectation value
of the spin,

(2.21)

M=) s5H =4 ) (S—ala)=5-am.
i k

Since the magnons are noninteracting bosons, at least to bilinear order, the
thermal expectation value of the number operator is the Bose-Einstein
distribution function [93]

1
exp(Pwy) — 1

((1?< Q) = (2.22)
If we consider temperatures for which [J|Sk? > kg T, we can use the k — 0
limit of the magnon dispersion. That gives the thermal correction

am= 1 (L)3Jdk]

N\ 27 exp(BIIISkz) -1

in the continuum limit. This integral diverges as 1/k for k — 0 in one
dimension and as — log k for k — 0in two dimensions [89]. Consequently,
in one and two dimensions the Heisenberg ferromagnet is not ordered
at finite temperatures. However, in in three dimensions we can use the
substitution x = B|JISk? to evaluate the integral as [94, 95]

1 L 3 kBT 3/2 p27 7T ' oo Jx
N (E) (W) dep Ld{) sind Jodx o~ 1
_ 1 U (keT 3/2r(é)c(é)
T am2 N\ ]IS 272y

AM =

(2.23)

18



where L3 is the sample volume, I'is the gamma function, I'(3/2) = v7/2,
and ¢ is Riemann’s zeta function, ¢(3/2) =~ 2.61.

The divergence of AM in one and two dimensions is not incidental. In
fact, the Hohenberg—Mermin-Wagner theorem states, under quite general
conditions, that no continuous symmetry can be spontaneously broken
in one or two dimensions at finite temperature [89, 97, 98]. Since the
Heisenberg Hamiltonian has continuous O(3) symmetry, this theorem
prevents it from ordering at finite temperature in d < 2.

Nonetheless, truly two-dimensional magnetic materials exist [ 72 ]. Their
existence depends on anisotropic terms in the magnetic Hamiltonian, such
as

H=]) Si-Sj+D) (S92
(L3 i
This Hamiltonian has only discrete z — —z symmetry, so the Hohen-
berg—Mermin-Wagner theorem does not apply.

2.5 Magnetic anisotropy

Whereas two-dimensional materials require anisotropic terms in the Hamil-
tonian to order magnetically, three-dimensional materials can do without
them. Even so, most magnetic materials have an anisotropic magnetic
susceptibility. As we will see in Sect. 2.6, magnetostatic dipole—dipole
interactions can give rise to shape anisotropies, which depend on the shape
of the magnetic sample. In this section, we consider magnetocrystalline
anisotropies, which are due to the crystal lattice.

The magnetization curves of iron, nickel, and cobalt in Fig. 2.1 demon-
strate that the magnetic susceptibility of these materials depends on the
direction of the applied magnetic field with respect to the crystal lattice.
The shapes of these curves can be understood by analyzing the symmetry
of the crystal lattices.
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The perhaps most famous
model that orders magneti-
cally in two-dimensions is the
Ising model [99]. Onsager’s
exact solution of the two-
dimensional Ising model has a
phase transition at [100]
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Figure 2.1 Magnetization
curves for single crystals of
o-iron, nickel, and e-cobalt. The
easy axis of a-iron is [100] and
the hard axis is [111]. Redrawn
after Refs. 101-103.

Although named for F. Neu-
mann [104], this principle has
perhaps been stated most
eloquently by P. Curie [105]:
cest la dissymétrie, qui crée le
phénoméne. In terms of assym-
metry Neumann’s principle
states that a property tensor
cannot exhibit an asymmetry
that is not present in the crys-
tal. The lower the symmetry
of the crystal, the more inde-
pendent elements exist in the
property tensors.

o-Fe (bcc)

[100]

1.7 7

M,
MA/m
0 |
0 H, kA/m 48

[1m]

[110]

Any type of symmetry which is exhibited by the point group of the crys-
tal is possessed by every physical property of the crystal. This is known
as Neumann’s principle [106]. Thus, to identify the magnetocrystalline
anisotropies, we expand the magnetic energy density in the normalized
magnetization components m; = M;/M, and identify the terms of the
expansion that are invariant under the symmetries of the lattice. Because
the energy must be time-reversal invariant, only even orders of the magne-
tization components can appear in the series expansion,

u=1up+ /\ijmimj + l‘ijklmimjmkml + - (2.24)

(Summation over repeated indices is implied.) The magnetic energy den-
sity w is a scalar and is invariant under coordinate transformations. The
magnetization m; is an axial vector, and consequently Ai; and Iy, are
polar tensors.

We consider a-iron as an example. The bcc lattice has point-group
symmetrym3m (Oy,). Any polar second-rank tensor that s invariant under
the symmetry operations of m3m is proportional to the identity [106]:

Aii = Ag; Ayj =0V i#j.

Consequently, the second-order term does not contribute to the mag-
netocrystalline anisotropy: Ag(mz + m§ + m2) = Ag. A polar fourth-
rank tensor that is invariant under the symmetry operations of m3m has
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21 nonzero compoents, but depends on only two independent parame-
ters [106]:

Niii =T,
rxxyy(G) = Ixxzz(6) = lyyzz(6) = 2,
Tk = 0 for all other ijk1

(xxyy(6) indicates the six tensor elements that are obtained by unrestricted
permutation of the indices xxyy). Thus, the fourth-order terms evaluate
to

M(mi+my +ml) + 6L mimd + mimZ + mim2).
Because we have normalized the magnetization vector to 1,

The magnetic energy density

1=(m2+ m% +m2)2 =mi+ mﬁ +mi+ z(mimﬁ +mZm2 + mﬁ m2), asafunction of magnetization
direction:

these terms describe the same magnetocrystalline anisotropies, [001]
M+ (673 — 2IY) (mgmg + mimZ + mgm2).

We conclude that the magnetic energy density can be written as
u =Ko + Ky (mZmg + mZmZ + mim2) + Komimgmz + -, (2.25)

where Ko = ug + Ay + I, Ky = 6, — 2I, and the sixth-order term has
been obtained in the same fashion as the fourth-order terms.

The coefficients K; and K, can be obtained by comparing this expres-
sion to experimental data. The plane of a circular disk with a (110) ori-
entation contains all the three major symmetry directions of the bec lat-
tice ([100], [110], and [111]). By applying a magnetic field of constant
magnitude in the plane of this disk, we can map out a cut through the
magnetization energy density at @ = /4. The magnetization curve we
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In-plane magnetization curve:

[oo1] [m][no] [117] [oo01]
1.7
M
0.8

0 N 180
Redrawn after Ref. 8s.

The rest frame of the electron
is not an inertial system—it
accelerates. In Eq. (2.28) we
have made the appropriate
kinematic correction, known
as the Thomas precession,
which gives rise to an extra
factor of % [107, 108]

obtain is a representation of the negative of the magnetic energy density
of the system: u = —M - B. Its two minima correspond to the corners
of the cube at [111] and [111], and its three maxima correspond to [oo1],
[110], and [001], respectively. Careful comparison of the experimental
data and the theoretical prediction shows that the values of K; and K; are
K; = 48kJ/m3 and K, = —10kJ/m3 [8s].

The magnetization of a solid is (mostly) due to the spin magnetic mo-
ments. The presence of magnetocrystalline anisotropies must therefore
be a result of a coupling between the spin-space and real-space properties.
Such a coupling is known as spin—orbit coupling.

From the point of view of an atomic electron, the nucleus orbits around
it. This circulating charge (the nucleus) generates a magnetic field. The
electron will tend to align its spin along the field, thus coupling its spin to
its orbital moment. We consider for simplicity the hydrogen atom. Using
the Biot—Savart law, the magnetic field of the proton is

Hol
B = Mo
2r’

where I = e/Tis the effective current and Tis the period of the orbit. The
field points along the angular momentum L of the electron, L = rmv =
2mmr2 /T, so

1 e
B= MWL, (2.26)

where ¢ = 1//(eono) is the velocity of light. The magnetic moment of

the electron is

e
p=-Cs (227)

Consequently, the spin—orbit interaction of the hydrogen atom is [87]

e2 S-L

~ 8meg m2c2r3 (228)
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The atomic spin—orbit interaction couples the electron’s spin to its
orbital moment—or, if you like, to the orientation of the atom. If, in
addition, there is a preferred orientation of the atomic orbitals because of a
low-symmetry crystal-field environment, the result is a magnetocrystalline
anisotropy. As an example of this rule, we consider gadolinium (Gd) and
terbium (Tb). Both crystallize in the hexagonal close-packed structure.
The magnetic state of gadolinium, 47, is (L,) = 0, whereas that of terbium,
48, is (L,) = 3. This is reflected in their uniaxial anisotropy coefficients,
which differ by two orders of magnitude at liquid helium temperatures,
Ku1(Gd) = =0.12MJ/m3 and K1 (Tb) = —57MJ/m3 [8s].

2.6 Magnetostatics

As mentioned at the beginning of the previous section, the magnetostatic
dipole—dipole interactions can also contribute to the anisotropy of a sam-
ple’s magnetic susceptibility. A magnetic dipole moment p gives rise to
a magnetic field B. Far away from the magnetic dipole, this field can be
written as [26]
_po/3u-mr p

B(r>_m(]‘75_r73). (2.29)
The interaction energy of two magnetic dipoles that interact solely via
their magnetic fields is thus

: 3(uy -T)(u2 - 1)
U=—H1'BZ—M2-B1=%(u1r3HZ— ad TSHZ )

Depending on the dipoles’ relative position and orientation, the inter-
action energy varies between + (1 /27) (1 2 /r3) in the unstable up—up
state and — (o /70) (g w2 /13) in the stable head-to-tail state. As we will
see below, it is exactly this anisotropy that gives rise to the anisotropy
of the dipole—dipole interactions’ contribution to the sample’s magnetic
susceptibility.
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The dipole—dipole interactions in a ferromagnet—that is, an ensemble
of magnetic dipoles—can be found by generalizing from the two-dipole
case. The interaction energy is given by

U=-3 ZHi'Bij
[

ho (30 Tdry
—-pyue Y e (b, (230)

i j#i T ™5

where 13 is the vector from p; to p;. In principle, we can evaluate this sum
directly. This has in fact been done analytically for some particular lattices
for arrays of equal and parallel dipoles [109]. However, for most practical
purposes, evaluating the sum directly is impractical, even using numerical
methods. As the size of the sample increases, the number of terms in the
sum grows as r3;, but the summand falls off only as 1/r};. Consequently,
the contributions of distant dipoles never cease to be important. Since the
interaction of each dipole with every other dipole must be taken into ac-
count, the computational complexity grows as N2, where N is the number
of dipoles.

We can avoid evaluating the sum directly by considering the corre-
sponding integral instead. In the continuum limit, we replace each dipole
u; with the dipole M (r)dr, where dr is a volume element. The resulting
dipole—dipole interaction reads

u=-1 Jdr M(r) -jdf’B(frT'%

with

Ir— '3 Ir—1r'3

Bir ) = 20 (3[M<r'>.<r—r'>]<r—r’> M) )

The integrals run over the sample volume. However, we run into trouble as
soon as we try to evaluate them. The integral over dr’ of the magnetic field
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B(r,1') is well-defined only as long as we evaluate it at positions r outside
the magnet, but the integral of M - B runs over the magnet itself. Provided
that none of the dipoles u; overlap with the dipole p;, this divergence is
absent in Eq. (2.30). We introduced it upon taking the continuum limit.
Lorentz gave an argument to remove this divergence [110]. Since the

divergence is absent in the sum, we separate the dipoles p; into two groups.

For the dipoles inside a sphere of radius R around the dipole p; we evaluate
the sum over j # i directly, and for the dipoles outside the sphere we
evaluate the integral over dr’ instead,

Bi (1) :J dr' B(r,v') + Z By, (2.31)

Q jEW

where w is the volume of the Lorentz cavity and Q is the volume of the
sample minus w. The radius R must be large compared to the lattice
spacing, but small enough for the dipoles inside the sphere to be almost
parallel.

We start by considering an equivalent form of the integral over dr’. The
B field, the H field, and the magnetization M are related by the constitutive
relation B = po(H + M). Since B is solenoidal, the divergence of H is
entirely due to M:

V-H=-V-M.

Comparing this equation to Coulomb’s law,
V-D=p,

it is apparent that the divergence of the magnetization,
pm=-V-M,

(232)

can be interpreted as a magnetic charge pa for H. Furthermore, in the
static limit and in the absence of currents H is irrotational,

VxH:]+%:O. (2.33)
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Redrawn after Ref. 26.

The characteristic length scale
of magnetization variations
due to dipolar interactions

is the exchange length, { =
J(A/oM2). Here, A is the
exchange stiffness and M is
the saturation magnetization.
Typical exchange lengths are
¢ = 3-9nm. Since typical
lattice spacings a are on the
order of angstroms, finding a
radius a < R < Lis physically
feasible.



The H and B fields inside a
uniformly magnetized sphere
are

H=-1IM, B=3iM,

respectively [111]. The fields
outside the sphere are those of
adipole of dipole moment

_ 47nR3
T3

H field:

The H field is generated by the
free surface poles, where

V-M=M-e, #0.

Consequently, the field inside
a spherical hole in a uniformly
magnetized body is
H=M/3.

Finding H given the magnetic charge pp = —V - M is therefore formally
equivalent to the electrostatic problem of finding D given the electric
charge p. Using the existing formal solution for D, we can thus write down
Has [111]

H(r) = —;—HJ dr’ [
Q

This integral depends on the shape and the size of the sample. However,
by dividing the integration volume into two pieces we can separate out
a contribution that is independent of these particularities, namely that
from a thin spherical shell around the Lorentz cavity. Since we assumed
that the magnetization close to the Lorentz cavity is almost uniform, the
contribution from this shell is M /3. Hence, the integral over dr’ evaluates
to

Vi -M@G@)H)](r—=1")

r—13 (2-34)

H(r) = —;—T[J gr MO 1) MO gy 1M (as9)

. r—7'3 3

inside the Lorentz cavity. Here, Q' denotes the volume remaining after
separating out the thin spherical shell.

Next, we consider the sum over j # iinside the Lorentz cavity. As it
turns out, the sum vanishes for a cubic lattice [112]. This can be seen by
noting that the x component of By; is

o 3(HxXF + ByYijXij + HeZijXij) — ixTh

5
47t ™

In the sum over dipoles at a given distance ri; from dipole i
injyij = injzij = Zyijlij =0
j j j
and

2 _ 2 _ 2 1 2
inj—Zyu—ZZu—zZm
j j j

)
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if the lattice is cubic. Consequently, the contribution from each such
group of dipoles to Bi; vanishes. If the crystal is not cubic, Bi; does not
vanish, however the resulting contribution to the dipole—dipole interac-
tion is local and proportional to Ajjm;m; and can be incorporated in the
magnetocrystalline anisotropy [112].

We conclude that the dipole—dipole interaction energy for a cubic crys-
tal is

U= —%JdrM~ (H' + 1M,
where the integral is taken over the magnet. The term — (1o /6)M? (Q + w)
is simply a constant, and is customarily ignored, giving

u= —@fdrM~H’. (236)

2
Using the constitutive relation M = B/ —H, and the fact that the integral
of B - H over all of space vanishes [26, 112], this integral over the magnet
can also be written on the form

U= @jdrH’Z,

5 (2.37)

where the integral is taken over all of space.

Written on this form, we observe that the dipole-dipole interaction
energy is always positive, and attains its minimum value if V.- M = 0
so that H' is zero. Left to its own devices, a ferromagnet with negligible
magnetocrystalline anisotropy will therefore tend to divide into domains
that reduce the net magnetization. The most favorable form of domains
are so-called flux-closure domains, as pointed out at the beginning of this
chapter.

We saw on the facing page that the magnetic field inside a uniformly
magnetized sphere is H = —M /3. Since the magnetic field opposes the
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Using B = V x A the integral
of B - H over space is

fdrB-H = fdr[V- (A xH)
+A - (VxH)].

The second term is zero by
Eq. (2.33), and by the diver-
gence theorem the first term
is

fd?re, - (AxH).

The volume integral was taken
over all of space, so the surface
integral is over a sphere of
infinite radius. Since A and
Hvanishas A ~ r~2 and

H ~ 173 far from the magnet,
this term is also zero.

The formation of flux-closure
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Redrawn after Ref. 26.
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(stable)

(stable)

magnetization that creates it, it is often called the demagnetization field. It
is true in general for all ellipsoids that are magnetized along one of their
principal axes that the magnetic field inside the ellipsoid can be written as

Hi = —NijM]’ ,

where the demagnetization tensor Ny; is diagonal [85]. (Summation over
repeated indices is implied.) The trace of the demagnetization tensor is
equal to one, Ny; = 1. For ellipsoids of revolution, Nxx = Ny, and [85]

1 P arccosp )
1-— , <1 (oblate),
1T—p2 ( J—p2 P (oblate)
Nz, = 1 h (2-38)
parcoshp
T ( S~ 1), p>1 (prolate),

where p = c/a is the aspect ratio of the semimajor axis c to the semiminor
axis a. Fora sphere, p = 1,werecover Nyx = Nyy =N, =1/3.

Given a direction of the applied field with respect to the ellipsoid, the
smaller the demagnetization factor (Nxx, Nyy, or N, ), the smaller the
demagnetization field. The smaller the demagnetization field, the easier
it is to magnetize the ellipsoid. For instance, it is easier to magnetize a
cylinder along its axis than perpendicular to it, or to magnetize a thin film
in the plane than out of it. In other words, the dipole—dipole interaction
gives rise to an anisotropic magnetic susceptibility that depends on the
sample’s shape.

Samples that have shapes other than ellipsoids, and that have magneti-
zations that are not solenoidal (V - M # 0) will in general have internal
magnetic fields that are nonuniform. Still, it is common to define approxi-
mate demagnetization factors for such samples to get a rough idea of the
demagnetization field. Such approximate demagnetization factors for right
rectangular prisms are extensively used by codes such as 0oomMMF [113] and

28



MuMax3 [114] because it gives an analytical expression for the demagneti-
zation field of each cell. Combined with FFT acceleration of the volume
integral, this makes it possible for these codes to reduce the computational
complexity of the dipole—dipole interaction from N2 to Nlog N [115].

The dipole—dipole interactions do not only affect the static magnetiza-
tion, but also its dynamics properties. For instance, Refs. 117 and 118 have
shown that in the thin-film geometry, dipole—dipole interactions signifi-
cantly alter the long-wavelength spin-wave dispersion relation. For large
wave numbers (small wavelengths) the dispersion relation s still parabolic
as in Eq. (2.20), however, for small wave numbers (large wavelengths) the
dipole—dipole interactions introduce a minimum at k # 0. Exploiting this
property of the thin-film dispersion and the boson nature of magnons,
Refs. 119—121 have realized Bose—Einstein condensates of magnons.

2.7 Magnetization dynamics

The equation of motion for a free magnetic dipole can be obtained from
Newton’s second law for rotation,

o]

=T (239)

where J is the angular momentum and 7 is the torque. Substituting u = vJ
(where v is the gyromagnetic ratio) and T = u x B we obtain
op

— =vyuxB.

T (2.40)

Like a spinning top in a gravitational field, the magnetic dipole precesses
about the magnetic field. If any form of dissipation is present, the free
dipole will eventually align with the applied magnetic field to minimize its
energy.
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In s1 units, the effective field
has units of tesla. Nonetheless,
it is customarily assigned to
the symbol H.

This equation of motion
for the magnetization was
first derived by Landau and
Lifshitz [122].

There exist damping mecha-
nisms that are not captured
by local Gilbert damping, such
as radiative damping [129],
exchange-mediated damp-
ing [130-133], and texture-
induced damping [134, 135].

Magnetic dipoles in solids are not free, but are constrained by, for in-
stance, exchange interactions, magnetocrystalline anisotropies, and dipole—
dipole interactions. However, just as the free dipole, magnetic dipoles in
a solid (M = p/V) will minimize their energy U = [dru in equilib-
rium [122],

ou ou
_ V.
Jdr ( e Y aovmy

(2.41)

>-5Mi=0.

They do this by aligning with the effective field

su ou ou

B VAR TV

M (2.42)

H; =

Outside equilibrium (nonsteady state), the effective field will exert a torque
T = M x H on the magnetization. Using again M = y]J/V, this gives the
equation of motion

0
—szMxH.

m (2.43)

Since the magnetization is usually dominated by the electron spins, the
gyromagnetic ratio is usually negative, y < 0.

The macroscopic dynamics of the magnetization is directly coupled to
the microscopic thermal motion of spin waves (magnon—magnon scatter-
ing), and also to the conduction electrons (eddy currents, magnon-elec-
tron scattering) and phonons (magnetostriction, magnon—phonon scat-
tering). By ways of coupling to these thermal baths, the macroscopic
dynamics of the magnetization will be damped out and loose kinetic en-
ergy to random thermal motion. To derive the appropriate damping term
in the magnetization’s equation of motion from first principles is generally
quite challenging, although theories for magnetic damping [123, 124 ] have
improved to the point where they have predictive power [125-127]

We can circumvent the problem of identifying the exact mechanism
of energy loss by constructing a phenomenological damping term. The
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most commonly used model is Gilbert damping [128]. Gilbert damping
is viscous damping, in which the damping force is proportional to the rate
of change of the magnetization,ndM/dt. Here, n is an unknown, positive
parameter. Such a damping force can be derived from the functional

R=1In Jdr M-M, (2.44)

where the dot denotes a time derivative. This gives the Lagrange equations

d oL oL OR
+

4 o o .
dt 5M; oM, 5Ny (245)

The Lagrangian L is in general L = T — U. Since §U/6M = —H and
5U/8M = 0, the Lagrange equations can be written

The kinetic term T= (M/v) (1 + cos )¢/t in the Lagrangian of a fer-
romagnet originates from the spin Berry phase. A rigorous discussion of
this term is rather involved, but can be avoided by the following observa-
tion: When there is no damping, n = 0, the Lagrange equations must be
equivalent to Eq. (2.43). Consequently, the effect of introducing damping
is to reduce the effective field, H - H — nM. In the presence of damping,
the equation of motion of the magnetization must therefore be

oM

H—n@>=nyH—ng— (2.46)
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This equation is known as the Landau-Lifshitz-Gilbert (LLG) equation, and
the parameter o = yMn < 0 is known as the Gilbert damping parameter.
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Current-induced spin torques

3.1 Metallic ferromagnets

The Heisenberg model we considered in Chap. 2 is not a realistic descrip-
tion of magnetism in the transition metals [26, 85]. In solids, the atomic
states hybridize to form bands. Band formation is in general detrimental
to the spin polarization of a solid because of the kinetic-energy cost related
to moving electrons from lower-energy filled states to higher-energy un-
occupied states. Iron, cobalt, and nickel are exceptions to this rule. These
metals have both strong hybridization and strong exchange splitting.

The Stoner model is a simple model for magnetism in the conduction
band [26]. In materials that fulfill the Stoner criterion,

JD(Ep) > 1, (31)

the conductions bands are spontaneously spin polarized. Here, D(E¥) is
the density of states at the Fermi level and 7 is the exchange. Among the
elemental metals, only iron, cobalt, and nickel satisfy the Stoner criterion.

However, the fact that magnetism in iron, cobalt, and nickel and their
alloys depends strongly on the position of the Fermi level in the 3d band
(Slater—Pauling curve) [8s], and that the magnetic moments in these met-
als retains features of the 3d electrons [8s], are indications that the Stoner
model is too simple to fully capture their magnetic properties. The so-
called s—d exchange is frequently used to model the interaction between
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Spin-transfer torques:

l«——

M,
" H
~>

the partially localized 3d electrons and the itinerant 4s electrons [26],

fH:DZSi-s]-. (32)
i
Here, D < 0 is the s—d exchange integral, S; is the spin operator of a
localized d electron, and s; is the spin operator of an itinerant s electron.
The s electrons can mediate an indirect exchange interaction between the
d electrons, but the localized magnetic moments will also spin polarize
the itinerant electrons.

3.2 Spin-transfer torques

The spin polarization of the conduction electrons is not only important for
explaining the origin of magnetism in the transition metals, but can also
be exploited to manipulate the magnetic state. Consider a spin-polarized
current flowing perpendicular to a stack consisting of two ferromagnets
separated by a nonmagnetic (normal) metal. If there is a misalignment
between the two magnetizations M (polarizer) and M (free layer), some
of the electrons traversing the stack will have their spins flipped. Assuming
that spin angular momentum is separately conserved, this process transfers
spin from the conduction electrons to the magnetization of the free layer.
The transferred spin will eventually reorient M; to point in the same
direction as M.

The process can be reversed by reversing the direction of the current.
We assume that the free layer is too small to impart any appreciable spin po-
larization on the unpolarized current that enters it from the right reservoir.
Upon reaching the fixed layer, the spin-down electrons are more likely to
be backscattered than the spin-up electrons. The spin transfer from the
resulting accumulation of spin-down electrons will eventually reorient
M, in the direction opposite to M.

Looking at the numbers, one electron can transfer a maximum of h of
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angular momentum to the magnetization. The magnetic moment corre-
sponding to this amount of spin is 2ug = eh/m, where e is the electron
charge and m is the electron mass. Since 2u, = 2- 10722 Am? is such
a small number, and the magnetic moment per area of a thin film is so
large (typically M-t=6-10°A/m-2nm = 1 mA, where M is the mag-
netization and t is the film thickness), the number of electrons required
to deposit the right amount of angular momentum is about § - 101%/m?2.
Given that the magnetization dynamics in a ferromagnet is typically on
the gigahertz time scale, this corresponds to a current density of roughly
1019 A/m?2. The sheer magnitude of this current density was one of the
principal reasons why spin-transfer-induced magnetization dynamics did
not receive widespread attention until the advent of magnetic nanostruc-
tures.

In symmetric F/N/F stacks the torque on the free-layer magnetization
M, due to spin transfer is [152]

o YNPL 1
ST 2eMV M2

(33)

where Iis the applied charge current, P is the current’s spin polarization,
and Vs the volume of the free layer. To accurately describe the dynamics
of the free-layer magnetization, this torque must be added to the right-
hand side of the LLG equation. The torque in Eq. (3.3) is known as the
Slonczewski torque or the antidamping torque because—depending on the
direction of the current—it acts in the opposite (same) direction of (as) the
Gilbert-damping torque. The Slonczewski torque is usually accompanied
by a small correction

M; x (M x My),

o _ YNPL T
B~ 2eMVM

(3-4)

where {3 is a small number on the order of 0.1. This torque is known as
the field-like torque because it acts in the same (opposite) direction as (of )
the torque from the effective field.

BM; x My,
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Figure 3.1 Solutions of the
LLGS equation for different

currents, I < I.,I = I.,and
I > I.. Redrawn after Ref. 154.

The qualitative types of dynamics that can be excited by the spin-transfer
torques can be understood using using linear stability analysis [153, 154 ].
The three panels in Fig. 3.1 show solutions for M, of the Landau-Lifshitz—
Gilbert-Slonczewski (LLGS) equation [28],

oM

o
W—‘YMXH—MMX

M

3t +Ts + T3, (3.5)

with H = Hym, e, and M; = Me,, for different values of the current I.
In all three cases, M is displaced from the fixed pointat® = 0to 9 = n/4.
For currents below the threshold value, I < I, the damping is stronger
than the Slonczewski torque, and the magnetization spirals back to the
fixed point at 9 = 0. For currents above the threshold value, I > I, the
Slonczewski torque is stronger than the damping, and the fixed point at & =
0is no longer stable. Instead of spiralling back to & = 0, the magnetization
switches, spiralling all the way down to & = . If the current is exactly
equal to the threshold value, I = I, the damping and the Slonczewski
torques are equally strong, resulting in stable precession.

The case of I < I. (net damping) corresponds to the first case we
considered on page 34, in which spin transfer from the polarizer to the
free layer aligns the free layer with the polarizer. The case of I > I. (net
antidamping) corresponds to the second case we considered on page 34, in
which spin transfer to the free layer from electrons reflected by the polarizer
aligns the free layer antiparallel to the polarizer. This kind of current-
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induced magnetization switching has been implemented in commercially
available MRAM chips, known as STT-MRAM [29-31]. In addition to these
two cases, I = I, affords the possibility to achieve stable precession, which
can be used to make a spin-torque oscillator [155-157].

Thus far we have only considered spin transfer between two uniformly
magnetized layers, which is known as the macrospin approximation. How-
ever, spin transfer will also take place as the current traverses a slowly vary-
ing magnetization texture in a single ferromagnet. In the long-wavelength
limit, the spin-transfer torques in Egs. (3.3) and (3.4) can be written as [158—
160

T:u(]-V)M—%Mx(]-V)M, (3.6)
where u = pgP/eM(1 + p2) and J is the current density. The first term
is known as the adiabatic torque because it is a result of the spin-current
divergence that arises when the conduction-electron spin polarization
follows the magnetization adiabatically [160]. The second term is known
as the nonadiabatic torque or the p torque. Its physical origin is spin relax-
ation processes due to spin—orbit coupling or impurities that leads the
conduction-electron spin polarization to locally deviate from the magne-
tization [158]. This is similar to the antidamping and field-like torques:
If the spin current is completely absorbed by the free layer, only the anti-
damping torque is expected to be significant, but if the spin current is not
completely absorbed, the field-like torque can also be strong [161].

One particular example of a slowly varying magnetization texture is a
domain wall. The result of the transfer of spin from the itinerant electrons
to the magnetization is domain wall motion: the spin-polarized current
will drag the domain wall along with it. In the limit of an atomically sharp
domain wall, domain wall motion by spin transfer can be understood as a
null-sum process whereby the flipping of an electron spin results in the
flipping of an atomic spin.
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Using this simple picture of domain wall motion, we expect the domain
wallvelocity to scale linearly with the amount of spin that can be transferred
from the current. Since the spin carriers and the charge carriers are one
and the same, that implies that the domain wall velocity scales linearly
with the current.

Domain-wall-motion experiments are usually carried out in rectangu-
lar strips [162,163]. In a strip with an out-of-plane easy axis it is harder to
magnetize the strip in the in-plane transverse direction than in the in-plane
logitudinal direction because of the shape anisotropy. Consequently, the
spins of an up—down domain wall lie in the xz plane. A detailed calcula-
tion reveals that it is the P torque that is most important for domain wall
motion [164]. The p torque tilts the spins out of the xz plane. This gives
rise to a torque in the z direction due to the hard y axis, which drives the
domain wall. However, increasing the current density tilts the wall farther
and farther out of the xz plane. When the tilt ¢ increases beyond /4
the wall slips past the hard axis and begins to rotate. This event is known
as Walker breakdown [165), and results in a reduction of the domain wall
velocity.

The racetrack memory is a proposal for a memory cell in which infor-
mation is encoded in a train of magnetic domains [166-168]. As opposed
to MRAM based on magnetic bilayers, each memory cell can hold several
bits. The bits are read and written by shifting the train of domains back
and forth using current-induced domain wall motion [167]. Although the
racetrack memory has not seen commercialization, it has inspired a lot of
research on domain wall dynamics.

Even though racetrack memories are not yet for sale, current-driven
domain wall motion is more than an academic curiosity. Injection of a
large spin current into a uniform magnet can destabilize the uniformly
magnetized state [160, 169, 170], and break the magnet into domains [171].
Thus, even switching of a uniform magnet may proceed by domain wall
motion. In particular, this is often the case for spin-Hall torques [172-174],
which we consider next.
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3.3% Spin-Hall torques

In the previous section we saw that one way to spin polarize a current is to
use a conducting ferromagnet as a polarizer or spin filter. Another way to
obtain a spin current is the spin Hall effect [175-178].

The ordinary Hall effect is the deflection of a charge current in a mag-
netic field due to the Lorentz force. The Hall effect is usually studied in
nonmagnetic materials such as copper or various doped semiconductors.
Consider what would happen if the material was magnetic: experiments
show that in addition to the usual contribution to the transverse resistivity
pxy due to the applied magnetic field H_, there is an anomalous term that
is proportional to the z component of the magnetization [180],

Pxy = RoHz + R1 M. (3.7)

The increase in transverse resistivity cannot simply be explained as the
Lorentz force due to the additional contribution to the magnetic field B,
from M, because Ry > Ro. Furthermore, whereas Ry depends chiefly on
the density of charge carriers, Ry depends subtly on a variety of material
parameters.

The origin of the anomalous term is spin—orbit coupling [180]. Itinerant
electrons that scatter of spin—orbit-coupled impurities will experience
spin-dependent skew scattering and side jumps (extrinsic mechanisms).
Moreover, a spin—orbit-coupled band structure can give rise to an intrinsic
spin-dependent deflection of the itinerant electrons,

dr 10E e

T " noak - R EXQ®. (3.8)
Here, the first term is the ordinary semiclassical velocity of the electron
(energy E and wave vector k), and the second term is the so-called anoma-
lous velocity [181-183]. It is perpendicular both to the applied electric field
E and to the Berry curvature Q (k) = {(Viy| x [Viuy) of the band (uy
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Spin injection via
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are the Bloch functions). The Berry curvature is often proportional to the
electron spin 0. Combined with the spin polarization of the itinerant elec-
trons in a ferromagnet, the spin-dependent skew scattering, side jumps,
and the anomalous velocity give rise to a transverse charge current that
adds to the ordinary Hall effect.

The anomalous Hall effect is relatively easy to detect because it gives
rise to a charge current. However, if the bands have a finite Berry curvature,
the itinerant electrons will be deflected in a spin-dependent manner even
if they are not spin polarized. The result is a transverse spin current, but
no net transverse charge current.

This spin Hall effect [175] is now routinely detected in heavy metals such
as platinum and tantalum. Since the anomalous velocity is perpendicular
both to the electron spin o and the applied electric field E = p]J, the
resulting spin current J, its spin polarization o, and the applied charge
current J are all at right angles to each other.

Just as a current that is spin-polarized by a ferromagnet, a spin current
injected into a ferromagnet from a heavy metal due to the spin Hall effect
will relax by transferring spin to the magnetization. The result is a spin-
transfer torque [184]

_ yhdJ 1 Yhd]

= ZeMtMMX (M x o)+ JeMit BM x o,

(39)

where ] is the applied charge-current density, 9 is the so-called spin-Hall
angle, ¥ = (2e/h)(Js/]), and t is the thickness of the ferromagnetic layer.

The spin-Hall spin-transfer torque can induce both switching and uni-
form precession in a uniformly magnetized sample just as the ordinary
spin-transfer torque [ 25, 157]. However, there are significant differences
between the domain wall dynamics induced by the spin-Hall torque and
the spin-transfer torques. For instance, there is no Walker breakdown
when a domain wall is driven by a pure spin-Hall torque [1], because the
spin-Hall torque M x o vanishes when the wall reaches a tilt angle of
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@ = /2 (M | o). In paper 1 we consider the different types of do-
main wall dynamics that can be induced by spin-Hall torques and so-
called Rashba spin—orbit torques. (Rashba spin—orbit torques will be
discussed in the next section.) In particular, we consider the range of
different current-velocity characteristics that are possible.

The sign of the velocity of a domain wall driven by spin-Hall torques
depends on the chirality of the wall. Homochiral walls move in the same
direction whereas heterochiral walls move in different directions. We
mentioned on page 38 that even switching of uniform magnets by spin-
Hall torques usually proceeds by domain wall motion [172-174]. However,
due to the Dzyaloshinskii—-Moriya interaction (DMm1) [186-189] that is
usually present in these systems, the domains that nucleate are separated
by walls of the same chirality. Since homochiral walls move in the same
direction there is no domain expansion or contraction, and consequently
no deterministic switching,

Application of an in-plane field that is stronger than the Dzyaloshin-
skii-Moriya interaction leads to the formation of heterochiral walls. If the
magnetic field is applied parallel to the applied current, down’ domains
expand and ‘up’ domains contract, and if the magnetic field is antiparallel
to the applied current, ‘up’ domains are favored over ‘down’ domains.

The dependence on an applied magnetic field to switch the magnet
deterministically is an obstacle to the adoption of devices using spin-Hall
torques. In paper 1 we point out that in a synthetic antiferromagnet (two
ferromagnets coupled by an antiferromagnetic interlayer exchange) de-
terministic switching can be achieved both by toggling the polarity of
the applied field, and by toggling the magnitude of the field between two
judiciously chosen large and small values. This explained an observed
switching anomaly [190] and might, depending on the device geometry,
be more favorable than changing the polarity of an applied field. However,
several field-free approaches have also been suggested, such as structural
engineering [191, 192}, tilted anisotropy [193], exchange bias [194-196],
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ferromagnetic/ferroelectric hybrids [197], and combining spin-Hall and
spin-transfer torques [198].

The reason for the prominence spin-Hall torques have achieved in the
field of spintronics is the very high efficiencies of these torques [161]. By
efliciencies in this context we mean the amount of torque that can be
obtained for a given current. In the spin-transfer-torque geometry we
considered on page 34, the current flows perpendicular to the layers. The
efficiency of the torque is

_ y’nPIl _ YhP
T 2eV 1T 2etA’

where t is the thickness of the free layer and A is the cross-sectional area of
the stack. Each electron in the spin-polarized current can only transfer h
of angular momentum to the free layer. In the spin-Hall geometry we con-
sidered on page 40, the current flows parallel to the layers. The efficiency
of the torque is

,_ YR 1T yhd
T 2et Ja  2eta’

where t is the thickness of the magnet and a is the cross-sectional area of
the normal metal. The ratio A/a can be 30 or more for a typical geometry,
giving the spin-Hall torques a vastly improved efficiency over spin-transfer
torques. Microscopically, this can be understood by considering a particu-
lar electron in the normal metal that is deflected towards the N/F interface.
The electron may be scattered off the ferromagnet multiple times, each
time transferring h of angular momentum to the magnetization [161].
The spin Hall effect has also found applications in spintronics besides
spin torques. In the direct spin Hall effect, injection of a charge current
gives rise to a transverse spin current. In the Onsager reciprocal pro-
cess [199—201], injection ofa spin current gives rise to a transverse Charge
current. This effect is known as the inverse spin Hall effect [175,202—204],
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and has turned out to be an indispensable tool for measuring spin currents
due to phenomena such as spin pumping [205, 206] or the spin Seebeck
effect [207]. Through an ingenious combination of the direct and inverse
effects, the spin Hall effect can also be used to detect the magnetization
direction of a ferromagnet using the spin-Hall magnetoresistance [208, 209].

3.4 The Rashba spin-orbit torque

A two-dimensional free electron gas in the xy plane with broken symmetry
in the z direction will exhibit Rashba spin-orbit coupling [210-213]. The
Hamiltonian of these electrons is

2

_p° A .
ﬂ{_zm+h(pxez) o,

(3.10)

where X is the Rashba parameter. In equilibrium the Rashba term couples
the electron’s momentum and spin so that an electron with momentum
p = pex will minimize its energy by aligning its spin with the y axis.
However, the net spin polarization of the electron gas is zero. On the
other hand, if a current J = ne(p)/m runs through the system (nis the
electron density), the electrons will experience an effective magnetic field
B = (Am?/nhe?)(J x e.), which will spin polarize the electron gas. This
effect is known as the Edelstein effect [175, 214—216].

If the two-dimensional electron gas lies at the interface between a nor-
mal metal and a ferromagnet, the electrons will also experience the s—d
exchange,

2

_p A . .
J-C—zm+h(pxez) oc+DM-o.

(311)

Through the s—d exchange, the current-induced spin polarization will
then exert a torque [217, 218]

_ YAP
- Zug M

(312)

M x (J x ez)
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Linear Dresselhaus soc:

Dresselhaus noted that close
to the I point [223-225], the
zinc-blende structure of the
111-v semiconductors permits
a cubic spin-orbit coupling

A

H =[P —PDProx
+(p2 —Pi)Py%
+(p% — p§)P202].

In the presence of strain
along the [001] direction the
cubic Dresselhaus coupling
reduces to linear Dresselhaus
coupling [213, 226],

B
H= E(Pxf’x — Py Oy)-

on the magnetization of the ferromagnet. This torque is a pure interface
effect—that is, the torque from the two-dimensional electron gas acts
exclusively on the surface spins of the ferromagnet. However, if the ferro-
magnet is very thin we can define an average torque that can be thought of
as acting throughout the magnet. The efliciency of the Rashba spin—orbit
torque is

_ y)\P]l _ YAP
~ 2ug Ja  2upa’

"

and can be as high as the efficiency n’ of the spin-Hall torque, A/ug ~
105Tm ~ h/et.

Since the spin-Hall and Rashba spin—orbit torques can be of similar
magnitude in F/N bilayer systems, the effects of the two torques can be
difficult to disentangle [161]. This difficulty is compounded by the fact that
the Rashba spin—orbit torque can be accompanied by an antidamping-like
correction [219, 220].

Pure spin—orbit torques generated by the Edelstein mechanism can
however be observed in high-quality bulk crystals with spin—orbit cou-
pling [221,222]. Experiments show that these torques are sufficiently strong
to switch the magnetization. Whereas the spin—orbit coupling ata F/N
interface is predominantly of the Rashba type, the spin—orbit coupling in
the Gaj_Mn,As and NiMnSb crystals employed in these experiments is
predominantly of the Dresselhaus type [227, 228].

Just like for the spin Hall effect, there is also an Onsager reciprocal of
the Edelstein effect [229]. This reciprocal process is known as the inverse
Edelstein effect or the spin-galvanic effect. Whereas the Edelstein effect gives
rise to a spin polarization as a response to an applied current, the spin-
galvanic effect gives rise to a current as a response to an induced spin
polarization. The spin-galvanic effect was first demonstrated in GaAs by
an optically induced spin polarization [230, 231].

In a ferromagnetic material the Edelstein effect and the s—d exchange
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together produce spin—orbit torques. Similarly, the spin-galvanic effect
and the s—d exchange together produce magnonic charge pumping [232],
which is thereby the Onsager reciprocal process of spin—orbit torques. For
a generic spin—orbit coupling, the Hamiltonian in Eq. (3.11) can be written
as

p2

H=1-+g(p)-c+DM-o. (313)

The velocity operator corresponding to this Hamiltonian is

v= % = %Jrg'(p)-o- (314)
From this velocity operator we can see that a nonequilibrium magnon
accumulation du givesrise to a Velocity response &v = g'(p) - du among
the conduction electrons—or, in other words, to a current J = ne(sv) =
ne(g’(p) - du). Magnonic charge pumping has been demonstrated in
Gaj_xMn,As by ferromagnetic resonance [233].

3.5 Phenomenology of current-induced spin torques

The Edelstein mechanism can be used to generate spin—orbit torques for
all symmetries of the underlying spin—orbit coupling [32]. In the previ-
ous section, we saw examples of both Rashba and Dresselhaus spin—orbit
torques. The Rashba torque is typically found at interfaces, whereas the
Dresselhaus torque is an example of a so-called bulk spin—orbit torque. Bulk
spin—orbit torques are generated in crystals where global or local struc-
tural inversion asymmetry generates a spin polarization that torques the
magnetization or the antiferromagnetic Néel order parameter. However,
the crystallographic and magnetic point groups host a wide variety of
spin—orbit symmetries [183]. A systematic investigation of the possible
spin—orbit torques requires a framework that efficiently deals with these
symmetries.
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Fortunately, we have already encountered such a framework in Sect. 2.5
in the context of magnetocrystalline anisotropies. As long as the current-
induced torque at (r, t) only depends on the magnetization at (r, t), we
can write it as [235, 236]

T(r,t) = ym(r, t) x H(r, 1), Hi =ny5]5, (315)

where m = M/M is the normalized magnetization, J is the current density
and ny; is a second-rank tensor. Just as we did for the magnetocrystalline
anisotropies, we can expand the tensor nij in the magnetization compo-
nents m; and their derivatives 3;m;. To lowest order we get

My = Ay + Tijremi + Bijrdkmi + Pijrinmicdymy + - (3.16)

Experience from the magnetocrystalline anisotropy shows that the first
few terms in the expansion usually captures the experimentally observed
behavior [85]. Such an expansion for the current-induced torques was
first proposed by Refs. 235 and 236. The effective magnetic field H and the
magnetization m are axial vectors. Since the current density J is a polar
vector, 1 is an axial tensor, and the tensors Ayj, Tijk, Bijik1, and Pijkin are
respectively axial (Ayj), polar (Tijx ), polar (Bijx1), and axial (Pijkin)-

Depending on therelevant point-group symmetry, we can use Egs. ( 3.15)
and (3.16) to write down any possible current-induced torque. We con-
sider sputtered permalloy and strained Ga;_yMn,As as examples.

Permalloy (NigoFeyo) is a disordered magnetic alloy [26]. When de-
posited by sputtering, permalloy can have relatively low crystallinity. Sput-
tered permalloy is therefore an approximately isotropic material with neg-
ligible spin—orbit coupling.

The only isotropic second-rank tensor is the Kronecker delta, §;; [237].
Since Aj; is an axial tensor and §;; is a polar tensor

Ay =0V i,j.
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The only isotropic third-rank tensor is the Levi-Civita symbol, e [237].
Since Iy is a polar tensor and e;jy is an axial tensor

Tjrk =0V 1,5,k
There are three fourth-rank isotropic tensors, namely [237]
6ij5kl 7 61',k6jl ’ and 5116]-]( .

These are all polar tensors, like 31j11. However, whereas 858y and ;1851
describe simultaneous spin-space and real-space rotations, 8;1 ;i describes
separate spin-space and real-space rotations. (For ij1, the indices j and
k are real-space indices and the indices i and 1 are spin-space indices.)
Consequently, if spin—orbit coupling can be neglected, ;i1 is on the
form

Bijkr = Bodirdjk -
Similarly, there are six fifth-rank isotropic tensors, namely [237]

€ijkdin,  €ijdkn,  €ijndki,

€iktdin, €indjt, and  eqndjk.

These are all axial fifth-rank tensors, like Pijx1n. However, only e;in 8j1
describes separate spin-space and real-space rotations. (For Pijkin, the
indices j and 1 are real-space indices and the indices i, k, and n are spin-
space indices.) Consequently, P;jk1y, is on the form

Pijkin = Po€ikndjt -

Using these expressions for the tensors Ayj, [ijx, Bijki, and Pijiin, the
possible current-induced torques in sputtered permalloy are

t=vypomx (J-V)m —yPy(J - V)m. (317)
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We recognize these torques as the spin-transfer torques from Eq. (3.6).
Consequently, we can identify the coeflicients Py and By as Py = —uM/y
and By = —puM/y.

Strained Gaj_Mn,As grown epitaxially on a GaAs (oo1) substrate
has point-group symmetry mm2 (C,,) [238]. The epilayer has linear
Dresselhaus spin—orbit coupling in the bulk (note on page 44) and Rashba
spin—orbit coupling due to the broken symmetry at the interface between
the Ga;_,Mn,As film and the GaAs substrate. Due to shape anisotropy,
the magnetization of the epilayer will lie predominantly in the plane, m =
myex + myey. For simplicity, we consider only the case of a uniform
magnetization and currents applied in the plane, J = Jxex + Jyey.

Any axial second-rank tensor that is invariant under the symmetry op-
erations of mm2 has only two nonzero components [106],

Axy =N,
/\yx =Az,
Ayj = Ofor all other ij.

Any polar third-rank tensor that is invariant under the symmetry opera-
tions of mm?2 has seven nonzero components, but depends on only three
independent parameters [106]:

rxxz(S) = r] ’
rgyz(3) = rZ ’
rzzz = r3 ’
Mijk = Ofor all other ijk
(xxz(3) indicates the three tensor elements that are obtained by unre-

stricted permutation of the indices xxz). Consequently, the possible cur-
rent-induced torques can be written as

H = AtJyex + AgJxey + (MTxmy + R2Jymy)e; . (3.18)
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Alternatively, we can introduce the Rashba coefficients Ag = (A7 — A),
and g = 3(Iy +T,), and the Dresselhaus coefficients Ap = 3 (A1 + A),
andI'p = 5 (I —Ty), to write

H = Agr(Jyex — Jxey) + An(Jyex + Jxey)
+ [TR(Jxmx + Jymy) + To (Jxmx — Jymy)]le, . (3-19)

We recognize the first term from Eq. (3.12). The remaining terms have also
been derived from microscopic models by respectively Ref. 239, Refs. 219
and 220, and Ref. 228.

3.6% Spin-orbit torques in Fe;GeTe,

In Sect. 2.4 we saw that a continuous symmetry in spin space cannot be
broken by exchange interactions with a finite range in two dimensions.
This is a statement of the Hohenberg—Mermin-Wagner theorem [89, 97,
98]. A two-dimensional material must therefore exhibit a strong easy-axis
anisotropy to order magnetically. Although theoretical models with long-
range magnetic order—such as the Ising model [99, 100]—have been
known for a long time, it was not until 2016 that truly two-dimensional
materials with sufficiently strong anisotropy were discovered [72]. The
discovery of these materials has inspired efforts to characterize them, to
gain an understanding of their large anisotropies, and to find technological
applications for them in, for instance, van der Waals heterostructures [72].

The compound Fe3GeTe; was among the first two-dimensional mag-
netic materials to be discovered [73, 240]. It is metallic, and the bulk van
der Waals crystal can be exfoliated down to the monolayer limit. As a
metallic magnet without inversion symmetry, Fe3GeTe; is a candidate
material for hosting interesting bulk spin—orbit torques. The strong mag-
netocrystalline anisotropy as well as the presence of the heavy element
tellurium makes it plausible that the spin—orbit torques in Fe3GeTe, may
be relatively strong.
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In paper 11 we consider the bulk spin—orbit torques in Fe3GeTe,. We
find that despite the low symmetry of its point group 6m2, the spin—orbit
torque can be described by a single parameter Iy,

(3.20)

H =To[ Jxmy = Jymy)ex — Jxmy + Jymyey |.
This effective field is the derivative of the functional

To
U= +JdrM[JyMXMy - 3(M2 =M})]

= —Jdr%l"o]Msinzﬁcos(Z(p +@p). (3.21)
Here, 9 is the polar angle of the magnetization and ¢ is the azimuthal angle
of the magnetization, (my, my, m.) = (cos ¢ sind, sin ¢ sind, cosH), J is
the magnitude of the current, and ¢; = arctan(],/Jx) is the angle the
current makes with the x axis. Comparing this functional to the magnetic
energy density of the out-of-plane easy axis,

u=—1K;cos?9,

(K. > 0) we see that the spin—orbit torque in Fe3GeTe; acts as a pair of
in-plane anisotropy axes, one easy axis at ¢ = n7— ¢;/2 and one hard axis
at @ = (n+ 3)m— ¢y/2 (assuming Iy > 0). In particular, by applying the
current along, say, the x axis and varying its magnitude J, the spin—orbit
torque can be used to tune Fe3GeTe; from an easy-z-axis magnet to an
easy-xz-plane magnet to an easy-x-axis magnet.

In paper 11 we demonstrate that by using the spin—orbit torque to con-
trol the anisotropy of Fe3GeTey, it is possible to explore phenomena that
are unique for two-dimensional magnetic systems. In particular, at the
critical current density J. = K. /|5IM, Fe3GeTe, becomes an easy-plane
magnet with a continuous O(2) symmetry. Consequently, the long-range
magnetic order disappears at this point. By tuning the applied current
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through the critical current density it is therefore possible to tune the Curie
temperature Tc.

Although there is no long-range order at the critical current density,
this is still an interesting region for studying the magnetic properties. The
easy-plane magnet at ] = J. is a physical realization of the universality
class of the two-dimensional XY model. As a function of temperature,
the two-dimensional XY model features a topological phase transition
known as the Berezinskii—Kosterlitz—Thouless transition [ 242—245]. This
phase transition cannot be associated with a local order parameter, but is
nonetheless a genuine phase transition [245].

The best-known physical realization of the two-dimensional XY model
is the superfluidity of thin films of “He. However, easy-plane Fe3GeTe,
offers several advantages over superfluid *He in terms of tunability, tem-
perature, and accessibility of the physical observables. For instance, in the
low-temperature phase of the XY model the spin—spin correlation func-
tion (Sy - S;) features a temperature-dependent anomalous dimension
M, (Sy - Sp) ~ 1/Ir — v'[" [244, 245]. At the critical current density J. in
Fe3GeTe,, this nonuniversal anomalous dimension can be mapped out by
measuring the spin—spin correlation function as a function of temperature
using for instance polarized small-angle neutron scattering. In contrast, the
anomalous dimension n is not experimentally accessible in superfluid *He.
A measurement of 1) in Fe3GeTe; would be the first test of the prediction
1 = kg T/47] of the XY model [244]. (Here, ] is the exchange coupling.)

We also expect easy-plane Fe3GeTe; to exhibit a universal jump in the
spin stiffness [245], similar to the universal jump in the superfluid den-
sity of *He [246,247]. The spin stiffness may be measured in spin-wave
resonance experiments. However, in contrast to *He, in which the BxT
transition occurs at 1.2 K [247], the Curie temperature of Fe3GeTe; in-
dicates that the jump in spin stiffness would occur at liquid nitrogen or
oxygen temperatures.
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Magnon-induced spin torques

4.1 Magnons as spin waves

The classical interpretation of magnons is spin waves, which are wave
solutions to the magnetization’s classical equation of motion, namely the
Landau-Lifshitz—Gilbert equation [116]. We are now going to consider
spin waves in more detail.

We consider a uniaxial ferromagnet with magnetic energy density

u=A—— .' - K,mz. (4.1)

In the ground state the magnetization aligns with the easy z axis. If the
magnetization deviates slightly from M = Me_, the magnet will precess
about the easy axis. In the presence of magnetic damping the precessing
magnetization will relax towards the minimum-energy configuration, but
in the absence of damping the precession will persist indefinitely. This
precession is known as the uniform mode or the Kittel mode [26]. If the
magnetization is nonuniform, for instance if the magnetization points
along the z axis in most of the sample, but deviates slightly in a small
region, the ensuing dynamics is more complicated. The local precession
of the magnetization will then spread to the rest of the sample as wavelike
ripples—spin waves. We parameterize the smallness of the deviation from
the z axis using the small parameter ,

M(r,t) = AMy (1, t)ex + AMy (1, t)ey + Me . (42)

S3

Uniform precession:
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For simplicity, we consider only variations in the magnetization along
one spatial direction, x. To first order in A, the LLG equation gives two
nontrivial equations,

My _ 2y 92 M, 2y 92
= A— —K, |M = A—— — Kz | M.
ot M ( w2 )V T Ttwm = )V

ox?
(Here, we have neglected damping, « = 0, for simplicity.) These equations
cannot be separated. Consequently, ferromagnetic spin waves cannot be
linearly polarized. However, we can combine the equations for M, and M,
into a single equation by introducing the auxiliary variable p = M —iMy,.
The factor of i signifies that there is a phase shift of 1/2 between the x and
the y component of the magnetization. In other words, the spin waves
are circularly polarized. Physically, this can be understood as the circular
precession of the individual spins. The resulting equation,

au) 2y 92
=—|A=5-K ,
ot T ™ ( K= )W
admits, as anticipated, solutions that are waves, p = pexpi(kx — wt).
Here, p is the spin-wave amplitude, k is the spin-wave wave number, and

w is the spin-wave angular frequency. Substituting this ansatz into the
equation of motion gives the spin-wave dispersion

2
= —THAK +K), y<o. (4.3)

We recognize this as the long-wavelength magnon spectrum in Eq. (2.20).
However, unlike the magnon spectrum of the isotropic Heisenberg model,
the spin-wave spectrum of a uniaxial ferromagnet has a gap that is pro-
portional to the uniaxial anisotropy. Oscillations with frequency less than
wo = —2yK,/M have an imaginary wave number and do not propagate,
but fall oft exponentially.
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4.2%  Spin-wave spin current and spin transfer

An individual magnon carries a spin h [78]. Since magnons carry spin, a

net flow of magnons is a pure spin current. The classical analog of such a

magnon-mediated spin current can be derived from the LLG equation.
The effective field of a uniaxial ferromagnet is

2A M 2K
= V2 a2 + WMzez. (4-4)

Consequently, if we neglect magnetic damping the LLG equation can be

written as

M _29A, M 29K
ot~ M2 ox2 M2

M,(M x e,).

The z component of this equation contains no contributions from the
magnetic anisotropy, and can be written as

oM, 9]
5= o (4.5)
where
_ yA oM
Js _WMXW' (4.6)

Equation (4.5) is a continuity equation, and J 5 is known as the spin-wave
spin current. Using Eq. (4.2) and My = Rep and My = —Im1, the
spin-wave spin current can be written as

2yAkp?
£ A (47)

in terms of the spin-wave amplitude p and the spin-wave wave number k.

Just like a spin current carried by electrons, the spin-wave spin current
can transfer spin to the magnetization. The resulting torque on the magne-
tization is known as the magnonic spin-transfer torque [3s, 37]. Spin transfer

S5

In more complicated systems
than the isotropic Heisenberg
model, the magnon spin

can deviate from 1 [11, 250].
Nonetheless, as long as the
magnons carry some spin,
transfer of spin from the
magnons to the magnetization
is a viable concept.
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from spin waves can for instance be used to move a domain wall. As an
example, we consider an up—down wall in a uniaxial ferromagnet. The
handedness of the circularly polarized spin waves changes as they pass
through the domain wall. This is the classical analog of the fact that the
magnon spin flips as a magnon propagates through a domain wall. Chang-
ing the handedness of the spin waves (M, — +Im1) changes the sign of
the spin-wave spin current, J¥ — —J%. To absorb this transfer of spin, the
domain wall must move towards the spin-wave source with a velocity

v = IJsl _ _ZyAkp2 _ _vgp2

M M3 T amz2’

(4.8)

where v is the spin-wave group velocity vg = dw/dk = —4yAk/M.

Spin-wave-induced domain wall motion was first considered by Ref. 251.
Several numerical studies considered different aspects of the interaction be-
tween spin waves and domain walls [252-257] before the results of Ref. 251
were independently reproduced analytically [3s, 36] and numerically [37].
The numerical studies of spin-wave-induced domain wall motion revealed
that the domain wall velocity was very sensitive to the frequency of the
locally applied magnetic field acting as a spin-wave source [256-263].

Experimental studies of magnon-induced domain wall motion have
mainly focused on thermal magnons [38, 39]. However, a domain wall
in a temperature gradient can experience additional torques besides the
purely magnonic ones, for instance, the exchange stiffness can vary with
temperature [37, 264—269]. Characteristically, these torques can induce a
Walker breakdown.

In paper 111 we consider Walker breakdown and the frequency-depen-
dence of the wall velocity both analytically and numerically. By deriving
the equations of motion for a domain wall driven by spin transfer from
magnons we show that the magnonic torque does not induce Walker
breakdown. Furthermore, we show that much of the frequency depen-
dence of the domain wall velocity found numerically [256-258, 260] can
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be attributed to the frequency dependence of the spin-wave-generation
eﬂiciency of the spin-wave source, and not to the magnonic spin-transfer
torque. Simplistic models for the spin-wave source can therefore introduce
spurious frequency dependence that will not be observed experimentally.

4.3 Classifying multiferroic materials

Multiferroic materials are materials with multiple ferroic orders, such as fer-
romagnetism (spontaneous magnetization), ferroelectricity (spontaneous
electric polarization), or ferroelasticity (spontaneous mechanical defor-
mation) [41, 42]. The term is most often used for materials that combine
ferromagnetism and ferroelectricity, with a preference for materials that
exhibit a magnetoelectric coupling between the two orders [42].
Multiferroic materials are often classified as type-1 or type-11 multifer-
roics [270]. Type-1 multiferroics are usually good ferroelectrics, and order
magnetically at low temperatures (T « T*, where T* is the ferroelectric
Curie temperature). Because the origins of magnetism and ferroelectricity
in these materials are usually unrelated, there is a weak coupling between
the two orders. A case in point are the multiferroic perovskites, such as
BaTiO3 and Pb(Zr, Ti;_y) O3. The ferroelectricity of these materials is the
result of an off-center shift of the transition-metal ion [270, 271], which
forms strong covalent bonds to the oxygen ions using its empty d orbitals.
This process is suppressed if the d orbitals are partially filled, as is the case
for the magnetic transition metals. This antagonism of magnetism and
ferroelectricity is why there are so few magnetic ferroelectrics [272].
Type-11 multiferroics are magnets in which the magnetic order gives
rise to charge order and a spontaneous electric polarization (so-called
improper ferroelectricity [273]). This gives rise to a strong coupling be-
tween the two orders, but the electric polarization is usually much smaller
than in type-1 multiferroics. Most of the type-11 multiferroics are so-called
spiral multiferroics, such as TbMnO3, Ni3V,Os, and MnWOy4. Terbium
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manganite provides a good illustration of this mode of multiferroicity.
Due to magnetic frustration in the low-temperature magnetic phase, the
manganese spins form a spin cycloid in the xy plane which is incommensu-
rate with the crystal lattice [274-276]. Due to the Dzyaloshinskii-Moriya
interaction, the spin cycloid can lower its energy by slightly displacing the
oxygen atoms from the manganese chain, which can be seen as a form
of exchange striction [273, 277]. This intimate connection between the
electric polarization and magnetic order gives rise to large magnetoelectric
effects. Applying a strong magnetic field H perpendicular to the hard z axis
will for instance flop the spin rotation axis e3, which is initially parallel to z,
to point parallel to the applied field, e || H [278]. Depending on whether
the field is applied parallel (x) or perpendicular (y) to the cycloid wave
vector q, the resulting polarization is either zero (H || q) or flops with the
magnetization to point along the z direction (H L q) [278].

Similar mechanisms can operate independent of crystal symmetry. If
the crystal has cubic symmetry (m3m, O;,), the expression for the electric
polarization is particularly simple [278]. Due to the essential role of the
spin cycloid in the case of TbMnO3, we look for terms that couple the
polarization to the gradient of the magnetization. Expanding the energy
density u in powers of the polarization P;, the normalized magnetization
m; = Mi/M, and gradients of the magnetization d;mj, there are only two
terms that contain gradients of the magnetization and respect time-reversal
symmetry up to third order,

U = Nijemidjmy + &ijrimiPjormy .

Assuming that the system does not have an instability towards ferroelec-
tricity in the absence of magnetism, we include only the term e;;P;P; in
the electric part of the expansion. Thus we consider

(4.9)

The energy density is a proper scalar, the gradient and the polarization are

u = €4PiPj + nijremidjmi + EijrumiPjomy.
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polar vectors, whereas the magnetization is an axial vector. Consequently,
all the tensors €5, nijx, and &;jx are polar tensors.

There are no nonzero polar tensors of odd rank that are invariant under
m3m symmetry. Thusnijx = 0 for alli, j, and k. The only invariant polar
second-rank tensor is the Kronecker delta [106]. Thus

€iy = 1/2¢y,
€y = 0V1$]

The polar fourth-rank tensor that is invariant under m3m has 21 nonzero
elements, but only two free parameters [106],

iiii = &1,
vaxyy(G) = vaxzz(G) = E»yyzz(6) = E12/
&ijx1 = Ofor all other ijkL.

Together, the tensors
6116]']', 51]' 611', and 51]' 5]'1

generate all these elements. With i # j, they give the elements &,y ),
Exxzz(6)and &y 22 (6), and with i = j, they all give the elements ;1. Thus,
assuming that £; = &, = ¢, the tensor &;ji1 can be written as

5,(5116]']' - 51]'5” + 6ij5ji)-
Since
6i]~6ﬁmin ajmi =m:- (P . V)m =0

because m? = 1, the energy density can be written as
2

w= 2 L EP mvom) — (m-Vym]. (4.10)
260
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The induced polarization must be such that the energy U is minimal. The
condition 5U/8P = 0 gives

P =v[(M-V)M - M(V-M)], (4.11)

where we introduced yo = 2e¢&/M?2.

This coupling between the electric polarization and the magnetization
gradient is known as the inhomogeneous magnetoelectric coupling or a flexo-
electric coupling [279]. Figure 4.1 shows a selection of spin structures and
the resulting polarization. We recognize the cycloid and the longitudinal
and transverse helices from our discussion of TbMnO3.

Figure 4.1 Spiral spin struc- /D\ . @\
tures and the resulting electric Properscrew |/ u - 79 ,, \@ N peo
electric interaction. In the <\§ [.}\
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amagnetic field H L e3 flops Longitudinal .?9 \.@ - 063 - .@

the spiral into the longitudinal helix

inhomogeneous magneto-

- \() P = 0
helix (H || q) or the transverse )
helix (H L q). Redrawn after Transverse o 9 ~ F%D ?
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4.4% Magnetization dynamics in type-11 multiferroics

The spin structures in Fig. 4.1 are also familiar from our discussion of do-
main walls in Chap. 3 and spin waves in the previous sections. A so-called
Néel domain wall can be seen as part of a spin cycloid. Thus, even in the
uniformly magnetized state, materials with an inhomogeneous magne-
toelectric interaction will exhibit an electric polarization at the magnetic
domain walls if the walls are of the Néel type [280-282]. Spin waves in the
forward-volume geometry (out-of-plane magnetization) will also exhibit
an electric polarization [270, 283-286].

Inspired by these results, we consider in paper 1v both spin waves in the
backward-volume geometry and spin-wave-induced domain wall motion
in a ferromagnet with inhomogeneous magnetoelectric coupling. We
find that in the presence of magnetic damping, even backward-volume
waves give rise to an electric polarization. By applying an electric field,
we can use this effect to apply a torque on a homogeneously magnetized
sample. However, because the polarization is proportional to the Gilbert
damping, this effect is rather small. On the other hand, we find that the
magnetoelectric torque can be the dominant factor in spin-wave-induced
domain wall motion. By applying an electric field, we are able to control
the domain wall velocity as well as its direction of motion (towards or
away from the spin-wave source).

T :
—0.0V/cm
— 1.5V/cm

domain wall —>

_ spin-wave source
.— 5P

position, pm
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Superconductivity

5.1 The Cooper problem

Superconductivity in conventional superconductorsis understood in terms
of the BCs theory developed by Bardeen, Cooper, and Schrieffer [s1]. The
BCS superconductor is a momentum-space condensate of pairs of elec-
trons. To better understand this pairing mechanism, we start by consider-
ing the one-pair problem, which was first considered by Cooper [50].

The Cooper problem consists of a Fermi sea of noninteracting electrons,
to which we add a pair of electrons that interact only with each other. The
interaction is described by a potential V(r), where r = r, — ry is the
distance between the two electrons. The two interacting electrons must
necessarily occupy states above the Fermi level. Their wave function
can be written as a product of the plane-wave states that diagonalize the
kinetic part of their Hamiltonian,

P = Z a, eiki T Zbkzeikzmz — Z Cke“"r Z dQeiQ'R. (5.1)
k Q

ki>ke ka>ke

Here, we introduced the center-of-mass and relative coordinates and mo-
menta, T =1, — 1T, k=k; +k, R =3 (r; +12),and Q = T (k; — ky).
We assume that the system is translation invariant, in which case the two-
particle wave function { cannot depend on the center-of-mass coordi-
nate R. Thus dg = 0 forall Q # 0. For convenience of notation, we
take dp = 1.
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States coupled by Vi y+:

The electrons attract inside
a thin shell around the Fermi

surface. Redrawn after Ref. 45.

Isolating the potential term, the Schrédinger equation of the two inter-
acting electrons can be written as

(E=D = V), (52)

where Tis T = —(V4 + V3)/2m. To determine 1, we need to find ex-
pressions for the coeflicients ci. We are also interested in finding the
eigenenergy E. To accomplish this, we multiply the Schrodinger equation
from the left with {* and integrate over r. Using the orthogonality of the
plane-wave states the Schrodinger equation simplifies to

Y kP (E=2e1) = Y Vigwchew,
k

kK’

where
1 . L
Vi = a Idr et Ty(r)etk' T,

and ex = k?/2m, with m being the electron mass. Setting the two sum-
mands equal we obtain

ck(E—2ex) = Z Vicxrck (53)
o
We now assume that the matrix element Vi 1 is

Vik' =

-V, lex — el < wpand|ew — ef| < wy
4 (5-4)
0, otherwise.

Converting the sum over k' to an integral over e we then obtain

EFtwo
c(e)2e—E)=V J de'N(e')c(e) =W,

€F
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where we wrote € = €y and introduced the density of states N(e). Since
Wis independent of ¢, this equation gives the expression
w
cle) = ——, .

(€)= 3¢ (5:5)
for the coefhicients c(e). Seeing that the coefficients ¢ only depend on the
wave vector k through the energy ey = k?/2m, we have cx = c_x. The
two-particle wave function is therefore symmetric in the spatial coordinate.
Thus, to preserve overall antisymmetry we must choose an antisymmetric
spin state, the singlet state.

Inserting the expression for c(e) into the definition of W, we obtain the
self-consistency relation

€EFtwo

1=VJ e N lenMZAmOHﬂ), (56)

2e — E 2er — E A
eF

which determines E. Here we made the approximation N(e’) ~ N(eF)
and introduced A = VN(er) and the binding energy of the pair, A =
2er — E. When V is positive, so that the interaction between the two
additional electrons is attractive, A must be positive for the self-consistency
relation to have a solution. But a positive A means that the eigenenergy
E is smaller than twice the Fermi energy, E < 2ef. In other words, for
an arbitrarily weak attractive interaction the two electrons occupy a state
below the Fermi surface, seemingly in violation of the Pauli principle.
It would appear that under such an attractive interaction the Fermi sea
somehow collapses [287].

5.2 Fermi-liquid theory

Conventional superconductivity arises out of a real metal where the elec-
trons interact with each other through the Coulomb interaction. Since
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Typical critical temperatures
for the elemental metals and
their alloys are 1-10 K [48].

the Coulomb interactions are finite, we would expect the arbitrarily weak
interaction from the Cooper problem to be inconsequential in the real
world.

This expectation turns out to be wrong. Fermi-liquid theory [288, 289]
has proven to be a good description of the normal-metal state. Because of
the effective screening of the Coulomb interaction by the electron liquid,
the quasiparticle excitations of Fermi-liquid theory behave as free electron-
like fermions except for, for instance, a renormalized mass. Therefore, the
free-electron states we used in the Cooper problem turn out to be good
states to start from when constructing the superconducting state [45].

The wave function 1 that we used in the Cooper problem is a product
state. It can be written out as

V= Z cretkT = Z cretk etk
3 K
Since the factors e'*"2 and e=**1 can be thought of as single-particle
states of momentum k and —k, the wave function of the pair is a superposi-
tion of product states in which the electrons move in diametrically opposite
directions. As a result, different pairs will soon overlap. The concept of
bound pairs would be destroyed if the quasiparticles of different overlap-
ping pairs interacted strongly. The Bcs theory of superconductivity works
because the Fermi-liquid quasiparticles are essentially noninteracting,

5.3 Phonon-mediated attractive interactions

The mechanism that gives rise to the attractive interaction between the
electronsis an exchange of phonons. Such a phonon-mediated mechanism
is supported by the observation of the so-called isotope effect: the critical
temperature T at which the normal metal passes into the superconducting
phase varies with the isotope mass M as [290-293]

M%T. = const. (5.7)
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The observation of the isotope effect can only be explained if supercon-
ductivity depends critically on the electron—phonon interactions [294~
296].

The attractive electron—electron interaction mediated by phonons can
beunderstood bya classical analogy [297]. When a negatively charged elec-
tron travels through a lattice of positively charged ions, the electron-ion
attraction will move the ions out of their equilibrium positions, and bring
them closer to the path of the electron. However, the large ratio of the ion
to the electron mass implies that the electron and ion dynamics take place
on different time scales. The light electron moves much faster than the
heavy ions. As a result, the disturbance of the lattice remains for much
longer than the passage of the electron, thus creating a positively charged
wake behind it. This wake can attract a second electron. Consequently, by
interacting with the same phonon, the electrons experience an attractive
interaction that is nonlocal in time, a so-called retarded interaction.

The phonon-mediated interaction is maximized if the second electron
travels in the opposite direction of the first. Following the trail of the other
electron, each of the two electrons is also protected from scattering by
an energy barrier. This protection from scattering makes dissipationless
conduction in the superconducting state possible.

The retardation of the interaction, that is, the time it takes for the ions
to relax back into their equilibrium positions, determines the range of the
interaction in energy space, wo. Mutual interaction with a phonon cannot
give rise to an attraction between electrons separated by an energy larger
than the maximal phonon frequency.

The phonon-based mechanism also explains why superconductivity is
alow-temperature phenomenon. At high temperatures the presence of
thermal phonons disturbs the phonon exchange between the electrons.
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5.4 The effective Hamiltonian

In the Cooper problem we considered a system of N free electrons, to
which we added two interacting electrons. In a real superconductor all
the electrons interact attractively. Consequently, the Hamiltonian of the
system is

_ t t +
H= Z €k C1 6Ck,0 T Z Vii1,k2,a €k, +q,01 Cka—q,05 Cka,00 Cky 00 7
k,o ki,ka,q
01,02
where q is the momentum exchange between the electrons and e =
If there is no definite relation ~ k>/2m — , with p being the chemical potential. This Hamiltonian can be
between k; and k, the phase ~ considerably simplified by making the same approximation for the matrix

space of scattering vectors q is  element Vi, i, q as we did for the one-pair problem, namely
negligible:

=V, lex —erl < wp, fork =kq, k2, k1 + q, k2 — ¢

Vi, k29 =
1,K2,49 .
0, otherwise.

Provided that wy « e, this approximation implies that the phase space
of scattering vectors q is negligible unless k; = —k, = k. Looking back
at the Cooper problem, we also see that since Vy, i,,q only depends on
the momenta through the energy, the two electrons must have opposite
spins, 07 = —0; = o. The result is the so-called pairing Hamiltonian or
BCS Hamiltonian:

Only for k; = —k; istherea
large phase space of scattering
vectors q:

e - * toot
H= Z €kCi oo T Z Vi €4 €y 1€y Crer g s (58)
ko kK’

! where we renamed k + ¢ — kand k — k’ and absorbed the factor of 2
, from the sum over o into Vy i

S The kinetic term of the Bcs Hamiltonian can be rewritten as

‘_*q-

Redrawn after Ref. 48. Z €kCL/UCk/U = - Z ex(l — My — Nk ),
k,o k
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where ny ; = c;fmckrT andn_y,, = c’:k,¢c_k,¢. Here, we used e = e_y
and the fact that the additive constant — Y, e} does not affect the dy-
namics. In order to identify the ordered state that solves this Hamilto-
nian, we make the following useful observation [94, 299]: Acting with
(1 —ny y —n_k,) on the state

[ T, 1o, o) = 1)
gives

(T =nyr =g, )1 = —11),
whereas acting on the state

[+, 01,1, 01,0, +0) = 10)
gives

(1 - ng,+ — n_k/¢)|0) =10).

Thus, if we represent [0) by (1,0) and |1) by (0, 1), we may write

T—nyr—n_y, = ( ! 1 ) =15

We can treat the interaction term in the same fashion. Since
et =0 and cf ety 10y =1T)

we get
C%Lc,fcik,¢ = %TE =Ty — i’ﬁii'

By Hermitian conjugation,

— 1+ _ x4 iY
CoruCir = 2Tk = Tie T 1%
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Here, , 1y, and 1% are the Pauli matrices. We can then conclude that the
Hamiltonian can be written as
H=- Z exTi + & Z Vi (T8 + TRt ). (59)
k %

On this form, which is known as the pseudospin model, we recognize the
Hamiltonian as an XY model with an applied field in the z direction. Anim-
portant difference between the pseudospin model and the usual XY model
is that the real-space lattice indices have been replaced by k-space indices.
This points to the fact that we alluded to at the beginning of this chapter,
namely that superconductivity is a momentum-space phenomenon.

The XY model has global O(2) symmetry, but in the ordered phase this
symmetry is spontaneously broken. Consequently, we can expect to solve
this model using a mean-field approach with the order parameter

(M) = <CT<,TCtk,¢> +(C_y, 1 Cx 1)
With this in mind, we write
C_piCrp = b +8b and ¢ cf  =bl +0bf,

whereb, = (c_, ¢, yanddby, =c_ ¢ ;—(c_y ¢ ,),and b} and 5b,
can be obtained by Hermitian conjugation. Substituting these expressions
forc_, ¢, yandcf ¢t | into the Bcs Hamiltonian, we obtain

- t t + oot t
H= Z €KkCy o Cr,o T Z vk,k'(bkc—k’,¢ck’,¢ +0CirCly —bkbk,)
ko kK

to first order in 8by. By defining the parameters
Ay==) Vb, and AL =-) Vbl (5.10)
K K
this mean-field single-particle Hamiltonian can be written as

- + t t oot +
H= Z €kCy,oCx,0 — Z (Akc_klick,T +AC A Cly — bkAk). (511)
k,o k
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The parameter Ay is called the superconducting gap because it, as we will
see below, introduces a gap Eg4 = 2|Ay| in the spectrum.

The Bcs Hamiltonian in Eq. (5.8) has global U(1) symmetry—that is,
it is unchanged by a transformation ¢, — ¢q,0€"” and cfj o — ¢} P
because there is an equal number of creation and annihilation operators. In
the mean-field Hamiltonian in Eq. (5.11), this symmetry is spontaneously
broken. So is quasiparticle conservation—Eq. (5.11) contains the terms
c}‘m cik, ,and 11 Crn Both these results are a consequence of the forma-
tion of a phase-coherent condensate of Cooper pairs parameterized by the
gap A. The choice of phase for the gap breaks the global U(1) symmetry.
The existence of a condensate also enables quasiparticle nonconservation.
Two quasiparticles can be annihilated by forming a Cooper pair, or created
by breaking an existing pair.

The spontaneously broken global O(3) symmetry of the Heisenberg
model in Sect. 2.4 gave rise to gapless excitations—the magnons. The
gaplessness of the magnon spectrum is not incidental. The Goldstone
theorem states, under quite general general conditions, that if the ground
state spontaneously breaks a global continuous symmetry of the Hamilto-
nian, there exist gapless Goldstone modes [89, 300]. Consequently, the
spontaneously broken global U(1) symmetry of the Bcs Hamiltonian
should also give rise to Goldstone modes.

To identify the nature of the Goldstone modes in a superconductor, we
can make use of the analogy with the XY model. The Goldstone modes
of the XY model are transverse spin fluctuations, magnons. Similarly, the
Goldstone modes of a superconductor must be transverse phase fluctu-
ations. However, unlike the XY model, the Cooper pair condensate is
charged and couples to the vector potential A. The gauge freedom of elec-
tromagnetism, whichis a local U(1) symmetry, makes it possible to choose
a gauge where there are no phase fluctuations, contingent that the A field
acquires a mass term [301-303]. This finite photon mass is responsible
for the Meissner effect, which we identified in Sect. 1.4 as one of defining
characteristics of a superconductor.
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If Ay is not real, it can always
be made so by a transforma-
tioncq,o = €X/2cq, o and

Ct],u = e_iX/ZCt],cr

€x

5.5 The BCS gap equation

To identify the spectrum and the equation for the gap, the mean-field
Hamiltonian must be diagonalized. For this purpose, we introduce the
so-called Nambu spinors

t_ + _ [ Sk
Py = ( Ck,r Cox > and ¢ = ( ot )
k4

to get

=Yook (T Jer X erolay), (s12)
k k k k

The matrix is Hermitian and can be diagonalized as Uy Dy U ' where Dy is

diagonal and real and Uy is unitary, Uy " = U. Such a similarity transform

is known as a Bogoliubov transform [304]. We choose

Uk vkeix Uk = COoS ‘9k ,
Uy = ) where )
—vie X Uk Vi = sindy .
Here, x is the phase of the gap, Ax = |A|e™X. To simplify the remain-
ing calculation, we choose the gap to be real. For Uy to diagonalize the
Hamiltonian, we must demand that the off-diagonal elements of Dy vanish
identically,
Zukvkek - (U.]zc - Vi)Ak ; 0.
Using the trigonometric identities 2u v = sin 29y anduf —vi = cos 29y,
this determines 9y:

tan 29y = i—: (5-13)

In turn, ¥ determines uy and vy. Since cos(arctan &) = 1/y1 + «2 and
cos 29% = 2ui — 1 we have

E
ui:%(l+i):1—vi, (514)
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where we defined Ex = (ef + Af). The factors uy and vy are known
as coherence factors. Their existence has experimentally observable conse-
quences in ultrasound attenuation, nuclear magnetic resonance (NMR),
and electromagnetic absorption in superconductors [45]. Using the values
of the coherence factors, we can calculate the spectrum of 3 by writing
out the diagonal elements of Dy = diag(E;, E;):

E]/z = i(ui—vi)ekiZukvak =+Ex, Ex= "612<+Ai.

Using the definition

[ Yix V_( Y VK Cx,1
Y= ¢ = t
Y2,k Vk o Uk Coxi
This gives the diagonal Hamiltonian

H= ; Er(Yi Vi + vhavzx) + ; (ex — Ex +bfA,) (5.15)

on the form of a free fermion gas. The new fermions created by v{ | and
yzk are known as Bogoliubov quasiparticles.

The superconducting gap is defined using the mean-field parameter
by = (c_y , ¢y 1)- By inverting the definition of v, we obtain expressions
for the electron operators c_ , and ¢, , in terms of the Bogoliubov quasi-
particles. Inserting these into the definition of the gap we get

_ t t
Ag = — Z Vi e viedl = Y7 1Y 10 = Yo Yo )
o

Since the Bogoliubov quasiparticles are free fermions, combined quantum-
mechanical and thermal averaging gives

v = v = f(Ew),
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Typical critical tempera-
tures for the high-T, su-
perconductors are are
30-120K [48]. The world
record at ambient pressure
belongs to HgBa,Ca,Cu;05 at
133K [307].

where f(Ey) is the Fermi function. Together with 2uxvy = sin29y =
Ay /Ey this gives the Bcs gap equation,

Aps
A = — ; Vi ﬁ tanh %BEk/ , (5.16)

where p = 1/kgT. Since Ay appears on the right-hand side, this is a self-
consistency relation for the gap.

5.6 Pairing symmetries

As it is written in Eq. (5.16), the gap equation takes into account the possi-
bility that the attractive interaction may vary over the Fermi surface since
we carried Vi i through the calculation. If we make use of the approxima-
tion that Vy i+ is a constant over the Fermi surface, Vi v = —V, the gap is
independent of k, Ay = A, which gives

tanh 1B,/e7 + A2
1= VZ %. (5.17)
K 2“6% + A2

When the gap is independent of k, it is spherically symmetric. In other
words, it has s-wave symmetry. The conventional superconductors are
therefore referred to as s-wave superconductors.

In unconventional superconductors [30s, 306] where the interaction
Vi, i varies significantly with momentum, the gap can take on other sym-
metries. Copper oxides, cuprates, can be superconducting with very high
transition temperatures. They are therefore referred to as high-T. super-
conductors [ 46, 48, 308]. The high-T. cuprates are believed to be d-wave
superconductors [309-314].

Both s-wave and d-wave superconductors are symmetric in the spa-
tial coordinates. To preserve overall antisymmetry, we therefore chose
an antisymmetric spin state, the singlet state. Although we did not take
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the possibility of the symmetric spin-triplet states into account in the
derivation of the gap equation, there exist superconductors which are be-
lieved to host spin-triplet superconductivity, such as strontium ruthanate,
Sr,RuOy4 [320-323]. To preserve antisymmetry, the superconducting state
must be antisymmetric in the spatial coordinates. The simplest antisym-
metric orbital state is the p-wave state, and indeed Sr,RuQy is believed to
be a p-wave superconductor [319, 322, 323].

Our discussion of the pairing symmetry tacitly assumes that the corre-
lation between the two quasiparticles in the Cooper pair is even in time
(or frequency). Another way to fulfill the constraints of Fermi statistics
is for the correlation to be odd in frequency [324, 325]. Odd-frequency
correlations can be induced by explicitly breaking the time-reversal sym-
metry, for instance by applying a magnetic field. It has been suggested that
magnesium diboride, MgB,—which is a conventional s-wave spin-singlet
superconductor [326, 327]—hosts an s-wave spin-triplet odd-frequency
phase in an applied magnetic field [328].

Instead of applying a magnetic field, the time-reversal symmetry can
also be broken by a ferromagnet. Superconducting correlations will be
induced in a material that is proximitized to a superconductor due to the
superconducting proximity effect [ss, 59, 60]. (The proximity effect will
be discussed in the next chapter.) In a s/¥ heterostructure with a conven-
tional s-wave spin-singlet superconductor and a ferromagnet, there will be
induced odd-frequency s-wave spin-triplet correlations in the ferromag-
net [61-63, 329, 331335 .

However, breaking the time-reversal symmetry is not a requirement for
odd-frequency superconductivity [325]. Odd-frequency correlations can
appear even in a S/N heterostructure provided that two of the parities of
the even-frequency s-wave spin-singlet pairs change simultaneously. For
instance, changing both the orbital and frequency parities can give rise to
odd-frequency p-wave spin-singlet correlations in the normal metal [330].
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symmetries other than s wave
(p wave and d wave) are very
sensitive to disorder because
impurity scattering can easily
break up the Cooper pair:
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Pairing symmetries, examples:

Ref. S P T]|tot.
51 BCS — + +| —
309 high-T. — + +| —
322 SrRuO4 + — +| —
328 MgB, + + —| —
320 SIF + + —| —
330 SIN - — —| —
S:spin;  P:parity; T time

The physical origin of the
scattering-matrix elements
that link s-wave to p-wave
pairing is in this case the
broken translation symmetry
at the interface [330].






Superconducting spintronics

6.1 Andreev reflection and the proximity effect

The Bcs Hamiltonian in the mean-field approximation is an effective
single-particle description of a superconductor. In other words, it is a
Hamiltonian for the quasiparticles in the superconductor. The effects of
the condensate of Cooper pairs enters the problem through the gap pa-
rameter, Ay.. Many of the properties of the normal phase—such as simple
band structures and metallic/insulating behavior—can be understood
in terms of the Schrédinger equation [78]. Similarly, many of the proper-
ties of superconductors can be understood in terms of the first-quantized
wave equation for the quasiparticles [47, 336, 337). The wave equation that
corresponds to the mean-field Hamiltonian in Eq. (5.11) is [336]

of 1 9%f

of 1o L

Yot 2m 0x? uf 9 (6 1)
29 120 A

ot~ 2mox2 ' M9 '

as can be checked by the usual procedure T, = Y, (1T Iv)af ay, where
Ty is a first-quantized and T, is a second-quantized single-particle operator.
This equation is known as the Bogoliubov—de Gennes equation [47]. In
the normal state the gap vanishes, A = 0, and the two components of
the Nambu spinor uncouple. In that case, the equation for g is the time-
reversed partner of the equation for f and we call f the electron component
and g the hole component. In the presence of a gap, the time-independent
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Bogoliubov—de Gennes equation is solved by

ix
u eikix  and ve eikox
—ve X u

where

ke = y2mln + V(E2 - A2)]

and we dropped the subscripts k. The first of these solutions is known as an
electronlike quasiparticle and the second is known as a holelike quasipar-
ticle because their charges are, respectively, —e(u? — v?) and +e(u? — v?),
which reduce to —e and +e when A - 0, givingu? — 1andv? - 0.

Scattering in a N/s bilayer: In a N/s bilayer we must match the wave functions from the normal-

N S metal and superconducting sides at the interface. We consider the case

1 _C.—q of an electron coming in from the normal side, f = e'9+*, where q; =

;2 *:o 'T) +q J2m[p + €]). In general, the wave function on the normal-metal side is
e (§/° then

q=e(u? —v?) Un :( (1) )eiq+x+< z )eiqx+< z )e—iq+x

and the wave function on the superconducting side is

u ) velX .
Ps=c . etk 4 d e th-x,
—ve X u

Matching the wave function and its derivative at x = 0 gives

. 1
a=-Yex, =0, c=-, and d=0
u u

in the approximation where q4 = q— = k; = k- = k. We see that the
incoming electron can be transmitted to the superconductor as an elec-
tronlike quasiparticle, or be reflected as a hole. Such a reflection process is
known as Andreev reflection [338-342].
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If the energy of the incoming quasiparticle is smaller than the gap, the
wave number k. of the electronlike quasiparticle will have a small imagi-
nary component, which gives rise to a decay on the length scale A,

1 A E2

3= - 11— Az
The characteristic length & = hvr/7A is known as the superconducting
coherence length, and is a rough measure of the size of a Cooper pair and
a typical length scale for spatial variations in the gap. Beyond about one
coherence length, the current carried by a quasiparticle with an energy
smaller than the gap is converted to a supercurrent carried by the conden-
sate [336]. Takjng this conversion into account, we can gain an intuitive
understanding of Andreev reflection: In a typical Andreev process, the
incident electron picks up another electron at the interface and forms a
Cooper pair. The hole that is left by the second electron is reflected into
the normal metal.

The Andreev-reflected hole picks up a phase —x, where x is the phase
of the superconductor at the interface. Hence, Andreev processes carry
phase information about the superconductor into the normal metal. In
the zero-temperature limit, such as in the calculation above, the phase
information is carried infinitely far into the normal metal [343]. At finite
temperature the Andreev-reflected particle will scatter off, say, phonons
and loose the phase information beyond the phase-relaxation length [s9,
343-343).

The phase information carried into the normal metal by Andreev-re-
flected particles induces superconducting correlations (c_y y cx 1) inside
the normal metal. This is the proximity effect that we alluded to in Sect. 5.6.
Depending on the scattering matrix at the interface, most of the induced
Cooper pairs may have the same symmetry as those of the superconductor
itself, or there might be induced a significant amount of, say, odd-frequency
p-wave correlations.
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Josephson effect:
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This assumption is the basis

for the phenomenological
Ginzburg-Landau theory

of superconductivity (46,

54]. The phenomenological
theory can be derived from
BCS theory [349, 350], in which
case 1 is proportional to the

gap A.

In a s/N/s trilayer a hole that impinges on one of the superconduc-
tors may be Andreev reflected as an electron. This process destroys one
Cooper pair in the first superconductor. The electron may then propagate
all the way to the other superconductor and be Andreev reflected as a hole.
This process creates one Cooper pair in the second superconductor. Con-
sequently, the overall result is that a Cooper pair is transferred from the
first superconductor to the second superconductor. Since the processes
are phase-coherent, they will also transfer phase information between the
two superconductors. Depending on the phase difference 5x = x1 — x>
between the superconductors there might be an equal number of Cooper
pairs transferred from left to right and from right to left (5x = 0), or the
Andreev processes may carry a net current between the two superconduc-
tors. This effect is known as the Josephson effect, and the s/N/s trilayer is
an example of a Josephson junction [346-348].

6.2 Josephson junctions

The junction originally considered by Josephson was a s/1/s junction
where 1is an insulator, or in other words, a tunneling barrier. If we assume
that the Cooper-pair condensate in each superconductor can be described
by a wave function 1, then tunneling across such a barrier can be described
by the coupled equations [80]

0
w0 = gy 4 T,

0
hﬁ = Ty + Hats,

where H; is the Hamiltonian of superconductor i and Tis a scalar. Writing
out

by =/pre™ and P, = JpreX2,
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substituting 1}y and 1, back into the set of coupled equations, and taking
the real and imaginary part of each equation we get

0 . 0
hﬂ = +2T/p1p2 sin by, ‘hﬂ =-T P2 cosdx — Eq,
ot ot P1
9p2 . 0x2 1
—= ==-2T ) h—= = -T,| — o — E
h m Jp1p2sindy, m 0; cosdx — Ez,

where the energy E; is defined by Hi; = Ej1p;. The amplitudes p; are pro-
portional to the superfluid density, consequently dp; /0t is proportional
to the current density. The current through the s/1/s Josephson junction
is thus

1(8x) = Io sin dx. (62)

The maximal current supported by this current—phase relation is Io. At-
tempts to push a larger current through the junction result in a resistive
component as well as the dissipationless supercurrent. The current I, is
therefore known as the critical current of the junction.

By subtracting the equations of motion of x; and x,, we find

00X

X = —(B —E2). (63)

Ifthe superconductors are identical except for a voltage Vapplied across the
junction this energy difference is 2eV, where 2e is the charge of a Cooper
pair. Integrating up the electrical work of done by the applied voltage
JdtIV = [ddx hl/2e, we see that the energy stored in the junction is [46]

E(8¢) = Eo(1 — cos &X), (6.4)

where we chose the zero on the energy axis to be such that the integration
constant equals Eg = hl/2e.
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The s/1/s junction is called a 0 junction because its energy is minimal
at 5x = 0 (modulo 27) [62, 63, 351, 352). More complicated Josephson
junctions can have more complicated current—phase relations [348, 353,
354]. In ballistic systems, higher harmonics can for instance occur at low
termperatures. These higher harmonics are a result of Andreev-reflected
electrons or holes that bounce several times back and forth between the
superconductors. Consider the s/N/s trilayer we discussed on page 8o.
When the hole that impinges on the left superconductor is Andreev re-
flected as an electron, it picks up a phase x;. The Andreev-reflected elec-
tron propagates to the right superconductor, and picks up a phase —x,
when it is Andreev reflected as a hole. When this hole has completed
the round trip and reaches the first superconductor it has accumulated a
dynamic phase q.L — q_L ~ 0, where L is the length of the normal metal,
and a scattering phase 5x. Multiple round trips give rise to phases of 25,
38, and so on and so forth. The result is a current—phase relation on the
form [351, 355]

I =1 sin6x + I, sin 26x + I3 sin 38y + -+

In the next sections we will see that ferromagnetic interlayers can also
modify the current—phase relation of a Josephson junction. This gives rise
to exotic junction suchasm junctions and Qo junctions.

6.3 Spin mixing and m junctions

In itinerant ferromagnets the majority and minority bands are spin split.
Consequently, the Fermi wave number is smaller the for minority elec-
trons (4) than for the majority electrons (). Let kr be the Fermi wave
number in absence of magnetism. With a finite exchange splitting the ma-
jority and minority Fermi wave numbers are, respectively, kg = k¢ + Q/2
and kr, = kg — Q/2. A Cooper pair formed from two electrons with
opposite spins will therefore acquire a center-of-mass momentum Q. In
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as/F proximity structure a singlet Cooper pair entering the ferromagnet
will oscillate into a spin-0 triplet pair because of the interference between
its 14 and 41 constituents [352,356—358].

(M4 —11) > (14 elQR— 11 e71Q)
= (M —I1)cosQ +i(td + I1)sinQ. (6.5)

This process is known as spin mixing [359]. In principle, the triplet compo-
nent of the Cooper pair can become either an even-frequency p-wave pair,
or an odd-frequency s-wave pair. In practice, p-wave correlations can often
be neglected because the relevant experimental samples are disordered.
The wavelength of the singlet—triplet oscillations is 27t/ Q, and decreases
with increasing exchange splitting. In a s/F/s Josephson junction the
number of wavelengths that fit inside the ferromagnet will depend on
its length L. If the length of the ferromagnet equals an even number of
half wavelengths, L = 2n7t/Q, the singlet components on each side will
have the same sign at equilibrium. On the other hand, if the length of
the ferromagnet equals an odd number of half wavelengths, L = (2n +
1)m/Q, the singlet components will have opposite signs at equilibrium,
corresponding to a phase shift by 5x = 7 [360-362] Such a junction is
therefore known as a 7 junction. By changing the length of the junction or
its temperature (thus changing effective center-of-mass momentum Q), it
is possible to create 0 oscillations, going from a 0 to a7 ground state [363,

364].

6.4 Spin rotation and spin supercurrents

Due to the pair-breaking effect of the magnetic exchange, both the singlet
and spin-0-triplet correlations decay rapidly into the magnet, even more
so than in a disordered s/ bilayer [62]. The critical currents of such
junctions are therefore relatively small, and decrease with larger exchange
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splittings. The equal-spin triplets, +1 and 4, are however not affected by
the magnetic exchange. Josephson junctions based on these correlations
thus promise higher critical currents. A supercurrent carried by equal-spin
triplets will also be spin polarized. Besides the fundamental interest in
dissipationless spin currents [365], spin-polarized supercurrents also have
potential applications in spintronics [366].

The simplest way—conceptually—to make equal-spin triplets is to
use a magnetic inhomogeneity [61, 329, 331, 333, 334 ). Using the z axis as
quantization axis, we have expressed the spin-0 triplet as (14 + 41),. The
same spin state can be expressed as i(t1 + 4 4), by quantizing the spin
along the y axis. To see this we consider the quantum-mechanical rotation
operator. Spin-¥4 is rotated by [367]

R®) = exp( -390 n),

where 9 is the rotation angle, n is the rotation axis, and o is the vector of
Pauli matrices. Since the square of a Pauli matrix is the identity, odd and
even powers of (o-n) separate:

¢ I, { even,
(o-m)" =
o-n, (odd.

Hence, by Taylor-expanding the exponential the rotation operator can be
written as

R(®) = Icos %1‘) —1i(o-m)sin %1‘)

and the rotation operator that takes the quantization axis from z to y is

V271 i
R(Z_’U):z<i ;)

Consequently, the state (14 + 1), can be written as

RiR2 (T4 + 1), = (11 + 4d)y .
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Whereas the (14 + 4 1) pair is short-ranged in a z-polarized magnet, the
i(t1)y part of the pair is long-ranged in a y-polarized magnet. Using a
magnet where the magnetization rotates from z to y at the s/F interface,
the short-ranged (4 + 1), pair generated by singlet—triplet mixing
can therefore be converted to a long-ranged (11),, pair in the bulk of
the magnet. This process is known as spin rotation. Equal-spin triplets
have been generated experimentally using both intrinsic [331, 368] and
engineered [369-371] magnetic inhomogeneities.

Spin—orbit coupling mixes spin up and spin down, just like the spin-
rotation operator. Spin—orbit coupling in combination with a homogeneous
magnet can therefore be an alternative way to generate long-ranged equal-
spin triplets [372, 373]. The advantage of using spin-orbit coupling would
be to reduce the experimental complexity related to magnetic control in
multilayer structures [370, 371]. It comes, however, with its own set of
challenges. With pure Rashba spin—orbit coupling the magnet is required
to have both an in-plane (1P) and an out-of-plane (00P) component for
equal-spin triplets to appear [374, 375]. Repeated experimental efforts to
realize along-ranged supercurrent in such systems have yet to succeed [376,

377].

6.5 @, junctions

For long-range triplet generation in a s/F,/F,/F;/s junction, a coplanar
magnetization texture will suffice [369]. Depending on the exact pa-
rameters of the junction, its ground state may be either the 0 or 7 state.
However, if the magnetizations of the three magnets are not coplanar,
M - (M3 x M3) # 0, the ground state of the junction is found at a phase
difference of 5x = @0, where @y is not an integer multiple of 7t [378]. Such
ajunction is known as a @, junction.

The origin of the anomalous phase ¢ can be understood in terms of
Andreev processes [378]. We consider a trilayer junction with magnetiza-
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A @, junction: tions along the x, y, and z axes, My = Me,, M, = Me,,and M3 = Me..
The spin-resolved Bogoliubov—de Gennes equation is

d 1 92

i—f:———a f—uf+DM~G f+Ag,

ot 2m ox2 (66)
0g _ 1 9%g

=+-—— —DM.o*g+At
lat zmaxz+ug M. o*g+ A'f,

m where f and g are two-component spinors and A = antidiag(+A, —A).

Since oy has eigenvectors

( _: ) (eigenvalue +1); ( +]i ) (eigenvalue —1),

aspin-up electron at x = Ly + 0% can be written as
T
(1i00) .

If the electron moves to the right it has accumulated a phase k+L, upon
reachingx = L; + Ly,

(1i00) etkrta,

Here, ks = k + Q/2 and k, = k — Q/2 are the wave numbers of up and
down electrons, respectively. Since o, has eigenvectors

( (1) ) (eigenvalue +1); ( ? ) (eigenvalue —1),

the electron s in a superposition of the up and down states once it enters Fs.
The two components pick up different phases k+L3 and k, L3 in F;, giving

[(1 00 O)TeikTLS + (o 10 O)Teiles] eikila

We can interpret this as the y-up electron precessing about the z axis.
When the electron is Andreev reflected at the right superconductor, its
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spin flips and it picks up a phase —x, thus the Andreev-reflected hole has
the wave function

Yemixa [(o 010) e ta+ (000 —1)Teims] etkilz,

This superposition of a spin-up and a spin-down hole propagates back to
x = Ly +L,, accumulating phases —k+ Lz and —ik, L3. Thus,atx = L; + L,
we have the state

Ee—m [(o 01 o)Te—iQLs +(000 _1>TeiQL3] eikila

Assuming that the total precession angle is QL3 = 71/2, we can rewrite this
state as a spin-up hole quantized along the y axis,

Yerixa (001 —i) ehila,
u
The hole propagates through F, accumulating a phase —k+L,, giving
Y o—ix2 i T
—e X2 (001 )

atx = Ly. Since oy has eigenvectors

( +: ) (eigenvalue +1); ( _: ) (eigenvalue —1),

this state corresponds to a superposition of a spin up and a spin down hole.
Upon propagating through F,, the up component picks up a phase —k+L;
and the down component picks up a phase —k, L;. This gives the wave
function

v o [1-1i T o 1+ T L

e 1X2[T(oo1 1) etk 1+T(oo1 -1) etk 1]
atx = 0. The Andreev-reflected electron has its spin flipped and picks up
a scattering phase x;. Using §x = x1 — x2, the outgoing wave function is

(E)zeif’X[% (1100) el 4 % (110 o)Te—“wh].
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Completing the round trip, we obtain the state

viyZ s [1T—1 T oL T+1 T oL
(E)elXLir(_11oo)e1Q1+47—(11o® &Q1}
If the total precession angle accumulated to and fro through F, is also
QL; = /2, the result is

(E)z eldXxeim/2 (l 10 O)T

atx = Ly. This is precisely the spin-up electron we started with, except for
a phase &x + 7t/2. Comparing this result with our discussion in Sect. 6.2, we
see that the y-up electron carries a current I+ = I sin(dx+7/2). A similar
treatment of the y-down electron gives a current I, = I, sin(dx — 7/2).
In a junction with perfectly transparent ¥/F interfaces, the two contribu-
tions to the current cancel, I+ + I, = 0,leaving only the current from the
second-harmonic contribution. However, in a real junction more of the
spin-up component than the spin-down component will be transmitted
through each ¥/F interface. Hence, I+ # 1,0 and the junction exhibits an
anomalous phase shift ¢o. This is known as the anomalous Josephson effect.

The anomalous Josephson effect has also been predicted to exist in
Josephson junctions made from unconventional superconductors [379—
382],in ordinary s/N/s junctions with spin—orbit coupling and a suitably
oriented Zeeman field [383-385], and in /F/s junctions on a topological
insulator [386]. Furthermore, it has been predicted [387-389] as well
as experimentally confirmed [390] for the Josephson current through a
quantum dot. The exact mechanism that gives rise to the anomalous phase
@0 in each of these cases is different from the one we described above, but
in each case time-reversal symmetry and chiral symmetry is broken [383,
391,392].

Time-reversal symmetry requires that I(—8x) = —I(5x), forcing the
current at &x = 0 to zero. Broken time-reversal symmetry is therefore a
requirement for the anomalous Josephson effect, but not in itself enough.
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In, say, the ferromagnetic 0 and = junctions we considered in Sect. 6.3,
time-reversal symmetry is broken, but 1(0) = 0. However, combined with
a broken chiral symmetry, broken time-reversal symmetry allows for an
anomalous phase ¢o. Above, the chiral symmetry is broken by the triple
product My - (M x M3) # 0. In, say, the s/N/s junction, the chiral
symmetry is broken by the triple product n - (B x J) [385]. Here, n is the
direction of broken inversion symmetry, B is the applied magnetic field,
and J is the current density.

In paper Vi1 we consider a slightly different ¢, junction. In and of itself,
this junction does not exhibit any anomalous phase. However, using a
superconducting spin Hall effect and a transverse spin current, we manage
to generate a charge current in the weak link and inverse proximity regions.
In the absence of external leads the current through the junction must be
zero, thus a phase difference ¢, accumulates over the junction, setting up
an oppositely directed supercurrent that exactly cancels the charge current
injected from the weak link.

6.6x The superspin Hall effect

The ordinary spin Hall effect, which we considered in Chap. 3, is a phe-
nomenon that occurs out of equilibrium. The ordinary spin Hall effect in
superconducting materials is a quasiparticle effect, and has been consid-
ered both theoretically [393-399] and experimentally [400]. Experimen-
tally, it has been found that the spin Hall effect can be enhanced by several
orders of magnitude below the critical temperature [400].

In addition to the ordinary spin Hall effect, superconductors can also
host magnetoelectric effects in which an equilibrium supercurrent carried
by the condensate can give rise to a spin polarization or a transverse spin
current, or vice versa [ 401-406]. In paper V1, we consider a transverse
equilibrium spin current that is induced by the Josephson current in a
$/N/E/N/s junction where the normal metals exhibit Rashba spin—orbit
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coupling. In paper v11, we identify the inverse effect: a Josephson current
induced by a transverse spin current in the same junction. We refer to this
as the superspin Hall effect.

The superspin Hall effect is found in clean systems where there are
p-wave correlations in addition to the s-wave correlations emanating from
the proximitized superconductors [v1]. Even-frequency p-wave correla-
tions must be in one of the triplet states. The interaction between the s-
and p-wave correlations can be described in terms of the order parame-
ters A, and A_, which are the sum and difference of the original s-wave
and p-wave order parameters, A; and Ay, respectively. Here, k refers to
the momentum in the direction transverse to the junction. The relative
magnitude of A, and A_ depends on the relative phase of A and Ay:

IALI? = |As1? + A7 + 2Re(AA}).

When no phase difference is applied over the junction, A, is purely real and
Ay is purely imaginary, see Fig. 6.1. Consequently, |A,| = |A_|,and as many
Cooper pairs condense in the [k t, —k 1) state as in the [k 4, —k 1) state.
However, when a phase difference is applied over the junction, A acquires
an imaginary component and Ay acquires a real component and |A,| #
|A_|. Due to the resulting difference in condensation energy, Cooper
pairs condense preferentially in [k t, —k ) or [k 4, —k ). The result is
an antisymmetric momentum-resolved spin magnetization, or in other
words, a transverse equilibrium spin current.

It has been suggested that equilibrium spin currents have observable
consequences that can be detected via electrical [ 407, 408] or mechani-
cal [409] means, or through the magnetization dynamics they induce [ 410,
411). Nonetheless, experimental detection schemes for equilibrium spin
currents have yet to be implemented. However, if we run the spin Hall
mechanism in reverse, injection of a transverse equilibrium spin current
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into the junction will give rise to an anomalous phase difference in the

junction’s current—phase relation. In paper vVII we suggest that the in-

verse superspin Hall effect can be demonstrated using a spin-polarized

supercurrent.
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Outlook

In this thesis I have considered magnetic and superconducting phenom-
ena that fall broadly within the scope of spin-based electronics. I have
highlighted some of the main results that I have obtained throughout my
graduate studies; these results are elaborated further in the enclosed pa-
pers. In retrospect, some of my projects have been more promising or
stimulating than others. In the present chapter I conclude the thesis by
discussing further projects I would have liked to do.

The low dimensionality of the van der Waals magnets opens for novel
ways to couple to their order parameters. Monolayers of the 2H polymorph
of the transition-metal dichalcogenides can for instance be both piezoelec-
tric [412-414] and magnetic [415-417]. If the magnetoelastic coupling in
these materials is sufficiently strong, would it be possible to induce ferro-
magnetic resonance using an out-of-plane electric field? These materials
also harbor spin—orbit torques with the same symmetry as Fe3GeTe; [249].
Would it be possible for the nonequilibrium magnon accumulation in-
duced by ferromagnetic resonance to give rise to magnonic charge pump-
ing?

Spin-polarized supercurrents are a central theme in superconducting
spintronics. Although supercurrents carried by equal-spin Cooper pairs
undoubtedly exist [343], the evidence is mostly indirect, such as other-
wise inexplicably long-ranged supercurrents [418—421]. To the best of
my knowledge, the spin polarization of a supercurrent has yet to be mea-
sured directly. In paper viI we suggest that the inverse superspin Hall
effect can be used for this purpose. Magnetization dynamics induced by
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a supercurrent would be another telltale sign of the supercurrent spin-
polarization [410, 411]. Insofar none of these schemes have been imple-
mented experimentally, it is interesting to look for other—perhaps more
easily accessible—ways to measure the spin-polarization of a supercurrent
or an equilibrium spin current in general.

In Chap. 6 we considered the profound effect magnetism can have on
superconductivity. Other authors have also considered in what ways super-
currents can affect the magnetization, for instance by inducing magnetiza-
tion dynamics [410, 411, 422]. The reciprocal action of the two phenomena
suggests that a complete theory for s/F proximity structures needs to take
into account their dynamic interplay in a coupled set of equations. Such a
grand synthesis seems to me to be one of the most outstanding theoretical
challenges in the field of superconducting spintronics.
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We consider theoretically domain wall motion driven by spin-orbit and spin Hall torques. We find that it
is possible to achieve universal absence of Walker breakdown for all spin-orbit torques using experimentally
relevant spin-orbit coupling strengths. For spin-orbit torques other than the pure Rashba spin-orbit torque, this

gives a linear current-velocity relation instead of a saturation of the velocity at high current densities. The
effect is very robust and is found in both soft and hard magnetic materials, as well as in the presence of the
Dzyaloshinskii-Moriya interaction and in coupled domain walls in synthetic antiferromagnets, where it leads
to very high domain wall velocities. Moreover, recent experiments have demonstrated that the switching of a

synthetic antiferromagnet does not obey the usual spin Hall angle dependence, but that domain expansion and
contraction can be selectively controlled toggling only the applied in-plane magnetic field magnitude and not its
sign. We show that the combination of spin Hall torques and interlayer exchange coupling produces the necessary

relative velocities for this switching to occur.

DOI: 10.1103/PhysRevB.95.134423

I. INTRODUCTION

Domain wall motion in ferromagnetic strips is a central
theme in magnetization dynamics and has recently been
instrumental to the discovery of several new current-induced
effects [1-6]. The attainable velocity of a domain wall driven
by conventional spin-transfer torques (STTs) [7-9] is limited
by the Walker breakdown [10], upon which the domain wall
deforms, resulting in a reduction of its velocity.

Current-induced torques derived from spin-orbit effects
(SOTs) such as the spin Hall effect [4—6,11] or an interfacial
Rashba spin-orbit coupling [ 12—14] have enabled large domain
wall velocities. We here consider the dependence of the domain
wall velocity on the current and find that regardless of the
relative importance of the reactive and dissipative components
of the torque it is possible to achieve universal absence of
Walker breakdown for all current densities for experimentally
relevant spin-orbit coupling strengths. For spin-orbit torques
other than the pure Rashba SOTs, such as the spin Hall torques,
the velocity will not saturate as a function of current, but will
increase linearly as long as a conventional spin-transfer torque
is present. This behavior is robust against the presence of an
interfacial Dzyaloshinskii-Moriya interaction [15-17] and is
found both in perpendicular anisotropy ferromagnets, in shape
anisotropy-dominated strips and in synthetic antiferromagnets
(SAFs) [18-22], where it enables very high domain wall
velocities for relatively small current densities. Moreover, the
combination of SOTs with the interlayer exchange torque was
recently shown experimentally to produce novel switching
behavior that circumvents the usual spin Hall angle depen-
dence [22]. We show that the combination of spin Hall torques
and interlayer exchange produces the required dependence
of the domain wall velocity on the topological charge to
qualitatively reproduce the experimental data.

“vetle k.risinggard @ntnu.no

2469-9950/2017/95(13)/134423(7)

134423-1

II. UNIVERSAL ABSENCE OF WALKER BREAKDOWN

We consider an ultrathin ferromagnet with a heavy-metal
underlayer as shown in Fig. 1. We describe the dynamics of
the magnetization m(r,t) using the Landau-Lifshitz-Gilbert
(LLG) equation [23],

Btm=ymxH7gmx8,m+r, (@)
m

where y < 0 is the gyromagnetic ratio, m is the saturation
magnetization, o < 0 is the Gilbert damping, H = —§F/dm
is the effective field acting on the magnetization, and t is the
current-induced torques. The free energy F of the ferromagnet
is a sum,

F :/dr<fz+fex+fw+fa>, @

of the Zeeman energy due to applied magnetic fields, the
isotropic exchange, the interfacial Dzyaloshinskii-Moriya
interaction, and the magnetic anisotropy.

The Zeeman energy and the isotropic exchange can be
written, respectively, as fz = —H - m, where H| is the ap-
plied magnetic field, and fi = (A/m*)[(Vm,)* + (Vm,)* +
(Vm,)?], where A is the exchange stiffness [23]. Inversion
symmetry breaking at the interface between the heavy metal
and the ferromagnet gives rise to an anisotropic contribution to
the exchange known as the Dzyaloshinskii-Moriya interaction,
which favors a canting of the spins [15-17]. The resulting
contribution to the free energy is fpm = (D/m?)[m (V - m) —
(m - V)m,], where D is the magnitude of the Dzyaloshinskii-
Moriya vector. Ultrathin magnetic films are prone to exhibit
perpendicular magnetization due to interface contributions
to the magnetic anisotropy [24]. Consequently, we write
the magnetic anisotropy energy as f, = —szf + Kymf,,
corresponding to an easy axis in the z direction and a hard
axis in the y direction.

©2017 American Physical Society
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FIG. 1. Ultrathin ferromagnet with a heavy-metal underlayer. We
consider transverse domain wall motion along the x axis. r, oy, and
o0, denote the three nontrivial operations of the symmetry group Cs, .

A. Current-induced torques

The current-induced torques t are conventionally divided
into spin-transfer torques and spin-orbit torques. The spin-
transfer torques can be written as [7-9]

TSTT = U0 M — ﬂ—um X Oym, 3)
m

where u = g Pj/[em(1 4+ 8%)] and j is the electric current,
P is its spin polarization, up is the Bohr magneton, e is the
electric charge, and B is the nonadiabacity parameter. The
spin-orbit torques can be written as [4-6,11-14]

BHR
TR = ym X Hre, — ym x { m x Tey s 4)
Hsu
Tsu=ymx|mx— =e, +ym x BsuHsney,  (5)

where Hp = ag Pj/[2ugm(1 4+ )] and ag is the Rashba
parameter and where Hsy = /i6sy j/(2emt) and gy is the spin
Hall angle and ¢ is the magnet thickness. Since the spin Hall
effect changes sign upon time reversal, the principal spin Hall
torque term is dissipative instead of reactive, in contrast to the
principal term of the STTs and the Rashba SOTs.

In fact, assuming that the stack can be described using the
C,, symmetry group (see Fig. 1) it can be shown that these
torques exhaust the number of possible torque components.
Hals and Brataas [25] describe spin-orbit torques and gener-
alized spin-transfer torques in terms of a tensor expansion.
Assuming the lowest orders are sufficient to describe the
essential dynamics, the reactive and dissipative spin-orbit
torques are described by, respectively, an axial second-rank
tensor and a polar third-rank tensor while the generalized
spin-transfer torques are described using a polar fourth-rank
tensor and an axial fifth-rank tensor. The torques that arise in a
given structure are limited by the requirement that the tensors
must be invariant under the symmetry operations fulfilled by
the structure. We have assumed that the physical systems we
consider are described by C;, symmetry. Combined with the
fact that the current is applied in the x direction only and
that 9ym = 0 and d,m = 0, this implies that there is only one
relevant nonzero element in the axial second-rank tensor, two
elements in the polar third-rank tensor, three elements in the
polar fourth-rank tensor, and six elements in the axial fifth-rank
tensor [26].

The three relevant nonzero elements of the second- and
third-rank tensors give rise to three spin-orbit torques. A
detailed analysis shows that these torque components are
captured by the Rashba and spin Hall torques in Eqgs. (4)
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and (5). As an aside, we note that although the Rashba
and spin Hall effects may not necessarily capture all of the
relevant microscopic physics [27-29] these torques can still
be used to model the dynamics because they contain three free
parameters, oR, Osy, and Bsy.

As has been shown in Ref. [25], the generalized spin-
transfer torques reduce to the ordinary STTs in the nonrel-
ativistic limit. Thus, by using the ordinary STTs we neglect
possible spin-orbit coupling corrections to these higher-order
terms.

B. Collective coordinate model

The magnetization is conveniently parametrized in spher-
ical coordinates as m/m = cos¢ sinfe, + sin¢ sinfe, +
cos fe,. Using the assumption that there is no magnetic texture
along the y and the z axes, V = d,e,, we can find the domain
wall profile by minimizing the free energy. The resulting
Euler-Lagrange equations are

A(0" cscOsecd — @) — D¢ singtan @ = (K, + K, sin® ¢)
and
A(¢" +20'¢' cot) + DO’ sing = K, cos ¢ sin .

One solution of these differential equations is the Néel wall
solution ¢ = nmw and 6 =2arctanexp[Q(x — X)/A], where
Q is the topological charge of the wall [30], X is the wall
position, and A = /A/K, is the domain wall width. n is even
if D<0Oand Q =+1,andnisodd if D <0 and Q = —1.
This domain wall profile is known as the Walker profile [10].
To be sure that ¢ = n is really the global minimum, we solve
the full LLG equation (1) for a single magnetic layer and let the
solution relax without any applied currents or fields. The angle
¢(x) can then be calculated as ¢(x) = arctan[m ,(x)/m,(x)].
However, ¢(x) is ill defined in the domains where 8 — 0 or 7.
Consequently, we consider ¢ only inside the domain wall. As
shown in Fig. 2(a), the solution ¢ = 0 works very well.
Substitution of the Walker profile into the full LLG equa-
tion (1) using Hy = Hye, and Q = +1 gives the collective
coordinate equations for the wall position X and tilt ¢

aX .7 H H Bu 6
& ~¢=t5v(Hsu— pHp)cosd + ==, Q)
(d+adp = 27K g +
m
+
- M - %V[HSH(I — afsn)

— Hg(a + B)] cos . )

By doing this substitution, we are assuming that the domain
wall moves as a rigid object described by two collective
coordinates X (7) and ¢(z) (Ref. [30]). In particular, we are
neglecting any position dependence in the domain wall tilt ¢.
The collective coordinate model, or one-dimensional model,
has been used previously to explain the qualitative behavior
of both spin-transfer and spin-orbit torques [4,5,7,10,18—
20,28,30,31]. However, it is important to remember that the
model will always be an approximation, and we cannot nec-
essarily expect quantitative agreement between experimental
results and model predictions nor can we completely exclude

way(D — Hym}) .
— % "“in

2m ¢
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FIG. 2. Position dependence of the domain wall tilt ¢. In each
panel, the orange curve m, (x) shows the extension of the domain wall
while the black solid curve shows the domain wall tilt ¢)(x) obtained
by solving the full LLG equation (1) and the black dashed line shows
the prediction of the collective coordinate model. (a) Equilibrium
solution. (b) Spin-transfer torque dynamics. (c) Spin Hall torque
dynamics. (d) Rashba spin-orbit torque dynamics. (a)—(d) We use
the material parameters supplied in the first column of Table I with
Jj =5MA cm™2 except that J = 0.

the possibility of dynamics that is not captured by the one-
dimensional model [31]. We can nevertheless test the adequacy
of the collective coordinate model by calculating ¢(x) from
a solution of the full LLG equation for a single magnetic
layer, just as we did for the static case. As shown in Fig. 2(b)
the x dependence of ¢ is negligible for spin-transfer torques.
The x dependence of ¢ is larger for spin Hall [Fig. 2(c)] and
Rashba spin-orbit torques [Fig. 2(d)]. Nonetheless, the ability
of the collective coordinate model to consistently qualitatively
reproduce experimental behavior indicates that it captures the
generality, if not all, of the physics in the system.

Equations (6) and (7) can be simplified by introduc-
ing aj = ZTy(Hsu — BHy), bj = pufs, c=—2ayK,/m,
d =may(D — HymA)/(2mA), ej = —=Fy[Hsu(l — afsn) —
Hr(x + B)], and fj = —u(x + B)/1. Walker breakdown is
absent when the time derivative ¢ vanishes, resulting in the
condition

0=csingcos¢ +dsing + jlecosp + f). ®)

Provided that the transverse domain wall is not transformed
into, for instance, a vortex wall [31], Walker breakdown will be
universally absent if e > f because this equation always has a
solution for ¢ regardless of the value of j. For increasing
Jj, ¢ will level off to a value cos¢ = — f/e. For realistic
material values e > f corresponds to a Rashba parameter
aR > 4;123/(7reyk) = 1-6 meV nm (pure Rashba SOTs) or a
spin Hall angle Osy > 4upPt/(zhyr) = 0.05-0.09 (pure
spin Hall torques). To the best of our knowledge, the absence
of Walker breakdown for spin Hall torques has not been
noted previously, whereas absence of Walker breakdown for
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sufficiently strong Rashba spin-orbit coupling was pointed out
in Ref. [32], and can also be noted in Refs. [13,33-35].

Let us write £ = cos ¢ and 5 = sin ¢, so that £> 4+ p*> = 1.
Solving Eq. (8) for n to get n = —j(e€ + f)/(c& + d), this
relation gives a quartic equation

Y+ 2¢dE + [(ej)* +d?* — *1E* + 2(efj* — cd)E
=d® = (fj)*

The exact solutions of the quartic are hopelessly complicated.
However, they all have the same series expansion around j = 0
and j — oo. We consider first the asymptotic expansion,

f. S .
E=—=+= 4007, ©)
€ J
where S represents the solutions of the quadratic equation
002 = d?e* + 2 fH 4 (2 — dP) fre? + 2cdef (f* — €2).
Using Eq. (6), the wall velocity is then

X <b—ﬂ>j+asl+a0(j*'>. (10)
A e
Back substitution of the abbreviations a, b, e, and f shows
that for pure Rashba SOTs the coefficient of the linear
term reduces to zero because the ratio of the reactive to the
dissipative torque is the same for the STTs and the Rashba
SOTs. Thus, for large j the domain wall velocity approaches
a constant. For pure spin Hall torques we get instead the
linear term —ua(1 + BBsu)/[A(1 — aBsu)]. This means that
for large j the velocity is actually independent of the sign
of the spin Hall angle and increases linearly with j. Note
the importance of including the STTs—which are always
present—in these considerations: in the absence of STTs
(u — 0) both b and f go to zero and the velocity levels off to
a constant for large j for any combination of SOTs.

For completeness, we also consider the series expansion
about j = 0, which gives

(e—f)

) 4
re—apl OUN (1n)

E=—1+

and

aX o ale— )P 4 s

S =b-aj+ e—dyp’ +a0(j"). (12)
The key observation here is that in this regime the velocity does
depend on the sign of the spin Hall angle (a  6sy for pure
spin Hall torques) and increases with the cube of j. Combined
with the spin Hall angle independence of the velocity in
the j — oo limit, this implies that even in the absence of
Walker breakdown a nonmonotonic current-velocity relation is
possible. Figure 3(a) shows a numerical solution of the coupled
equations (6) and (7) as a function of j for pure Rashba SOTs
and for pure spin Hall torques both in the cases of fsy > 0 and
Osu < 0 together with the analytical solutions close to j =0
and for large j for parameters that are typical for a standard
cobalt-nickel multilayer. We see that our analytical results
successfully approximate the full solution in the expected
ranges of validity indicating the absence of Walker breakdown
in the numerical solution.
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FIG. 3. Current-velocity relation for three different SOTs in the
absence of Walker breakdown. The Rashba SOTs level off to a
constant velocity at large currents, whereas the spin Hall torques
asymptotically approach a linear current-velocity relation. Dashed
lines show the asymptotic expansion and dotted curves show the
series about j = 0. We use the material parameters supplied in the
(a) first and (b) second column of Table I except that J = 0.

The in-plane hard axis included in the magnetic anisotropy
is appropriate for narrow ferromagnetic strips, which generally
host Néel walls. Wider strips give Bloch walls [24], and by
making the necessary modifications to the above calculations,
we find that in this case the domain wall velocity retains the
qualitative features elucidated above. This is also true for
shape anisotropy-dominated strips, which host head-to-head
walls. This shows that universal absence of Walker breakdown
is a robust effect that does not depend on the details of
the ferromagnetic material, unlike other SOT effects studied
previously [36]. This fact is also illustrated by the numerics.
In Fig. 3(b) we present numerical results obtained for a Néel
wall in a PMA ferromagnet with anisotropies weaker by an
order of magnitude, weaker magnetic damping, and much
larger Rashba spin-orbit coupling and spin Hall angle in the
adjacent heavy metal. The results are qualitatively similar to
those obtained in Fig. 3(a).

III. COUPLED DOMAIN WALLS IN A SAF STRUCTURE

We consider next an asymmetric stack of two ultrathin
ferromagnets separated by an insulating spacer as shown
in Fig. 4(a). We describe the dynamics of each of the
ferromagnets using separate LLG equations, but add to the

yK

, Dy — HimA
_ }sin2¢1+ny( 1 xm) .
m

X
1+ah) " =
I +a)— T sin ¢y +
+7‘[
2

_ u(l —ap)
A

K, Dy + Himl) .
+—y ) sin2¢2+7ny( 2 + Bom )31
m

X,
1+aH)=
(I+an7 2m

n¢; —

u(ll—ap) =n
5 T2

V[Hs(i{) (a + ﬁ;g) + H]gl)(l - 0{,3)] cos ¢y,

v[Hsi (o + i) + Hy (1 — )] cos ¢,
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-2
separation s

FIG. 4. (a) Two ultrathin ferromagnets separated by an insulating
spacer with heavy-metal over- and underlayers. The ferromagnets are
identical except for their thicknesses, but the different heavy metals
induce different DMIs and SOTs. (b) Dependence of the IEC terms
V(s), U(s), and W(s) on the wall separation.

free energy a coupling term,

dr1 dr2
Fige = | —
m

m®
representing the interlayer exchange (IEC). We assume that
the IEC is local in the plane, J(r; — r;) = J8(x; — x2)8(y; —
y2). Equation (13) then represent the lowest-order coupling
proposed by Bruno [37].

Following the same procedure as in the previous section we
may now derive four coupled collective coordinate equations.
With an antiferromagnetic coupling the walls will have
opposite topological charges, 0> = —Q;. Since a local IEC
can only affect the chiralities, and not the profiles of the
walls, we can use the static solution derived previously, 6 =
2 arctan exp[ Q(x — X)/A], where A = /A/K is the domain
wall width and Q is the topological charge. For a single wall
the azimuthal angle ¢ is given by ¢ = nm.nisevenif D <0
and Q = +1, and n is odd if D <0 and Q = —1. To limit
the scope of the treatment, we consider only the case where
D, and D, have the same sign, D; < 0 and D, < 0. Then the
DMI and the IEC cooperate to give the static solution ¢; = 0
(Q1 =+ and ¢y = 7 (Q2 = —1).

Substituting this static solution into the LLG equations
using Hy = H,e, gives the collective coordinate equations

Jri=r)m ) - mP (), (13)

1242
2m

[aU(s) cos(pr — ¢2) +aW(s) + V(s)sin(¢ — ¢2)]

14)

J
yzmt' [aU(s) cos(pr — d2) +aW(s) — V(s)sin(¢1 — ¢2)]

s)
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1+ iy = — 8 ginogy 4 TVLLZ D) G VT8 55y costy — ) + Wis) — aVi(s) singn — ]
m 2mx om
- @ - %“V[Héﬁ(l —aBly) — Hy (o + )] cos ¢1. (16)
; Ky Dy + Hym)
(4o = =2 Ginog, — ray(Ds + Homl) sin ¢ — yJn [U(s)cos(¢ — ¢2) + W(s) + aV(s)sin(p; — ¢2)]
m 2ma om
+ u(af—t—ﬁ) + %ot)/[Hs(Izq)(l - aﬁéﬂ) — H(a + B)] cos ¢,. a7

where we have assumed that the bulk parameters of the two
ferromagnets are equal and where s is the separation between
the two walls, s = (X; — X»)/A. The IEC terms are expressed
using the three functions V (s), U(s), and W(s);

V(s) = 2s cschs,
U(s) = 2cschs — 2s coth s cschs,
W(s) = 2 coths — 2s csch’ s.

These functions are plotted in Fig. 4(b).

Equations (14) and (16) reduce to Egs. (6) and (7) when
J — 0. To solve Egs. (14)—(17) numerically, we rescale the
equations to obtain dimensionless variables. The dimension of
Eqgs. (14)—(17) is Hz. A convenient scaling factor with the same
dimensions is poym. By dividing Eqgs. (14)—(17) by poym
we get the rescaled variablesj~ = tpoym, Xi = Xi/A, ﬁ,g =
H./uom, Ky, = K,/uom?, D; = D;/uom?xr, & = t; /1, J =
JA/uom?, and ii = u/uoymi. We solve the equations using
an explicit fourth-order Runge-Kutta scheme with adaptive
step-size control, implemented as a Dormand-Prince pair [38].

A. Universal absence of Walker breakdown in SAF structures

For parameter values representative of a standard cobalt-
nickel multilayer we obtain the current-velocity and current-tilt
relations shown in Figs. 5(a) and 5(b) for #; /, = 1 in the case
where only STTs are present and in the case where spin Hall
torques are additionally present. We see that the presence of
the IEC delays Walker breakdown when the wall is driven by
ordinary STTs, but the subcritical differential velocity remains
unaffected. This can also be shown analytically by solving for
the tilt angle of the wall as a function of current. Such a
calculation shows that the tilt angle is suppressed by the IEC
(but the breakdown angle is still 7/4). Back substitution of
this angle into the torque acting on the wall shows that this
torque is independent of J, explaining why there is no change
in the differential velocity.

‘When spin Hall torques are included, the domain wall tilt
levels off to a finite value and the current-velocity relation is
linear in the j — oo limit. This shows that universal absence
of Walker breakdown is also found in SAF structures. The
effect of the IEC can be understood simply as a rescaling of
the constant S| and the higher-order constants S,,S3,... in
the expansion (9), making the tilt angle approach its limiting
value more slowly. Thus, the effect of the IEC on both the STT
and spin Hall results is to suppress the domain wall tilt, as
shown in Fig. 5(b). We note that the combination of spin Hall
torques and IEC produces much higher domain wall velocities

than in single ferromagnets for comparatively small current
densities [20].

In a single ferromagnet the velocity of a wall driven by
spin Hall torques decreases with ¢ as 1/¢t. When changing #,
from #, =t;/2 to t, = 2t; in a SAF structure, we find that
the velocity peaks close to 7,/ & 1, which maximizes the
IEC torque [see Fig. 5(c); the deviation from 1 is due to the
DMI]. This can be understood by considering Fig. 5(d); at
t;/t, ~ 1 the magnetizations in both layers are tilted in the
y direction. Increasing (decreasing) t, to t, = 2t; (t, = 1/2)
reduces (increases) HS(%-I) and increases (reduces) HI(E%, thus
(¢2 — ¢1) approaches 7 and the IEC torque is reduced.

Just as for the single ferromagnetic layer the results for the
coupled walls are robust against a change of parameters, as
shown in Figs. 5(e)-5(h).

B. Novel switching behavior in SAF structures

Bi et al. [22] have very recently demonstrated completely
novel switching behavior in SAF structures. In single fer-
romagnets, domain walls with one topological charge will
travel faster than those with the opposite topological charge
if an in-plane magnetic field is applied [39]. If the relative
velocity is large enough the favored domains can overcome
the destabilizing action of the current (see Refs. [40—43])
and merge [44—46]. The favored magnetization direction is
uniquely determined by the spin Hall angle and the applied
magnetic field for a fixed direction of the current. Bi et al.

TABLE 1. Parameters used for the numerical solution of
Eqs. (14)—(17) and for analytical estimates in the text.

Parameter Co-Ni Strong SOC Bietal.  Unit
gyromagnetic ratio y —0.19 —-0.19 —0.19 THz/T
domain wall width A 4 16 2 nm
hard axis anisotropy K 200 20 2 kJ/m?
saturation magn. m 1 1 1.1 MA/m
DM constant D —1.4 -1.0 —0.1  mJ/m?
Gilbert damping o —0.25 —0.1 —-0.5
spin-polarization P 0.5 0.5 0.5
nonadiabacity param. f 0.5 04 2

Rashba parameter ag 6.3 75 meVnm
spin Hall angle sy 0.1 0.2 0.12

spin Hall B-term Bsy 0.02 0.02 0.02

interlayer exchange J1,1, 5 5 1.5 mJ/m?
thickness t, 1.2 1.2 0.6 nm
thickness 1, 1.2 1.2 1.7 nm
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FIG. 5. Domain wall dynamics in interlayer exchange coupled
ferromagnets. (a) and (b) The IEC delays Walker breakdown for STT
driving, but the subcritical differential velocity remains unaffected.
With spin Hall torques the tilt angle stabilizes at a finite value,
indicating universal absence of Walker breakdown. The tilt angle
approaches its limiting value more slowly in the presence of IEC.
(c) and (d) The IEC gives the velocity a nonmonotonic thickness
dependence resulting in a peak close to t;/t, = 1. [j = 3GAcm~2,
corresponding to the dashed vertical line in (a).] We use the material
parameters supplied in the first column of Table I. (e)—(h) These
results are robust against a change in parameters to those in the
second column of Table I.
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FIG. 6. Qualitative reproduction of the experimental results of Bi
et al. [22]. The sign of the relative velocity of walls with (Q;, Q,) =
(+1,—1) and (Q;,Q>) = (—1,+1) can be toggled only by changing
the magnitude of the applied field. We use the material parameters
supplied in the third column of Table I.

observed this behavior in SAF structures for small in-plane
fields, but by toggling between large and small values of the
in-plane field (same sign), they were able to toggle the sign
of the relative velocity of the walls and thereby the favored
magnetization direction. Using material parameters that ap-
proximate the samples of Bi er al., our model qualitatively
reproduces this behavior, as shown in Fig. 6. Under an in-plane
field in the range 0.3-1.4 T, walls with (Q,0,) = (+1,—1)
travel faster than walls with (Q,0,) = (—1,+1) and up
magnetization is favored. If the field is increased beyond 1.4 T,
the relative velocity changes sign, and down magnetization is
favored. (The offset from zero is due to the DMLI.)

IV. CONCLUSION

We have shown that complete suppression of Walker
breakdown is possible in a wide range of domain wall
systems driven by spin-orbit torques, including head-to-head
walls in soft magnets, Bloch and Néel walls in perpendicular
anisotropy magnets, in the presence of the Dzyaloshinskii-
Moriya interaction, and in coupled domain walls in synthetic
antiferromagnets. For spin-orbit torques other than pure
Rashba spin-orbit torques this leads to a linear current-velocity
relation instead of a saturation of the velocity for large
currents. In combination with interlayer exchange coupling,
spin-orbit torque driven domain wall motion in synthetic
antiferromagnets gives rise to novel switching behavior and
very high domain wall velocities.
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The recent discovery of magnetism in two-dimensional van der Waals systems opens the door to
discovering exciting physics. We investigate how a current can control the ferromagnetic properties of
such materials. Using symmetry arguments, we identify a recently realized system in which the current-
induced spin torque is particularly simple and powerful. In Fe;GeTe,, a single parameter determines the
strength of the spin-orbit torque for a uniform magnetization. The spin-orbit torque acts as an effective
out-of-equilibrium free energy. The contribution of the spin-orbit torque to the effective free energy
introduces new in-plane magnetic anisotropies to the system. Therefore, we can tune the system from an
easy-axis ferromagnet via an easy-plane ferromagnet to another easy-axis ferromagnet with increasing
current density. This finding enables unprecedented control and provides the possibility to study the
Berezinskii-Kosterlitz-Thouless phase transition in the 2D XY model and its associated critical

exponents.

DOI: 10.1103/PhysRevLett.122.217203

Introduction.—Magnetism in lower dimensions hosts
interesting physics that has been studied theoretically for
many decades. Examples include the intriguing physics of
the exactly solvable 2D Ising model [1] and the
Berezinskii-Kosterlitz-Thouless (BKT) phase transition in
the 2D XY model [2-4]. However, experimentally realizing
the details of these theoretical predictions has proven
difficult. One reason for this difficulty is that fabricating
atomically thin films is challenging. The isolation of
graphene in 2004 provided a path for exploring two-
dimensional van der Waals materials [5]. Creating two-
dimensional films that have long-range magnetic order at
finite temperatures is more challenging because of the
Mermin-Wagner theorem [6]. This theorem states that long-
range magnetic order does not exist at finite temperatures
below three dimensions when the exchange interaction has
a finite range and the material has a continuous symmetry
in spin space. Consequently, realizing two-dimensional
magnetic materials requires breaking the continuous sym-
metry of the system, e.g., by a uniaxial magnetocrystalline
anisotropy. This provides an energy cost (also known as a
magnon gap) to suppress long-range fluctuations that can
destroy the magnetic order. The recent discovery of
magnetic order in two-dimensional van der Waals materials
has therefore led to a large number of studies of magnetism
in atomically thin films [7]. Magnetic order has been
reported in FePS; [8], Cr,GeTeqs [9], Crlz [10], VSe,
[11], MSe, [12], and Fe;GeTe, [13,14]. In addition,
multiferroicity has been identified in CuCrP,Sq [15].
These new two-dimensional magnets are amenable to
electrical control [14,16—18] and produce record-high
tunnel magnetoresistances [19].

0031-9007/19/122(21)/217203(6)
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Currents can induce torques in magnetic materials [20].
In ferromagnets with broken inversion symmetry, the spin-
orbit interaction leads to spin-orbit torques (SOTs) [21].
These torques can be present even in the bulk of the
materials without requiring additional spin-polarizing ele-
ments. The effects of SOTs are typically sufficiently large
to induce magnetization switching or motion of magnetic
textures [22]. With the rich physics that is known to exist in
two-dimensional magnetic systems, we explore how cur-
rents can provide additional control over the magnetic state
via SOTs.

Although many of the newly discovered two-
dimensional magnetic systems exhibit SOTs, we find that
in one material the torque is particularly simple and power-
ful. The form of the torque is simple because it is determined
by a single parameter. The torque is also influential in
determining the magnetic state of the system. In contrast to
many other systems, we can describe the current-induced
effects via an effective out-of-equilibrium free energy.
Therefore, the SOT enables unprecedented control over
the magnetic state via the current. We will demonstrate how
the current can drive the system from having easy-axis
anisotropy along one direction to anisotropy along a differ-
ent axis by proceeding via an intermediate state with easy-
plane anisotropy.

Interestingly, the current-induced easy-plane configura-
tion provides the possibility to study the BKT phase
transition in this system. The BKT transition is an example
of a so-called conformal phase transition in which the scale
invariance of a topologically ordered state, i.e., conformal
invariance, is lost at the (topological) phase transition [23].
When driven by a current, we realize a 2D conformal field

© 2019 American Physical Society
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theory in the low-temperature phase, with conformality
being lost [23] at the transition to the paramagnetic phase.
Additionally, it was recently discovered that an ionic gate
considerably increases the critical temperature [14].
Consequently, two-dimensional Fe;GeTe, forms an ideal
and very rich laboratory for studying fundamental prob-
lems of broad current interest in condensed matter physics
and beyond at elevated temperatures.

System.—We consider a monolayer of Fe;GeTe,.
Figure 1 shows the crystal structure of this material.
Fe;GeTe, crystallizes in the hexagonal system, space group
194, point group 6/m2/m2/m, known as Dg, in the
Schonflies notation [24]. However, the basis reduces the
point group symmetry to 6m2 (Ds),). Placing a Fe;GeTe,
monolayer on a substrate may reduce the symmetry even
further (point group 3m) if the bottom tellurium layer
hybridizes with the surface. Here, we assume that a
possible monolayer-substrate interaction is weak. In the
case of a strong monolayer-substrate interaction, we can
preserve the out-of-plane mirror symmetry by suspending
the monolayer between two electrodes [25] or encapsulat-
ing it in another van der Waals material, such as hexagonal
boron nitride.

The SOT can be written as [26]

7= —[y|m x Hsor, (1)

where y is the gyromagnetic ratio and m is the magneti-
zation unit vector. For a spatially uniform magnetization,
the effective magnetic field Hggr due to the SOT in a
Fe;GeTe, monolayer is [27]

HSOT = FO[(mex - mny)ex - (my']x + mey)ey} (2)
for current densities and magnetizations in any direction.
Here, m; are magnetization components, and J; are
components of the current density. Iy is a free parameter
that is determined by the spin-orbit coupling.

We provide a rigorous derivation of the effective field
Hop based on Neumann'’s principle in the Supplemental
Material [27]. In Fe;GeTe,, we can understand the

OROX0
<1{:<<{1 Z(\>(\>(\>(\ 126

1 oy *( - :
FIG. 1. Crystal structure of a Fe;GeTe, monolayer. (Left) View
along e,. (Right) View along e,. a is the in-plane bond length
between Fe''" and Fe!'. 25 is the out-of-plane distance between the
two Fe!ll sublattices. Fe'! and Fe!' represent the two inequivalent

Fe sites in oxidation states +3 and +2, respectively. Redrawn
after Ref. [14].

Fell Fe” Ge Te

dependence of the SOT on the magnetization and currents
in Eq. (2) as follows. The crystal structure in Fig. 1 is
invariant under a threefold rotation about the z axis (3,),
an inversion of the y axis (M), and an inversion of the
z axis (m,). These symmetry operations generate the point
group 6m2. Since Hgor only contains terms that are
quadratic in y, it is invariant under the operation m,.
The operation 3, transforms (m,, m,) into

nlm) ©

1 -1 V3 my\ 1
(5 =l
and similarly for (J/,,J,) and (e,,e,). Backsubstitution of
the transformation in Eq. (3) into Eq. (2) shows that Hggr is
also invariant under this operation. The effective field Hggt
is invariant under m, since neither m, nor e, appear
in Eq. (2).

Micromagnetics.—The magnetization dynamics can be
described by the semiclassical Landau-Lifshitz-Gilbert
equation

m=—|yimxHyg +amxm+r. (4)

Here, a > 0 is the dimensionless Gilbert damping param-
eter, Ho = —M;'5f[m]/5m is an effective magnetic field
that describes the magnetization direction m that minimizes
the free energy density functional f[m], and M, is the
saturation magnetization. Interestingly, we note that a
functional exists that generates the effective SOT field in
Eq. (2), which is given by

) 1
fSOT[m] = MSFO Jymxmy - E‘]x(m)z( - m%) . (5)

The out-of-equilibrium current-induced SOT can therefore
be absorbed into an effective field Hog that minimizes the
effective free energy density fo[m] = flm] + fsor[m].

The 2D ferromagnet Fe;GeTe, is a uniaxial ferromagnet
with an out-of-plane easy axis [13,14,29]. The contribution
of the dipole-dipole interaction to the spin wave spectrum
can be neglected for a monolayer system [30-34]. If we
consider a spatially uniform magnetization and use a
spherical basis, (m,,m,,m_) = (sinfcos¢,sindsing,cosh),
the effective free energy becomes

feiil6. ) = === [K cos? @ + Ty|J| sin® @ cos (2¢ + )]

(6)

Here, K, > 01is the out-of-plane anisotropy constant, and |/
and ¢, = arctan (J,/J,) are the magnitude and azimuthal
angle of the applied current, respectively. From this, we find
that the SOT effectively acts as in-plane magnetocrystalline
anisotropies. The anisotropy originating from the SOT
always comes in a pair of perpendicular easy and hard axes.

217203-2
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The directions of the anisotropy axes depend on the direction
of the applied current. For weak currents (|T'gJ| < K), the
magnetization of Fe;GeTe, remains out of plane (0 = 0, x).
However, for sufficiently strong currents (|[\J| > K,), an
in-plane configuration of the magnetization becomes
more energetically favorable. Assuming that Iy > 0, the
effective free energy is then minimized by 6 = z/2 and
¢p=nr—q¢;/2 (n=0,1,2,...). When I';j < 0, the easy
and hard axes are interchanged, and the minima are
¢=(n+1/2)xr—¢p,;/2. The easy and hard axes also
interchange upon reversal of the applied current.

Magnon gap.—Because the SOT can effectively be
considered a current-controlled  magnetocrystalline
anisotropy, we can electrically control the magnon gap
in Fe;GeTe,. The magnon gap is governed by the energy
difference between the out-of-plane and in-plane magneti-
zation configurations, i.e., |K,—|IoJ||. At the critical
current |J.| = K./|Ty|, the magnon gap vanishes as the
magnetic easy axis transitions from an out-of-plane axis to
an in-plane axis. Exactly at this transition point, we obtain a
magnetic easy plane. Below the critical current, the magnon
gap decreases monotonically with the applied current,
whereas it increases monotonically above the critical
current. The ability to electrically tune the magnon gap
in a 2D magnetic material opens the door for exploring a
wide variety of effects in magnetism in two dimensions.

Curie temperature.—The first effect that is characteristic
of a two-dimensional system that we will now illustrate is
the dependence of the Curie temperature on the magnon
gap. Because the Curie temperature in 2D is primarily
governed by the magnon gap, unlike in 3D [35], we will
study its behavior as we tune the SOT-controlled magnon
gap through the transition from an out-of-plane easy axis to
an in-plane easy axis. To illustrate the basic aspects of
current control of the Curie temperature, we make a few
simplifications to reduce the number of free parameters and
the complexity of the calculations. Fe;GeTe, is an itinerant
ferromagnet, and its magnetic interactions are therefore
described by the Stoner model [29]. The Stoner model can
in our system be transformed into a Ruderman-Kittel-
Kasuya-Yosida (RKKY) exchange interaction between the
iron atoms [36]. We assume that the exchange interaction in
a Fe;GeTe, monolayer has a finite range and therefore
obeys the Mermin-Wagner theorem. To simplify the cal-
culations, we replace the Stoner or RKKY exchange
interaction by a simple nearest-neighbor interaction
between the Fe!l and Fe'' atoms (i.e., there is no exchange
interaction within each sublattice or between the two
different Fe'! sublattices). This will also obey the
Mermin-Wagner theorem, and this system will conse-
quently also exhibit the same qualitative dependence on
the magnon gap as other finite-range interactions. We
also assume that the magnetic anisotropy constants are
identical at all sites. Consequently, we consider the model
Hamiltonian

H= —zg—f:zzr:;s, Spis _%Z(Sm)z
- 2&;:2 Z[(th)z - (Sr,y)z]' (7)

Here, ¢, > 0 is an energy constant that describes the
nearest-neighbor exchange interactions of spins separated
by 6, e, > 0is an energy constant that describes the out-of-
plane anisotropy, and ¢, o< I'y/, > 0 is an energy constant
that describes the effective in-plane anisotropies caused by
the SOT. S,.; (i = x,y, z) describes the ith component of the
spin operator located at position r. We split the Fe;GeTe,
monolayer into three distinct sublattices: one for the Fe!
atoms, one for the Fe'! atoms at z = +b, and one for the
Fe'l atoms at z = —b.

We proceed by performing a Holstein-Primakoff trans-
formation of the spin operators around the equilibrium spin
direction. This is in the z direction below the critical current
J. and along the x direction above the critical current.
Because of the anomalous Hall effect in Fe;GeTe,
[14,37,38], applying the current exactly along the x
direction can be experimentally challenging. However, as
can be deduced from Eq. (6), a scenario in which the
current is applied in a different direction can be achieved by
a rotation of the unit cell or Brillouin zone. Since it is the
magnons closest to the I'" point that dominate the calcu-
lation of the Curie temperature, we expect the results to be
very similar for an off-axis current.

In our calculations, we keep terms to the second order in
the Holstein-Primakoff magnon operators. We expect this
to be a good qualitative approximation, although it will not
be a very good quantitative approximation because the
magnon population diverges at the critical point. However,
keeping terms to, for instance, the fourth order in the
magnon operators to include magnon-magnon interactions
[9] would be complicated because Eq. (7) does not
conserve the magnon number for finite currents.

Following the Holstein-Primakoff transformation, we
perform a Fourier transformation of the magnon operators
to momentum space. We then diagonalize the Hamiltonian
by a Bogoliubov transformation such that it takes the
form [27]

H= Zekiﬂa;”ak’”. (8)
k.

Here, the operator a,(“z annihilates (creates) an eigenmag-
non with a momentum k and energy & ,. There are three
different modes (u = I, 1L, III) of the eigenmagnons. We
have imposed the constraint on the Bogoliubov trans-
formation that the new operators have to satisfy bosonic
commutation relations: [ay “Z’,M’} = OOy -

From the energy spectrum of the eigenmagnons in
Fe;GeTe,, we can estimate the Curie temperature 7'.. To
determine 7., we use the fact that the magnetization along
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the equilibrium direction of the spins vanishes at this
temperature. Because we consider a monolayer system,
we only have magnons with in-plane momenta. Balancing
the magnetic moments, we find the constraint

Sk ”/h
Z Apz AH,

exp 6k u/ kB )

Here, s, is the dimensionless spin number of the magnetic
moments in sublattice v (where v = 2 for the Fe!! atoms,
and v = 3, for the Fe!" atoms located at z = +b), and
Agz = /37%/(2a%) is the (reciprocal) area of the first
Brillouin zone. Sy , is the spin of the eigenmagnons, which
is not an integer for finite SOT because of magnon
squeezing [39]. The spin of the eigenmagnons depends
on the parameters of the Bogoliubov transformation and is
given in the Supplemental Material [27].

We can now calculate the Curie temperature numerically
based on Eq. (9). In our calculations, we set the out-of-
plane anisotropy constant to be £, = 0.335 meV [29]. The
value of the nearest-neighbor exchange coupling is set to be
g7 = 0.705 meV to reproduce the experimental 7. of a
monolayer of ~130 K [13] (note, however, that a different
experiment determined the 7', of a monolayer to be ~68 K
[14]). The real value of ¢; is in all likelihood larger [14]
because the linear response method typically overestimates
T.. The dimensionless spin numbers s, for the spins in
sublattice v are 5, = 2 and s3_, 53, = 5/2 [40]. We plot the
Curie temperature as a function of the applied current
in Fig. 2.

Because we only kept terms to the second order in the
magnon operators, we do not expect that our calculation of
T. will be quantitatively correct. However, the qualitative
features of our result appear to be physically reasonable.
When we apply a SOT below the critical current |J.|, we

=0. (9)

200 4
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FIG. 2. Numerical calculation of 7. for a spontaneous mag-
netization based on a simple linear response model of the magnon
spectrum. The result is identical for any direction of the applied
current J. Below |J.|, the magnetization is along the z axis,
whereas above |J.|, the magnetization is along an in-plane axis
determined by the direction of the applied current.

effectively reduce the magnon gap by creating a pair of easy
and hard axes perpendicular to the out-of-plane magneti-
zation. Because the Curie temperature in 2D materials is
governed by the magnon gap, this also reduces 7. At the
critical current strength, we obtain a continuous symmetry
in the form of an easy plane when the in-plane easy axis
induced by the SOT becomes equal to the out-of-plane
magnetocrystalline anisotropy. Because of the Mermin-
Wagner theorem, there can be no long-range magnetic
order at finite temperatures in this scenario, and 7', drops to
zero. Above the critical current, we now increase the
magnon gap for an in-plane magnetization configuration,
and T, increases accordingly. 7', will then saturate at the
Curie temperature of the Ising model for large currents,
which our model does not capture [41].

In addition to the current affecting the Curie temperature
through a SOT, the current will also increase the temper-
ature in the material due to joule heating, which needs to be
taken into account when measuring the Curie temperature
of the material. The joule heating increases quadratically
with the applied current. Conversely, the SOT is linear in
the applied current, but its effect on the Curie temperature
depends on whether we are above or below the critical
current. Consequently, if the critical current is sufficiently
small, then the effect of the SOT will dominate that of the
joule heating. In this case, the magnetic ordering exhibits
reentrant behavior as a function of the applied current.
Notably, above the critical current, when the magnetization
is in the plane, the easy and hard axes are interchanged
upon reversal of the current direction. A reversal of the
applied current would therefore lead to a 90° rotation of the
magnetization.

2D XY model.—Although the spontaneous magnetiza-
tion vanishes for finite temperatures at the critical current
density |J,|, this regime remains an interesting region for
studying the magnetic properties. At the critical current
density (|e,| = ¢.), the model in Eq. (7) becomes, quite
remarkably, a 2D easy-plane ferromagnet, where the easy
plane is perpendicular to the plane of the monolayer.
Therefore, at this current density, the model features a
critical phenomenon in the universality class of the 2D XY
model. Consequently, the system has a topological phase
transition rather than the more conventional phase tran-
sition of the 2D Ising model [1]. The 2D Ising universality
class falls within the framework of the Landau-Ginzburg-
Wilson paradigm of phase transitions of an order-disorder
transition monitored by a local order parameter [42,43].
The spin-spin correlation length diverges from above
and below T, as &~ |T —T.|™, where v is a universal
critical exponent. There is true long-range order in the
low-temperature phase, short-range order in the high-
temperature phase, and power-law spin-spin correlations
precisely at the critical point. In contrast, the 2D XY model
features a genuine phase transition with no local order
parameter. At this phase transition, the spin-spin correlation
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length diverges as &~ exp(const//T — Tgkr) from the
high-temperature side only [4], where Tkt is the critical
temperature of the BKT transition. The high-temperature
phase has short-range order, and the entire low-temperature
phase is critical with a spin-spin correlation function
featuring a nonuniversal temperature-dependent anomalous
dimension #, (S, - S.) ~ 1/|r—r'|" [4].

In 2D Fe;GeTe,, we may realize this type of highly
nontrivial behavior by tuning the electric current to the
critical value and then drive the system through the phase
transition by varying the temperature. Moreover, below the
BKT transition, the temperature dependence of the non-
universal anomalous dimension # of the 2D XY model can
be mapped by varying the temperature and measuring the
spin-spin correlation function by polarized small-angle
neutron scattering, which is particularly well suited for
ultrathin films [44]. The present system is also amenable to
studying the universal anomalous dimension of the 2D
Ising model at 7 = T, 5 = 1/4 [45]. The prediction for the
2D XY model, n = kgT/4nJ [4], where J is the effective
exchange coupling and kp is Boltzmann’s constant, has not
been tested in real 2D magnetic systems to our knowledge.

Examples of real physical systems with this level of
control over such phenomena are very rare, particularly for
systems where the phenomena are accessible at relatively
elevated temperatures. The most well-known example is
superfluidity in thin films of “He, where the BKT transition
occurs below 1.2 K [46]. In that context, the remarkable
prediction and experimental verification of a universal
jump in the superfluid density of the system [46,47] is
also worth noting. We expect the corresponding physics of
a universal jump in the spin stiffness of the system to occur
at liquid nitrogen or oxygen temperatures in the system
studied here. The spin stiffness may be measured in spin
wave resonance experiments [48]. Furthermore, and in
contrast to our present case, 7 is not experimentally
accessible in superfluid thin films of “He.

The parameter I'y determines the magnitude of the
critical current and thus the accessibility of the effects that
we discuss. This value cannot be obtained purely from
symmetry considerations but rather needs to be determined
experimentally or by ab initio calculations. In light of the
exciting physics that can be realized and the flexibility of
the system, determining its value would be very interesting.
Based on the strong magnetic anisotropy of the material,
we believe that the spin-orbit coupling is sufficiently
strong. Paired with the observation that SOTs are typically
sufficiently large to induce magnetization switching in
other materials [22], we have reason to believe that
reentrant magnetism and topological phase transitions
can be experimentally observed in Fe;GeTe,.
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I. DERIVATION OF SPIN-ORBIT TORQUES IN Fe3zGeTe,

Ref. [1] has shown that in the linear response regime under
the local approximation, the current-induced torques can be
written as

T(r,1) =

=|ylm(r,t) X Hsor,  Hsor,i =n:;;Jj, (1)

where m is the magnetization unit vector, J is the current

density applied to the system, and 7 is a second-rank tensor.

(Summation over repeated indices is implied.) Which elements
of 77;; that are nonzero is determined by the symmetry of the
system. The tensor 77 can be expanded in the magnetization
components m; and their derivatives d;m;. If we only consider
a uniform magnetization, one obtains to lowest order

nij = Nij + Dijremye + ... 2)

where A;; is an axial second-rank tensor, and I';j; is a polar
third-rank tensor.

To determine which contributions to the tensors A;; and I';j
that are allowed by symmetry, Ref. [1] imposes the criterion
that these tensors must be invariant under all transformations
R in the point group G of the structure. This amounts to
demanding that the relations

[j = IRIRH Rjj’Al'j s (3)
Lijk = Rii Rjj Rire Ui jrier, “

are fulfilled for all R € G.

Monolayer Fe;GeTe, crystallizes in point group 6m2
(D3p) [2]. Since this group is generated by the elements
éz, my, and 2, it is sufficient to impose that 7;; should be
invariant under these operations [3]. The representing matrices
of these symmetry operations are

1 1 (-1 V3
5 61:5 \/§ -1
1 -1 )

Eq. (3) with R = 2, implies that A;; vanishes when x appears
an odd number of times in the indices ij. (Thatis, Ay; = Ajx =
Ofori,j = y,z.) Similarly, R = m, implies that A;; vanishes
when y appears an even number of times in the indices ij. (That
is, Ajj =0 fori,j = x,z and Ayy = 0.) Consequently, only

* oyvinjoh@ntnu.no
¥ vetle k.risinggard @ntnu.no

Ay, and A, are invariant under the symmetry operations 2,
and my. The operation 6, gives

Ayz=-3Ay, and Ay =LA,

for these elements. These relations can only hold for A;; = 0.
Thus we conclude that A;; =0 V i, j.

Repeating the analysis for I';;x with Eq. (4), R = 2, implies
that I';jx vanishes when x appears an even number of times
in the indices ijk, and R = my implies that I';jx vanishes
when y appears an odd number of times in the indices ijk.
Consequently, only I'yyy, I'xzz, ['xxx, and the four other ele-
ments generated by freely permuting the indices yyx and xzz
are invariant under the symmetry operations 2y and my,. The
operation 6, gives

__1
and  Tppx = =50y,

Tizz = =30wze Toxe = =30z,
which implies that I'y,;; = I';x; = I';;x = 0. Furthermore,
Tyyx = §(= Tyyx + 30y + 3ayy = 3Taxx);
Tyxy = $(+30yx = Tyey + 3Ty = 3,
Tyyy = 3(+3Tyyx + 3Tyxy = Tayy = 3Taxx),
and
—g[Txxx +3(Tyyx + Tyxy + Tyl

Together these relations imply I'yyx = I'yxy = I'xyy = —Txx.
We conclude that I;j; has four nonzero components, but only
one free parameter, 'y, = I'p. The effective field correspond-
ing to the spin—orbit torque in Fe;GeTe, is thus

Hsor = 1—‘0[("’1)( Jx = my -/y)ex - (my Jx +my jy)ey]~ 5

Dixx =

II. MAGNON SPIN AND ENERGY SPECTRUM

Using the result that the spin-orbit torque leads to a set of
perpendicular in-plane easy and hard axes, as derived in the
manuscript, we can write a model Hamiltonian in zero-external
field,

H=- % Zs “Sris - (Sr.e)?
- [(sr,x> _(s,,,,)]. ©)

Here we only consider nearest-neighbour exchange interaction
between sites separated by d, and only consider a current in
the x-direction (g, « I'oJx > 0), as the anisotropy behaves
similarly (just with different axes) if we have a y-component of
the current.



A. Below the critical current

Below the critical current, the equilibrium configuration is
along the z axis. We do a Holstein—Primakoff transformation
of the spin operators, defined by

aT a[,v
St = M2sa \[1 = === = 2sa),.  (7)
v
a:y,,ai,v

iy = 25,11 -

diy = h 25vai,v 5 (8)
Siwe = (a] a1 = ) ©)

where S: = Sy +iS), i is the label of the unit cell, and v = 2,3
indicates the sublattice of the Fe'! and Fe''! atoms, respectively,
where sublattice v = 3, (v = 3_) consists of the Fe'' atoms
located at z = +b (z = —b). We assume the nearest-neighbor
exchange interaction is only between sublattice v = 2 and
v = 3., and that there is no exchange interaction between the
Fe' atoms. Rewriting the Hamiltonian to the S, basis, we get

€ 1
H=- 2_1‘1]2 ; [z (Sr,+Sr+6,— + Sr,—Sr+6,+) + Sr,er+6,z}

&€z 2 Ex 2
2 2 (Sr.2) —WZ;(S,M) . (10)

Inserting the Holstein—Primakoff transformation, keeping terms
to second order in the magnon operators, we get

Moo S S N (el )

i rj=ri+6 v=3.

i} ¥ ¥
- svai’za,-vz = szaj’vaj,,, + &; s‘,ai’vai,y
i,v
BN @ at
2 Sv ai,vai,v

+ ai,v“i,v)’ (11)
Ly

disregarding any constant terms, where r; is the position of

the nearest-neighbor atom of the atom located in unit cell i

and sublattice v = 2. Next we perform a Fourier transform to

momentum space, defined by

12)

with N being the number of unit cells, and k the wave vector
running over the first Brillouin zone. The Hamiltonian then
becomes (disregarding any constant terms)

H = Z Z &y [33‘361,:2015’2 + 3S2a;3:ak,3z
3

=%

+
— /5283 (yfka,t’zakgz + yiaZ& ak,z) ] +&; Z Svay |, aky
k.,v

€ P
- 7)( Sy (ak,vaik,v + ak,‘,a,k,v) . (13)
kv

ASATA
DR DR S
e O I bt
SN
ZLi;AJ.?C .« . .

Figure 1. Crystal structure of monolayer Fe,GeTe,. All the drawn in-
plane bindings are at a 120° (in-plane) angle relative the neighboring
bindings. Dashed lines denote the unit cell. Left: view along e_; right:
view along ey, Fe!ll and Fe!! represent the two inequivalent Fe sites
in oxidation states +3 and +2, respectively. Redrawn after Ref. [4].

Fe'l Fe!! Ge Te

Here we have introduced the structure factor

Y=y e, (14)

8

which becomes
) ) ) 3
Yi = e*ikab Ie_’kx“ +2ekxal2 o (%kya)l (15)

for Fe;GeTe, between the v = 2 and v = 3. sublattices, as can
be seen from Fig. 1. Here a is the in-plane lattice constant
between the Fel' and Fel! atoms, and 2b the separation between
two Fe'l atoms in the z direction. We have also used that there
are three nearest neighbors in each sublattice. We can write
the Hamiltonian on the form

A B B .
_ i i i
H = ; (5ak’2ak’2 + Eakﬁ,ak’l + 561,(’3+a,(’3+

i i
+ Ckak’zak,_gi + Dkak,Qak,_g* + Z Evak,,,a_k,v + H.c.
v

(16)

The coefficients A, B, Cx, Dg, and E, are given in Table L.

We now have to diagonalize the Hamiltonian. This can be
done by a six-dimensional Bogoliubov transformation, defined
by the matrix By

k1 Aag2
Q11 A3
[e7 R g3,
Ay = T =B i =B.a
K CYT_KJ =6 a;l(,Z =69k
(YT—K,II a;K,},
@ k.34
ury VLy
Ui,y Vi
Uiy Vily | [ agy
=0 @) (17
Iy |R% Ay,
v i i
1Ly 1Ly



Table 1. The coefficients for the Fourier transformed Hamiltonian in
Eq. (16) below and above the critical current |J;|.

Coefficient [J] < |Jel [J] > |Je|
A 65387 + 5287 65387 + ls2(3,9x -&)
B 35065 + 5387 35287 + 553(3ex — &)
Cr _m')’:ka.l _my:ka‘l
Dy _m')’tkaj _mytkaf
E, —5SvEx _isv(sx +&z)

where k now only runs over half the vector space of k, so that
the Hamiltonian can be written as

H = Z (sk,ﬂa,t’ua,(# + a,K’,,aiK’”a,K#) . (18)
K,p

The Bogoliubov coefficients with a tilde, e.g. ¥ », are evaluated
at —k while the coefficients without tilde are evaluated at x. To
diagonalize the Hamiltonian we impose bosonic commutation
relations ([ ., QZ»,,,f] = OuwOu) as well as the relation
[a,(”u,?{ ] = &ulx,u. The bosonic commutation relation
leads to the constraint

|| = By |awal| By = BYB =¥, (19
where we have introduced the matrix
Y =diag(1,1,1,-1,-1,-1). (20)

The relation in Eq. (19) requires the normalization

> (1o = 1) = 1. e

The relation from the commutation with the Hamiltonian leads
to the eigenvalue problem

A C D -2E
C. B —2E;
Dy B “2E;, |
2E, —A —C.x -D_ | = Bxubyu:
2E5 -C*, -B
2E;, -D*, -B

(22)

where €, = (U2, U3 Uy 3, V25 Vi3 Va3, ) - We note that
C_ = C; and D_, = Dy, and all other elements in the matrix
are real and independent of k. Consequently, we therefore
have that i, = u,, and ¥,, = v;,. We also have that
Eeu = E—xu> and as &gy, is a real quantity, we therefore also
have &4, = & -

In addition to finding the energy of the eigenmagnons, we
also wish to determine their spin, as these are not integer due
to squeezing from the SOT-induced anisotropy [5]. Using
Eq. (17) and Eq. (19) we see that a, = Qg]a,( = Q;Z‘]. This
can be written explicitly as

A,y = Z (u‘,,va,(,,, - v‘,,vaj&”) N (23)

o
afy = (u;ya;,“ - v;ya,,(,ﬂ) . 4)
u

Together with the fact that non-diagonal expectation values of
the product of two eigenmagnon operators vanish, we see from
Eq. (9) and Eq. (21) that

Do) = 2o (o + 1) D @ )
iv K,pt v m=+
- Zh(l +2Z|vﬂ”|2) () ), (25)
k.u v

where we have disregarded all constant terms. We can then see
that the eigenmagnon spin contribution is

St = (1 + 2Z|v,,,v|2) . (26)

B. Above the critical current

Above the critical current, the lowest energy configuration
of the spins is along the x axis. We therefore have to change
the Holstein—Primakoft transformation to reflect this, with the
following transformation:

ai,vaivv

Sivs = 2sal A\[1- ~m2sal,, Q7

B
~ a[",ai,v

St = M2s 1= =5

S =1 (al @i =) . 29)

aiy = h2s,a;,, (28)

with §; = S, + i§y. Using this transformation in the Hamilto-
nian in Eq. (6), we get

H=-¢g; Z Z Z [\/szs,, (al.',za_,‘,y + a]‘,,ya,-,z)
i rj=ri+6v=3,

T T
= Sy, ,8i2 — szaj’vaj,‘,]

& gt
-7 Sy (ai,vai,v + Zai‘vai,v +aiya;,y
iv
Ex i Tt
+ vy Sy (6ai’vai,v —a;,a;, — Aiyaiy| . (30)
iv

We again do a Fourier transformation as before, and find the
Hamiltonian to be on the form (again disregarding any constant
terms)

+ +
:+ZZs [33a ag.o +3sa, o ag3.
H 4 73830y, 50K 2 20y 3 Gk,3;
=%

il il
— V852583 (kaakszak,.%z + 7’,?0,(,32 ak,Z) J
&z

+ il
-2 Sy (Zak’vakjv + ak,vaik,v + ak,va—k,v)
kv

& . PR
+ Ix Z Sy (6ak’vak,v - a,i,vaik’y - ak,ya,k,,,) . (3D
k.,v



From this expression we can read off the coefficients in Eq. (16),
and use the results in the previous subsection for the case below

4

the critical current to determine the energy and spin of the
eigenmagnons. The coefficients in Eq. (16) are given in Table I
both above and below the critical current.
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Spin waves can induce domain wall motion in ferromagnets. We derive the equations of motion for a transverse
domain wall driven by spin waves. Our calculations show that the magnonic spin-transfer torque does not cause
rotation-induced Walker breakdown. The amplitude of spin waves that are excited by a localized microwave field
depends on the spatial profile of the field and the excitation frequency. By taking this frequency dependence
into account, we show that a simple one-dimensional model may reproduce much of the puzzling frequency

dependence observed in early numerical studies.
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I. INTRODUCTION

Magnon-induced domain wall motion has recently been
studied analytically [1-4], numerically [5-13], and exper-
imentally [14,15]. The numerical analyses have uncovered
a wide range of domain wall behaviors. The domain wall
velocity depends on the frequency of the locally applied
magnetic field acting as the spin-wave source in a complicated
and nonmonotonic way. For some frequencies, it is even
possible to reverse the direction of the domain wall motion.
This complicated behavior can be explained as a competition
between angular and linear momentum transfer: Conservation
of angular momentum causes a domain wall to move towards
the spin-wave source via a magnonic torque [1,2]. On the other
hand, conservation of linear momentum causes a domain wall
to propagate away from the spin-wave source [3,4].

So far, experimental investigations of magnon-induced
domain wall motion have mainly focused on dynamics induced
by thermal magnons [14,15]. However, a domain wall in a
temperature gradient can experience additional torques besides
the purely magnonic ones, for instance, the exchange stiftness
can vary with temperature [5,16-21]. Characteristically, these
torques can induce a Walker breakdown, upon which the
domain wall is deformed as it moves [22].

In ferromagnets, previous studies of domain wall dynamics
due to magnonic torques have considered the response of
a static wall to first-order spin-wave excitations. In such
a scheme, global conservation laws determine the resulting
domain wall velocity [1-4]. However, understanding dynamic
phenomena, such as a Walker breakdown, requires knowledge
about the dynamics of the collective coordinates that represent
the domain wall [23]. Spin-wave-induced domain wall motion
is a result of the back action of the spin waves on the magnetic
texture [1]. Consequently, the soft modes of the domain
wall are quadratic in the spin-wave amplitude. Deriving the
equations of motion of the collective coordinates, therefore,
requires an expansion to second order in the spin-wave
amplitudes. This principle is the basis for understanding how
spin waves induce domain wall motion in antiferromagnets
[24].
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In this article, we apply the same method to ferromagnets.
‘We derive the collective coordinate equations of a spin-wave-
driven domain wall from the ferromagnetic Landau-Lifshitz-
Gilbert (LLG) equation. Our approach enables the inclusion of
dissipative torques into the dynamic equations of the domain
wall position X and the tilt angle ¢.

In the perturbative regime, the absence of Walker break-
down amounts to requiring that the domain wall tilt is
stationary d) = (0. We show that, in practice, the domain wall
rotation is always negligibly small in, e.g., yttrium iron garnet
(YIG). Thus, Walker breakdown is absent in domain wall
motion driven purely by magnonic spin transfer.

In our simulations, a localized magnetic field excites
the spin waves that in turn drive the domain wall motion.
Understanding the domain wall motion then requires knowing
both the frequency-dependent magnonic torques as well as
the generated spin-wave amplitude. The spatial profile of the
microwave source determines how the spin-wave amplitude
depends on the driving frequency [25-28]. We derive a
special case of Kalinikos’ general formula [25] and show that
the spin-wave amplitude is proportional to the Fourier sine
transform of the source profile. We then use the dependence of
the spin-wave amplitude on the microwave frequency to find
consistent results for how the domain wall velocity depends
on the driving frequency in the numerical and analytical
calculations.

Reference [29] has recently considered the linear-response
spin-wave emission from a stationary domain wall in a uniform
microwave field. We consider a different problem—spin-wave-
induced domain wall motion—which is a second-order effect.

II. EQUATIONS OF MOTION

We consider an effectively one-dimensional ferromagnet
as shown in Fig. 1. The LLG equation determines the
magnetization dynamics [30,31],

om=ym x H+ gm X o,m, (1)

m
where m(r,t) is the magnetization, m is its magnitude, y < 0
is the gyromagnetic ratio, H(r,t) = —§F(r,t)/6m(r,t) is the
effective magnetic field, and o > 0 is the Gilbert damping

constant.
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H = p(x)exp(iwt)e,

FIG. 1. Magnonic spin transfer induces a motion of the domain
wall. We consider transverse domain wall motion along the x axis. The
spatial profile of the applied magnetic field influences the amplitude
of the excited spin waves and subsequently the resulting domain wall
velocity.

The free energy F consists of the exchange, the dipole-
dipole interaction, and the magnetic anisotropy. In a magnetic
wire, the dipole-dipole interaction favors a magnetization
direction along the long axis. Taking this into account in
the simplest approximation, we model the dipole-dipole
interaction as an effective easy-axis anisotropy. The free

energy is then
A@dym)*>  Km?
F:fdr(%—#), )
m m

where A is the exchange stiffness and K is the effective
uniaxial anisotropy constant. As shown numerically in the
Appendix, our results are unchanged by an additional hard
axis.

The LLG equation (1) conserves the magnitude of the
magnetization |m| = m, which makes it convenient to express
the magnetization in spherical coordinates (see Fig. 1),

m = m(cos Oe, + cos ¢ sin fe, + sin ¢ sin fe;). (3)

In terms of the angles 6 and ¢ a solution of the static
(0;m = 0) LLG equation (1) is the Néel wall 6 = 2 arctan
exp[Q(x — X)/A], where X is the domain wall position,
A = 4/A/K is the domain wall width, and Q = =1 is the topo-
logical charge [32]. In the absence of a hard axis, ¢ can take any
value.

‘We calculate the magnon-induced dynamics perturbatively.
The small parameter & parametrizes deviations from the
equilibrium magnetization in the spherical frame, see Fig. 1.
To second order in 4, the magnetization is [24]

R o) o
m = m—ﬂ[me +m¢] e,
+ (hm + *m)eg + (hml) + h’m ey

2
= (m - %[mg + mi])e, + hm(.;»eg + hm¢e¢. (4)
The second line follows from the normalization criterion
m - m = m?, and we have written mg /6 = m(el/)d) for simplicity.
The second-order contributions to the transverse components
ey and ey have been dropped since it turns out that carrying
them through the following calculation does not change
Egs. (14) and (15).
Substituting the expansion (4) into the LLG equation (1) and
equating like orders of & gives three equations that determine
the magnetization dynamics to zeroth, first, and second orders
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in h. Because we are considering the dynamic reaction of
the magnetization texture, & depends on position, and both
0 and ¢ depend on time. By assuming that the dynamics
of the domain wall collective coordinates is quadratic in
the spin-wave excitations, we obtain two equations to linear
order,

2vA 2y K
o,my = (—V—af + o cos 20 — a8,>m¢ N (5a)
m m

and

a2 2y K ;
omy = | +——09; — —— cos 20 4+ ad; |mg . (5b)
m m

As pointed out in Ref. [33], the introduction of the auxiliary
function ¥ = my — img simplifies Egs. (5). Assuming that
¥(x,t) = ¥(x)exp(—iwt) and using sin 6 = sech &, we ob-
tain

q*y = (— 0 — 2 sech® &)y, (6)

where we defined the dimensionless length £ = Q(x — X)/A
and the dimensionless wave number,

¢* = —mo(l +ia)/2yK — 1. 0

Equation (6) is a Schrodinger equation with a reflectionless
Poschl-Teller potential [34]. It has two solutions, a bound state
Y = p sech & for ¢ = —i (implying @ = 0) and a traveling
wave [35,36],

tanh & — iq

v = p( T+iq

) expi(g —wn).  (8)

The amplitude p is arbitrary, and, as is easily checked by
back substitution, the solution (8) holds for any complex
q. We need a second equation to determine mg and mg. A
reasonable condition is that they should both be real, which
in turn ensures that the magnetization (4) is real. Thus we
write

my = +Re 'lp, (93)
mg = —Im . (9)

To calculate the real and imaginary parts of ¥, it is
useful to rewrite the wave number ¢ in terms of a real part
k and an imaginary part 1/I". In Eq. (7), we insert the
real and imaginary parts of ¢ = « +i/T" and expand to the
lowest nonvanishing order in «. We then find the well-known
dispersion,

2y K (k2 + 1
:_L—H’ (10)
m
and damping length [37],
4y K
r—_2r2e (11)
maowdo

The dispersion relation and the damping length are both plotted

in Fig. 2. (We use a convention so that y < O and « > 0.)
The solution (8) is well known and was used in Ref. [2]

to derive the domain wall velocity using conservation of
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FIG. 2. (a) Dispersion and (b) damping length of the spin waves
to lowest order in «. The solid curves are the analytical results of
Eqgs. (10) and (11). The dotted lines are numerical solutions using
a square box (red) and a Gaussian (blue) source. The dimensionless
wave number « is given in units of 1/A, and the dimensionless damp-
ing length I is given in units of A. The inset in (b) shows a zoom in on
o < 1 GHz. Note that the damping length vanishes as the frequency
approaches the gap wy = —2y K /m = 0.14 GHz from above. We use
material parameters corresponding to YIG: y = —26 GHz/T, A =
4pJ/m, K =0.4kJ/m*, m = 150 kA/m, and @ = 1075,

angular momentum. It is implicit in the results of Ref. [2]
that the collective coordinates are quadratic in the spin-wave
excitations. Thus, to obtain the main result in this paper, which
is the equations of motion for X and ¢, we consider the

2y Ap*k
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equations that are obtained to second order in / by substituting
Eq. (4) into Eq. (1),

X :
/dé sech S(I — aq’))

4y K sech &
= [ dé—————(mymq tanh & + mydem), (122)

/ds sech s(% + q'b)

= /dg %#hg(mﬁ tanh & — mydem,).  (12b)
Since all terms except X(¢) and ¢(¢) are known, Eqs. (12)
constitute a set of coupled ordinary temporal differential
equations that determine the dynamics of the collective
coordinates.

Equations (12) contain two different time scales. The fast
time scale is set by the period of the spin waves. The slow time
scale is associated with the dynamics of the domain wall. Our
focus is on the second and slower time scale. Therefore, we
substitute the spin-wave components into the right-hand side
of Eqgs. (12) and average over one spin-wave period, giving

[(k? 4+ 1?2 4 1]sech & + 2T tanh & sech £

X .
/d&‘ seché(; - a(}b) =

m3\2

/ds oxp (72@:&))

[(k* — D2 + 1]sech & — I'[(k® 4+ 1)I'> — 1]tanh & sech&

(2 + D2+ 1—2r] : (13a)

/ aX .
d& seché(T + ¢) =

2y Ap? 2(€ + &)
3T /dsexp (, - 0)

Here, the factor exp(—2&y/I"), where & is the distance
between the domain wall and the spin-wave source, takes into
account the damping of the spin waves. Because the dynamics
of the collective coordinates is quadratic in the spin-wave
components, their motion decays twice as fast as the spin
waves with increasing distance from the spin-wave source.
Carrying out the spatial integrals in Eqgs. (13) then gives
the equations of motion. However, direct spatial integration
produces S functions [38] .To express the integrals over £ in
terms of elementary functions, we assume that £/ I" is small
and expand the exponential damping factor exp(—2£/T") on
the right-hand side to first order in &£/I". For moderate &,
this assumption is valid for large I". This is the case for low
damping and frequencies comparable to the gap, see Fig. 2.
When ¢ is large, the smallness of £/ I' is unimportant because
the error we introduce is suppressed by the hyperbolic secant.

To linear order in «, the resulting equations of motion are

X 2yAkp®exp(—2&/T)(k? +1+2/T)
A X232 + 1) ’

(14)

and
5= 2y Akp? exp(—2&/ T)(ak? +a — 3k /T — 1/«kT)
- 22m3(k2 + 1) ’

15)
Equations (14) and (15) are our main analytical results. As
expected, in the limit of no damping « — 0 and I' — oo, we

[(k2+ D241 —2I']

(13b)
[
recover the result of Ref. [2],
X 2y Akp?
—= . 16
A AZm3 (16)
In addition, the equation of motion for ¢ gives
¢ =0, a7

in this limit.

We have calculated the spin-wave-induced magnetization
dynamics perturbatively, cf. Eq. (4). It is then reasonable
to assume that the transverse wall will not be transformed
into, for instance, a vortex wall [39]. Thus, the absence of
Walker breakdown amounts to requiring that the domain wall
tilt is stationary qb = 0 [22]. Equation (17) shows that this is
always the case for purely magnonic torques. In the presence
of a finite damping, ¢ =0 does not hold identically [cf.
Eq. (15)], but when evaluating this expression with material
parameters typical of low-damping magnetic garnets (Fig. 3),
we discover that the rotation rate, although finite, is negligible.
Consequently, purely magnonic torques do not induce Walker
breakdown in realistic materials.

The dynamics of the domain wall collective coordinates
explicitly depends on the frequency of the spin waves through
k and I". Assuming the spin-wave amplitude p is constant, the
domain wall velocity increases monotonically with increasing
frequencies as shown in Fig. 3. This is understood most easily
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FIG. 3. The dependence of (a) the domain wall velocity X /A and
(b) the rotation rate ¢ on the spin-wave frequency. Both plots are
normalized to the spin-wave amplitude s = p? exp(—2&,/T"). The
frequency dependence of the wall velocity is monotonic. Because of
the low damping, the wall rotation rate is five orders of magnitude
smaller than the wall velocity and almost vanishes throughout the
interval. We use the same parameters as in Fig. 2.

in the absence of magnetic damping. Domain wall motion
occurs in our model because angular momentum is transferred
from the spin waves to the magnetic texture. The group velocity
vy, =dw/dk = —4yAx/mA? is a monotonically increasing
function of frequency. A higher group velocity implies that
more spin waves pass through the domain wall per unit time, so
the rate of angular momentum transfer from the spin waves to
the domain wall is higher. A higher rate of angular momentum
transfer gives a higher domain wall velocity. This is manifest
in Eq. (16), which can be written as X /A = —%vgpz/mz.

The monotonic increase in domain wall velocity with
increasing frequency contrasts with the nonmonotonic de-
pendence on the excitation frequency observed in numerical
simulations [6—13]. However, the dynamics of the collective
coordinates also depends strongly on the spin-wave amplitude
p. Since the spin-wave amplitude depends on the frequency of
the applied excitation field [25-28], it is the spatial profile
of the applied excitation field that plays the main role in
determining the frequency dependence of the domain wall
velocity in some of these studies.

III. FREQUENCY DEPENDENCE OF THE
SPIN-WAVE AMPLITUDE

We now consider the generation of the spin waves. The
microwave source is assumed to be far into the domain. It
is then sufficient to only consider the interaction between
the source and a homogenous magnetization. Furthermore,
we assume that the dominant effect of the damping is an
exponential decrease in the spin-wave amplitude as the spin
waves move away from the source. This allows us to neglect the
damping in the following analysis of the spin-wave generation.

We calculate the disturbance of the homogeneous magne-
tization caused by the source perturbatively. The small excita-
tion parameter /2 parametrizes a locally applied magnetic-field
H = hp(x)exp(—iwt)e,. Anticipating a propagating wave
solution, we substitute the ansatz,

m = me, + hm,(x,t)e, + hm_(x,t)e_, (18)
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which is accurate to first order in 4, into the LLG equation (1).
This gives two equations to first order in A,

WA, 2K

dm, = (——y P24+ X >m (19)
m : m

WK

dm, = <+—3§ - V—)m, + ymp(x) exp(—iwr). (20)
m m

Again, introducing the auxiliary variable ¥ = m, —im; and
using ¥ (x,1) = ¥(x) exp(—iwt), we obtain

2vK 2vK
—ymp(&) = (VTag - w)w@), @1

where we introduced the dimensionless length & = x /1. To
obtain the solution to the differential equation (21) for different
spatial profiles of the applied magnetic-field p(&), we solve for
the Green function. The Green function G of Eq. (21) is defined
by [40]

2y K 2y K
—ymd(§) = (%83 - w)G<s>. (22)

By spatial Fourier transformation, we obtain an algebraic
equation that can be solved to give

ym?

# = ke e

(23)

where &’ is the Fourier conjugate variable of &. The inverse
Fourier transform gives

m?sin k&
G=—""7"77-020(¢)—-1), 24
K (2e¢) -1 (24)
where « is the dimensionless wave number from Eq. (10) and
®(&) is the Heaviside step function. The spin-wave ¥ (§) then
is given by the convolution of the Green function and the
source profile p,

+00
1//(5)=/ dg"G(E — £")pE")

+oo
) [0 dE"G(E — £")p(E"), 25)

where the last expression, valid only for symmetrical sources
p(—&) = p(§), is proportional to a Fourier sine transform.

Different source profiles can be obtained by tuning the
relative widths of the conducting stripes of a coplanar
waveguide [26,27]. In particular, we are interested in the square
box source p; and a Gaussian source p;,

H
pi) = %[6(5 —u+0o)—0E —pn—o)], (26a)

" (_ & - u)2>
2ro 262 )’
where u is the source position and o is the source half-width.
Substituting p; and p; into Eq. (25), we obtain the spin-wave

pa) =

(26b)
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FIG. 4. Spin-wave amplitude as a function of the driving
frequency for different spatial profiles of the applied magnetic
field. (a) The amplitude due to the square box source dies off
as |sin ko /(k*0)|, whereas (b) the Gaussian source dies off as
exp(—«202/2)/k. We use the same parameters as in Fig. 2 with H =
0.2 T and (a) 0 = 1.02A = 102 nm and (b) ¢ = A/4 = 25 nm. The
wave number « (w) used to calculate the analytical curves is estimated
by performing a least-squares fit to the numerical dispersions in
Fig. 2.

amplitudes,
Hm? sin ko @7
= , a
~ 4Kk ko
0y = o Hm? exp (- Lk202), (27b)
4K« 2

far away from the source (|| — 00).

Equations (27) can be derived as special cases of Kalinikos’
general formula [25]. As illustrated in Fig. 4, the spin-wave
amplitudes depend strongly on the driving frequency and
the spatial profile of the applied magnetic field. The square
box source (26a) has sharply defined ends. Thus, at every
frequency where an integer number of wavelengths fits inside
the box, we excite standing waves within the box, and the
spin-wave amplitude far away from the box is practically zero.
The zeros of the amplitude at 5.63, 11.90, 21.25, 32.50, and
46.25 GHz, correspond to two to six wavelengths, respectively,
fitting inside the box width of 2¢. The intermittent peaks
in the amplitude correspond to a half-integer number of
wavelengths fitting inside the box, giving maximum emission
of spin waves. On the other hand, the Gaussian source
(26b) falls off exponentially, and spin waves will leak out
of the source region at every frequency. However, the width
of the box introduces a length scale in the problem, thus
determining the slope of the amplitude in the log plot found
in Fig. 4(b). Although our analytical calculation readily
reproduces the frequency dependence observed in the full
numerical solution, it overestimates the amplitude roughly by a
factor of 1.6.

As shown in Fig. 5, the substitution of the amplitudes (27a)
and (27b) into the equation of motion for X, Eq. (14), accounts
for the frequency dependence of the domain wall velocity
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FIG. 5. Domain wall velocity as a function of the driving
frequency for different spatial profiles of the applied magnetic
field. We use the same parameters as in Fig. 2 with H =
02T and (a) 0 =1.02x =102 nm and (b) o = A/4 =25 nm.
The analytical curves are calculated by substituting Eqs. (27) into
Eq. (14), the wave number k(w) is estimated by performing a
least-squares fit to the numerical dispersions in Fig. 2, and the
overestimate of the amplitude has been corrected by a factor of
1.6 = 2.6.

in the corresponding one-dimensional numerical model. The
Appendix describes the numerical calculations.

Our results illustrate that a critical assessment of the
impact of the source is vital to extract information about
the frequency dependence of magnonic spin-transfer torques
from micromagnetic simulations, such as those presented
in Refs. [6-13]. For example, studies that use square box
sources need to take into account the well-known artifacts
[25] thus introduced in the frequency dependence of the
domain wall velocity. The results presented above should
serve to illustrate that the frequency dependence introduced
by the square box source may account for some of the effects
previously attributed to the internal modes of the domain wall
[6,8—11]. However, there are also clear indications that the
internal modes of the domain wall affect the magnon-induced
domain wall motion when the two-dimensional character of
the system is important [13]. Reference [41] reports the first
steps towards an analytical treatment of magnon-domain wall
interaction in two dimensions.

Figure 6 plots the spin-wave amplitude as a function of the
strength of the applied field magnitude H. As expected, for
small applied fields, there is a linear regime where perturbation
theory works well. We observe that a magnetic field of 0.2 T as
applied in Figs. 4 and 5 is well within this perturbative regime.
For applied magnetic fields above this regime, the amplitude
of the mode oscillating at the excitation frequency decreases
due to the appearance of higher-frequency modes [42,43].

IV. CONCLUSION

‘We have derived the equations of motion for the collective
coordinates of a transverse domain wall driven by spin waves.
We used this description to demonstrate that magnonic spin
transfer does not induce Walker breakdown. For spin waves

174441-5
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FIG. 6. Spin-wave amplitude as a function of the magnitude of
the applied magnetic-field H at @ = 15 GHz. We use the square box
source (0 = 1.021 = 102 nm) and the same parameters as in Fig. 2,
and the overestimate of the amplitude has been corrected by a factor
of 1.6% = 2.6.

excited by a localized microwave field the spatial profile of
the applied field strongly affects the frequency dependence of
the spin-wave amplitude. Taking this frequency dependence
into account, we have explained how pure spin transfer may
still result in a domain wall velocity with a nonmonotonic
dependence on the excitation frequency in a one-dimensional
model. In particular, the frequency dependence of the spin-
wave amplitude arising from a square box source can account
for some of the frequency dependence of the domain wall
velocity that has previously been attributed to internal modes
of the domain wall.
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APPENDIX: NUMERICS

We solve the Landau-Lifshitz-Gilbert equation (1) numer-
ically. To this end, we apply a spatiotemporal discretization

PHYSICAL REVIEW B 96, 174441 (2017)

10.10 .
1005+ .

10.00

9.95 .
| |

| | |
0 025 05 0.75 1
hard axis anisotropy K, /K

velocity X /A [MHz]

FIG. 7. Domain wall velocity as a function of hard-axis
anisotropy for H = 0.2 T and w = 15 GHz. We use the square box
source (0 = 1.021 = 102 nm) and the same parameters as in Fig. 2.

using a centered implicit scheme in Maple [44]. The effective
field is

24 , 2
H = —zaxm + W(Kmxex — K ymge,), (A1)
m

as derived from the free-energy (2) with an additional hard-axis
anisotropy. The system is a 3-um grid with grid points
spaced 4 nm apart. The initial magnetization profile is a
domain wall with positive topological charge (Q = +1) and
positive chirality (¢ = 0) centered at the origin. An additional
magnetic-field p(x)exp(—iwt)e,, centered at x = 1 um, ex-
cites the spin waves. We insert absorbing boundary conditions
at the sample ends to avoid interference phenomena due
to spin-wave reflections. In doing so, the Gilbert damping
parameter increases to o« = 1 inside 0.3-um-wide regions at
both ends of the sample [37].

The hard-axis anisotropy K | in Eq. (A1) is set to zero in the
analytical treatment and in the numerical results in the main
text. However, we have verified numerically that the results
in Figs. 2 and 4-6 are essentially unchanged in the presence
of a hard-axis anisotropy of magnitude K, = K /2. As shown
in Fig. 7 for one frequency and applied field magnitude, the
additional hard-axis anisotropy only leads to slight changes
in the domain wall velocity. (This should be expected—in the
absence of domain wall rotation, the hard axis will not affect
the domain wall dynamics.)
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Published: 24 August 2016 YVe consider the.oretlcally the effect of an mhomogene?us magnetoelectrlc.couplmg on the magnon-
induced dynamics of a ferromagnet. The magnon-mediated magnetoelectric torque affects both the
homogeneous magnetization and magnon-driven domain wall motion. In the domains, we predict
areorientation of the magnetization, controllable by the applied electric field, which is almost an
order of magnitude larger than that observed in other physical systems via the same mechanism. The
applied electric field can also be used to tune the domain wall speed and direction of motion in a linear
fashion, producing domain wall velocities several times the zero field velocity. These results show that
multiferroic systems offer a promising arena to achieve low-dissipation magnetization rotation and
domain wall motion by exciting spin-waves.

Multiferroic materials are materials that exhibit simultaneously two or more ferroic order parameters (ferroelec-
tric, (anti)ferromagnetic, ferroelastic and ferrotoroidic order)'. The term multiferroics has also been used more
generally to refer to materials that exhibit a magnetoelectric coupling—that is, materials with a free energy func-
tional that contains terms dependent on both the magnetization and the polarization®™.

If the cross-terms in the free energy only depend on the magnetization itself—and not its derivatives—the
material is said to exhibit the homogeneous magnetoelectric effect. The first detailed investigation of this effect
was made by Dzyaloshinskii® for Cr,0;. An essential aspect of the homogeneous magnetoelectric effect is that
an effect that is first order in both the polarization and the magnetization (linear magnetoelectric effect) cannot
occur in materials where the free energy has time-reversal and spatial inversion symmetry®.

If the cross-terms in the free energy depend on the gradient of the magnetization, the material is said to
exhibit the inhomogeneous magnetoelectric effect, or the flexoelectric effect. The existence of this effect was first
pointed out by Bar’yakhtar et al.”. The inhomogeneous magnetoelectric effect can be present even in inversion
symmetric systems. The study of the inhomogeneous magnetoelectric effect has seen a revival after the work of
Mostovoy® on the rare earth manganites. Several authors have contributed to an extension of these results to the
dynamic regime®-'¢.

In this work, we determine how the magnetization dynamics of multiferroic materials are influenced by inject-
ing spin-waves. Magnon spintronics is an emerging subfield of the field of spintronics which applies spin-waves
for information transport and processing'”!8. By carrying spin currents using magnons rather than electrons,
large scale charge transport and the associated Joule heating is avoided. Magnons can propagate over centim-
eter distances in low-damping magnetic insulators'?, while spin-currents carried by electrons are limited by
the spin-diffusion length, which is on the order of microns. Magnons also offer exciting possibilities exploiting
wave-based and nonlinear phenomena, such as the majority gate?*-** and parallel computing®.

One of the principal advantages of magnon spintronics is the wide variety of available magnetic materials and
interactions, and the large number of other magnetic excitations such as domain walls, vortices and skyrmions.
For instance, there are obvious opportunities for creating nonvolatile memories based on magnons interacting
with domain walls?#?* or skyrmions?*?”. The properties of such systems can be tuned by exploiting higher order
magnetic interactions such as the Dzyaloshinskii-Moriya interaction (DMI)?***, not to mention magnon band
structure engineering in magnonic crystals'®.

We will first consider the effect of an inhomogeneous magnetoelectric coupling on magnetization dynamics
induced by magnon injection. We demonstrate analytically and numerically that this term produces a reorien-
tation of the time-averaged magnetization, see Fig. 1. A similar reorientation has been identified previously by
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“These authors contributed equally to this work. Correspondence and requests for materials should be addressed to
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Figure 1. Magnetization reorientation by the magnon-mediated magnetoelectric torque. When an
electric field is applied to a homogeneously magnetized sample, nothing happens. When a magnetic
inhomogeneity is introduced in the form of spin-waves, the interaction between the applied electric field
and the induced electric polarization produces a shift in the time-averaged magnetization that is linear in the
applied electric field.

Figure 2. Controlling the domain wall velocity by the magnon-mediated magnetoelectric torque. In

the absence of an applied electric field, the magnetic domain wall travels towards the spin-wave source. The
magnitude of the velocity is determined by the spin-wave excitation amplitude, the distance from the source
and the spin-wave frequency. By application of an electric field the domain wall can be made to stop and change
direction of motion. The velocity of the domain wall is linear in the electric field.

Manchon et al.*® for a Dzyaloshinskii-Moriya ferromagnet and by Linder?® for a topological insulator—ferro-
magnet heterostructure. Unlike these previous results, the magnitude and direction of the reorientation of the
magnetization that is due to the inhomogeneous magnetoelectric effect is controllable by the applied electric field;
not fixed by the material constants. Moreover, the effect is quantitatively much larger than in the Dzyaloshinskii—
Moriya case.

Second, we determine how the inhomogeneous magnetoelectric effect alters magnetic domain wall motion.
The case of magnetic field-driven domain wall motion has been considered previously by Chen et al.’2, whereas
Dzyaloshinskii*® and Logginov et al.*** have considered domain wall motion driven by an inhomogeneous elec-
tric field. Magnon-induced domain wall motion in ordinary ferromagnets was first considered by Mikhailov and
Yaremchuk®, and more recently by Yan et al.?* who showed that conservation of angular momentum will drive
the domain wall towards the spin-wave source. In response to puzzling numerical results showing domain wall
motion away from the spin-wave source, Yan et al.*” have developed a theory of linear momentum transfer from
spin-waves to domain walls. Linear momentum transfer has later been used to explain the dependence of the
direction of domain wall motion in Dzyaloshinskii-Moriya ferromagnets on the sign of the material dependent
DMI constant®. Interestingly, we find that for magnon-induced domain wall motion the inhomogeneous mag-
netoelectric effect enables electric field control of both the sign and magnitude of the domain wall velocity, see
Fig. 2. The domain wall velocity scales linearly with the applied electric field.

Magnon-induced dynamics in homogeneously magnetized multiferroics

As shown in Fig. 1, we consider a ferromagnetic wire that exhibits the inhomogeneous magnetoelectric effect. In
the continuum limit, the magnetization can be described by a vector field m(r, t). The free energy of this system
can be written as

A _
Flm] = Wf[(vmx)z + (Vm, P+ (TP Jdr — 7 [ (Km? — K m?)dr

- f(E . P)dr. @

Here, A is the exchange stiffness, m is the saturation magnetization, K is the easy axis anisotropy constant and
K| is the hard axis anisotropy constant. The easy axis of magnetization is taken to be along the length of the wire
and is dominated by shape anisotropy. If the wire cross-section is not circular, the shape anisotropy will also
contribute a perpendicular hard axis anisotropy. The effective constant K, can also contain contributions from
magnetocrystalline anisotropy. The final term is the inhomogeneous magnetoelectric interaction. E is the applied
electric field and P is the induced electric polarization®,

P=r~vym(V -m)— (m- - V)m]. 2)
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y

Figure 3. For the spin-wave perturbation theory the magnetization is most conveniently written out
in a spherical coordinate system. When the magnetization is homogeneous,  and ¢ are assumed to be
independent of position and time. In the case of a domain wall our objective is to consider the dynamic
response of a nonuniform magnetization texture. Consequently, # and ¢ must be position- and time-
dependent.

7, is the inhomogeneous magnetoelectric coupling constant.
We describe the time dynamics of the magnetization using the Landau-Lifshitz-Gilbert (LLG) equation®-*!,

B,mzymfogmxatm,

m 3)
where H(r, t) is the effective magnetic field acting on the magnetization, -y is the gyromagnetic ratio and « is the
Gilbert damping parameter. We assume that < 0 and « < 0. The effective magnetic field is given by the func-
tional derivative of the free energy with respect to the magnetization, H= —6F/6m. This gives rise to the effective
field

2A 2K 2K
H= —2V2m + —m.e, — —;mzez + 27,[(V - m)E — V(E - m)],
m m m 4
where we have assumed that the electric field is independent of position.
Perturbation theory. We calculate the magnon-induced dynamics perturbatively by considering devia-
tions from a homogeneous magnetization parametrized in the small excitation parameter h. For this purpose the
magnetization is most conveniently written out in a spherical frame as shown in Fig. 3. To second order in & the
magnetization is*?

mir, t) = (m— hz[s;”(r, 1)+ s2r, t)])e, + [hs;”(r, £) + HAmy(r)e,

+[ns{r, ) + W2 Amy ()

%

2
[m - Zh_[sg(r, 0+ sr, t)]]e, + [hsy(r, £) + B2Amy(r)]e,
m

+[hsy(r, ) + B Am(r)]e,. )
sé,ld))/ @ (r, t) is the first (second) order spin-wave excitations in the 6- (¢)-direction. For small & the linear terms
dominate, reproducing the usual spin-wave expansion?!. The second order excitations take into account the fact
that the magnetization along the r-direction is reduced for stronger excitation®. Amy,,(r) correspond to a
steady-state reorientation of the magnetization that might be induced by the spin-waves. Since spin-waves in an
ordinary ferromagnet do not induce such deviations, these deviations must be of second order in h or higher®.
The second equality follows from the micromagnetic normalization criterion m-m =m? and is accurate to second
order in h. For ease of notation, we have written sé}é(r, ) = sg4(1, £).

Static magnetization. For simplicity, we assume that our system is one-dimensional so that V = 0, e, and
V2 = 2. We consider now in turn the equations of our perturbation theory. By inserting the ansatz (5) into the
LLG equation (3) using the effective field (4) we get two nontrivial equations to zeroth order,

29K | sinf cos ¢ sin ¢ 0,

27 cosf sinf(K + K | sin2¢)
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These are the 0- and the ¢- component, respectively. The zeroth order equations give the static magnetization
direction. We see that one solution is to set both angles to zero, =0 and ¢ = 0. This solution is unchanged by
adding an integer multiple of 7 to either angle.

Spin-wave amplitudes. ~ As in any perturbation theory®, the first and higher order equations vanish identically
when the excitation parameter h goes to zero. Thus, h — 0 leaves us with the static problem. For first and higher
orders of the perturbation theory the excitation parameter 4 is merely a convenient accounting device and can
be treated as h — 1. To first order in h we once more get two nontrivial equations corresponding to the §- and
¢-components,

Osg= — 2—7[A6ff -K-K, — ﬂ6,]%,
m 2y (6)

By =+ 2L [Aai K- @a,]sg.

m 2y 7
To solve these equations we make the assumption that the time-dependence is purely harmonic, sg;,(x, £) = sg;(x)
x exp(—iwt). Equations (6) and (7) can be recast into one single equation by introducing the auxiliary variable
() = s4(x) + ics (x). We multiply equation (6) by ic and subtract equation (7). By requiring that the coefficient of
s, is ic times that of s, we get a second order equation in c. Solving this equation we find that
¢ = —[vK, + (’K? + m*w)"?]/mw. Although both signs are allowed mathematically, we must choose the one
that makes sense physically. By choosing the minus sign we get real wave numbers in the intermediate steps lead-
ing up to the dispersion relation in equation (10). Thus, keeping to this choice we find the equation

%(ﬁw = l[ZK +K, - 'y_l,thi + mPw? — imaw/w]l/z
m m (®)

for ¥(x). This equation is solved by the ansatz that ¥(x) is a damped harmonic, ¥(x) = p exp(ikx) exp(—nx/T').
Here, p is the amplitude of the excited spin-waves at the spin-wave source; 77 = sgn(x), and by choosing k >0
we ensure that ¢ represents damped waves traveling away from a source at the origin. If we substitute our
ansatz for ¥ back into equation (8) and separate the real and imaginary part we find expressions for the
damping length**

_ 4yAk

r maw )

and for the dispersion relation?*

2
W= AR+ K+ K )UK + K).
m (10)
The dispersion relation we have obtained is the usual dispersion relation for an ordinary ferromagnet. We do
not observe the linear shift reported by Mills and Dzyaloshinskii'® because the spin-wave propagation direc-
tion is parallel to the direction of the static magnetization. We make further comments on the case where the
wave vector, the applied electric field and the static magnetization are mutually orthogonal at the end of this
section.
Having obtained a solution for 1) we need a second condition to solve for the spin-wave components. A rea-
sonable condition is that they should be real, which gives

so(x, 1) = +p cos(kx — wt) exp(—nx/T), (11)

_ pmw sin(kx — wt) exp(—mx/T)
VK| = VK + mi? (12)

sy(x, 1) =

Magnetization reorientation. Only the 6- and the ¢-components contribute nontrivial equations to second order

inh,
o A—dz — K] Amy = 2v7y(E 5,0,5, — E$90,5,)
1 2 yox z x (13)
4l A—dz - K- Kl]Am = 297(E 540,59 — E 540,5))
0\z X X
1x2 ¢ b (14)

As we have already obtained expressions for the spin-wave components from the first order equations, these
are ordinary differential equations on Amyand Am,. By assumption, these are time-independent and we remove
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Figure 4. A spin-wave in a homogeneously magnetized sample. In the inset (down left) the weight of the
stroke in the circle indicates the average time spent in that part of the circle over one period.

the time-dependence from the right-hand side by averaging over one spin-wave period 27/w. The fact that the
spin-waves are exponentially damped provides us with the boundary conditions lim,_, , . Amg,,(x) = 0. The
resulting solutions are

npzmzr,uf"yo[Ez(Ak2 + K)Tk + Eymw/ny] exp(—2nx/T")

Am (x) = —
3 49K | (m*w/47°K | — AK® — K)(4A — T°K) (15)

npzrnzo.zl“vo[Ez(Ak2 + K)/mw — EyFk/Z'y] exp(—2nx/T")

(AK* + K)(4A — T*(K + K |)) (16)

Amy(x) = —

where we have switched to Cartesian coordinates for clarity.

This demonstrates the existence of a magnon-mediated magnetoelectric torque acting on the homogeneous
magnetization. Within the limits of validity of a perturbative theory, the magnitude of this torque scales linearly
with the applied electric field. Its direction is controlled by the direction of the applied field. In the absence of a
perpendicular anisotropy the relative magnitude of the two reorientation components is

Am, _ E,+ ET'k
Am, E Tk — E,

For relevant damping lengths and wave numbers Am, dominates Am, by a factor of ~10° when the electric field
is applied in the y-direction and vice versa when the electric field is applied in the z-direction.

Induced polarization. 'The induced time-averaged electric polarization is directly proportional to the reorienta-
tion of the magnetization

2nmry,y
p =0 Ny,
r " a7)

However, while the reorientation of the magnetization changes sign at the origin (position of the source), the
polarization does not due to the extra factor of 7= sgn(x).

Although the polarization is directly proportional to the magnetization reorientation, their behavior in the
limit & — 0 differs due to the extra factor of 1/T". In the limit where the damping is large (v — co and I' — 0) all
dynamics is quenched, and both Am and P go to zero. However, in the limit where there is no damping (av — 0
and I' — o) the time-averaged polarization goes to zero, as pointed out by Mostovoy?, but we still observe a finite
magnetization reorientation.

Simplified mechanism. The simplest possible system that exhibits a magnon-mediated magnetoelectric torque
is a homogeneously magnetized sample. The spin-wave propagation in this system is illustrated by the damping-
less spin-chain in Fig. 4. Writing the magnetization of this chain as m(x, t) =me, +s,(x, t)e, +s.(x, t)e, we get a
contribution

H,. = 27E(0,me, — 0,5 e,) = —27,E0,s,e,
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Parameter Value Unit
Gyromagnetic ratio, —26 GHz/T
Magnetization, m 6 kA/m
Exchange stiffness, A 5 pJ/m
Easy axis anisotropy, K 0.5 kJ/m?
Gilbert damping parameter, o —0.05 1
Inhomogeneous magnetoelectric coupling, v, 0.1 psm/A

Table 1. Material constants used in the numerical solution of the LLG equation. These values correspond to
the iron garnets (BiR);(FeGa);0,, (R=Lu, Tm) considered by Logginov et al.>*3,

to the effective field from the inhomogeneous magnetoelectric effect when E = Ee,. If this contribution to the
effective field had been constant on the time-scale of the spin-waves, it would only have changed the precession
frequency. However, it is not. The torque exerted on the magnetization is

ym x Hy. = 297E(s,0,5 e, — 5,05 ,e,).
When averaging over one oscillation period the z-component vanishes; thus, the magnetization experiences a net
torque in the positive y-direction (y<0),

(ym x H_,.) = —2y7,E (szaxsy)e},. (18)

As illustrated in the inset of Fig. 4, this torque opposes the precession of the spin when it moves in the negative
y-direction and boosts the precession of the spin when it moves in the positive y-direction. When the spins pre-
cess in the counterclockwise direction, s, > 0 in the half-period where the spins are slowed by the magnetoelectric
torque and s, < 0 in the half-period where the spins are accelerated by the magnetoelectric torque. If we average
over one period, the spins spend more time having s, > 0 than s, <0, so the end result is that the system has
acquired a net magnetic moment in the positive z-direction.

This mechanism can also be used to explain the results of Manchon et al.*® and Linder®, as is easily seen by
repeating the calculation above using the effective fields employed in these papers. As such, it represents a uni-
fying framework for magnon-mediated torques on the homogeneous magnetization. In particular, it identifies
the following criterion for a system to exhibit similar magnon-mediated torques: That the effective field should
contain a gradient of one of the transverse magnetization components.

Upon introducing the expansion (5) of the magnetization in h, we stated that the reorientations of the mag-
netization Amy(r) are of second order in 4 or higher since spin-waves in an ordinary ferromagnet do not induce
such deviations. The fact that equation (18) is second order in the spin-wave amplitudes provides justification that
Amy(r) are in fact exactly of second order.

Full numerical solution.  To get further insight into the properties of the magnon-mediated magnetoelectric
torque we solve the LLG equation numerically using an adaptive centered implicit scheme for time and space
discretization in Maple**. We use the effective field given in equation (4) and material constants corresponding to
the iron garnets (BiR);(FeGa)sO,, (R =Lu, Tm) considered by Logginov et al.***, see Table 1. We solve the system
on a grid that is 8 um long at grid-points spaced 4 nm apart. The system is initially homogeneously magnetized
in the x-direction. Spin-waves are excited by applying a magnetic field H(t) = H, sin(27f t)e, to 24 grid-points at
either side of the origin. The excitation amplitude is H,= 0.2 T and the excitation frequency is kept at 5 GHz. To
avoid spin-wave reflection at the sample ends, we implement absorbing boundary conditions by increasing the
Gilbert damping to || =1 inside 1 um wide regions at either end of the sample**. The electric field is applied in
the y-direction, E= Ee,, and we set the perpendicular anisotropy to zero.

Figure 5(a) illustrates the symmetry of the effect. These steady-state magnetization profiles have been obtained
for an applied electric field of 1.5 V/cm. As can also be seen from equation (16) the sign of the torque is deter-
mined by the propagation direction of the spin-waves, thus the resulting magnetization is antisymmetric about
the spin-wave source. The torque also scales linearly with the applied electric field, so switching the sign of the
field switches the sign of the magnetization reorientation.

Figure 5(b) through Fig. 5(d) shows a plots of the time-averaged analytical expression (16) versus the cor-
responding numerical profile for three different field values. The perturbation theory successfully predicts the
magnitude and spatial decay of the torque. As can be seen from equation (16), the decay length of the magnet-
ization reorientation is half that of the spin-waves as the reorientation is second order in h. The perturbative
calculation predicts that the torque should scale linearly with the applied electric field. Plotting the magnetiza-
tion shift at a fixed position (x=0.25um) as a function of the applied electrical field we indeed observe a linear
field-dependence, see Fig. 5(e).

Comment on the linear shift of the dispersion. Mills and Dzyaloshinskii'* have pointed out that the
inhomogeneous magnetoelectric effect will produce a shift of the spin-wave frequency with respect to that of an
ordinary ferromagnet on the form

Aw=—C(E x M,) - k. (19)
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Figure 5. Numerical results for magnon-mediated magnetoelectric torque. When the electric field is applied
in the y-direction the magnetization reorientation takes place in the z-direction. (a) Symmetry of the effect.
Steady-state magnetization profiles obtained for E= 1.5 V/cm. The sign of the torque is determined by the
propagation direction of the spin-waves, thus the resulting magnetization is antisymmetric about the spin-
wave source (x=0). The torque also scales linearly with the applied electric field, so switching the sign of the
field switches the sign of the magnetization reorientation. (b) through (d) Time-averaged analytical fit to the
numerical profiles. The analytical theory successfully predicts the magnitude and spatial decay of the torque.
The decay length of the spin-waves is twice that of the torque. (e) Linear dependence on applied field. Plotting
the magnetization shift at a fixed position (x=0.25pm) as a function of the applied electrical field we observe a
linear field-dependence.

Here E is the applied electric field, M, is the saturation magnetization, k is the spin-wave wave vector and C is
some positive constant. Liu and Vignale'*!> have established in a microscopic calculation that yttrium iron garnet
(YIG; Y;Fes0,,) hosts the inhomogeneous magnetoelectric effect and that the phase shift should be observable.
This experiment was carried out by Zhang et al.'°, showing good agreement between theory and experiment. In
the notation of Liu and Vignale'® the constant C is written

Cc= \'M,
E

50

where  is the gyromagnetic ratio, e is the electron charge, J=1.6-1072Jm/A? is the YIG exchange coupling and
the energy E,,=4.8-107"] is inversely proportional to the strength of the YIG spin-orbit coupling.
In the notation of Mills and Dzyaloshinskii'?, which is closer to our notation, the constant C can be writ-

ten C= —|v|b, where b is the inhomogeneous magnetoelectric coupling constant b= b, + b, used by Mills and
Dzyaloshinskii. Thus, for YIG we can calculate y,=b, = b, to be
eJ —23
=— =2.7-10 “sm/A.
Yo >E

S0

While this value is large enough to produce a measurable spin-wave phase shift, it is far too small to produce a
measurable reorientation of the time-averaged magnetization in YIG without exceeding the dielectric breakdown
field. However, by turning this argument around, the difference of about ten orders of magnitude indicates that
it should be possible to observe gigantic phase shifts if one were to redo the experiment of Zhang et al. using the
iron garnets of Logginov et al.

Writing out the frequency shift as a triple product on the form of equation (19), as was done by Mills and
Dzyaloshinskii'?, emphasizes the importance of the experimental geometry in order to observe this effect. Such
geometrical considerations will also be of importance for observing the magnetization reorientation, as is easily
seen by repeating the perturbative calculation leading up to equations (15) and (16) for perpendicular m and k.
In this geometry, which is the geometry of Liu and Vignale'® and of Zhang et al.', no magnetization reorientation
is observed.
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Figure 6. Higher order phase shift due to the magnon-mediated magnetoelectric torque. (a) Visibility of
phase shift in magnetization profiles. Steady-state magnetization profiles obtained for E=1.5V/cm and in

the absence of an applied electric field. A higher order correction of the ordinary ferromagnetic dispersion
relation induces a phase shift when the electric field is applied. (b) Power spectral density of the magnetization
profiles in (a) computed from the data to the right (left) of the source. In the presence of an applied electric
field the power spectrum exhibits two peaks. The peak to the left is an artifact introduced by the magnetization
reorientation. The one to the right—which corresponds to the spin-wave—is slightly displaced towards higher
wavenumbers (smaller wavelengths) as compared to the zero field case.

Further insight can be gained by a closer inspection of the magnetization curves in Fig. 6(a). Here, an electric
field-dependent phase shift can be observed which does not follow from the first order dispersion relation (10),
but which is a higher order effect. This field-dependent difference in wavelength is easily recognized in the power
spectrum shown in Fig. 6(b), which reveals an increase in wavenumber (decrease in wavelength) at E=1.5V/cm
as compared to zero applied field.

Proposals for experiments. The effect we predict is dependent on a reasonable value for the inhomogene-
ous magnetoelectric coupling constant. One particular class of such materials are the rare earth manganites con-
sidered by Mostovoy?®, which have a spiral magnetization. Another class of materials which potentially hosts the
inhomogeneous magnetoelectric effect is the iron garnets studied by Logginov and co-workers***, which admit a
homogeneous magnetization. We have used material values corresponding to these garnets in the numerical part
of this work. The mechanism behind the experimental observations of Logginov et al. is currently debated®>4°.
Whether or not it turns out that these iron garnets host an inhomogeneous magnetoelectric effect is irrelevant to
the main message in the present paper. We only use these compounds as an example.

In materials with the Dzyaloshinskii-Moriya interaction the crystal structure favors a canted spin structure®?.
Sergienko and Dagotto®*” have suggested how the inverse mechanism, a form of exchange striction, can give rise
to the inhomogeneous magnetoelectric effect. This model is usually applied to large magnetic structures such as
magnetic spirals and domain walls, which are on the energy scale of the demagnetization field. To carry this—or
any other ionic displacement mechanism**—over to weaker magnetic inhomogeneities such as spin-waves is not
trivial. It is not obvious that a coupling constant measured using a domain wall** should be applicable to spin-waves,
although that is what we assume by using these values.

To detect the magnon-mediated magnetoelectric torque we propose to either measure the magnetization
reorientation directly or to measure the induced polarization. As pointed out previously, the reorientation
scales linearly as a function of the electric field and decays exponentially away from the source. Using the
example values from Fig. 5(e), a reorientation on the order of 480 A/m should be unproblematic at a distance
of 0.25 pm away from the source for an applied electric field of 1.5 V/cm. Polar MOKE (magneto-optic Kerr
effect) techniques have previously been successfully applied to measure magnetization reorientations on the
order of 56 A/m by Fan et al.*’ during their study of the spin-orbit torque. As pointed out in the previous
section, the wave vector of the spin-waves must be parallel to the saturation magnetization to observe the
magnetization reorientation due to the magnetoelectric torque. An experimental set-up must then use the less
sensitive longitudinal MOKE®, as illustrated in Fig. 7. However, the effect should still be within the reach of
current experimental techniques.

The second possibility is to measure the induced polarization. When averaging over the period of oscil-
lation of the spin-waves, we find that the time-averaged polarization is proportional to the induced mag-
netization shift, see equation (17). For the material values we have considered, a reorientation of 480 A/m
corresponds to a time-averaged polarization on the order of 40 pC/cm?. To measure the polarization, the
MOKE laser in Fig. 7 would have to be replaced by localized electrodes on the top and on the bottom of the
structure.

Magnon-induced domain wall motion in a multiferroic

As shown in Fig. 2, we consider the same ferromagnetic wire as in the previous section, but assume now that it
contains a Néel domain wall. (Bloch domain walls induce no electric polarization and are immune to magne-
toelectric effects”$).
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Figure 7. Longitudinal MOKE measurement of the magnetization reorientation. Spin-waves are injected
using a coplanar waveguide as used in PSWS (propagating spin-wave spectroscopy®®*’) and the electric field
is generated by a parallel plate capacitor. The magnetization reorientation decays exponentially away from the
spin-wave source, but scales linearly with the applied electric field.

Perturbationtheory. We first perform analytical calculations for the magnon-induced domain wall dynam-
ics using a perturbation theory, completely analogous to what we did for the homogeneously magnetized ferro-
magnet. However, this time we let the angles § and ¢ from Fig. 3 be time- and position-dependent.

Static magnetization. Just as before, we obtain the equations of our perturbation theory by inserting the ansatz
(5) into the LLG equation (3) using the effective field (4). To zeroth order in h there is no time-dependence in the
problem, and we obtain two nontrivial equations,

AD20 = cos 0 sin (K + K | sin®¢), (20)

YoE ,(0,0) sin ¢ — v(E,(0,0) cos ¢ — 2K—2L cos ¢ sin ¢ = 0.
y " (21)
Equation (20) gives us the well known Walker domain wall profile®! for 6. Thus, the ground state of the system is a
head-to-head or a tail-to-tail Néel wall. For ¢ =nm, n=0, 1, 2, ..., which minimizes the perpendicular anisotropy
energy, equation (21) demands that E, = 0, that is, no electric field component along the hard axis. For K, =0
equation (21) can be solved to give ¢ = nm +arctan(E,/E,), n=0, 1,2, .... We conclude that unless the electric
field is applied perpendicular to the hard axis, the inhomogeneous magnetoelectric torque and the perpendicular
anisotropy torque will compete. For simplicity, we set K, =0 and E, = 0 in the remainder of this section.

Spin-wave amplitudes.  Assuming that the domain wall position X(f) is second order in h*, we obtain two non-
trivial equations to first order in h,

(= 1)",E, m*
Dy = — 2y A% + K[1 — 2 cos’d] + ST U MeEm sinf — ﬂa[ 4
m A 2y (22)
ats(p =+ Zl[Aai + K[1 — 2 cos’0] — @Bt]sg.
m 2y (23)

We can get rid of the angle 6 using the identities sin # = sech { and cos § = tanh £ which are valid for a Walker
domain wall®2. Here, £ =[x — X(t)]/Aand A\ = -/A/K is the domain wall width. Using the same trick as before, we
can recast these two equations into one equation by introducing the auxiliary variable 1(x) = sy(x) + ics,(x).
However, this time we find that ¢ = sech ¢ [( —1"yy,E,m (’yZ'yOZEf m* + Nw? cosh? €)' |/ \wand that

27K >

(—1)"y,E,m*
o = 1L K1 — 2 sech?e] — —— 0™
m m

sech ¢

+ ™ sech §,\/72702Ef m? + \w? cosh? {] .

A (4)
This is a Schrodinger-like equation, but in the presence of an electric field the potential deviates from the reflec-
tionless potential of Yan ef al.?*. The equation is even in &, so there is no dependence on the topological charge
of the wall. However, the factor (—1)" (n=0, 1, 2, ...) reveals that the potential is chirality-dependent. Chirality
dependence was also observed for domain wall motion driven by a magnetic field by Chen et al.?.

SCIENTIFICREPORTS | 6:31800 | DOI: 10.1038/srep31800 9



www.nature.com/scientificreports/

T T T T
100 100 2r i
9 R
E g @ o |
< 66.67[ = 6667 S
S g x
§3333* §’3333* "?727 l
g £ 8
E 3 2 _4f il
g of 2 or

| | | | | | | | -6 | i i —

-2 0 2 4 -2 0 2 4 0 0.5 1 15
position x [um] position x [pm] electric field £ [V/cm]

(a) (b) (c)

Figure 8. Numerical results for electric field-controlled domain wall motion in a multiferroic. The applied
electric field can control both the direction and the velocity of the domain wall. (a) Zero applied field. In the
absence of an applied electric field the domain wall moves towards the spin-wave source to conserve angular
momentum. (b) Applied electric field. With an applied electric field the domain wall can be made to move away
from the spin-wave source. (c) Linear dependence of the domain wall velocity on the applied electric field. The
domain wall velocity is a linear function of the applied electric field. For some critical field the domain wall
stops and its direction of motion is reversed.

Full numerical solution.  The complicated potential in equation (24) makes it difficult to continue the analyt-
ical calculation. However, by solving the LLG equation numerically we can get further insight into the domain wall
dynamics. We continue to use the iron garnet values from Table 1. We solve the system on an asymmetric grid that
is 6.5 um long at grid-points spaced 4 nm apart. The initial profile is a domain wall with positive topological charge
(0,0>0) and positive chirality (¢ =0) centered at the origin. Spin-waves are excited by applying a magnetic field
H(t)=H,sin(27f t)e, to 24 grid-points at either side of x= 1.2 pm. The excitation amplitude is H,=0.2T and the
excitation frequency is kept at 5 GHz. To avoid spin-wave reflection at the sample ends, we implement absorbing
boundary conditions by increasing the Gilbert damping to || =1 inside 1 pm wide regions at either end of the
sample**. The electric field is applied in the y-direction, E= Ee,, and the perpendicular anisotropy is set to zero.

Figure 8(a) is a reproduction of the well-known results of Yan et al.?*. In the absence of an applied electric
field the domain wall moves towards the spin-wave source in order to conserve angular momentum. Figure 8(b)
shows that the magnon-mediated magnetoelectric torque can be used to reverse the velocity of the domain wall
and make it travel away from the spin-wave source. The domain wall velocity is a linear function of the applied
electric field, as shown in Fig. 8(c). At a critical applied electric field the domain wall stops and its direction of
motion is reversed.

As suggested by Yan ef al.’’, domain wall motion away from the spin-wave source is caused by linear momen-
tum transfer, with linear momentum formally defined as the generator of magnetic translations®>**. To identify
the momentum of a magnetization texture is not trivial, and an essential first step is to realize that the linear
momentum of a ferromagnetic soliton is not directly related to its velocity, but to its configuration. This gives the
conserved momentum of a domain wall some counter-intuitive properties—for instance, the momentum of a
stationary domain wall can be nonzero®”**. Following Tchernyshyov®* we calculate the conserved linear momenta
of a magnetization texture consisting of circularly polarized spin-waves superposed on a Walker domain wall
(axially symmetric system). The conserved linear momentum attributable to the domain wall and the spin-waves
is, respectively

Ppyw = C + 2maol, (25)

2 +00
p
Py =C— —|2¢ — kdx|,

o 27m[ ¢ Lc ] (26)

where C denotes the momentum of the reference magnetization profile. Conservation of momentum,
0=dP/dt = dPpy/dt + dPg/dt, allows us to solve for the rate of change of the azimuthal angle,

2 +00
. p .
= kdx,
¢ 2(pZ —2m?) J:oc

where the dot denotes a time-derivative. Thus, a change in the linear momentum (wavenumber) of the spin-waves
generates domain wall rotation. This suggests that an effective description of the induced dynamics can be made
in terms of an applied magnetic field*”*. In an axially symmetric system (no perpendicular anisotropy) the col-
lective coordinate equations of a Walker domain wall subject to an applied magnetic field read®,

(1 +a”¢=—9H, (27)

X
2 _
(14 « )/\ = +anH, (28)

(7<0, a<0). This gives
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Figure 9. Electric field-dependent linear momentum transfer to the domain wall. (a) Phase shift difference
before and after domain wall transmission. Steady-state magnetization profiles obtained for E=1.5V/cm and
in the absence of an applied electric field. To the right of the wall (before transmission through the domain
wall) there is a pronounced phase shift between the spin-waves in the two magnetization profiles. To the left

of the wall (after domain wall transmission) the wavelengths of the spin-waves are practically identical. (b)
Power spectral density of the magnetization profiles in (a) computed from the data to the right (left) of the
source. The spurious peak in the power spectrum is now absent as there is no reorientation of the y-component
of the magnetization. Whereas the position of the peak in the power spectrum is unchanged upon spin-wave
transmission through the domain wall in the zero field case, the peak is shifted towards smaller wavenumbers in
the presence of an applied electric field. This corresponds to a transfer of linear momentum to the domain wall.

2 2 oo,
pra+al) jdx.

H =
T yem? — ) S (29)

The resulting domain wall velocity, X, is small since it is proportional to the Gilbert damping. In the case of a
domain wall driven by an applied magnetic field, the domain wall velocity can be increased drastically at small
driving fields by breaking the axial symmetry of the system using a perpendicular anisotropy. Wang et al.* argued
that the above effective description of linear momentum transfer can be carried over to this case and that an equa-
tion similar to equation (29) is valid even in the presence of a perpendicular anisotropy. Using this description
they were able to explain domain wall motion driven by linear momentum transfer from spin-waves in a
Dzyaloshinskii-Moriya ferromagnet.

In the present case, the axial symmetry of the system is broken by the applied electric field. Since we have not
been able to solve equation (24) for the spin-wave amplitudes, we are not able to repeat the analysis leading up to
equation (29) in the presence of the inhomogeneous magnetoelectric effect. However, we argue that—just as for
the Dzyaloshinskii-Moriya ferromagnet—the underlying physics is the same and that linear momentum transfer
from the spin-waves leads to domain wall motion that can be described using an effective Zeeman field.

The mechanism of momentum transfer from the spin-waves to the domain wall is somewhat similar to the
one suggested by Wang et al.?® for linear momentum transfer in the presence of the Dzyaloshinskii-Moriya inter-
action. As can be seen in Fig. 9(a) the application of an electric field does not cause significant spin-wave reflec-
tion off the domain wall. However, in the presence of an electric field the wavelength changes upon spin-wave
transmission through the domain wall. This is captured by the power spectrum in Fig. 9(b). The reduction of the
spin-wave wavenumber upon transmission implies that the transmitted spin-waves carry less linear momentum.
This change in linear momentum is absorbed by the domain wall.

Since the effective Zeeman field is linear in the momentum transfer*”*® and the domain wall velocity is a linear
function of the applied magnetic field below Walker breakdown?®>*!, the linear dependence of the domain wall
velocity on the electric field in Fig. 8(c) must be taken as a sign that the momentum transfer is linear in the applied
electric field, just as it is linear in the DMI constant®®. This is not too surprising, given the linear dependence on
the electric field found in equation (24). The dependence of the momentum transfer on the electric field can also
be observed in a sequence of power spectrums like the one in Fig. 9(b) taken at increasing electric fields. As the
electric field is increased, the wavenumber of the spin-waves to the right of the domain wall is shifted away from
the zero field peak, which is just what we pointed out for the homogeneously magnetized case in Fig. 6(b).

Conclusion

To conclude, we have demonstrated analytically and numerically that the inhomogeneous magnetoelectric effect
induces a magnon-mediated reorientation of a homogeneous magnetization, and we have provided an explana-
tion of the mechanism behind this effect. This reorientation is not fixed by material constants like the ones dis-
covered for Dzyaloshinskii-Moriya ferromagnets by Manchon et al.*® and for topological insulator—ferromagnet
heterostructures by Linder®, but is tunable by the applied electric field. Its magnitude increases linearly with the
electric field and an effect on the order of 8% of the saturation magnetization should not be problematic. This
is almost an order of magnitude larger than the reorientation reported by Manchon et al. for Dzyaloshinskii-
Moriya ferromagnets.
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We have also shown that the sign and magnitude of the velocity of a magnon-driven domain wall can be con-

trolled by the applied electric field in the presence of the inhomogeneous magnetoelectric interaction. Domain
wall motion towards the spin-wave source is due to angular momentum conservation while domain wall motion
away from the source is due to linear momentum transfer. The mechanism of linear momentum transfer is quite
similar to the mechanism suggested by Wang et al.*® for Dzyaloshinskii-Moriya ferromagnets, and the domain
wall velocity scales linearly with the electric field.
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G. Kimbell,' J. Wunderlich,® J. Linder,** J. W. A. Robinson'*
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CB3 OFS, United Kingdom. *Cambridge Graphene Centre, University of Cambridge, 9 JJ Thomson Avenue,
Cambridge CB3 OFA, United Kingdom. 3 International Research Centre MagTop, Institute of Physics, Polish
Academy of Sciences, Aleja Lotnikow 32/46, PL-02668 Warsaw, Poland. “Department of Physics, Norwegian
University of Science and Technology, N-7491 Trondheim, Norway. *Center for Quantum Spintronics, Department
of Physics, Norwegian University of Science and Technology, NO-7491 Trondheim, Norway. Hitachi Cambridge
Laboratory, Cambridge CB3 OHE, United Kingdom. "Cavendish Laboratory, University of Cambridge, Cambridge
CB3 OHE, United Kingdom.

The v=0 quantum Hall state in graphene has attracted experimental'"'! and theoretical'>"'® interest.
Graphene supports four zero-energy Landau levels which are described by spin and valley degeneracies.
These lead to a number of approximately degenerate symmetry-broken states'>'. Electron-electron and
electron-phonon interactions break valley-symmetry and determine the ground state of the v = 0 state. The

1618 and experiment®®>!! is that these interactions favour an

consensus emerging from theory
antiferromagnetic insulating state which supports long-range spin-polarized edge transport™''. Here we
report a competition between canted antiferromagnetic and ferromagnetic quantum Hall states in graphene
placed on a ferrimagnetic insulator Y3FesO12 (YIG), which induces a uniform magnetic exchange field in
graphene of the order 60 T. The magnetic order and energy gap of the edge modes in graphene are tunable

with an 8 T out-of-plane magnetic field at 2.7 K.

A magnetic field parallel (B)) to the plane of graphene can promote a ferromagnetic (F-) state’. In
general, however a competition between antiferromagnetic (AF-) and F-states leads to a canted
antiferromagnetic (CAF-) state in which the spins are tilted parallel (as preferred by the Zeeman field) and
perpendicular (as preferred by the interactions that favour AF order) to the magnetic field, pointing in
opposite directions in the two sublattices as schematically illustrated in Fig. 1. The CAF-state
continuously interpolates between the AF- (6 = n/2) and F-states (6 = 0), where 6 is the angle between the
spins and magnetic field. In the AF-state, charged edge excitations are gapped, but the F-state supports
gapless counterpropagating edge modes'>!”. Therefore, in the CAF-state the energy gap of the edge modes
is tunable with a magnetic field with a gap at 6 = n/2 which vanishes at 8 = 0 (Ref. 17), and a competition

between the CAF- and F-states can be detected by transport measurements’. Although a tunable energy



gap is interesting for applications, the magnetic field required to control the energy gap in graphene is of
the order 15-30 T (Ref. 9).

Here we induce an intrinsic magnetic exchange field in graphene on YIG of the order 60 T. The
magnetic order and the energy gap of the edge modes in graphene can be tuned more efficiently than in
the absence of YIG by varying the magnitude and direction of a magnetic field. In particular, out-of-plane
magnetic fields (B1) excite transitions between different v=0 quantum Hall states in graphene. The
tunability of the magnetic order and the energy gap of the edge modes in graphene are probed through
nonlocal resistance (Rn1) vs. gate voltage (V1) measurements as a function of B1 and temperature (7) in
Hall bars. The functional form of Ry (B1) is found to evolve from a single- to a double-peak structure,
which is consistent with theory and demonstrates a competition between F- and CAF-states (Fig. 1) in

magnetized graphene.

Edge states in graphene lead to nonlocal transport and invalidate the concept of a local resistivity
tensor'?. For ballistic transport, Ry is quantized to values which depend on device geometry'®, but in
graphene on YIG the edge modes are not fully protected against backscattering and device dimensions are
larger than the mean free path for charge scatter meaning values of Rn are non-universal. Nevertheless,
they provide a robust signature for the presence of edge modes as we explain here. The edge spectrum for
AF-, CAF- and F-states are different and distinguishable by measuring Ru(V1G): the AF-state does not
support edge modes and Ry is zero; however, the CAF- and F-states do support edge modes meaning R
is nonzero. For the CAF-state (F-state), the edge mode is gapped (gapless) and Ru(?1G) has a double-peak
(single-peak) structure (Fig. 1). We demonstrate a transition from a single- to a double-peak in Ru(V1c)
with B from 8 T at 2.7 K. Although these results are consistent with theory'’, values of B. are lower than
expected for isolated graphene (i.e. in the absence of a magnetic substrate) and 7-transition is an order of
magnitude higher’. From theory we estimate a magnetic exchange field in graphene due to YIG of the
order 60 T (consistent with theory?®2?), which acts to lower the magnetic field required to interpolate

between F- and CAF-states.

Recently, Wei et al. probed nonlocal transport in graphene/EuS Hall bars?* in which the EuS is a
ferromagnetic semiconductor but the v =0 states were not reported. In our experiment, we chose YIG
since it has a Curie temperature of 550 K (compared to 16.5 K for EuS), a wide bandgap of 2.84 eV
(1.65 eV for EuS) and is chemically stable. Furthermore, YIG has an electrical resistivity of 10'* Q-cm,

which isolates electrical transport to graphene.



Atomically flat (110) YIG (84-nm-thick) is grown by pulsed laser deposition (see Fig. 2a and
Methods) onto single crystal gadolinium gallium garnet with a volume magnetization of 144 emu cm™
(fig. S3), matching bulk YIG?. Magnetoelectric properties in graphene on YIG are investigated by
fabricating Hall bars in several steps involving exfoliation of graphene from graphite and dry transfer onto
YIG. Electron beam lithography is used to define Au/Cr electrodes (see Methods). The graphene is capped
with thickness of 20-50 nm hexagonal boron nitride (hBN) and has a typical field-effect mobility of
1~ 10,000 cm? V''s! at 9 K with a 40-nm-thick AlOx top-gate (Fig. 2a, left inset). We note that xis higher
than previous reports for exfoliated®® or chemical vapour deposited®®2® graphene on YIG. Control Hall
bars of hBN/graphene/AlOy/YIG (u~15,000cm*V-'s! at 9K) and hBN/graphene/SiO; (i~
3,000 cm? V'!'s! at 9 K) are investigated in which graphene is decoupled from YIG. The AlOx decoupling
layer has a thickness of ~6 nm while the SiO; is a thermally oxidized layer on silicon. Before Hall bar
fabrication, Raman spectroscopy is performed on the graphene/SiO; prior to and following transfer onto
YIG or AlOx (Fig. 2b). Both before and following transfer onto YIG, we do not observe smearing of the
2D-peak or an additional D-peak (Fig.2b). The left inset of Figure 2a shows a representative
hBN/graphene/YIG Hall bar (prior to top-gate deposition). Longitudinal resistance (Rxx) and Rn are
measured using lock-in amplifiers (see Methods). For local measurements, /9,10 indicates a current flowing
between contacts 9 and 10 and a local voltage V35 is measured between contacts 3 and 5 giving Rxx =

V35/10,10. For Rui, V' is probed away from the current path, e.g. Ra= R34,56= Vs,6/13 4.

We first focus on nonlocal measurements of hBN/graphene/YIG Hall bars in zero magnetic field.
Figure 2c shows a peak in Rn ~380 Q at the Dirac point (¥p). By normalizing Rxx and Ry to their respective
values at Vb (Rxx,p Or Rn,p), We observe that Ra/Ruip is an order of magnitude smaller than Rx/Rxx,p and
the peak in Ry is sharper than Rx. These indicate a contribution from the ordinary spin Hall effect?” and
possibly the Zeeman spin Hall effect since YIG has a small remnant out-of-plane moment?’. Ohmic, Joule
heating and Ettingshausen contributions to Ry are ruled out as shown in Supplementary Sections 2 and 4.
Equivalent zero field measurements on hBN/graphene/SiO; (fig. S7) and hBN/graphene/AlOx/YIG
(fig. S8) reveal reduced Ru values at Fp (less than 65Q at 9K in both cases) compared to
hBN/graphene/YIG despite larger mobility.

In Figures 3a,b we have plotted Rxx(B1) and Ru(B1) for a hBN/graphene/Y1G Hall bar. Shubnikov-
de Haas oscillations are clearly visible in Rxx and Rni (Fig. 3a) where Ro/Rui,p falls two orders of magnitude

below Rxx/Rxx.p, consistent with induced magnetism in graphene?®. The Onsager relation Rse 75 (B1) = R7s.56



(=B1) # R78,56 (B1) holds for Ru (Fig. 3b) indicating it includes a contribution from the Zeeman spin Hall
effect?. With the help of magnetic exchange field and Zeeman field in graphene, a spin-polarized state
with nonzero spin Hall conductivity is stabilized as a precursor of the v = 0 F-state. Figure 3¢ shows a fan
chart of V16 — Vp as a function of B1 for Landau levels at filling factors —14 < v < +14. The dashed lines
are calculated voltages at different Landau level filling factors. The calculated values of Vrg— Vb agree
with the experimental results indicating negligible orbital effects in hBN/graphene/Y1G**. Figures 3d-f
show Rxx vs. V16— Vp plots used for fan chart construction. B1 required to quantize the Landau levels is

smaller than 1 T.

The energy of a Landau level N is E, =+,/2|N|havjeB, , where e is the electron charge, 7 is the

Planck constant divided by 2, vk is the Fermi velocity, and N=0, =1, £2,.... More quantum Hall plateaus
oxy = 4(N+1/2)e*/h will appear at filling factors v=0, £1,.... The v =0 at the centre of zeroth Landau level
is different, as it does not exhibit the deep minimum in Rxx which is a characteristic of the quantum Hall

effect for other filling factors.

Figure 4 shows evidence for a gapped v = 0 insulating state in hBN/graphene/YIG that appears in
Oxy Vs. V1— Vp for B1 =12 T, while hints of the zeroth Landau level lifting appear in magnetic fields of
only 4 T in oxx. Figures 4e,f show oxy vs. V16— Vb where a standard integer family of plateaus is visible
for BL<6 T, but for BL> 6 T the v = 0 plateau initiates along with a splitting in oxx (Figs. 4c,d). Av=0
plateau forms by Bi=12T (Fig.4h). Equivalent measurements on hBN/graphene/SiO> and
hBN/graphene/AlOx/YIG Hall bars show a transition from v =-2 to 2 plateaus, but the v = 0 plateau and

a splitting in oxx do not appear™.

The onset of the v =0 plateau in hBN/graphene/YIG coincides with a rapid rise in Rxx,p vs. B
(Fig. 5a), consistent with a transition to an insulating state. Control Hall bars do not show this behavior
(fig. S9a) meaning that the presence of YIG promotes the low field formation of the v = 0 plateau. The
v =0 insulating state in hBN/graphene/YIG could arise due to various symmetry-broken states!>!416-18,
However, the important role of YIG in stabilizing this state indicates that the magnetically-induced
exchange field in graphene lowers the energy of the symmetry-broken state, and the CAF-state is the most

plausible candidate for the insulating v = 0 quantum Hall state appearing with B .

The above interpretation is consistent with other observations - e.g. the v = 0 plateau develops at

a similar values of B1 where a double-peak appears in Ru( V1) (Figs. Sc,d) which is expected for the CAF-



state (Fig. 1c). By increasing B1, Rn,p at the Dirac point approaches zero meaning that the magnitude of
the edge gap is increasing, consistent with our theoretical calculations that show the angle between
magnetic field and the direction of the spins in graphene increases with increasing B1. The magnitude of
B1 determines the Zeeman energy (£, = gusB1, where g is gyromagnetic ratio, u is Bohr magneton) in
graphene and the valley anisotropy energy related to electronic interactions which favor an AF-state, but
the valley anisotropy energy increases faster with Bi. This leads to the phase diagram schematically

illustrated in Fig. 5g, where B1 causes a phase transition from F- to CAF-state’.

To test the above hypothesis, we investigate the effect of rotating the magnetic field (B) from By
to B (Figs. Se,f). By favors the F-state and will reduce the magnitude of the edge gap, which shows up as
an increase of Ru,p. A maxima in Rn,p will be reached at the phase transition from CAF- to F-state where
the edge gap vanishes. As the magnitude of B is constant during magnetic field rotation, B1 decreases by
rotating B in-plane and eventually the system is driven out of the quantum Hall regime with decreasing
Ruip. Figures 5e,f confirm these predictions and they are well described by theory that focuses on a
competition between CAF- and F-states assuming that YIG induces a 60 T magnetic exchange field in
graphene®. The magnitude of B controlling the magnetic order and the energy gap of the edge modes in

graphene is of the order of 5-10 T, which is smaller than the 20-30 T field required in the absence of YIG®.

In conclusion, by placing graphene on YIG a magnetic exchange field in graphene of the order
60 T is induced which enables low field (8 T) tunability of the magnetic order and energy gap of the edge

modes in graphene.
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Methods

Growth of YIG. (110)-oriented epitaxial YIG is grown from a stoichiometric target by pulse laser
deposition (KrF laser, wavelength 4 = 248 nm) at 750°C in flowing O> at 0.12 mbar with a pulse fluence
of 2.2 J cm™ for 40 minutes and 4 Hz repetition rate onto lattice-matched 5 x 5 mm? (110) gadolinium
gallium oxide. The films are annealed in situ at 850°C for 2 hours in 0.5 mbar of static Oz and subsequently
cooled at a rate of 5°C min"'. Low angle reflectivity (Fig. 2a) confirms a typical roughness of ~0.14 nm
and thickness 84 nm.
Device fabrication. Graphene is prepared by mechanical cleavage from high purity graphite and is
transferred onto SiO»/Si using pre-fabricated alignment markers. Few-layer hBN flakes (20-50 nm,
confirmed by atomic force microscopy) are prepared by mechanical cleavage from hBN single crystal. An
optical mask is prepared for the transfer process of graphene and hBN, which includes three layers: the
first is a piece of thin transparent glass; the second, a transparent and flexible polydimethylsiloxane
(PDMS) film, which has two adhesive sides; the third is a thin polycarbonate (PC) film. The selected hBN
flake is picked up by a transfer system, which includes the optical mask, micromanipulator, hot plate (set
to 50 °C) and optical microscope. The hBN flake on the optical mask is aligned to the selected graphene
on Si0/Si and transfers graphene from SiO2/Si to YIG. After the optical mask touches the YIG substrate,
the hot plate is set to 180°C to melt the PC film and then the mask is lifted. hBN/graphene is released from
the PDMS on the glass. Finally, the PC film on the hBN/graphene is dissolved by chloroform. The whole
transfer process is illustrated in fig. S1.

Hall bars are fabricated by electron beam lithography (EBL) as shown in fig. S2. A 30-nm-thick
Al mask layer is patterned by EBL and deposited by electron beam evaporator. The hBN/graphene stack
is shaped into Hall bar using reactive ion etching with Al mask. Then the sample is rinsed with AZ 326
MIF developer to remove the Al mask. A double-layer PMMA resist (PMMA 495K A6 and 950K A2) is
used to pattern the contacts on the hBN/graphene with EBL. 10-nm-thick Cr and 70-nm-thick Au films
are deposited by electron beam evaporation to define contact layers. The dielectric layer for the top-gate
is amorphous AlOx (40-nm-thick) prepared by atomic layer deposition with trimethylaluminum (TMA)
and H»O as precursors at 120°C. The top-gate electrode (10 nm Cr/70 nm Au) is prepared by electron
beam evaporator.
Transport measurement setup. Transport measurements are performed using lock-in amplifiers at low
frequency (7 Hz) using an excitation current of 50 nA at 2.7 K and 100 nA at 9 K as a function of magnetic

field (0-12 T) and top-gate voltage at varying temperatures (7> 2.5 K). A series resistance of 10 MQ or



100 MQ is introduced to maintain a constant current condition that is confirmed by the signal from the
lock-in amplifier which measures the current fed through a 10 kQ series resistor. For local measurements
(ig. S4h), a current source (e.g. lo,10 = Vioko/Rioka) is applied between the electrodes (e.g. contacts 9 and
10), the measured voltage between the electrodes (1 and 2) is Hall voltage (71,2) and between the electrodes
(2 and 4) is longitudinal voltage (V2,4). The Hall resistance is calculated by Rxy = V1,2/19,10, and longitudinal
resistance Rxx = V2.4/I9,10. For the nonlocal measurement (fig. S4i), a current source (/34 = Vioko/Rioke) 18
applied between the electrodes (3 and 4), the measured voltage between the electrodes (1 and 2) is nonlocal
voltage (V1,2) and is often converted to nonlocal resistance (Rn) by dividing the injection current (Rn =

R3a12=V12/1.4).
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Figure 1 The AF-, F- and CAF-states in graphene. (a) The AF-state is spin-unpolarized and both the bulk and edge
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are gapped, Acgee = Avui. Due to degeneracy, the net spin polarization is zero at the edge. (b) In the F-state the bulk
is fully spin-polarized and the system supports gapless helical edge modes. (¢) The CAF-state continuously
interpolates between the AF-state (6 = n/2) and F-state (6 = 0), where @ is the angle between the spins and magnetic
field B. The bulk state is partially spin-polarized and Acgee < Avuik. At the edges there appears a spin-texture. The
edge gap depends continuously on @, so that Acage = Avuik for 6 =1/2 and Acgee = 0 for € =0. The middle panels
show the edge state spectrum for the different states and the spin-polarization direction relative to B. Color bar
shows the spin direction relative to B, scales from 1 to -1 mean that the spin direction is from along with to opposite
to B. The lower panels illustrate how the edge spectrum can be probed by measuring Rui(¥1c). The Fermi level (er)
can be controlled with V1 and the appearance of the edge states at the given energy gives rise to nonlocal signal.

This leads to a single-peak (double-peak) structure of Ry in the case of F-state (CAF-state).
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Figure 2 Device and transport properties in zero magnetic field. (a) Low angle X-ray reflectometry of (110) YIG

confirming a thickness of 84 nm and roughness ~0.14 nm. (Upper inset) High angle X-ray diffraction demonstrating

single phase (110) YIG. (Lower inset) Optical micrograph (false color) of a representative hBN/graphene/Y1G Hall
glep p grap p grap

bar where B, indicates an out-of-plane magnetic field. (b) Raman spectra at 293 K for different structures (labelled)

where G stands for “graphene”. The background Raman spectra from hBN and YIG/GGG are subtracted where
GGG stands for “gadolinium gallium oxide”. (¢) Ru vs. V1 — Vp at 9 K for hBN/graphene/YIG and control Hall
bars (labelled) with insets showing Rx/Rxxp and Ru/Ruip vs. V1 — Vp for the same Hall bar.
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Figure 3 Nonlocal resistance Ry and Landau levels in hBN/graphene/YIG for B, <2.5 T. (a) R«w/Rxx,p and Ru/Ru,p
vs. Vig— Vp at By =2.5 T. (b) Rup vs. B, for reverse nonlocal connections showing that the Onsager relation holds
with the inset showing Rup vs. By for control Hall bars (labelled) where G stands for “graphene”. (¢) Vg — Vp vs.
B, for different Landau level filling factors (numbered) with calculated fits (short dashed lines). (d)-(f) R« vs. Vrg
—Vpfor BLof 1 T, 1.5 T and 2.5 T (labelled).

11



B =25T
03}

0.2
01}

0.0

T=27K

03

02

0.1F

0.2

0.1

0.0

d B, =12T
03}

02+

0.1+

0.0

Figure 4 Lifting of the v =0 plateau. (a)-(d) ox vs. Vrg— Vp for different values of B, (labelled). (e)-(h) oxy vs.

0
Vie =V (V)

V16— Vp for matching values of B, in (a) to (d).

12

B =25T

T=27K

0_
2L
B =127 '
2+
oL
2
2 4 0 2
Vie = Vp (V)



a
180
T=27K o B, =4T B=-8T B o127
r:
4 12
120 o
G i -
2 &
@« 0
60 J 6
’
<&
b--—.‘—"
% 4 8 12 S 0 T 5 e . >
B, (T) Vig ~ Vo (V) Vig ~ Vo (V) Vig — Vi (V)
a(®)
0 10 20 30 40 60 90
= fs 9 140 ;
T=27K =@ 2T=4A~6T=4 10T
-8 4T-v- 8T=4= 12T 1201
4t -~
,’s'x‘\\("-\~ - X il
” . Soe==~%e
s . LA S ke -
o 3F . ,’_\ A £ ool
£ Vi e ¢ %
9 4 ‘3 X -t =
Ao, o2} 4 ¥ S + 60
« 2p 1 S ™ -
viG i 0 . “
GGG _,' t’ '/ ) ]
’
'l . ”¢ 20
‘I/—,-".4 _—‘___--0--.~~.
- Aee L 1 0 Y
0 30 60 920 120 0 2 4 6 8 10 12
a(°) B,(T)

Figure 5 Phase transition versus the magnitude and direction of magnetic field B. (a) R« vs. B. showing a metal
to insulator transition in hBN/graphene/YIG at 2.7 K. The dashed curve is a guide to the eye. (b)-(d) Rup vs.
Vrg— Vp for different values of B, (labelled). (e) Schematic illustration of a device and the direction of B, where
B=\/m and « is the angle between B and the graphene surface. (f) Ruip vs. o for B spanning 2 to 12 T. (g)
Phase diagram vs. B, and the spin-splitting field (B.+M..), where M., is the magnetic exchange field induced by
YIG. For small B,, the quantum Hall (QH) state is not well-developed. By increasing B, there exists competition
between the F- and CAF-states. For reasonably small B, and large (B.+M..), the F-state is realized, whereas for
large B, and small (B-+M..), the CAF-state is energetically favoured. The phase transition line (solid black) is
estimated by the experimental data reported in Ref. (9). The magnetic order and the energy gap of the edge modes
can be controlled by the magnitude of B, [green dotted line and blue circles relate to the states of Figs. 5(b)-(d)]
and the direction of the B (red dotted line from o= 0to & = 90° for B =12 T). M., is estimated to be 60 T.
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Competition between canted antiferromagnetic and spin-polarized quantum Hall
states at v =0 in graphene on a ferrimagnetic insulator

Y. Li,"?+ M. Amado,'t T. Hyart,> G. P. Mazur,® V. Risinggard,** T. Wagner,"° L. McKenzie-Sell,'”’
G. Kimbell,' J. Wunderlich,® J. Linder,** J. W. A. Robinson'*

S1. Characterization of YIG and graphene/YIG

The magnetic properties of YIG are assessed through magnetization (M) vs. magnetic field (B)
measurements (Fig. S3). The in-plane M(B) loop is strongly anisotropic with an easy axis coercivity of
~0.3 mT and we estimate a volume magnetization at saturation of 144 emu cm™. The maximum in-plane

(out-of-plane) field required to fully magnetize the YIG is 70 mT (300 mT).

To investigate structural and electronic homogeneity of the graphene on YIG, Raman spectroscopy
maps are measured at 293 K (Figs. S4a,b). The positions of the 2D peaks [Pos(2D)] are in the 2680 and
2700 cm! range, and the full width at half maximum (FWHM) of the 2D peaks are typically 20 cm™' to
30 cm™!. From the Raman images, the homogeneous area [2690 cm™ < Pos(2D) <2700 cm™ and 20 cm’!

<FWHM < 25 cm™'] is selected and used to fabricate devices (Fig. S4c).

The quality of the Hall bars is characterized through Hall-effect and field-effect mobilities. The
Hall-effect mobility of hBN/graphene/YIG Hall bars can be tuned via the top-gate voltage (from -5 V to
1 V with a leakage current of ~2x10"'" A) up to ~50,000 cm? V' s with 5%10'° cm™ carrier density at 9 K
(Fig. S4d) and the field-effect mobility in the 3,000-12,000 cm? V! s! range at 9 K (Figs. S4e,f) and 4,000
to 40,000 cm? V-'s7 at 2.7 K (Fig. S4g) with carrier densities between 10'! and 10'? cm?.

S2. Ohmic contribution to Ru

Several sources may induce nonlocal voltages in the absence of an external magnetic field. One source is

the Ohmic contribution', which is given by
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where L and W are the channel length and width as graphically defined in Fig. 2a of the main paper. In
zero external magnetic field for the hBN/graphene/YIG, L/W = 2.75 and R« = 9.8 kQ, and from Eq. (S1)
we find Ruo ~1Q, which is two orders of magnitude smaller than the measured Rn (Fig. S5a).
Furthermore, Ry from hBN/graphene/Y1G is sharper than Rxx when top-gate voltage approaches the Dirac
point (Vp). We can therefore conclude that Ry is not simply proportional to Ry in zero magnetic field
meaning that the nonlocal signal from hBN/graphene/Y1G is dominated from other factors than the Ohmic

contribution.

S3. Magnetoresistance at low magnetic fields

At low magnetic fields our device exhibits sharp negative magnetoresistance which is attributed to weak
localization effect (Fig. S5b). The device shows high quality which is confirmed by Shubnikov-de
HaasS oscillations appearing at magnetic fields as low as 0.5 T. As Rashba spin-orbit coupling in
graphene should give rise to weak antilocalization effect, in our device there is no strong spin-orbit

coupling.

S4. Thermal contribution to R

In all transport measurements we use an alternating-current excitation of ~50 nA at 2.7 K and ~100 nA at
9 K with a frequency ~7 Hz. These low current amplitudes are chosen to minimize thermal contributions
to the nonlocal transport due to Joule heating and Ettingshausen effects whilst simultaneously maximizing
the signal-to-noise ratio of the measured voltages.

Joule heating can give rise to the second harmonic nonlocal signal R}, and Ettingshausen effect

can lead to first harmonic nonlocal signal R, (Ref. 2, 3). For all the Hall bars, we measure both the first

and second harmonic nonlocal signal using lock-in amplifiers. At 2.5 T, R, is typically two orders of
magnitude below the Ry (Figs. S6a,b) and in the 8-10 Q range when /= 100 nA. Figures S6c,d show that
R}, is directly proportional to the excitation current as expected and hence the excitation current is kept

below 100 nA during the measurements to minimize the thermal contribution. In addition, when the
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current and voltage probes are switched to reverse the current direction, R, changes sign due to heat flow

reversal along the Hall bar (Figs. Sé6c,d). In zero magnetic field, RZ, is less than 1 Q, which is negligible
(Fig. S6ée).

Ettingshausen contributions to the first harmonic nonlocal signal are due to the heat flow generated
by Ettingshausen effect, which can be described as R} o« S;T (Syx, transverse thermopower coefficient
and T, temperature)’. The maximum R/, and Syx both occur at N =0 Landau level, but Syx changes sign
when the gate voltage locates between adjacent Landau levels or in the center of a Landau level?, in which
Rl should have peaks. Figure S6f compares the Rnand Ryx as a function of top-gate voltage, but Ry does
not show other peaks except for at the Landau level positions, which suggests the Ettingshausen effect

contribution is negligible.

S5. Nonlocal and local measurements on hBN/graphene/SiO: control Hall bars

We investigate Rn and Rxx of hBN/graphene/SiO: control Hall bars in which the graphene is not coupled
to ferrimagnetic insulator YIG. The field-effect mobility is in the 1,500 to 3,500 cm? V' s! range with a
carrier density between 10! and 10'> cm™. At B1 = 12 T, both longitudinal conductivity (oxx) and Rn show
a single peak at the Dirac point (Fig. S7a), and the magnitude of the peak in the nonlocal signal is an order
of magnitude smaller than in the presence of the coupling to YIG. The Hall conductivity oxy vs. top-gate
voltage Vrc— Vb only shows plateaus corresponding to v==2 (Fig. S7b). At 12T and 0 T, R, is one
order of magnitude below the Rn (Figs. S7¢,d). In zero external magnetic field for the hBN/graphene/SiO2
Hall bar, L/W=2.6 and Rxx=5.8kQ, and from Eq. (S1) we find Ru,o~1 Q, which is one order of
magnitude smaller than the measured Rn (Fig. S7e).

S6. Nonlocal and local measurements on hBN/graphene/AlOyx/YIG control Hall bars

We investigate Rn and Rxx of hBN/graphene/AlOx/YIG control Hall bars in which the graphene is
decoupled from YIG by a thin layer of AlOx (~6 nm). The Hall-effect mobility is 15,752 cm? V' s™! with
5x10" cm? carrier density at 9 K, and the field-effect mobility is in the range of 12,000 to
20,000 cm? V-!'s™! with a carrier density between 10" and 10'? cm™. At B1 = 12 T, both oxx and Rn show
a single peak at the Dirac point (Fig. S8a), and the Hall conductivity oxy vs. top-gate voltage only shows
plateaus corresponding to v = =2 (Fig. S8b). At 12 T and 0 T, R, is around two orders of magnitude below
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Rui (Figs. S8c,d). In zero external magnetic field for the hBN/graphene/AlOx/YIG Hall bar, L/W = 2.3 and
R« =10kQ, and from Eq. (S1) we find Ruo ~4 Q, which is one order of magnitude smaller than the
measured R (Fig. S8e).

S7. Transition to an insulating quantum Hall state

In the presence of the magnetic exchange field induced by YIG, graphene undergoes a metal to insulator
transition with increasing magnetic field indicated by a sharp rise in Rx. Such a rise is not observed in
hBN/graphene/SiO> and hBN/graphene/AlO/YIG Hall bars (Fig. S9a). Since no traces of broken
degeneracies that might provoke the appearance of the insulating state have been observed in our control
samples where graphene is decoupled from YIG, we conclude that the appearance of the plateau at v=0

in our experiments is intimately related to the graphene/YIG coupling.

S8. Theoretical description of the competition between F- and CAF-states

We discuss the phase transition between the fully spin-polarized ferromagnetic (F-) state and the canted
antiferromagnetic (CAF-) state in the light of the theory*> and the previous experiments®. The dependence
of the tilting angle in the CAF-state on the magnetic field B and the magnetic exchange field M.x induced
by YIG is estimated.

In the non-interacting limit (when Zeeman field and spin-orbit interactions are neglected),
graphene supports four zero-energy Landau levels and has spin degeneracy as well as valley (K, K’)
degeneracy. As in each valley the wave functions reside on one of the sublattices (A, B), the valley index
is directly related to the degree of freedom of sublattice (K <> A, K’ <> B). The electron-electron and
electron-phonon interactions break the valley symmetry on the lattice scale and the generated valley
anisotropy determines the ground state of the v =0 quantum Hall state in graphene. In a systematic
theoretical study of the possible anisotropies, there are a large number of different possible symmetry-
broken states?, but from the experiments of Refs. (6-8) it indicates that the interactions favour
antiferromagnetic (AF) insulating state (both bulk and edge excitations are gapped) with opposite spin
polarizations on the two sublattices. On the other hand, the external magnetic field and the proximity of

YIG lead to a breaking SU(4) symmetry,
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H, =M -G,M =

M

B+M,, (S2)
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favouring the spins to be parallel to the spin-splitting field M which is the sum of the Zeeman field and
M., induced by the YIG. All fields M, B, and M.« are in units of Tesla. We have following assumptions:
1) g=2; 2) M is spatially constant, and M,y is considered as a spatial average of the magnetic exchange
field induced by the YIG on graphene; 3) There is a disordered interface between graphene and YIG, so
that the sublattice (valley) symmetry is not broken on average; 4)

M, =M, B (S3)

In the absence of spin-orbit coupling effects, M.y is parallel or antiparallel to B, but due to the
ferrimagnetic nature of YIG, the magnitude of M. could depend on the direction of B. If the spatial
locations of the oppositely polarized magnetic moments do not depend on the direction of B, this
dependence is not expected to be very strong. Therefore the magnitude of the M. is independent of the
direction of B; 5) The magnitude of the M., does not depend on |B|,when B is sufficiently large so that the
magnetization of YIG is saturated. In addition, in-plane and out-of-plane anisotropies of YIG are not

important here.

The competition between the AF- and F-states leads to the CAF-state where the spins in the two
different sublattices are tilted along the direction of the M (as preferred by Hpuy), but also they have
components perpendicular to M which are pointing in opposite directions in the two sublattices (as
preferred by the electron-electron interactions favouring AF-order). The spin directions in the two

sublattices can be calculated by minimizing the energy*>

E()=E, +”L;[—yBM(B)cos9+u(zi)cos2 0] (S4)
B
where Ey is a constant, L2 is the area of the sample and /5 is the magnetic length. The anisotropy energy
u(B1) depends not only on the microscopic interactions that break the valley symmetry on the lattice scale,
but also on the Landau level wavefunctions, so that it can be controlled with the help of Bi. Under the
assumptions discussed above, M(B) = |M|, which only depends on the magnitude of the total magnetic
field B= |B|. The spin directions are described by the polar angle & of the spins relative to the direction of

M, and the azimuthal angles ¢, ¢ + © in the two sublattices. The energy does not depend on the azimuthal
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angle, so ¢ describes spontaneously broken U(1)-symmetry in the CAF-state. The AF-state is reached
when M = 0 and in this case 6 = /2, indicating that the spins in the two sublattices are pointing in opposite
directions. As M =0, we can define 0 relative to any axis and AF-state is described by spontaneously
broken SU(2)-symmetry. In the F-state, the magnitude of M is so large that spins are fully polarized along
the direction of M, then there is no spontaneously broken symmetry in this case (paramagnetic phase).

The angle @ is determined by equation,

1, M >2u(B
cosf = Ho u(B,) (S5)
M 1 2u(B), M <2u(B))
so that the transition from CAF- to F-state occurs at
1M, =2u(B,) (S6)

The anisotropy energy u(B1) is not known very well theoretically, therefore we determine it by
utilizing earlier experiment results®. From experiment, the edge mode conductance is measured as a
function of B for various values of Bi. In the CAF-state, the edge is gapped giving a zero conductance.
On the other hand, F-state supports counterpropagating helical edge modes. If they are ballistic (i.e. the
length of the system is shorter than the mean free path), the conductance in a simple two-terminal geometry
is given by G =2¢%/h. Indeed, experimentally the conductance G(B, B.) shows a sharp crossover from
G = 0to G = 2¢*/h as a function of B for different values of B1. Then the critical value of the total magnetic

field B. can be well estimated by requiring
G(B,,B))=¢€"/h (S7)

As in this experiment the magnetic exchange field is zero, we get M. = B. and u(B1) can be determined
from Eq. (S6). The phase transition lines in the (M, B.1)-plane for two different samples reported in Ref. (6)

are shown in Fig. S9b. By averaging the two lines, we have
u(B,)=5uy(B, +0.5) (S8)

It is a reasonable estimation in the light of Refs. (4, 5), but the shift of 0.5 T indicates that we are
linearizing a nonlinear function. In the experiment of Ref. (9), the thermal activation gap increases
approximately linearly with B1 up to magnetic field on the order of 30 T, so the assumption of linear
dependence is reasonable. Accoring to the estimation for u(B1), we find that 26 =0.93n for large

perpendicular magnetic fields. It means that the spins are practically pointing in the opposite directions,
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leading to an AF-state, which is consistent with the experimental observations that v = 0 state in graphene
is (approximately) spin unpolarized’, charged excitations are gapped both in the bulk and at the edge®!°
as well as with the observation of long-distance spin transport’®, In the case of tilted magnetic field, it
leads to a CAF-state and 8 decreases with increasing B when B1 is kept constant. To achieve a transition

from CAF- to F-state, it needs a very large magnetic field® (~ 108L).

Our experiments indicate that the proximity from YIG does not lead to strong orbital effects in
graphene, and therefore we expect that the estimation for the anisotropy energy [Eq. (S8)] is valid for our
devices. In Fig. 5, the transition from CAF- to F-state occurs approximately at B1~ 6 T. So Mex induced
by YIG is estimated to be 60 T. Moreover we calculate how the angle § depends on the magnitude of B..
Interestingly, 6 can be changed over a large range with relatively small external magnetic fields on the
order of 5-10 T (Fig. S9c). Such kind of control of the magnetic order is not possible in the absence of
magnetic exchange field.

The polar angle § can be varied by rotating the direction of the magnetic field. Figures S10a,b plot
the polar angle as a function of B and the a between magnetic field and sample surface (the perpendicular
magnetic field B1=Bsina and the parallel magnetic field By =Bcosa) and the phase-diagram. In the
presence of magnetic exchange field induced by YIG, it is possible to control § with the direction and
magnitude of B and leading to a transition between CAF- and F-states. If B is kept constant, varying the
angle a from m/2 to O first causes a transition from CAF- to F-state, and then by further decreasing a the
system is driven away from the quantum Hall regime because B1 decreases. We expect that the quantum
Hall state is not well-developed in our samples for magnetic fields below 3 T. In the absence of magnetic
exchange field, it requires a very large value of B in order to access the regime where 6 can be changed
substantially. For external magnetic fields on the order of 5-10 T, the angle 0 remains close to m/2
(approximately AF-state) until a is so small that the system is driven out of the quantum Hall regime.

It is worth pointing out that magnetic exchange field lowers the energy of both the CAF- and F-
states. In the CAF-state, magnetic exchange field decreases the energy as ~0F o« M*/u(B1) and in the F-
state as -0F « M. Therefore, magnetic exchange field can stabilize both CAF- and F-states in samples
where the v = 0 quantum Hall state would not be realized in the absence of magnetic exchange field. This
could explain why the quantum Hall state is only observed in the sample where the coupling to YIG is

present and not in our control samples where this coupling is absent.
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S9. Energy gap of the edge modes

The low-energy edge excitations in this type of quantum Hall systems are collective excitations!!"!*. While
the properties of these collective excitations are different from the single-particle excitations, for our
purpose, an adequate estimation of the energy gap of the edge modes can still be obtained using a

simplified mean-field single-particle approach developed in Ref. (5).

In the AF-state the charged bulk and edge excitations are gapped, whereas in the F-state the bulk
excitations are gapped but gapless counterpropagating edge modes (protected by spin-rotation symmetry)
appear at the edge. Because the CAF-state continuously interpolates between the AF (0 =n/2) and F
(60 =0) states, the edge gap has to gradually decrease when 6 decreases from m/2 to 0. This behavior is

captured by the mean-field Hamiltonian®

H ==¢g(k)7.0y = (1M +A.)7,0. A 7.0, (89)

where the Pauli matrices 7; and o; operate on the valley and spin degrees of freedom, respectively, and the
spin quantization axis (z-direction in the spin space) has been chosen to be along the direction of the
external magnetic field. Here M = |M| = B + M., &(kx) describes the dispersion of the Landau levels and

kx is the momentum along the direction of the edge (x-direction), which is related to the position yx = kil
» perpendicular to the edge in Landau gauge. When yj_is deep inside the bulk, &(k:) =0, and when y_

approaches the edge, &(kx) increases. The exact functional form of &(k:) is not important here. Additionally,

we have introduced the mean-field potentials obtained by performing decoupling of the interactions
A, =2V (B))cosO,A =2V (B,)sinb (S10)

The potential A: arises due to the spin component of the electrons parallel to the spin-splitting field M,
and A, is due to spin component perpendicular to M pointing in opposite directions. We have neglected
the spatial dependence of the mean-field potentials A, and A.. The effective interaction strengths Vz(B1)

and V(B1) to increase with increasing B1 and the related anisotropy energy is
u(B,)=V.(B)=V.(B,) (S11)
Moreover, Vi(B1) is directly related to the bulk gap Apuik in the AF- and CAF-states

Ay =4V.(B)) (812)
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Therefore V«(B1) could be estimated using the thermal activation gap measured in the experiments, and
VA(B1) could be determined using Eqs. (S8) and (S11). In the experiment of Ref. (9), the thermal activation
gap increases approximately linearly with Bi, so that all interaction strengths Vi(B1), Vz(B1) and u(B1)
depend linearly on B1 in the range of magnetic fields we consider here. However, in the following we
describe the edge gap Acdge in the units of Apuik, SO the exact values of the interaction strengths V:(B1) and

V2(B1) are not essential.

Acoording to the energy spectrum from the Hamiltonian [Eq. (S9)], the edge gap is given by

0, M >2u(B F-stat
Cdgc_{ M >2p(B,) (F-state) (S13)

“\A,,sing, M <2u(B,)(CAF-state)

and it immediately follows from this expression that Acgge = Abulk in the AF-state (@ = n/2) and edge gap
vanishes (Acage — 0) when one approaches the F-state (60 — 0). Furthermore, Figures S10c,d show how
the edge gap depends on B. In the presence of magnetic exchange field, it is possible to tune Acdge
efficiently using relatively small external magnetic fields. But in the absence of magnetic exchange field,

the edge gap satisfies Acdge = Avulk unless very large magnetic fields are applied.
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Figure S3 Magnetic properties of (110) YIG at 293 K. (a) Schematic illustration showing in-plane easy and hard
axis directions on (110) YIG, where GGG stands for “gadolinium gallium oxide”. (b) Magnetization (M) vs. in-
plane external magnetic field (B) hysteresis loops for different in-plane field directions. At 0°, B is parallel to the

hard axis [110], while for 90° along the easy axis [001]. The inset shows the low field M(B)) along the in-plane
easy axis. (¢) Stoner plot shows constant saturation magnetization (M) and the variation of the remnant
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Figure S9 Phase transition diagrams. (a) px,p at Dirac point vs. B, in hBN/graphene/YIG and control Hall bars
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We discover an intrinsic superspin Hall current: an injected charge supercurrent in a Josephson junction
containing heavy normal metals and a ferromagnet generates a transverse spin supercurrent. There is no
accompanying dissipation of energy, in contrast to the conventional spin Hall effect. The physical origin of the
effectis an antisymmetric spin density induced among transverse modes k,, near the interface of the superconductor
arising due to the coexistence of p-wave and conventional s-wave superconducting correlations with a belonging
phase mismatch. Our predictions can be tested in hybrid structures including thin heavy metal layers combined
with strong ferromagnets and ordinary s-wave superconductors.

DOI: 10.1103/PhysRevB.96.094512

I. INTRODUCTION

By combining materials with different properties at the
quantum-mechanical level into hybrid structures, new physics
emerges that often cannot be found in pure materials. The
field of superconducting spintronics [1] is a prime example
of this, where the synthesis of superconducting and magnetic
correlations has been shown [2-5] to yield physical effects
that are interesting both from a fundamental viewpoint and
from the viewpoint of potential cryogenic applications. One
actively pursued direction in this field has been the prospect
of producing dissipationless currents of spin carried by spin-
polarized Cooper pairs [6,7]. The conversion of charge currents
to spin currents is known to occur via the spin Hall effect
[8-10] in conventional spintronics, but it is accompanied by
the dissipation of energy due to the resistive nature of electric
currents in nonsuperconducting structures. Here, we show that
it is possible to achieve a dissipationless conversion from
charge to spin supercurrents, using conventional superconduct-
ing materials. We discover that an injected charge supercurrent
in a Josephson junction generates a pure transverse spin
supercurrent that is thus time-reversal invariant. Due to the
analogy with the conventional spin Hall current, we refer to
this as a superspin Hall current. The microscopic origin of
the superspin Hall current is a spin magnetization induced at
the interface that is antisymmetric in transverse momentum
ky. This magnetization is in turn caused by the induction
of p-wave superconductivity coexisting with conventional
spin-singlet pairing. Our predictions can be verified using
hybrid structures with thin heavy-metal layers combined with
strong ferromagnets and ordinary s-wave superconductors
(see Fig. 1) and open new vistas for making superconductors
compatible with spintronics functionality.

II. THEORY

To describe physics occurring at atomic length scales and
also incorporating strong spin-orbit coupling, we use the tight-
binding Bogoliubov—de Gennes (BdG) framework, which is
free from the limitations on length scales and self-energy
magnitudes present in, e.g., quasiclassical theory [11]. Our

2469-9950/2017/96(9)/094512(8)
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Hamiltonian reads

; i
H=—t Z C,TGC]'U — E Z )»,'Cjan - (0 x d,'j)a/ng/g
(i,])o (i, J)ap

- ZMiC,T,,Cio - Z Uinipngy + cha(hi 0 )apCip-
io i iaf

)]

Here, ¢ is the hopping integral, {cia,cjfa} are second-quantized
fermion operators for site  and spin o, n is a unit vector normal
to the interface, A; is the site-dependent spin-orbit coupling
magnitude, d;; = —d j; is the nearest-neighbor vector from
site i to site j, nj, = cjfac,-g, o is the Pauli matrix vector, h;
is the local magnetic exchange field, u; is the local chemical
potential, and Uj is the on-site attractive interaction giving rise
to superconductivity. For concreteness, we consider a square
lattice of size N, x N, with lattice site indices i = (ix,iy).
To demonstrate the superspin Hall current, we consider Fig. 1
which may be experimentally achieved by creating a stack of
layers including one magnetic layer (e.g., Fe or Co) and two
thin heavy-metal layers (e.g., Pt or Au) sandwiched between
two conventional superconductors (e.g., Nb or Al). The various
terms in Eq. (1) exist in their respective regions in Fig. 1.
For instance, the spin-orbit coupling term ; is only finite for
lattice points inside the heavy-metal regions. For brevity of
notation, the lattice constant is set to a = 1 and all length
scales are measured relative to a whereas all energies are
measured relative to . Since n is the interface normal (n = %),
the Hamiltonian above is Hermitian without any requirement
of symmetrization.

To simplify the calculations, we assume periodic bound-
ary conditions in the y direction, as is common practice
[12—14]. While this represents an approximation to the geome-
try considered, it will still allow us to determine the presence of
transverse currents. Equation (1) may now be diagonalized by
Fourier transforming the fermion operators in the y direction;

Cio = 1/y/Ny Y cigre™™. 2)
ky

©2017 American Physical Society
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Performing a standard mean-field ansatz A; = —U;{c; ciq),
one arrives at the Hamiltonian
1 t
H=Hy+ 3 > Bl Hiji By, 3)

ijk
where Hj contains the superconducting condensation energy
Ny ics |A;|>/U; (which must be retained when evaluating
the free energy of the system). Let i =i, and j = j, from
now on for brevity of notation. The superconducting regions
are comprised of N, s lattice points each, whereas the heavy
metals generating interfacial Rashba spin-orbit coupling and
strong ferromagnets have spatial extensions Ny gy and Ny r,
respectively. The total number of lattice sites is N, = N,.
Setting k = k,, the basis above is

BiTk = [c;rkT c;rkl Ci,—kt Ci—ky] C)
and we defined the 4 x 4 matrix:
Hiji = €;jx60%3 + [h]6y + (Asink/2)6; ]
+ (h} 6y + hi6:) 8 + AjiGy 2T — ATicy e, (5)
where
€ijk = —tcos(k)d;j — (i j41 + 6 j—1)/2 — widij  (6)

and 2t = £, & i). The matrices %; that appear in Eq. (5)
are the usual Pauli matrices (i = 0,1,2,3, where 7, is the
identity). By diagonalizing the above matrix, we end up with
the Hamiltonian

1
;
H = Hy + 3 Zk Euk Vi Vaks (7
n

where the new (quasiparticle) fermion operators are related to
the original ones via the relations

Cikp = Zuinkynkv Cik) = Z Vink Vnk»
n n

Ct]\,fk,T = Z Wink Vnk» C,T,fk.i = Z-xinkynk- (8)
n n

Here, {u,v,w,x} are elements of the matrix that diagonalize the
Hamiltonian and are numerically obtained. The diagonalized
form of the Hamiltonian makes it trivial to evaluate expectation
values of the type (y,fky,,k) = f(Euk/2), where f is the Fermi-
Dirac distribution function.

With the eigenvectors {u,v,w,x} and eigenvalues {E,} at
hand, we can compute a number of physical quantities in the
system under consideration. For instance, the order parameter
takes the form

Ui < N
Ap= =10 ) vkl = f(En/2)], ©)
Yk

where the prime superscript on the sum indicates that only
energy eigenvalues | E,x| < wp should be included, and wp is
the BCS Debye cutoff frequency. The free energy reads

1
F=Hy— 5 > In(l + e PE/2), 10
nk

where § = 1/T and T is temperature. The evaluation of charge
and spin supercurrent j; and j; ¢ operators requires a consid-
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Transverse spin supercurrent

Charge supercurrent

y J int
S
Lx DL » Pr

FIG. 1. Suggested experimental setup for demonstration of the
superspin Hall current in a Josephson junction. The exchange field in
the ferromagnetic region (gray arrows) is directed either along the
or y axis. In our calculations, we model the system as a 2D square
lattice with periodic boundary conditions in the y direction.

eration of the combined continuity and Heisenberg equation:

-V j;=ilHpl, -V-ji=ilHS1 (1)

Here,
pi = ch‘;% (12)
o
is the charge-density operator at site i, while
Si = chu(ruﬁciﬁ (13)
ap

is the spin-density operator (we omitted constant prefactors
such as the electronic charge |e|). After a Fourier transforma-
tion, the spin-density expectation value at site i reads

S = Zsiks Sik = (C,Tkuaaﬂcikﬂ)- (14)
kap

Here, S; is the momentum-resolved spin-density expectation
value at lattice point i, which will play a prominent role in
the discussion later.

A spin supercurrent flowing along the interface has three
polarization components and is most conveniently evaluated
in the superconducting region:

-int PR 8t : i
Jis =73 = =5 D osinoas(cicip). (15)
Y kap
For instance, the spin supercurrent polarized in the ¥ and
y directions is

Lintx 16¢ .
Byt == 2 sintORe (i)} f(En/2),
Y onk

ity 16t . N
Ji's? = > sin(Otm{u}, vin} f(Ene/2).  (16)
Yok

III. RESULTS
A. Superspin Hall current

We first numerically diagonalize the Hamiltonian given
by Egs. (1) and (5) for the Josephson junction shown in
Fig. 1 using the parameters us =0.9, uy =0.85, ur =
0.8, wp = 03, NX.S = 35, Nx,HM = 4, Nx,F = 7, U= 2.],
and T = 0.01. The order parameter phase is fixed at the
last five lattice points in the S regions in order to model
supercurrent injection via a phase difference, as is standard in
the BdG lattice treatment. Fixing A¢ = 0.57 gives an effective

094512-2
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FIG. 2. (a) Superspin Hall current manifested via a transverse spin supercurrent j;'g

normal (N) state: s

and (d) P ;.

™= in the superconducting (S) state. It vanishes in the

= 0. (b) Spatial evolution of the superconducting order parameter. Inset: S, ; (t) with relative time setto r = 5, (c) P; ;,
For the inset in panel (b) and in panel (c), the curves are identical for 0 = 1 and o = |. We have used the parameter set specified

in the main text, considered the system in Fig. 1, and set 2, = 0.5, 1 = 0.2, and A¢ = 0.57.

phase difference between the superconducting interfaces of
A¢ =~ 0.477 due to the phase drop inside the superconductors.
The following results are not qualitatively sensitive to the
parameter choice above. For the above parameter set, and
all other sets presented in the figures of this paper, we have
checked that the superconducting state minimizes the free
energy of the system.

When A¢ # 0, a transverse spin supercurrent appears
in the superconducting region as shown in Fig. 2(a). This
demonstrates the intrinsic superspin Hall current. The effect
occurs even if one removes one of the heavy-metal layers. The
spin supercurrent predicted here does not exist in the absence
of superconductivity, as also shown in Fig. 2(a). Reversing
the phase difference, A¢p — —A¢, and thus the charge
supercurrent, also reverses the transverse spin supercurrent.
Before explaining the microscopic origin of the superspin Hall
current, we note that there are both odd- and even-frequency
triplet correlations in the system, denoted odd-w and even-w
from now on. The on-site (s-wave) odd-w anomalous triplet
amplitudes S are defined as

So.i(7) = {cip ()i (0)) +
S6.i(t) = {Cig(T)Cis(0)),

(ciy(t)cir(0)),
(17)

where 7 is the relative time coordinate, and the subscripts 0
and 0 = +1=1,] denote the spin projection along the
quantization axis. All S vanish at 7 = 0. The p-wave even-w
anomalous triplet amplitudes P have both a p.- and p,-wave
component. They are defined as

x(v)

Zi( (cirCite)) + (CiyCitr3),00)s

A(W Z:E Cmﬁix(y)a) (18)

The existence of these correlations and their spatial distribution
throughout the system are shown in Figs. 2(b)-2(d), proving
how they arise precisely near the interfaces between the
superconductor and heavy metals where the transverse spin
supercurrent flows. The triplet components of the Cooper pairs
are generated from the broken spin rotational symmetry in our
system, whereas the p-wave orbital symmetry emerges as a
result of broken translational symmetry due to the presence
of interfaces [16,17] and due to the presence of spin-orbit
interactions. Note how the pairing amplitudes S and P are by
definition k-independent. The k-resolved anomalous Green
functions, which are odd under k — (—k) for, e.g., p-wave
pairing, will be examined in the following subsection as they
play an important role in understanding the appearance of a
transverse spin supercurrent.

The transverse spin-supercurrent in the present system
exists when the exchange field contribution 4 - ¢ to the Hamil-
tonian does not commute with the spin-orbit contribution
A sin(k)o,. In effect, the superspin Hall current arises when

[h - o, sin(k)o,] # 0. (19)

This means that the exchange field must be oriented in the xy
plane of the system shown in Fig. 1. If the exchange field is
oriented along the z axis, no superspin Hall current exists.

The polarization of the transverse spin-supercurrent is
also dictated by the orientation of the exchange field k.
A comparison of Figs. 2(a) and 3(h) shows that the spin-
supercurrent polarization is perpendicular to k.

B. Microscopic origin

To explain the physical origin of the superspin Hall current
in the system, we first note the close relation between the spin
magnetization and the spin supercurrent in the system. From
Egs. (14) and (15), the only difference between them is a factor
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FIG. 3. Upper row: The panels show the induced singlet anomalous Green function f;;

singlet triplet

oo €valuated at lattice

, the triplet correlations f;

point i, = Ns — 1 (right at the S/N interface), the induced spin-magnetization density S;; evaluated at lattice point i, = Ng — 1 (right at the
S/N interface), and the superspin Hall current j :"g from left to right. Here, the phase difference has been set to A¢ = 0, while h = 0.3, A = 0.3,
T =0.005, Ng =25, Nyy =4, Np =5, Ny, =200, and k = h&. Lower row: Same as the upper row except that A¢ = /2. In this case, the
coexistence of triplet and singlet correlations that are phase-mismatched produce an antisymmetric spin density S;;, which in turn gives rise

to a finite superspin Hall current. In the line labels of the second panels from the left, we have abbreviated f;

triplet

= f,,. In this figure, the

ikoo

exchange field has been rotated to the & direction to show that the superspin Hall current exists also in this case. In all other plots in this paper,

the exchange field points in the y direction.

sin(k,) inside the summation. If the momentum-resolved spin
magnetization S;; is antisymmetric in momentum k,, it will
vanish when summed over the momentum index. However, due
to the extra factor sin(k, ), an antisymmetric spin magnetization
gives a symmetric spin supercurrent, which is thus finite
upon summation over k. The factor sin(k,) and the resulting
difference in symmetry are physically reasonable. If a spin
density is antisymmetric in momentum k, there will exist a net
spin flow since the spin current requires an extra multiplication
with the group velocity

Oex/0ky o< sin(kya) (20)
for each transverse mode. On the other hand, a spin density
that is symmetric in k, does not induce any spin current.

An antisymmetric spin density in the momentum index k,
may emerge whenever conventional superconducting singlet
pairing and triplet pairing (such as a p, wave) coexist,
for instance near interfaces, as we will explain below. A
general superconducting order parameter Fj; accounting for
both singlet and triplet pairing (considering here the even-w
symmetry contribution) can be written as

Fig = (fis + fix - 0)io, 21

where f; ; is the singlet component and f; = —f; _x is a
vector containing the triplet components according to

£ =300 = fre—ifiy + )2/, (22)

Above, we suppressed the (i,k) indices on the triplet anoma-
lous Green functions fjx,, for brevity of notation, and we
also do so below when the index is not of importance for
the argument. A nonunitary superconducting state, where
the Cooper pairs have a finite spin expectation value, is
defined by FF' not being proportional to the unit matrix.

A straightforward calculation shows that

FF = |fP+ 1 fiel’ +o0 (L i+ 50+ ife x F
(23)

The term i (f; x f7) determines the spin expectation value of
pure triplet Cooper pairs, whereas (f; f; + f,* f&) determines
the spin magnetization of a given mode k, resulting from
the coexistence of singlet and triplet pairing. The spin
magnetization arising due to the Cooper pairs in the system
thus takes, in general, the following form for a given mode k,:

SeOP o (fufi+ f5 o) +i(fx x £7).

Performing a summation over modes k, one obtains the total
spin density. Therefore, it is clear that if (f, f} + ffr) =
2Re{ f; f}} is nonzero, it will be antisymmetric in k, due to
the fundamental property of the triplet vector f. It is crucial
to note that the existence of p-wave triplet pairing alone is not
sufficient to produce an antisymmetric spin density in k, space.
First of all, it has to coexist with singlet pairing. But even such
a scenario is not sufficient, as it is only the real part of the
product f f7 that contributes. Consider, for instance, the case
in which singlet pairing coexists with S; = 0 triplet pairing,
such that f || Z. According to our above argumentation, this
should produce a magnetization in the Z direction. It is not
immediately obvious how a magnetization in the Z direction
can arise from singlet pairs (which are spinless) and triplet
pairs with zero spin projection along the Z axis. Therefore,
we provide a detailed exposition of the physical mechanism
behind this effect in the Appendix.

With this in mind, we can now explain why the superspin
Hall current appears. As argued above, this current will
exist when an antisymmetric spin density is induced near
the interface. The spin density, in turn, is determined by the
generation of p-wave superconducting correlations coexisting

24
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with conventional singlet ones when these have an appropriate
relative phase such that Re{f; f;} # 0 (as explained in the
Appendix). The equal spin-pairing triplet anomalous Green
functions may be obtained as

triplet

koo — (Ci.k.(rci.—k,a>
[ X wimwh [l = f(Ew/2)] foro =1, o3
3 vinkX o[l — f(Ene/2)]  foro = |,

where, as before, we have used the shorthand notation of
ky = k. We now illustrate two instructive cases in Fig. 3.
In the upper row (a)—(d), the phase difference is A¢ =0
(no current injected) while in the lower row (e)—(h), the
phase difference is A¢ = /2 (finite current injected). In
both cases, we have set h = 0.3, A, = 0.3, and h = hx. We
also chose a different system size, exchange field orientation,
and number of transverse modes from those in the previous
figures in order to show that the effect does not depend on
these details: Ny = 25, Nyy =4, Np =5, and N, = 200. As
expected, a finite net magnetization S, exists in the upper row,
which comes from the inverse proximity effect caused by the
magnetic region. However, there exists no net or k,-resolved
magnetization S, despite the fact that the anomalous triplet
correlations fl‘,:f(lfl = f,, are nonzero. The reason for this is
that they are purely real, as seen in the figure. Consequently,
Re{ f; f3} = 0 since the singlet ones are purely real in the
absence of a phase gradient. Note how the figure shows
that fy4 = f,, such that no antisymmetric contribution is
made to the x component according to Eq. (22). The finite
magnetization induced along the x direction is instead caused
by the odd-w triplet component. In general, the triplet vector
f can have both a symmetric term in k (the odd-w component)
and an antisymmetric term in k (the even-w component). Only
the latter contributes to the spin supercurrent in the present
context, as explained above.

Consider now instead the lower row, where a finite
phase difference exists. The singlet and triplet correlations
are now complex because of A¢ # 0, and as a result the
y component of the spin-magnetization (which exists since
the term Re{ f; f7} is nonzero) is finite and antisymmetric in
k. Although no net magnetization exists in the y direction, a
net spin supercurrent now exists due to the relation between
Egs. (14) and (15) explained above. A phase gradient is thus
physically required in order to render the singlet and triplet p,-
wave correlations complex: otherwise, no antisymmetric spin
magnetization associated with a nonunitary superconducting
state exists, and the spin supercurrent is zero. This explains the
origin of the superspin Hall current predicted in this paper.

The above explanation is consistent irrespective of the
direction of the in-plane exchange field. For instance, if we
instead choose & = iy, one finds that the triplet anomalous
function is purely imaginary at A¢ = 0 and that f1y = —f},.
In this case, there is no contribution to the y component
according to Eq. (22), and although f - & # 0 there is still no
antisymmetric spin density since Re{f; f7} = 0. If A¢ #0,
on the other hand, Re{ f; f} is finite in the & direction and a
spin supercurrent polarized in this direction appears, as seen
in the figure.
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FIG. 4. The dependence of the superspin Hall current j;’s* on
physical parameters in the system (Fig. 1). (a) A = 0.2 and 7, = 0.5
for various values of the phase difference A¢. (b) A¢p = /2 and
h, = 0.4 for several spin-orbit magnitudes A. (c) A = 0.3 and A¢ =
/2 for various values of the exchange field 4. The values of the
remaining parameters are the same as in Fig. 2. The background color
indicates in which region the current has been evaluated (compare
with the left part of Fig. 1).

The spatial dependence of the superspin Hall current on
the phase difference, the Rashba spin-orbit interaction, and
exchange field is shown in Fig. 4. The effect vanishes both in
the absence of superconductivity (A¢ = 0) and in the absence
of a charge supercurrent (A¢ = 0), as follows from the above
explanation of the physical origin of the effect. We also find
that the magnitude of the transverse current j,"y"* evaluated at

the superconducting interface (i = Ng = N, s) oscillates with

2x10'4 | %107 (b)
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- \ / / k\ A .05 e
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FIG. 5. The dependence of the superspin Hall current j;’g‘*‘ on
physical parameters in the system, evaluated at different lattice sites 7.
We have set A¢ = 0.5z and (a) A = 0.3 and (b) &, = 0.4. The values
of the remaining parameters are the same as in Fig. 2. A scattering
potential Vi, = 0.1 at each of the interfaces was also added here
to show that the effect is resilient toward interfacial scattering. The
current oscillates with both 4 and A and eventually decays with both
as these quantities increase and suppress superconductivity.
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FIG. 6. Change in oscillation length of the superspin Hall current
as the magnitude of the Rashba spin-orbit parameter is altered. The
plots show the cases (a) A = 0.1 and (b) A = 2.1. The exchange field
ish = hy with h = 0.3, T = 0.005, and the other parameters are the
same as in Fig. 2.

both the Rashba strength and the magnitude of the exchange
field for the parameter regimes we have investigated, as shown
in Fig. 5. The effect is also purely sinusoidal as a function
of the superconducting phase difference A¢ (not shown).
The oscillations could stem from the change in k-space band
structure due to the inverse proximity effect near the interface
as one varies the magnitude of & and A, as the detailed k
dependence of the spin magnetization (and thus in turn the
magnitude of the spin supercurrent after summation over k)
will be affected by the details of the band structure.

The atomic-scale superimposed oscillations are character-
istic for physical quantities in ballistic quantum-mechanical
systems and are also present in, e.g., the proximity-induced
magnetization in conventional superconductors [15] and he-
lical edge-mode currents in triplet superconductors [14]. It
should be noted, however, that the oscillation period of the
spin supercurrent depends here on the system parameters. This
is shown in Fig. 6, where it is clear that the oscillation period
is altered by changing the magnitude of the Rashba parameter.
The origin of the oscillations is likely to be similar to that
described in Ref. [14], namely due to an interplay between the
renormalized spectral weight in the superconductor due to the
inverse proximity effect and how the p-wave superconducting
correlations decay as a result.

IV. CONCLUDING REMARKS

Previous theoretical work has considered spin accumulation
from spin Hall effects in superconducting structures [18-23],
and arecent experimental work [24] demonstrated an enhance-
ment of the inverse spin Hall signal [10] in a superconductor by
three orders of magnitude. A similar edge spin magnetization
might occur from the superspin Hall current predicted in this
work. Although the interface between a superconductor and
a ferromagnet breaks inversion symmetry on its own, the
purpose of the HM layers is to enhance the magnitude of the
resulting Rashba interaction. A transverse spin current induced
by a charge supercurrent was also considered in Ref. [25],
albeit in a different setup where spin-orbit coupling was present
in the entirety of one superconducting region and where no
magnetism was present. Reference [26] considered spin Hall
effects in a Josephson setup both with and without an electric
bias voltage applied to the system.

PHYSICAL REVIEW B 96, 094512 (2017)

It is worth remarking that in comparison to the typical
spin Hall phenomenology, where an injected current in the
x direction is deflected in the y direction and polarized in
the z direction, the spin supercurrent here is not polarized
perpendicularly to the plane defined by its injection and
deflection direction. However, similarly to the conventional
spin Hall phenomenology, the spin supercurrent arises as a
direct consequence of Cooper pairs that are polarized in the
z direction. The details regarding how S, = 41 Cooper pairs
give rise to a spin supercurrent polarized in the xy plane have
been covered in detail in the main body of this paper.

Interesting future directions to explore include the precise
circulation pattern of the superspin Hall current predicted
herein in a finite-width sample, and the possible accompanying
edge spin accumulation due to triplet Cooper pairs.
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APPENDIX: MAGNETIZATION ARISING OUT
OF A NONUNITARY COEXISTENCE OF SINGLET
AND TRIPLET PAIRING

Consider for simplicity a bulk system in which singlet
pairing A, coexists with S, = O triplet pairing Ay = —A_4.
The Hamiltonian reads

H=Y" ¢ M. (A1)
k

where we used a basis ¢r = [cxq cry cikT cik i]T and defined

€x 0 0 Ap + Ay
0 €k Ak — A; 0
My = 0 Af — AY —€x 0
Aj+AT 0 0 —ak
(A2)

The four eigenvalues are givenas {E ,E_,—E ,—E_}, where

Ey = ./€f + Ay £ Ayl

Performing a standard diagonalization of the Hamiltonian by
introducing a new quasiparticle basis

(A3)

Vi = [vik vax vk val®s (Ad)

where y; are second-quantized fermion operators, one arrives
at

H =Y [Exs (Vi — vivai) + Ex- (s — vival.
k

(AS5)
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The relation between the original fermion operators ¢ and the
new ones y is
k= Prvi, (A6)

where Py is the diagonalizing matrix containing the eigenvec-
tors of the original Hamiltonian,

8+(Ex+)  8+(—Eky) 0 0
sl 0 0 8- (Ex)  g-(—Ei)
k= )
0 0 1 1
1 1 0 0
(A7)
and we defined the auxiliary quantity
A £ A
g+(E) = —. (A8)
E — €K

Now, the magnetization of the system in the 2 direction is
computed according to Eq. (14):

S =Y olch,cho). (A9)
ko

To see how this magnetization is directly influenced by the
coexistence of singlet and triplet pairs in the system, we replace
the original fermion operators in Eq. (A9) with the new ones
according to Eq. (A6). Considering for simplicity the 7 = 0
limit, one arrives at

S. = Z[|g+(_Ek+)\2 — 1g—(—ExD)*). (A10)
k

At this point, we distinguish between unitary and nonunitary
states. In the unitary case, we have Re{A;A}} =0 so that
Ey = Ej_: the magnitudes of both gaps AL = Ap &+ A, are
equal. Moreover, it follows from Eq. (A8) that in the unitary
case one has |g;(x)| = |g_(x)|. Combining these two facts, it
follows that the term inside the summation )_, in Eq. (A10)
is zero for any k value. In effect, there is no magnetization at
any k point and obviously no net magnetization either.
Consider now instead a nonunitary state where
Re{A Ay} # 0. In this case, the magnitudes of the gaps A

PHYSICAL REVIEW B 96, 094512 (2017)

are different. Now, the term inside the summation of Eq. (A10)
is no longer zero for a given k point. In effect, there exists a
k-resolved magnetization. The total magnetization, obtained
after a summation over k, is nevertheless zero even in the
nonunitary case. This can be verified by splitting the sum in
Eq. (A10) into k > 0 and k < 0 (the contribution from k = 0
vanishes) and using the general relation Ex = E_j _.

The above derivation establishes mathematically why a
k-resolved, antisymmetric spin magnetization exists when
singlet and p-wave triplet pairing coexists in a nonunitary
state, precisely as in the system considered in the main
body of this paper. The physical picture can be understood
by going back to the fact that there exists two gaps with
a different magnitude in the system. It is well known that
the superconducting order parameter (gap) determines the
condensation energy and binding energy between the electrons
comprising the Cooper pairs. In particular, the Cooper pair
density is proportional to the square of the magnitude of
the gap. The point here is that Cooper pairing between two
electron states |k,?) and |—k,|) is associated with a gap
magnitude |Ag + Ag| = |AL|, whereas pairing between two
electron states |k, | ) and |—k,1) is associated with a different
gap magnitude |Ayx — Ag| = |A_|. This can be seen directly
from the Hamiltonian that contains the terms c,tTcT_k 1Ay and

c,ticikTA_. Now, if |A4| > |A_| for a given k value, it is
clear that the system will favor Cooper pairs where the 1
electron of the pair sits at k whereas the | electron sits at
—k, since the Cooper pair state where the 1 electron sits at
—k and the | electron sits at k has a smaller binding energy.
Therefore, a net spin magnetization arises at k since there
exists a surplus of 1 spins there compared to |, spins due to the
difference in Cooper pair density stemming from the different
gap magnitudes. Simultaneously, the opposite magnetization
arises at —k since at that momentum the situation is reversed:
|A_|is larger than |A | at —k.

In this way, the different magnitudes of the two gaps in
a system where singlet pairing coexists with S, = 0 triplet
pairing in a nonunitary state cause the Cooper pairs to provide
a k-resolved magnetization in the 2 direction despite the fact
that the net Cooper pair spin in the Z direction is zero.
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A useful experimental signature of the ordinary spin Hall effect is the spin accumulation it produces at the
sample edges. The superspin Hall current [Phys. Rev. B 96, 094512 (2017)] is a transverse equilibrium spin
current which is induced by a charge supercurrent. We study the superspin Hall current numerically, and find that
it does not give rise to a similar edge magnetization. We also predict and numerically confirm the existence of the
inverse superspin Hall effect, which produces a transverse charge supercurrent in response to an equilibrium spin
current. We verify the existence of the inverse superspin Hall effect both for a spin-polarized charge supercurrent
and an exchange spin current, and propose that a ¢ junction produced by the inverse superspin Hall effect can be
used to directly and electrically measure the spin polarization of a charge supercurrent. This provides a possible
way to solve the long-standing problem of how to directly detect the spin polarization of supercurrents carried

by triplet Cooper pairs.

DOI: 10.1103/PhysRevB.99.174505

I. INTRODUCTION

Spin-polarized supercurrents are a central theme in su-
perconducting spintronics [1]. Cooper pairs in conventional
Bardeen—Cooper—Schrieffer superconductors are in the spin-
singlet state [2-4]. Consequently, supercurrents in conven-
tional superconductors are not spin polarized. To spin polarize
such a supercurrent, the spin-singlet pairs must be converted
to equal-spin triplet pairs. This can be accomplished by com-
bining the processes known as spin mixing and spin rotation
[1,5-7]. Because of the exchange splitting, proximity-induced
Cooper pairs in a ferromagnet will oscillate between the spin-
singlet and the spin-0 triplet state [8,9]. This is known as spin
mixing. A magnetic inhomogeneity or spin-orbit coupling
can rotate the resulting spin-0 triplets into equal-spin triplets
[10-14]. This is known as spin rotation. So far, such a spin
polarization of the supercurrent carried by triplet Cooper pairs
has not been detected directly, but is only inferred from oth-
erwise inexplicably long-ranged supercurrents in proximity
structures [7].

Long-ranged spin-polarized supercurrents in phase-biased
Josephson junctions are equilibrium currents. Various authors
have suggested that spin supercurrents have observable conse-
quences that can be detected via electrical [15—17] or mechan-
ical [18] means, or through the magnetization dynamics they
induce [19,20]. Nonetheless, experimental detection schemes
based on these signatures have yet to be implemented. One
particular difficulty with these suggestions is that an equilib-
rium spin current by definition cannot perform work without
dissipating. Consequently, any attempt to extract useful work
from, say, a voltage induced by an equilibrium spin current in
order to detect that current will dissipate the spin current itself.
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The spin Hall effect [21] and its Onsager reciprocal
[22-24] have found many applications in nonsuperconducting
spintronics. Among others, these include electrical detection
of spin currents induced by spin pumping [25] or the spin
Seebeck effect [26], spin Hall magnetoresistance [27,28], and
spin Hall spin-transfer torques [29]. It is only natural to in-
quire whether a superconducting analog of the spin Hall effect
can be used to detect the spin-polarization of a supercurrent.

Spin Hall effects in superconducting structures have been
considered previously in several theoretical and experimen-
tal works. References [30-35] considered out-of-equilibrium
situations, in which quasiparticle effects give rise to spin
(charge) currents as a result of charge (spin) injection. In
particular, Ref. [35] measured an enhancement of the inverse
spin Hall signal by three orders of magnitude when the NbN
is cooled below the superconducting transition temperature.
References [36—40] considered equilibrium situations and it
was shown that the combination of spin-orbit coupling and an
exchange field could induce a phase difference between two
superconductors to obtain a ¢ junction [37,38].

In Ref. [41], we considered an equilibrium transverse spin
current generated by a longitudinal charge supercurrent in a
Josephson junction, which we will refer to here as the super-
spin Hall current. Whereas most studies of spin Hall effects
in superconductors consider purely s-wave or quasiparticle
effects [30-39], the superspin Hall current is the result of an
interplay between the s-wave condensate of a conventional su-
perconductor and a proximity-induced p-wave condensate. As
opposed to the interfacial spin current considered in Ref. [40],
the superspin Hall current considered in Ref. [41] arises in a
magnetic Josephson junction. In Ref. [41], we also consider
the ballistic limit, rather than the diffusive limit considered in
Refs. [31,37-39].

An open question regarding the superspin Hall current is
whether or not it induces an edge spin magnetization which
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could serve as an experimental signature of its existence. This
question was not addressed in Ref. [41], which considered
periodic boundary conditions and thus in practice a cylindrical
geometry.

In this paper, we present two main results. The first result
is a full two-dimensional analysis of the superspin Hall effect
where we are able to address the issue of what happens to the
spin supercurrent at the edges of the system. This issue is of
interest with respect to possible experimental probes of the
effect.

The second result is the prediction of a corresponding
inverse effect, namely the inverse superspin Hall effect. In
this case, an equilibrium spin current produces a transverse
charge supercurrent, which gives rise to a ¢ shift in the
Josephson junction. The ¢q shift is—as opposed to previous
predictions of ¢y junctions incorporating spin-orbit coupling
and ferromagnets [19,37,38,42]—induced by a pure equilib-
rium spin current. We propose that the ¢ shift can be used
to detect the spin polarization of a supercurrent carried by
Cooper pairs. Being an equilibrium property of the junction
we consider, this detection scheme will not dissipate the
equilibrium spin current. This offers a way to electrically and
directly verify the spin polarization of previously detected
long-ranged supercurrents [43—48].

The superspin Hall effect can not only be used to detect
spin-polarized supercurrents, but also other equilibrium spin
currents. To illustrate this we also calculate the ¢ shift
induced by the exchange spin current between two misaligned
ferromagnets [49,50].

II. INTRODUCTION TO THE SUPERSPIN HALL EFFECT

The intrinsic superspin Hall effect, which we considered in
Ref. [41], arises in a magnetic Josephson junction with Rashba
spin-orbit interlayers, see Fig. 1. When a phase difference
¢ is applied over the junction, so that a longitudinal charge
current flows between the two superconductors, a transverse
spin current is induced near the superconductor—Rashba-metal
interface. Being transverse, it flows parallel to the interface
(y direction). Its spin polarization is perpendicular to the
exchange field h in the ferromagnet—along the y direction
for b = he,, and along the x direction for h = he,.

As we explain in Ref. [41], this spin supercurrent is the
result of a delicate interplay between the different condensates
in the junction. Consider for instance h = he, and, for the
sake of the argument, even-frequency superconducting cor-
relations. In addition to the s-wave spin-singlet condensate
emanating from the proximitized superconductors, there are
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FIG. 1. Suggested experimental setup for the superspin Hall
effect. A magnetic Josephson junction in the clean limit with Rashba
spin-orbit interlayers. The in-plane exchange field % in the ferromag-
net makes an angle x with the x axis.

also p-wave correlations in the junction due to the broken
translation symmetry at the material interfaces [51,52] and
due to the presence of spin-orbit coupling [53]. Due to the
overall antisymmetry of the Cooper-pair wave function, the
spin state of these even-frequency p-wave correlations must
be one (or several) of the triplet states. The generation of
both short- and long-range triplets is possible because of the
simultaneous presence of both ferromagnetism and spin-orbit
coupling [13,14]. As explained in Ref. [41], the interaction
of the s- and p-wave condensates can be described via two
different superconducting order parameters in the junction,
which quantify the superconducting correlations present in the
system. These are, respectively, the sum A, and the difference
A_ of the original s-wave and p-wave order parameters, A
and Ay, where k refers to the momentum in the y direction.
The momentum index k is a good quantum number for a
system with periodic boundary conditions in the y direction,
as the one considered in Ref. [41]. The relative magnitude of
these order parameters is determined by the relative phase of
the original s-wave and p-wave order parameters,

[ALP? = |As* + |Acl* £2Re(AAD). (1

When no phase difference is applied over the junction, the
s-wave order parameter is purely real, whereas the p-wave
order parameter is purely imaginary. Consequently, their sum
and difference have equal magnitude, |[A;| = |A_|, and as
many Cooper pairs condense in the |k 1, —k |) state as in
the |k |, —k 1) state. However, when a phase difference is
applied, the s-wave order parameter acquires an imaginary
component and the p-wave order parameter acquires a real
component. In turn, their sum and difference are no longer
equal, |[A4| # |A_]|, and Cooper pairs condense preferentially
at either |k 1, —k |) or |k |, —k 1) because of the difference
in condensation energies. Such a selective condensation gives
rise to a nonzero k-resolved spin magnetization Sy that is anti-
symmetric in k. Subsequently, this antisymmetric momentum-
resolved spin magnetization produces a spin current polarized
along the spin magnetization direction. For an exchange field
h = he,, the momentum-resolved spin magnetization points
in the x direction; thus the application of a longitudinal phase
difference (charge current) has given rise to a transverse spin
current polarized along e.

III. THEORY

We consider a superconducting heterostructure in two di-
mensions in the clean limit, incorporating strong spin-orbit
coupling. For this, we use the tight-binding Bogoliubov—de
Gennes framework [3]. Our heterostructure consists of super-
conductors, normal metals with Rashba spin-orbit coupling,
and ferromagnets. Our Hamiltonian is

~ . i
H=-— tZCi,aCjﬁd - Z Mici‘dci'a a Z Uini.Tni.L
o ko i
= (/) iln - (@ x diplapc o 4
(i, j),a.p
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where i and j are position indices (i, j = 1, ..., NxN,, where
N, and N, are the dimensions of the lattice); (i, j) indicates
that i and j are nearest neighbors; ¢ is the hopping integral; c?_a

and ¢; , are electron creation and annihilation operators at site
i for spin o; w; is the local chemical potential; U; is the local
on-site attraction that gives rise to superconductivity (U; =
0 outside the superconductors and U; = U > 0 inside the
superconductors); n; . = c}'ac[ . 1s the number operator at site
i for spin o; A; is the local Rashba parameter (A; = O outside
the normal metals and A; = +A inside the normal metals);
n is the unit vector normal to the Rashba-metal/ferromagnet
interface; o is the vector of Pauli matrices; d;; = —d j; is the
vector pointing from site i to site j; and k; is the local magnetic
exchange field (h; = 0 outside the ferromagnet and h; = h
inside the ferromagnet).
The two-particle Hubbard-U term can be recast as

_ o P
=D Umm = ) (Aiej i+ Ale ¢
i i

+Hal/uy  3)

using the standard mean-field ansatz A; = —Uj(c; i ciy). We
symmetrize the Hamiltonian using the fundamental fermionic
anticommutator to write

1 1 .
> Asucie, = 3 A+ 3 D Arulcie, —cc)). 4
hK s hk

Introducing the basis

Bl = (] R cf L Cin € ;)

I

we may then write the Hamiltonian on the form

1 .
H:Ho—l—EZBZH,»]—Bj. (6)
ij
Here, we have identified the constant term Hj,

Ho =Y " |AP/U; =) i, (7)

i

where the first sum runs only over the superconductors, and
the 4 x 4 matrix H;;,

H,‘j = %ttzaoéj,,% — uitzaoéi,j + %Ai I+O)-5i‘j
- %Ajf—o'yai,j - ﬁ)»ifoaz(lsj,ﬁsy —8ji-s,)
+ /’l?‘[zo‘x&',j + hfroqu,-,_,» + hf‘L’ZG,(S,‘,j s 8)

where §; ; is the Kronecker delta, we used n = e, we intro-
duced the set of nearest-neighbor vectors § = (6y, 8,), and
7, and o, are the Pauli matrices for n =x,y,z and n =0
refers to the identity. Moreover, 74 = 7, & ity, and products
of Pauli matrices are interpreted as Kronecker products. As
is the usual definition, 7,09, for instance, evaluates to 7,09 =
diag(+1, +1, —1, —1) [54].

The index structure in Eq. (6) is that of a matrix product,
in which the matrix M is multiplied from the left with the row
vector BT, and the resulting row vector is multiplied with the
column vector B. Each element in M is a 4 x 4 matrix H;j,
and each element in B (or BY)is a4 x 1 (or 1 x 4) column (or
TOW).

Ny+1 Ny+2 Ny+3 Ny+4 Ny+5

FIG. 2. Enumeration scheme for the N, x N, square lattice. The
site index i is incremented site by site along the rows, starting in the
upper left corner.

The structure of the matrix M is determined by how we
combine the elements of B and B' into vectors. We consider a
square lattice. The position indices i and j run over the entire
system (N, x N, sites). Since each pair (i, j) corresponds to a
4 x 4 block H;;, we expect M to be a 4NN, x 4N, N, matrix.

By choosing some enumeration scheme for the sites i (such
as the one in Fig. 2), we can thus write

H =H,+ }B"MB, 9)
and diagonalize M by the techniques that are familiar from
linear algebra. Since H is Hermitian, so is M, and M can thus
be diagonalized as M = PEP~!, where E is diagonal and real,
and P is unitary, P~! = Pt [55]. Substituting M = PEP~!
into Eq. (9) we obtain

1 .
H=Ho+5;Eny,lyn, (10)

where we defined the new quasiparticle operators y* = B'P
and y = P7'B, y, is the nth element of y, E, is the nth
eigenenergy, and n = 1, ..., 4N N,. The original electron op-
erators can be related to the quasiparticle operators by

C,'_7~ = Z UinVy » Ci,¢ = Z VinVn » (11a)
n n
Cip =D Winkye € = Xiay,.  (11b)
n n
where u; , withi =1, ..., N;N, is, respectively, P, with [ =
1,5,9,... Likewise, v;, with i =1,..., N;N, is P, with
1=2,6,10,...; wy, withi=1,..., NN, is P, with [ =
3,7,11,...5 and x;,, with i =1,..., NN, is P, with [ =
4,8,12,....

We can now derive expressions for any of the observ-
ables in the system in terms of the eigenenergies E, and
the eigenvectors u; ,, Vin, Wi, and x;,. For instance, the
superconducting gap takes the form

Ar=U; Y viqwi, f(En/2), (12)

n

and the spin magnetization takes the form

($5) =2 Re(u,vin)f (Ea/2), (13a)
($7) =2 Im(if vin) f(En/2), (13b)
(85) = > " tinl® = 1vin ) f (En/2). (13¢)
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The free energy reads
1
F=Hy— 5D Inll +exp(-pE,/D).  (14)

where 1/ =T and T is temperature.
Expressions for the charge and spin currents can be ob-
tained from their respective continuity equations,

0pi=—V-j 15)
and
osi ==V -J;, (16)

where p; is the charge density at i, j; is the current density
at i, s; is the spin density at i, J; is the spin-current-density
tensor at i, and the gradient of the spin-current-density tensor
is taken with respect to the position variables. Note that the
spin current defined by the spin continuity equation is only
conserved in regions without ferromagnetism or spin-orbit
coupling because these terms are spin nonconserving [56]. For
each of the two continuity equations, we find expressions for
the currents by integrating the equations over space to obtain
(for the case of the charge current)

9,0, = —/dr(v .
Q

where Q; = ) czaciva is the charge at i and 2 is the unit-cell
volume. The integral on the right-hand side can be evaluated
using Green’s theorem,

[arv-io= [asii-en =Y jua =3t
Q IR i i

where 02 is the unit-cell boundary, e, is the outward-pointing
boundary normal, and a is the unit-cell side length. Since we
consider a square lattice, I;; is the current through the /th face
of the square unit cell. The left-hand side of the continuity
equation can be evaluated using Heisenberg’s equation of
motion. Thus the sum of currents out of the unit cell is

> Ly =—ilH, Qil. a7
1

Evaluating the commutator and taking a combined thermal
and quantum-mechanical average gives the charge current in
the x direction

(Ij) =t Zlm(ll;’l],nui,n - u?—l,nui-"
n

+ vi*Jrl.nvi,n - v,‘tl.nvi,n)f(En/z) (18)

and in the y direction,
(Il)) = Zlm (u;lN(,nuL” - ung‘”ui‘n
n
+ U;ZNA,nvi.n - v;;,\,v‘_nvi,,,)f(E,,/Z)

—l AiRe (u* Uiy + Ul u;
2 1 i—Ny,n™t.n i+N,,nin
n

Viin, Vi) f(Ea/2). (19)

%
— VN nVin —

A similar procedure for the spin currents gives the three spin
components of the spin current in the x direction

<IlM) =t Z Im(u}k+l,nvi~’1 + v?+l,nui»”

n

l*l,ﬂviv" - U;il,nuiﬂ)f(En/z)v (20)

—
XY\ __ * Lk .
(Ii )—’ § :Re(”i+1<n”un Vit1,nlin
n

- M?;[,nvi.n + v;kf[,nui,n)f(En/z)s (21)
([;\Z> =t Z Im(u;:»l,nuiv” - U;k+1.nvivn
- u?_Lnui.n + v;k_L,,Ui,n)f(En/z)? (22)

and likewise the three spin components of the spin current in
the y direction

() =1 Z Im (uf_y ,Vin + U}y, i

n

— Uy, Vi = Vioy, ltin) f(En/2),  (23)

(1[:”) =t Z Re (u;iannv,-,n =V, allin

n

— u:’:}\&,n”h” + U?;Nhnui,n)f(En/z)s (24)
(I,:VZ) =t Zlm (M;F—N\,nu’.." — Uy Vi
n

Wyt + Vo Vi) f(Enf2).(25)

A general superconducting order parameter F can be de-
composed into a spin-singlet and a spin-triplet contribution
(571,

F=(+d-o)io,, (26)

where 1 is the singlet amplitude and the d vector is the vector
of triplet amplitudes along the x, y, and z axes,

d=1[A) — A, —i(Ay + Agp), 2A4]. 27

The spin structure of the singlet amplitude is already familiar
from Eq. (8), where the same factor io, appears. In a unitary
superconducting state, the identity F* = F~! holds, and FFT
is proportional to the identity. A general superconducting sys-
tem is, however, not unitary, and straightforward calculation
shows that

FF =y +d* +o-[(yd* + y*d)+id x d*)]. (28)

The term i(d x d*) is proportional to the spin expectation
value of the pure triplet Cooper pairs [57], whereas the term
(¥d* + ¥*d) is proportional to the spin magnetization arising
due to coexistence of singlet and triplet pairing [41],

Scooper ¢ (Yd* +y*d) +i(d x d*). (29)

In order to calculate the Cooper-pair spin magnetization, we
need expressions for the superconducting amplitudes. The
s-wave singlet amplitude S; ¢ at i is identical to the gap we
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calculated in Eq. (12), except for the factor U;,
1

So = §[<C,',TC,',¢) - (C,Nc,'ﬁ)] = Xn: vi,nwi)zf(E)1/2)~ (30)

The direct and inverse superspin Hall effects depend on the
existence of even-frequency, p,-wave, spin-triplet amplitudes,

, 1
P,'),N =3 Xi: i[(%rciis}‘,ﬂ + (Q,W:‘ﬂm)]
1
=5 Z +(w},vign . — Ui,nw};:N\,,,)f(En/z), (31a)
n,+
Pliy = DA reius, 1) = D Fw] ttign af(Ea/2), (31b)
+

n,+

Pl = Z i<ci,¢ci:t§y,¢> = Z 57 Vign nf (En/2).  (3lc)

+ n,x

In Sec. V, we will need the odd-frequency, s-wave, spin-
triplet amplitudes,

1
S0 = S1e; e O0) + (e (D 1 (0)]
= 3 Yol — ) B, (2
Siar(t) = (¢4 (e, 1 (0)) =Y w},uinf (En/2)e™' %, (32b)

S (1) = (e, (D, O = Y x v f (En/2)e ™. (32¢)

IV. NUMERICAL CALCULATIONS

In this paper, we consider the three setups in Figs. 1, 7,
and 9. In each case, we construct the matrix M from Eq. (9)
and diagonalize it to find the eigenvalues and eigenvectors.
Using these, we may calculate physical quantities such as
the superconducting gap A; or the spin magnetization (S;).
Because the matrix M depends on the superconducting gap,
the equations must be solved self-consistently by substi-
tuting the gap calculated using Eq. (12) back into M and
iterating.

For each of the systems we consider, we make sure
that the superconducting state minimizes the free energy in
Eq. (14). In all the systems, we take the exchange field h;
of the ferromagnets to be an external parameter, that is, we
do not calculate the exchange field self-consistently. This is
consistent with an s—d-type model in which the localized d
electrons are responsible for the magnetic behavior [58,59].
The spin magnetization (S;) that we calculate is thus the spin
polarization of the itinerant s electrons.

In the setup in Fig. 1, we consider the injection of a charge
current into the junction by an applied phase difference. This
is accomplished by fixing the phase of the superconducting
gap A; at the leftmost lattice points in the left superconductor
and at the rightmost lattice points in the right superconductor.
The applied phase difference between these points can be
used as a proxy for the applied phase difference over the
junction (N/F/N spacer) because the phase drop inside the

superconductors is typically small. (Fixing the phase differ-
ence at A¢ = 0.5 gives an effective phase difference over
the N/F/N spacer of A¢ ~ 0.47-0.487.)

In the setup in Fig. 7, we consider the injection of a
charge current across the injection junction by an applied
phase difference. We fix the phase of the left superconduc-
tor in the detector at ¢ = 0 (this choice is arbitrary—only
phase differences matter). By varying the phase of the right
superconductor from O to 27 we calculate the current-phase
and free-energy—phase relations of the detector junction. We
take the induced anomalous phase ¢, to be the phase over
the detector that minimizes the free energy and gives (I*) =
I(—¢o) = 0.

In the setup in Fig. 9, we consider the injection of an ex-
change spin current from two misaligned ferromagnets. We fix
the phase of both superconductors at ¢ = 0 and calculate the
anomalous charge current /(0) = (I*). In its simplest form,
a ¢ junction [60-63] has the current-phase relation /(¢) =
I, sin(¢ + ¢p). For small ¢, shifts, the anomalous phase ¢g
and the anomalous current /(0) = I. sin ¢ are proportional,
1(0) = I.¢. Therefore, we can use the anomalous current as
a proxy for the anomalous phase.

The advantage of tight-binding Bogoliubov—de Gennes
framework [3] that we use is that it is not subject to the
limitations on length and energy scales that are inherent to for
instance quasiclassical theory [64]. However, using this tight-
binding framework, only comparatively small lattice sizes are
computationally manageable, especially in two-dimensional
finite-size calculations. For superconducting structures, the
relevant length scale is the superconducting coherence length
& = hvp/m A [2,3]. If the coherence length is to be smaller
than the thickness of the superconducting layers, this re-
quires relatively large values of the superconducting gap
and large critical temperatures. Nonetheless, the tight-binding
framework can still be used to make qualitative and quan-
titative predictions for experimentally relevant systems. To
do this requires that the spatial dimensions are scaled by
the superconductive coherence length. One example of a
successful application of this method is Ref. [65], whose
predictions correspond very well to the experimental results
of Ref. [66].

We take a similar approach. With the parameters chosen
in Secs. V=VIII the thickness of the superconducting layers
is about one coherence length, and the normal-metal and
ferromagnetic layers vary from about £/4 to 2£. As long as
the weak links are not orders of magnitude larger than the
coherence length, the qualitative features of our results are
robust towards variations of the system size. In particular, the
¢ shift that we calculate in Sec. VII is nearly independent of
the length of the detector junction.

V. SUPERSPIN HALL EFFECT IN TWO DIMENSIONS:
SPIN CURRENT AND EDGE MAGNETIZATION

Our analysis of the superspin Hall effect in Ref. [41]
was an effective one-dimensional analysis in the sense that
we assumed periodic boundary conditions in the y direc-
tion and thus could get rid of the y coordinate by Fourier
transformation. Whereas we were still able to calculate the
transverse spin current, this left open the question of the
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exact spin current circulation pattern and whether any spin
magnetization arises at the edges of the sample. The latter
would be a useful experimental signature of the superspin Hall
effect, as it has been previously for the (nonequilibrium) spin
Hall effect [67,68].

In the usual nonsuperconducting, nonequilibrium spin Hall
effect, spin accumulates at the edges of the sample because
the transverse spin current has nowhere to go upon reach-
ing the sample boundary [21]. A steady state is achieved
because the spin Hall effect is found in materials with strong
spin-orbit coupling where spin is not conserved. The accu-
mulated spin at the edge at any time is thus the result of a
balance between influx of spin from the bulk and spin loss
due to spin-orbit coupling.

We find that the superspin Hall current does not give rise
to a spin magnetization at the sample edges by this familiar
mechanism. The simple reason is that the superspin Hall
current in our system does have somewhere to go—it can be
drained from the superconductor, where in our model spin is
conserved, into the Rashba-metal/ferromagnet spacer, where
spin is not conserved. This circulation of the superspin Hall
current from the spacer, into the superconductor, and back into
the spacer, is shown in Fig. 3(a).

Note that, although the net flow of spin is from the bottom
of the sample to the top, the direction of the spin current
(up/down) oscillates as a function of the distance into the
superconductor [Fig. 3(b)]. As explained in Ref. [41], the
oscillation period is a function of the system parameters, such
as the strength of the spin-orbit coupling in the normal layer
and the strength of the exchange field in the ferromagnet.
The period varies from atomic-scale oscillations to roughly
a fourth of the coherence length. Such rapid oscillations are
characteristic for physical quantities in ballistic quantum-
mechanical systems. For instance, they can also be found
in the proximity-induced magnetization in conventional su-
perconductors [69] and helical edge-mode currents in triplet
superconductors [70].

Although the superspin Hall current does not give rise to
a spin magnetization at the edges of the sample, there is an
x-polarized spin magnetization at the edges of the system
[Fig. 4(a)]. However, contrary to what we would expect from
a spin magnetization arising due to accumulation of spins
deposited by the superspin Hall current, the spin magneti-
zation sign pattern that we observe is +F, not ==, where
the signs refer to the left upper/lower and right upper/lower
edges, respectively. Furthermore, its amplitude varies as
cos ¢, where ¢ is the phase difference applied between the
two superconductors [Fig. 5(a)]. We would expect a spin
magnetization induced by the superspin Hall current—which
is again induced by the longitudinal charge current—to have
an amplitude that varied as sin¢ [compare with Figs. 5(c)
and 5(d)].

The momentum-resolved spin magnetization that gives rise
to the superspin Hall current is the result of the interaction of
the s-wave spin-singlet and a p-wave spin-triplet condensate,
both even in frequency. The edge spin magnetization we
observe in Fig. 4, on the other hand, is the result of the inter-
action of the even-frequency, s-wave, spin singlet condensate
and an odd-frequency, s-wave, spin-triplet condensate. In
Fig. 4(a), we have plotted the x component of the total spin
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FIG. 3. Superspin Hall current in two dimensions at phase dif-
ference ¢ = /2. (a) Circulation pattern of the x component of the
spin current. The spin current is only plotted in the superconductors,
where spin is conserved. (b) Cut along the x direction at y = 15
inside the superconductors. The spin current oscillates as a function
of the distance from the N/F/N weak link into the superconductors.
We use the following parameter values: the system size is N, = 40
times N, = 30; the layer thicknesses are Ns = 15, Ny = 3, and Ng =
4. the chemical potentials are pus = 0.9, un = 0.85, and pur = 0.8;
the Rashba spin-orbit coupling in the normal metal is A = 0.3, the
exchange field in the ferromagnet is , = 0.15 (h, = h, = 0), the on-
site attraction in the superconductor is U = 1.1, and the temperature
is T = 0.01. All energies are normalized with respect to the hopping
parameter (t = 1).
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FIG. 4. x component of the spin magnetization at phase differ-
ence ¢ = 0. (a) The total spin magnetization. (b) The spin magneti-
zation induced by interaction of s-wave singlets and odd-frequency,
s-wave triplets (arbitrary units). Except for the applied phase between
the superconductors, all parameters are identical to Fig. 3.
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FIG. 5. Phase dependence of the superspin Hall effect. (a) Total
spin magnetization (S*) summed over the lower half of the right
superconductor. (b) Cooper-pair spin magnetization Sg,., summed
over the lower half of the right superconductor (arbitrary units).
(c) Longitudinal charge current (/*) summed over the y cross section.
(d) Transverse spin current (°*) summed over the x cross section. All

parameters are identical to Fig. 3.

magnetization calculated using Eq. (13a). In Fig. 4(b), we
have plotted the x component of the spin magnetization
calculated using Eq. (29), where we have used the super-
conducting amplitudes in Eqs. (30) and (32). Apart from
a constant prefactor, the plots are essentially identical. The
spin magnetization due to the odd-frequency, s-wave spin
triplets also reproduce the phase dependence of the total spin
magnetization [compare Figs. 5(a) and 5(b)].

The fact that the edge spin magnetization is due to the
odd-frequency triplets (s wave) whereas the superspin Hall
effect is due to the even-frequency triplets (p wave) makes
it clear that the spin magnetization is not a consequence of
the superspin Hall current. Further evidence to this effect
is that this particular spin magnetization is also predicted
in the diffusive limit [71], where the superspin Hall effect
is precluded because of the absence of p-wave correlations.
Consequently, one can exist independently of the other—they
are independent effects.

Nonetheless, the symmetries of the spin magnetization
with respect to sign change of the Rashba spin-orbit coupling
and the direction of the exchange field is the same as those of
the superspin Hall current. In particular, rotating the exchange
field by 90° from h = he, to h = he, also rotates the spin-
triplet spin magnetization by 90° from x to y.

The temperature 7 = 0.01 (in units of ¢), which we chose
for the simulations above, is well below the superconducting
transition temperature, 7 = 0.01 < T /2. However, at still
lower temperatures, Andreev bound states [72,73] with a
more dispersive energy-phase relation appear in the junc-
tion. The appearance of such states is common in ballistic
systems with high interface transparencies and low temper-
atures. Because these states bounce multiple times between
the two superconductors, they produce higher-harmonic con-
tributions to the current-phase relation. The higher harmonics
will distort the pure sinusoidal shape of the current-phase
relation and may even introduce discontinuities [74,75]. This,

T=0.005 T=0.003
0.01 @ ] )
" 0.001 ]
—0.011 11 '
0.01 © ] @
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~0.011 |4 .
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FIG. 6. Phase dependence of the superspin Hall effect at low
temperatures. (a) Longitudinal charge current (/*) at 7 = 0.005
summed over the y cross section. (b) Longitudinal charge current
(I*) at T = 0.003 summed over the y cross section. (c) Transverse
spin current (I**) at T = 0.005 summed over the x cross section.
(d) Transverse spin current (I°*) at 7 = 0.003 summed over the x
cross section. All parameters except the temperature are identical to
Fig. 3.

of course, also affects the superspin Hall current, as shown
in Fig. 6.

The presence of Andreev bound states in the junction also
affects the spin magnetization, which deviates from a pure
cosine as a function of the applied phase difference ¢. Inter-
estingly, there is also a discernible difference between the total
spin magnetization and the Cooper-pair spin magnetization
computed via Eq. (29) at low temperatures.

VI. INVERSE SUPERSPIN HALL EFFECT

The Onsager reciprocal of the usual nonsuperconduct-
ing, nonequilibrium spin Hall effect is the inverse spin Hall
effect—that is, injection of a transverse spin current generates
a longitudinal charge current. In a steady state, the charge
current must either be drained into external leads or a volt-
age accumulates which exactly cancels the inverse spin Hall
current. Analogously, one might expect that there should exist
an inverse of the superspin Hall effect discussed in Sec. V—
injecting an equilibrium transverse spin current should give
rise to a longitudinal charge supercurrent.! However, in the
absence of external leads, the steady state will be one with
zero charge current. Instead, a phase difference ¢y accumu-
lates over the junction. This phase difference gives rise to
a supercurrent that exactly cancels the one induced by the
inverse superspin Hall effect. In this work, we confirm this
expectation and find that the experimental signature of the
inverse superspin Hall effect is a ¢ junction.

'Note that the term inverse effect cannot here be understood as
the Onsager reciprocal proper, as our calculations are carried out is
equilibrium.
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VII. ELECTRICAL DETECTION OF THE
SUPERCURRENT SPIN POLARIZATION

‘We propose to use the setup in Fig. 7 to detect the spin po-
larization of a supercurrent. This four-terminal setup consists
of two perpendicular Josephson junctions. We will refer to the
S/F(y/F(x/F(y)/S junction as the injection junction and the
S/N/F(x)/N/S junction as the detector or detection junction.

By applying a phase bias over the injection junction, a spin-
polarized supercurrent is produced by the combined processes
of spin mixing in the S/F(y) bilayer and spin rotation [rotation
of spin quantization axis between the F(y) and F(x) layers].
The current is spin-polarized in the x direction. The proximity
to the F(y) layers provides the necessary conditions for the
superspin Hall mechanism. Thus, the inverse superspin Hall
effect converts this transverse spin current into a longitudinal
charge supercurrent in the detector that flows from the left
to the right superconductor. Consequently, in the steady state,
the detection junction is a ¢y junction. If the two terminals
of the detection junction are connected to form a supercon-
ducting loop, the current-phase relation of the detector can be
measured by threading a magnetic flux through the loop [76].
The anomalous current /(0) = I, sin ¢y can also be measured
directly using a SQUID in zero applied flux.

Figures 8(a) and 8(b) show the current-phase and the
free-energy—phase relations of the detector junction. At an
applied phase difference of ¢ = 0 over the injector junction
[Fig. 8(a)], no spin current is injected across the detector. Con-
sequently, the current-phase relation of the detector junction is
that of an ordinary O junction. At an applied phase difference
of ¢ = m/2 over the injector junction [Fig. 8(b)], a large
spin current is injected across the detector. Consequently, the
current-phase relation is shifted by an amount ¢y = —0.27.

Figure 8(c) shows the complete ¢o-phase relation. The
abscissa corresponds to the applied phase difference of the
injection junction. On the right ordinate we have plotted the
charge and spin currents injected across the detector, that is,
(I”) and (I’*). The (I”)-phase and the (I°*)-phase relations are
both almost sinusoidal, and we interpret the spin current as
the spin polarization of the charge current. On the left ordinate
we have plotted the induced ¢ shift, i.e., the phase ¢ over the
detector that corresponds to (I*) = 0 and F = F,. Clearly,
the ¢ shift is zero when the transverse spin current is zero.
Moreover, the sign of the ¢y shift is a good predictor for the
sign of the spin current. We have not been able to find a simple

FIG. 7. Proposed experimental setup for detecting a spin-
polarized supercurrent consisting of two crossed Josephson junc-
tions. The charge supercurrent in the y direction injected into the
S/F(y/F(x/F(y)/S junction is spin polarized in the x direction by the
magnetic inhomogeneity provided by the F(y) layers. The transverse
spin current thus injected into the S/N/F(x)/N/S junction induces a
phase difference ¢, between the left and right superconductors.
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FIG. 8. ¢, effect for the setup in Fig. 7. [(a) and (b)] Current-
phase and free-energy—phase relations of the detector junction as a
function of the phase difference applied over the detector junction
at applied phase differences of (a) ¢ = 0 (no injected charge current)
and (b) ¢ = 7 /2 (maximal injected charge current) over the injection
junction. In (b), a ¢y shift of ¢y = —0.27 is clearly visible. (c) Right
ordinate: the injected charge current and the resulting spin current
through the injection junction as a function of the phase difference
applied over the injection junction. Left ordinate: the induced ¢, shift
in the detection junction as a function of the phase difference applied
over the injection junction. The system size is N, = 35 times N, =
21. The layer thicknesses of the detector are Ns = 5, Ny = 10, and
Ng =5, and the layer thicknesses of the injector are Ns = 5, Ng() =
3, and Ng(y,) = 5. All material parameters are identical to Fig. 3.

explanation for the deviation of the ¢y shift from a pure sine,
but the fact that both the sign and zeros of the anomalous
phase ¢ follow the spin supercurrent is consistent with the
latter being the origin of the anomalous phase shift.

In addition to serving as a measurement of the spin polar-
ization of the supercurrent, the setup we propose in Fig. 7 can
also serve as a current-controlled phase battery. Such func-
tionality has recently been proposed for a voltage-controlled
¢o junction [77], and recent experiments have made progress
towards both magnetic and electric phase control [62,78].

VIII. ELECTRICAL DETECTION
OF AN EXCHANGE SPIN CURRENT

The inverse superspin Hall effect is not only induced by
a spin-polarized charge supercurrent, but also by other equi-
librium spin currents. To demonstrate this, we consider the
setup in Fig. 9. Here, the injection junction has been replaced
by an F/N/F spin valve (no spin-orbit coupling in N). By
misaligning the ferromagnets, we can inject an exchange spin
current [49,50]. The spin current is proportional to the sine of
the misalignment angle 6, I; ~ sin 6.

In Fig. 10(a), we plot the resulting spin current (**) in
the central normal metal (where spin is conserved) and the
anomalous current /(0) = (I*) as a function of the misalign-
ment angle 6. The spin current is sinusoidal as a function
of 6, consistent with the prediction of Refs. [49,50]. The
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FIG. 9. Suggested experimental setup for the inverse superspin
Hall effect. The misalignment of the two ferromagnets (misalign-
ment angle 0) produces a transverse exchange spin current that gives
rise to an anomalous current between the two superconductors.

sinusoidal response of the anomalous current is consistent
with our interpretation that it is induced by the exchange spin
current (and not directly induced by the transverse variation
in the exchange field as in Ref. [37]).

In Figs. 10(b) and 10(c), we plot the current-phase relation
at a misalignment angle 6 = 0 and /2. The anomalous cur-
rent /(0) shows up as a ¢y shift of the current-phase relation.

In Fig. 11, we have plotted the magnitude and phase of
the resulting superconducting gap. The oscillations in the
gap magnitude |A;| at the sample edges are due to Fridel
oscillations that create an oscillating change density [79]. A
¢o shift of g ~ —0.04rx is clearly visible.

Figure 12 shows the dependence of the anomalous current
1(0) on the spin-orbit coupling strength A in the Rashba metals
and the exchange-field strength /4 in the ferromagnets. There
is a pronounced peak (or dip) at 2z =~ 0.8 and A =~ 1.9. This pa-
rameter dependence can be understood as follows: We expect
the inverse superspin Hall effect to disappear when the ex-
change field vanishes because # = 0 means that no transverse

x10~4 (a) x1073
2 1.5
¥ 0 0.0 /7
-2 — L5
0 °] 2
x10-3 (b) () 10
1.4 1.4
¥ 0.0 \
-1.44; J L 1 0.0
0 ¢ 2n 0 ¢ 2n

FIG. 10. (a) Injected spin current (/°*) in the central normal
metal (no spin-orbit coupling) and anomalous current 7(0) = (I*)
as a function of the misalignment angle 6. [(b) and (c)] Current-
phase and free-energy—phase relations at a misalignment angle of,
respectively, & = 0 (no injected spin current) and 6 = 7 /2 (maximal
injected spin current). A ¢y shift of ¢y ~ —0.04x is clearly visible.
We use the following parameter values: the system size is N, = 38
times Ny = 12; the layer thicknesses of the detector are Ng = 15,
Nx =2, and Ny =4 and the layer thicknesses of the injector are
Nr =1 and Ny = 10; the Rashba spin-orbit coupling is 1 = 1.87;
and the exchange field is 47 = 0.8. The remaining parameter values
are identical to Fig. 3.
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FIG. 11. ¢, signature of the inverse superspin Hall effect.
[(a) and (c)] Magnitude of the superconducting gap |A;|. The gap
vanishes in the N/F/N spacer and the inverse proximity effect is
clearly visible. The oscillations of the gap at the edges of the sample
are due to Fridel oscillations. [(b) and (d)] Phase of the s-wave singlet
amplitude S;o. A ¢o shift of ¢y ~ —0.047 is clearly visible. The
plots in (c) and (d) are for y = 5. We use parameter values that are
identical to Fig. 10.

spin current is injected. (Also, magnetism is a prerequisite for
the superspin Hall effect.) For small values of /&, we expect
the anomalous current to increase with the exchange field
because an increase in / leads to an increase in the transverse
spin current. However, for large values of i, we expect the
superspin Hall effect to disappear because the exchange field
suppresses the superconducting proximity effect.

We also expect the anomalous current to vanish for van-
ishing spin-orbit coupling because spin-orbit coupling is a
prerequisite for the superspin Hall effect. For finite X, there
is a finite anomalous current because of the superspin Hall
effect, but we expect the superspin Hall effect to disappear
for very large spin-orbit coupling because it suppresses the
necessary py-wave spin-0 triplets [41] (d not parallel to g; in
the notation of Ref. [80]).

IX. DISCUSSION

The superspin Hall effect and its inverse depend on the
existence of p-wave correlations in the junction. These cor-
relations are sensitive to disorder and will, in the face of too
large amounts of disorder, be entirely suppressed.

The suppression of superconductivity by disorder has been
studied in many systems, including heavy-fermion systems
[81,82], iron pnictides [83,84], and Sr,RuQ, [85]. Strontium

-19 0 8
[ ' | x10-3
6
A
0
0 h 4

FIG. 12. Dependence of the anomalous current 7(0) = (I*) on
the ferromagnet exchange field 4 and the Rashba metal spin-orbit
coupling A. Except for  and A, the parameter values are identical to
Fig. 10.
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ruthenate is arguably the most relevant system for the p-wave
correlations that the superspin Hall effect depends on. In
strontium ruthenate, the disorder dependence of the critical
temperature can be described using Abrikosov—Gor’kov pair-
breaking theory [3,86]. Superconductivity vanishes in this
compound when the mean free path ¢ is on the order of
or smaller than the superconducting coherence length & of
the p-wave order parameter. Experiments indicate that this
corresponds to a residual resistivity of about 1 uQcm [85].
Results from the iron pnictides indicates that sy-wave pair-
ing is suppressed at a similar residual resistivity of about
10 uS2cm [84], corresponding to an impurity concentration
of only about 1% [83].

We expect that a similar strong suppression of the p-wave
correlations will take place in the junctions we consider. To re-
alize the effects we predict experimentally would thus require
samples with good crystallinity and impurity concentrations
below about 1%.

In the weakly disordered case—that is, for impurity con-
centrations below this level—we expect that the amount of
p-wave correlations will be reduced, but not have vanished
completely. This will lead to a reduction in the induced
transverse spin current (superspin Hall effect) or the induced
anomalous current (inverse superspin Hall effect) compared
to the clean limit. For comparison, it is instructive to compare
the behavior in this case to Fig. 12. Here, the p,-wave spin-0
triplets are suppressed at large spin-orbit coupling, and the
anomalous current vanishes. Similar behavior can be expected
as a function of impurity concentration.

X. CONCLUSION

We have considered the
inverse superspin Hall

superspin Hall and the
effects in a two-dimensional

S/N/F/N/S Josephson junction. We present two main
results.

Firstly, the transverse spin supercurrent induced by the
superspin Hall effect circulates from the N/F/N spacer, into
the superconductors, and back into the N/F/N spacer. Con-
sequently, it does not give rise to a spin magnetization at
the sample edges, contrary to the usual spin Hall effect. The
spin magnetization that does arise at the sample edges can be
attributed to interaction between the proximity-induced even-
frequency s-wave spin-singlet condensate and odd-frequency
s-wave spin-triplet correlations.

Secondly, we predict and numerically confirm the exis-
tence of the inverse superspin Hall effect, which can be de-
tected experimentally as a ¢y shift in the Josephson junction.
We have shown that both exchange spin currents and spin-
polarized charge supercurrents produce a transverse charge
supercurrent by the inverse superspin Hall effect. In particular,
we propose that a ¢ junction produced by the inverse super-
spin Hall effect can be used to—for the first time—measure
directly the spin polarization of a charge supercurrent carried
by triplet Cooper pairs.
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