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We present a model to describe the spin currents generated by ferromagnet/spacer/ferromagnet

exchange coupled trilayer systems and heavy metal layers with strong spin-orbit coupling. By

exploiting the magnitude of the exchange coupling (oscillatory RKKY-like coupling) and the spin-

flop transition in the magnetization process, it has been possible to produce spin currents polarized

in arbitrary directions. The spin-flop transition of the trilayer system originates pure spin currents

whose polarization vector depends on the exchange field and the magnetization equilibrium angles.

We also discuss a protocol to control the polarization sign of the pure spin current injected into the

metallic layer by changing the initial conditions of magnetization of the ferromagnetic layers previ-

ously to the spin pumping and inverse spin Hall effect experiments. The small differences in the

ferromagnetic layers lead to a change in the magnetization vector rotation that permits the control

of the sign of the induced voltage components due to the inverse spin Hall effect. Our results can

lead to important advances in hybrid spintronic devices with new functionalities, particularly, the

ability to control microscopic parameters such as the polarization direction and the sign of the pure

spin current through the variation of macroscopic parameters, such as the external magnetic field or

the thickness of the spacer in antiferromagnetic exchange coupled systems. Published by AIP
Publishing. https://doi.org/10.1063/1.5023459

I. INTRODUCTION

Conventional antiferromagnets (AF) and synthetic anti-

ferromagnets (SAF) have been extensively used in engineered

spintronic devices over the years, mainly for the storing, writ-

ing, and reading of information. Recent advances in the use of

AF and SAF for the generation and detection of spin currents

are playing a crucial role in the design of new spintronic devi-

ces.1,2 In addition to being easily adaptable to spintronics,

some advantages of the use of crystal antiferromagnets

involve the lack of stray fields as a consequence of its zero net

magnetic moment in the absence of an external magnetic

field; in the case of SAF, it is possible to control the exchange

coupling between ferromagnetic thin films through metallic

layers, to artificially obtain “pinned” electrodes in tunnel

junction-like devices.

In a more recent context, it has been demonstrated that

the use of antiferromagnets in the generation and detection

of spin currents provides new ways to inject, propagate and

detect pure spin currents, in some cases with improved effi-

ciency. Recent works, both theoretical3–5 and experimen-

tal,6–10 highlight the role of AF not only as spin current

injectors but also as angular momentum propagators when

they are combined with ferromagnetic/heavy metal layered

(FM/ML) structures. On the one hand, spin transport through

AF layers such as NiO,6 FeMn,8 or IrMn11 inserted into FM/

ML bilayers evidenced that it is possible to propagate spin

currents through AF efficiently and also to enhance the spin

to charge current conversion in the metallic layer. Khymyn

et al.12 attributed the enhancement of the inverse spin Hall

effect (ISHE) signal to the presence of a pair of evanescent

AFM spin wave modes that can either attenuate or enhance

the spin current depending on the phase difference between

the evanescent spin wave modes. On the other hand, recent

works explored theoretically a more active role of crystal

antiferromagnets in spintronic devices.3,4 The use of AF as

spin current injectors into adjacent normal metals with strong

spin-orbit coupling (SOC) could lead to an enhancement of

the spin Hall signal near the spin-flop transition in uniaxial

antiferromagnets. The papers of Cheng et al.3 and Johansen

and Brataas4 estimate the magnitude of the spin Hall vol-

tages through the calculation of the spin current pumped

from compensated AF/ML interfaces in the THz region. This

description of spin pumping (SP) also explores the influence

of the ratio of the anisotropic energy to the exchange energy

on the spin dynamics of AF/ML systems for the determina-

tion of a suitable antiferromagnet candidate for spin current

generation.

The generation and detection of pure spin currents via

spin pumping (SP) and the inverse spin Hall effect (ISHE)

became an important research field in spin dependent trans-

port. These effects can be used to estimate microscopic

parameters related to the transport properties of FM/ML
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systems. For example, the spin diffusion length (kSD), the

spin Hall angle (HSH) and the spin mixing conductance (g"#)
provide a way to determine the spin-to-charge current con-

version efficiency in different 5d transition metal elements

such as Pt13,14 or Ta,15,16 which determines the suitable can-

didate for technological applications. The strong SOC in

these transition metals is responsible for the ISHE, which

converts a pure spin current into a transversal charge current

according to Jc ¼ HSH
�2e

�h

� �
Js � r, where Jc and Js are the

charge current and the pumped spin current, respectively,

and r is the polarization direction of the pure spin current.

Recent works in this field combine non-conventional compo-

nents for the exploitation of these effects such as mangan-

ites17,18 or magnetoelectric structures combined with strong

SOC metals that can be used to modify the magnetic field

position at which the spin pumping phenomenon occurs.19

The interplay between materials with different properties

and metallic layers with strong SOC can lead to the design

of new hybrid spintronic devices with improved perfor-

mance. For example, the work of Johansen and Brataas4 also

states that the strength of the spin pumping signal is influ-

enced by the exchange interaction in AF/ML systems.

In this framework, it is known that exchange interac-

tions can also be used to control the interlayer exchange cou-

pling (IEC) between two ferromagnetic layers through non-

magnetic metallic spacers (S). This exchange coupling is

similar to the RKKY interaction, whose sign and magnitude

depend on the spacer thickness, and it is mediated by the

conduction electrons of the metallic spacer. This type of

interaction is present in trilayer systems such as Co/Ru/

Co,20–22 Fe/Au/Fe23 or Py/Cu/Py.24

In this work, we will make use of the IEC between FM

layers in order to modify the magnetization orientation during

the resonance condition that can be used to control the polari-

zation of the pure spin currents generated during the spin

pumping process of the SAF/ML system. Our previous work25

reported the observation of spin pumping and the inverse spin

Hall effect in antiferromagnetically coupled [Co/Ru/Co]/Pt

heterostructures. The spin-flop magnetization process observed

in antiferromagnetically exchange coupled layers allowed us

to control the polarization of the pure spin current injected into

a heavy metal layer with strong SOC. In this paper, we aim to

explain the behavior of a synthetic antiferromagnet as a spin

current injector into a heavy metal layer through a phenomeno-

logical model that considers the influence of the spin-flop mag-

netization process on the spin pumping into the metallic layer.

The model not only provides further insight into the spin-to-

charge current conversion in SAF/ML systems, but also pre-

dicts the expected results during SP-ISHE experiments.

II. EXPERIMENTAL CONSIDERATIONS

Conventional spin current detection generated by spin

pumping during the magnetic resonance condition of FM/

ML systems is carried out by measuring the voltage induced

by the ISHE acting on the spin current that is “pumped”

from the FM into a metallic layer with strong SOC. The

ISHE signals in bilayer systems are commonly acquired by

measuring the transversal voltage between the edges of the

sample as described in previous works.13,26 In our case, the

presence of antiferromagnetically exchange coupled struc-

tures, in which the magnetization is not necessarily aligned

with the external magnetic field across the resonance condi-

tion, opens up the possibility to detect charge currents in

unconventional directions. A schematic of the SAF-ML sys-

tem and the electrical contact configuration for the detection

of the pure spin currents via ISHE is shown in Fig. 1. The

experiments are commonly performed inside of a resonance

cavity with the external magnetic field H and the microwave

magnetic field hlx directions perpendicular to each other.

III. MODEL

In this section, we will discuss the magnetization dynam-

ics, the spin pumping and the inverse spin Hall effect in SAF/

ML heterostructures. For the determination of the resonance

modes and the equilibrium angles of the magnetization of the

exchange coupled FM/S/FM system, we used a model adapted

from Zhang et al.21 On the other hand, we propose a phenom-

enological model that describes the spin-to-charge current

conversion of the pure spin current injected from a SAF into a

ML, taking into consideration the influence of the spin-flop

magnetization process on the spin pumping into the metallic

layer as a mechanism for the polarization of the pure spin cur-

rent. Our model also discusses the mechanism and the features

for the detection of the induced ISHE voltages in SAF/ML in

non-conventional directions via in-plane angular measure-

ments of ISHE signals.

A. Resonance modes and equilibrium angles in FM/S/
FM systems

The magnetization dynamics of synthetic antiferromag-

nets can be described by using the free energy expression of

FIG. 1. Schematic of the detection mechanism of a pure spin current in a

SAF/ML heterostructure via the inverse spin Hall effect. In the resonance

condition, magnetization pumps a spin current Js into the metallic layer

along the x-axis, that is converted into a charge current Jc via ISHE that is

perpendicular to Js and to the magnetization vector M1. The spin-flop mag-

netization process in FM/S/FM trilayer structures could lead to the detection

of ISHE voltages at different in-plane orientations to the transversal direc-

tion. The external magnetic field H and the microwave magnetic field hlx

are applied along the y- and z-axes, respectively.
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the FM/S/FM system and the Landau-Lifshitz-Gilbert equa-

tion. Considering a trilayer system consisting of two FM

layers, whose magnetization and anisotropies are similar,

and a metallic spacer S, it is possible to calculate the reso-

nance modes and the magnetization equilibrium angles dur-

ing the resonance condition. The resonance fields of the SAF

and the magnetization equilibrium angles provide a way to

determine the relative orientation between the magnetization

of each layer as a function of the external magnetic field.

Considering two FM layers with the same thickness d, the

resonance modes of the FM/S/FM system can be obtained

from the equations of motion27–29

_Mi ¼ cMi �
1

d

@Fa

@Mi
� a

c

_Mi

jMij
� hlx

 !
; (1)

where Mi ¼M0i þmie
ixt is the magnetization from the i-th

layer with jM0ij � jmij, Fa is the free energy per unit area,

c ¼ glB=�h is the gyromagnetic ratio and a is the Gilbert

damping parameter. We assume that jMij ¼ Mi � jM0ij, due

to the smaller value of jhlxj compared to the external mag-

netic field H. The model also assumes that the magnetization

in each layer is in a saturated state during the resonance con-

dition, and also the presence of easy plane anisotropy. The

free energy expression of Eq. (1) can be written as

Fa ¼
X2

i¼1

ðf i
Zeeman þ f i

anisÞ � JE
M1 �M2

jM1jjM2j
; (2)

where f i
Zeeman ¼ �dMi �H is the Zeeman energy and the

term f i
anis ¼ d

2
MiNiMi � dKðiÞn

ðê?�MiÞ2

jMij2
corresponds to the

anisotropic contribution; Ni; KðiÞn and ê? being the compo-

nents of the demagnetizing tensor, the perpendicular anisot-

ropy constant and a unitary vector perpendicular to the plane

of the film, respectively. The first term of the anisotropic

contribution is related to the effective demagnetizing field

associated with H
ðiÞ
eff ¼ 4pMi � 2KðiÞn =Mi. The last term in

Eq. (2) corresponds to the interlayer exchange energy per

unit surface, where JE is the coupling constant per unit area

and whose sign is negative (positive) for an antiparallel (par-

allel) coupled system. The exchange energy can also be

expressed in magnetic field units according to HE ¼ 2JE

djMj

� �
,

for the case jM1j ¼ jM2j ¼ jMj.

1. Ferromagnetic coupling

The oscillation modes for the ferromagnetically coupled

situation of two identical FM layers can be obtained in an ana-

lytical way only when the external magnetic field is applied

parallel or perpendicular to the plane of the trilayer system.

When the external magnetic field is applied parallel to the

plane of the FM/S/FM layers, the magnetization precession

originates two resonance modes: an out-of-phase mode (opti-

cal mode) and an in-phase mode (acoustic mode).21,30 In the

ideal case, where the FM layers are identical, the optical mode

intensity should be zero, and only the acoustic mode should

be observable. The analytical expressions for the dispersion

relation of the acoustic and optic modes when the magnetic

field is applied parallel to the trilayer system are shown in the

second column of Table I.

The exchange field modifies the dispersion relation

revealing that it depends on the magnitude and the sign of

the exchange coupling constant. The excitation of the modes,

when the external magnetic field is applied parallel to the

plane of the films, usually occurs in the saturated state of the

system; therefore, the magnetization of both FM layers is

parallel during the resonance condition.

2. Antiferromagnetic coupling

In contrast to a crystal antiferromagnet, where the

exchange interaction occurs between localized spins, antifer-

romagnetic exchange coupling in a multilayer system cou-

ples adjacent layers separated by non-magnetic metallic

films. From the equation of motion and the free energy

expression, it is also possible to calculate the dispersion rela-

tion for both the optical and acoustic modes in the parallel

case as a function of the external magnetic field. In this case,

the exchange field HE plays an important role in the determi-

nation of the functions that describe the relation dispersion

xðHÞ. For H < HE, the analytical expressions of the acoustic

and optical modes are shown in the third column of Table I.

In a saturated state, for H > HE, the dispersion relation

of the acoustic mode takes the same form as in the ferromag-

netic exchange coupling case, as shown in Table I. Figure

2(a) shows the simulated relation dispersion of the acoustic

mode in a Co/S/Co system for two different values of the

exchange field H1
E and H2

E, considering that H2
E ’ 3H1

E. The

resonance fields of the acoustic modes in the X band

(9.40 GHz) are also indicated in the figure. The dynamic

behavior of Co/Ru/Co trilayers studied by FMR evidences

that the dispersion relation of the system strongly depends

on the exchange coupling constant.21

As it was previously mentioned, from Eqs. (1) and (2)

that rule the magnetization dynamics of the system, it is also

possible to determine the equilibrium angles or the relative

orientation between the magnetization of the FM layers that

describe the magnetization process of the system. The mag-

netization process of antiferromagnetic exchange coupled

FM layers consists of a spin-flop-like transition, in which the

magnetization of each layer is flipped away a certain angle

from the external magnetic field, and then monotonically

aligned through a continuous rotation of each magnetization

until magnetic saturation is reached. The continuous rotation

of the magnetization is described by the angle /, formed by

TABLE I. Analytical expressions of the dispersion relation of the acoustic

and optical modes in the ferromagnetic and antiferromagnetic coupling. The

magnetic field is applied parallel to the trilayer system.

FM case and AF

case ðH > jHEjÞ
AF

case ðH < jHEjÞ

Acoustic

mode

xac ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HðH þHeffÞ

p
xac ¼ cH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Heff

jHE j

q
Optical

mode

xop¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðHþHEÞðHþHEþHeffÞ

p
xop ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HEHeff ½ð H

HE
Þ2 � 1�

q
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the magnetization of the FM layers and the z axis, as sche-

matically shown in Fig. 2(b), that depends on HE (/¼ 90�

for H 	 HE that corresponds to Mi k H). Figure 2(c) shows

a simulation of the magnetization equilibrium angles as a

function of the external magnetic field for the same values of

exchange fields H1
E and H2

E, where curves above (below)

/¼ 90� correspond to the polar angles of M2 (M1). This fig-

ure evidences the continuous rotation of the magnetizations

M1 and M2 towards the magnetic field direction. Although

the FM layers are saturated during the magnetization pro-

cess, the exchange coupling energy is not overcome until

both layers are completely aligned with the external mag-

netic field at the exchange magnetic field value (HE). In the

antiferromagnetic exchange coupling, the determination of

the equilibrium angles is not as simple as in the ferromag-

netic case; however, if jM1j ¼ jM2j, the polar angles of the

magnetization are supplementaries: /1 ¼ p� /2 [according

to symmetry considerations shown in Fig. 2(b)]. Early

experiments in Co/Ru/Co trilayers revealed that Co layers

are antiferromagnetically coupled below a certain Ru thick-

ness (tRu 
 1.2 nm), presenting an oscillatory exchange cou-

pling as a function of the spacer thickness and being possible

to achieve large exchange fields, on the order of several

kOe.21,31

B. Spin pumping and the inverse spin Hall effect in
SAF/ML

In this part, we will discuss the spin pumping process

and the inverse spin Hall effect of an antiferromagnetically

exchange coupled system into ML with strong SOC. We will

consider an antiferromagnetic exchange coupled [FM/S/

FM]/ML system as our [SAF]/ML heterostructure for the

analysis of the SP-ISHE process. For the spin pumping

description in the SAF/ML, we will also take into consider-

ation the case when the resonance field value HR of the tri-

layer system is below the exchange field or HR<HE for

some fixed frequency, i.e. the resonance condition occurs

when the FM layers are not completely aligned with the

external magnetic field. To contrast the SP-ISHE in SAF-ML

with the conventional case, we will briefly discuss the spin

pumping of a FM/ML bilayer system and the detection of the

generated spin current via ISHE.

1. Single Co layer injection

The most common system used for spin current genera-

tion and detection via SP-ISHE is a FM/ML bilayer. In reso-

nance condition, a pure spin current is injected into the

metallic layer due to the interfacial relaxation process medi-

ated by the conduction electrons of the ML. The instanta-

neous spin pumping current Js, with a unit vector of the spin

current polarization s, is given by Jsŝ ¼ �h
8p Reð2g"#Þ½m� @m

@t �,
where m is the unit magnetization vector and Re(g"#) is the

real part of the spin mixing conductance. The pure spin cur-

rent is converted into a transversal charge current via the

inverse spin Hall effect according to Jc ¼ HSH
�2e

�h

� �
Js � r.

A schematic of the relative orientation between the electrical

field and the magnetization vector associated with the

SP-ISHE mechanism in a FM/ML system is shown in Fig.

3(a). The time averaged Js has a non-zero component only in

the direction of the applied magnetic field, and because the

electrical field generated by the ISHE is transversal to the

magnetization vector of the FM film, an in-plane angular

variation of the ISHE voltages fits to a cosine function as

shown in Fig. 3(b). This dependence was demonstrated by

previous authors32,33 by measuring the ISHE signals varying

the relative orientation between the external magnetic field

and the electrical contact direction for the detection of the

ISHE around an axis perpendicular to the plane of the sample

[angle a in Fig. 3(a)].

Previous works on bilayers such as Fe20Ni80/Ta,15

Fe20Ni80/Pt,32,33 YIG/Ta16 and YIG/Pt34 not only set the foun-

dation for a better understanding of the detection of pure spin

currents, but also evidenced the influence of particular elec-

tronic transport effects such as anomalous Hall effects, aniso-

tropic magnetoresistance and spin Hall magnetoresistance on

FIG. 2. (a) Simulated dispersion relation f(H) ðx ¼ 2pf Þ of the acoustic

mode for the Co/S/Co system for two different values of the exchange field

jH1
Ej ’ 1000 Oe (dashed line) and jH2

Ej ’ 3000 Oe (solid line). The filled

circles indicate the value of the resonance field at 9.40 GHz (X-band). A

gyromagnetic factor value g¼ 2.14 and an effective shape anisotropy field

Heff ¼ 1.38� 104 Oe were used. The external magnetic field is applied paral-

lel to the plane of the trilayer system. We assumed that jM1j ¼ jM2j. (b)

Schematics of the spin-flop magnetization process in a SAF system. At H � 0,

the magnetization of the layers is antiparallel to each other. When H is ori-

ented perpendicular to the initial magnetization direction, a continuous rota-

tion with increasing field strength occurs towards the field direction. For

H > HE, the magnetization of both layers is aligned with the external mag-

netic field. In our analysis of the spin-flop transition, we did not consider an

in-plane uniaxial magnetic anisotropy because it is at least one order of mag-

nitude smaller than the interlayer exchange coupling. (c) Simulated magneti-

zation equilibrium angles / of a Co/S/Co system as a function of H for the

same values of exchange fields H1
E (dashed line) and H2

E (solid line).

Vertical dotted (solid) lines indicate the resonance field H1
R ðH2

RÞ of the SAF

system with H1
E ðH2

EÞ. The filled circles indicate the value of the equilibrium

angles during the resonance condition in each case. Inset: Schematics of the

equilibrium angles /1 and /2 of the magnetization vectors during alignment

with the external magnetic field.

123904-4 Avil�es-F�elix et al. J. Appl. Phys. 123, 123904 (2018)



the spin Hall voltages16,32,33 that affect the in-plane angular

dependence of the ISHE signal. For instance, in some cases,

the detected dc voltages in SP-ISHE experiments show a

more pronounced asymmetric behavior due to the aniso-

tropic magnetoresistance in the FM films33 that causes diffi-

culty in the interpretation of in-plane measurements.

2. Antiferromagnetically coupled Co layers: Adjacent
layer injection

The SP-ISHE process in SAF/ML heterostructures

strongly depends on the interlayer exchange coupling

between the FM layers. As it was previously mentioned, the

exchange field HE influences the magnetization dynamics

and the resonance frequency dependence on the external

magnetic field. On the one hand, if the FM layers of the SAF

are ferromagnetically coupled, the magnetization vectors are

parallel to each other along the external magnetic field dur-

ing resonance conditions and the spin pumping process is

similar to a FM/ML system. A pure spin current will be

injected into the metallic layer and converted into a transver-

sal charge current [parallel to the z axis according to Fig.

3(a)]. On the other hand, if the FM layers are antiferromag-

netically exchange coupled, the resonance condition could

occur before the magnetization of the FM layers is

completely aligned with the external magnetic field, as sche-

matically shown in Figs. 2(c) and 4(a). Because the spin

pumping is an interfacial process, we will consider that the

pure spin current is generated only from the FM layer adja-

cent to the ML, and the polarization of the spin current will

be determined by the corresponding magnetization vector

M1. The magnetization M2 of the FM which is not adjacent

to the ML will not be considered in the spin pumping pro-

cess. The orientation of the magnetization M1 during the

spin pumping is determined by the equilibrium angle /
obtained from Eqs. (1) and (2). Therefore, the polarization

vector s of the spin current also depends on / because the

precession of M1 at H¼HR<HE is misaligned with the

external magnetic field.

The spin current injected into the ML with the magneti-

zation vector tilted at an angle / will be converted into a

charge current via ISHE with the transversal electric field

vector E1 also tilted at an angle / from the coordinate axis

according to Fig. 4(a). Conventional measurements of the

ISHE signals place the electrical contacts in a transversal ori-

entation from the external magnetic field (along the z axis in

this case). Performing electrical measurements in that config-

uration will only allow us to detect the projection of the

ISHE electric field along the z axis. Our analysis of the SP-

ISHE process in SAF/ML indicates that the maximum value

of the ISHE signal can be tuned by performing in-plane mea-

surements of the induced voltages as a function of an arbi-

trary angle a on the plane of the films. The main feature of

the in-plane angular dependence of the ISHE signal is that it

can be fitted to a sine function shifted by the value of /.

According to Fig. 4(a), if we place the electrical contacts

along the M1 direction, the ISHE signal will be zero due to

the induced electrical field vector being perpendicular to the

magnetization, and therefore to the line of the electrical con-

tacts. However, following the same reasoning, the maximum

value of the ISHE signal will be found at p/2þ/ (or / � p/2),

as shown in Fig. 4(b).

In this particular case, it can also be deduced from Fig.

4(a) that comparing the magnitude of the transversal and lon-

gitudinal components of the ISHE signals, corresponding to

the cases where a¼ 0 and a ¼ 90� according to the sche-

matic of the ISHE electrical field shown in Fig. 4(a), the

value of the equilibrium angle of the magnetization during

the resonance condition can be estimated. The transversal

and longitudinal components of the ISHE voltage labeled as

VT
ISHE and VL

ISHE, respectively, are the result of measuring the

ISHE electrical field projection along the z- and y-axes and

are related to the equilibrium angles of the magnetization

through the following expression:

VT
ISHE=VL

ISHE ¼ tan /: (3)

The schematic of Fig. 4(a) and the /-dependence with

the external magnetic field allow us to predict the behavior

of VT
ISHE and VL

ISHE for different exchange coupling strengths.

Although it was not considered in Fig. 4(b), it is important to

mention that the magnetization equilibrium angle will also

FIG. 4. (a) Schematics of the ISHE electrical field E1 and the magnetization

vector M1 during the spin pumping process in a SAF/ML system. In the res-

onance condition, the magnetization of the FM layer pumps a spin current Js

into the metallic layer that is converted into a transversal charge current Jc

via ISHE. (b) In-plane angular dependence of the ISHE signal for the FM/

NM bilayer system. In this picture, the magnetization M2 from the layer

which is not adjacent to the ML does not contribute to the spin pumping

process.

FIG. 3. (a) Schematic of the ISHE electrical field ET and the magnetization

vector M during the spin pumping process in a FM/ML system. In the reso-

nance condition, magnetization of the FM layer (parallel to the external

magnetic field and precession around the y-axis) pumps a spin current Js

into the metallic layer parallel to the x-axis (not shown), that is converted

into a transversal charge current Jc via ISHE. The dashed line indicates an

arbitrary axis as a reference for the in-plane ISHE measurements through the

angle a. (b) In-plane angular dependence of the ISHE signal for the FM/NM

bilayer system.
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affect the magnitude of the spin current Js injected into the

ML because the product ½m� @m
@t � is also influenced by the

magnetization equilibrium angle /.

It is important to notice that in the calculation of the reso-

nance modes and the equilibrium angles in the FM/S/FM, we

are not considering the influence of the spin current pumped

from one FM layer on the magnetization dynamics of the

other FM layer. Although the spin diffusion lengths are

slightly larger than the required thickness to achieve AFM

coupling, the spin transport in ferromagnets is a more complex

problem because the scattering process and length scales are

spin dependent. If we assume that part of the spin current

injected from the FM layer which is not adjacent to the ML

propagates through the FM/ML interface with an attenuated

amplitude, it is possible with our model to estimate the in-

plane angular dependence of the ISHE signal for the [SAF]/

ML system. Considering that an additional ISHE electric field

E2 is generated by the magnetization M2 [according to the

schematics of Fig. 4(a)] of the layer which is not in contact

with the ML, the total electric field will be of the form

E ¼ E1 cos ðp=2� aþ /Þ þ E2 cos ðp=2� a� /Þ, with jE2j
< jE1j, and the amplitude of the ISHE voltages will be

slightly modified depending on the factor jE2j=jE1j.

C. Tuning the sign of the ISHE in SAF/ML

For the analysis of the magnetization dynamics, we have

considered that both FM layers in the SAF system have iden-

tical magnetization and anisotropy values. From the results,

we concluded that the spin-flop magnetization process can

lead to the generation of pure spin currents polarized in arbi-

trary directions as a consequence of the misalignment of the

magnetization of the FM during the resonance condition. In

general, the fabrication of two identical layers is quite diffi-

cult using standard deposition methods, and small variations

in the magnetic moments or the anisotropies of the layers are

unavoidable. This can be used to select the sign of the ISHE

voltage following an appropriate field protocol.

To picturize this situation, we can consider that the FM

layers are not perfectly identical, and one of the layers has

an in-plane anisotropy larger than the other, with their corre-

sponding easy anisotropy axes parallel to each other. It is

important to mention that in this picture, the magnetic

moments of both layers are equal. In this case, after the

application of a large external magnetic field along theþy or

�y direction, the magnetization of the FM layer with a larger

anisotropy constant would rotate following the direction of

its corresponding easy axis. Figure 5(a) shows a schematic

of the magnetization process considering that the magnetiza-

tion M1 of the layer which is in contact with the ML has a

larger in-plane anisotropy (represented by EA1) than the

other layer. After the application of a magnetic field along

the �y direction being large enough to overcome the

exchange field, the alignment of the magnetization vector

M1 is determined by the easy axis EA1 and will rotate in a

counter-clockwise direction along the lower quadrant

according to Fig. 5(b). On the other hand, if the SAF is satu-

rated along theþy direction [Fig. 5(c)], the rotation of M1

will also follow a counter-clockwise rotation but towards the

direction of EA1 along the upper quadrant as shown in Fig.

5(d). In both cases, M2 will rotate simultaneously with M1

but in an opposite direction due to the IEC coupling.

In resonance condition (at H¼HR), the magnetization

M1 will pump a pure spin current that generates an electric

field E1 due to the ISHE. In both cases, E1 will point in a

transversal direction to M1 as shown in Figs. 5(b) and 5(d)

and will have the same magnitude, but different directions.

This could be evidenced experimentally by measuring the

longitudinal and transversal components of the ISHE signals.

In the cases described from Figs. 5(a) to 5(d), we deduced

that the transversal components VT
ISHE of the ISHE signals

will remain unchanged but we expected a change of sign of

the longitudinal component VL
ISHE.

The change of sign of the ISHE voltage can also be

explained by considering that the in-plane anisotropy easy

axes are parallel and have the same magnitude for both ferro-

magnetic layers, but the total magnetic moment of the layers

is slightly different (this situation is commonly obtained dur-

ing the growth of thin films with undesired different thick-

ness). In this picture, a variation of the total magnetic

moment between the layers also breaks the symmetry of the

magnetization rotation during SP-ISHE measurements of

SAF/ML systems. In this case, the Zeeman energy will deter-

mine the magnetic moment rotation of the magnetic moment

in each layer. The layer with a smaller magnetic moment

will always rotate towards the direction of the in-plane

anisotropy easy axis because the Zeeman energy of the other

layer will tend to align the magnetic moment with the exter-

nal magnetic field.

This result can be interpreted as an additional mecha-

nism to control the polarization vector s of the pure spin cur-

rent Js pumped into the ML and consequently, the sign of

FIG. 5. Schematic of the mechanism for the tuning of the sign of the ISHE

voltage in the SAF/ML system. Considering that layer 1 is more anisotropic

than layer 2, it is possible to change the direction of magnetization M1 dur-

ing the resonance condition. (a) Magnetization of the layers M1 and M2 after

the application of a large external magnetic field (H¼ Hs) along the �y
direction. (b) As we increase H, M1 will rotate towards the direction of the

easy axis EA1 (solid line). During the SP-ISHE measurement, the projection

of the ISHE electric field vector along the z axis or VL
ISHE is positive. (c)

Magnetization of the layers M1 and M2 after the application of a large exter-

nal magnetic field along theþy direction. (d) As we decrease H, M1 would

rotate towards the direction of EA1, however, in this case, the projection of

the ISHE electric field along the z-axis has a different sign, therefore, VL
ISHE

is negative.
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the ISHE signal by properly preparing the initial magnetiza-

tion configuration.

IV. CONCLUSIONS

In conclusion, we have proposed a phenomenological

model to describe the spin currents generated by artificial anti-

ferromagnetically exchange coupled systems and heavy metal

layers with strong spin-orbit coupling. Exploiting the magni-

tude of the exchange coupling and the spin-flop transition in

the magnetization process, it is possible to produce spin cur-

rents polarized in arbitrary directions. The spin-flop transition

of the SAF/NM system originates pure spin currents whose

polarization vector depends on the exchange field and the

magnetization equilibrium angles. Considering that the layers

have different in-plane anisotropy values, we discuss an addi-

tional way to control the polarization of the pure spin current

injected into the ML by changing the initial conditions of the

external magnetic field in the SP-ISHE experiments. The vari-

ation of anisotropies in the FM layers leads to a change in the

magnetization vector rotation that permits the control of the

sign of the ISHE voltage components.

To our knowledge, a study that discusses the behavior of

a SAF system as a spin current generator via spin pumping

has not yet been reported. Spin current injection in the GHz

region produced by the SAF/ML systems could contribute to

the development of new high frequency spintronic devices.

Our results can contribute to important advances in hybrid

spintronic devices with new functionalities, particularly the

ability to control microscopic parameters such as the polari-

zation direction of the pure spin current through the variation

of macroscopic parameters, such as the thickness of the NM

in antiferromagnetic exchange coupled [FM/S/FM]/ML sys-

tems, or the external magnetic field.
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