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We investigate the behaviour of spin transfer torque (STT) and tunnelling magnetoresistance

(TMR) in epitaxial antiferromagnetic-based tunnel junctions using tight binding calculations in the

framework of the Keldysh formalism. We find that the STT out-of-plane component exhibits a

staggered spatial distribution similar to its in-plane component. This behaviour is specific to the

use of a tunnel barrier and significantly differs from the out-of-plane torques reported in previous

works using a metallic spacer. Additionally, we show that unlike conventional ferromagnetic-based

tunnel junctions, the TMR can increase with applied bias and reach values comparable to typical

magnetoresistances found for usual spin valves.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896291]

Antiferromagnets (AFs)-based spintronics is a branch of

science that explores spin dependent transport devices using

AFs instead of ferromagnets (F).1,2 It is currently considered

as a significant exploratory topic in spintronics3–6 since AFs

exhibit no stray fields, which is beneficial for ultimate down-

size scalability. In particular, a first theoretical toy model

showed AF spin transfer torque (STT) and giant magnetore-

sistance (GMR) for metallic AF/PM/AF multilayers,7 where

PM stands for a paramagnetic metallic spacer. The authors

considered crystalline uncompensated F monolayers with

staggered AF order (i.e., two alternating F sublattices with

opposite magnetizations). Furthermore, unlike the pioneering

theoretical works on STT in F multilayers,8,9 which predict

torques exerted by a spin polarized current close to the inter-

face between a F and a nonmagnetic metal, STT is expected

to act cooperatively through the entire volume of the AF

electrodes. This feature together with the absence of shape

anisotropy in AFs explain that lower critical currents for

magnetization switching are predicted for epitaxial AFs

compared to the typical values for Fs.

The STT picture proposed in Ref. 7 arises from changes

in the exchange field experienced by localized moments due

to their magnetic interaction with nonequilibrium spin den-

sities originated by conduction electrons. This is in contrast

with the widely used theoretical framework for F systems,

where the basic idea is that the precession of an electron

about the magnetization of a F yields to a change in this

magnetization by conservation of angular momentum, equal

to the imbalance of inward and outward spin fluxes. Due to

the vanishing magnetization in AF metals, this formalism

can only be applied locally.

STT has been experimentally shown, for instance, with

layered ferromagnetic contacts with metallic spacers10,11 and

with a scanning tunneling microscope.12 These experimental

works are based on the variation in the resistance of the dif-

ferent F structures. However, the difficulty to pin the order

parameter of an AF element along a reference direction to-

gether with the dwarfed magnetoresistance observed in AF/

PM/AF multilayers13 makes the observation of STT in AF a

technological challenge. Indirect mechanisms such as the

study of exchange bias variations at F/AF interfaces due to

the effect of a spin polarized current on the spin orientation

of the AF interfacial layer14 are thus a convenient tool for

studying STT in AF.

Apart from spin-valve structures using metallic spacers,

usual F-based spintronics takes advantage since long of tunnel

barriers (B).15 Whereas GMR relies on spin dependent scatter-

ing at interfaces, tunnel magnetoresistance (TMR) rather relates

to spin dependent densities of states. In addition, tunnel barriers

filter the wave vectors’ angles of incidence of incoming elec-

trons, which lowers the effect of dephasing in three dimensional

systems (3-D).16 In effect, the tunneling current distribution

over the two-dimensional Brillouin zone (corresponding to the

wave vector component parallel to the barrier interface, kjj) is

strongly localized in certain regions. For instance, STT is

mostly determined by electrons with perpendicular incidence

and decreases quickly with kjj in F tunnel junctions.17

We investigate the behaviour of STT and TMR in AF-

based tunnel junctions using tight binding calculations in the

framework of the Keldysh formalism both for 1-D and 3-D

geometries. Due to the use of tunnel barriers, we anticipate

unusual behaviours compared to AF-based spin-valves with

metallic spacers, as described below.

Fig. 1 sketches a typical tunnel junction layer structure.

The semi-infinite leads are modelled as a chain of uncom-

pensated localized spins with translational invariance in the

plane perpendicular to the electron flow (y axis). We use a

single band tight binding Hamiltonian for the itinerant elec-

trons with a hopping parameter t¼ÿ1 eV in all regions. The

insulating spacer is a barrier of NB sites (respectively layers)

for 1-D (respectively 3-D) with a spin-independent on-site

energy eB¼ 5 eV. The spin-dependent on-site energy in the

leads is the sum of the s-like orbital energy e0 and the spin

splitting D, which accounts for the s-d magnetic interaction

between itinerant spins and localized moments. The absolute

value of the spin splitting D is constant, but alternates in sign

for a given spin from one site(layer) to the next one due to

the alternating orientation of the localized magnetica)Electronic addresses: mair.chshiev@cea.fr and pablo.merodiocamara@cea.fr
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moments within the AF leads. In particular, localized up

(similarly for down) spins build up a magnetic sublattice in

which the spin-dependent on-site energy reads

e"ð#Þ ¼ e0 ÿ ðþÞD. Thus, the magnetic properties of each AF

are embedded in the spin-splitting D. In addition, the exis-

tence of two sublattices within the AF leads opens a gap in

the density of states (DOS) equal to 2D (see Fig. 1).

However, since AFs do not exhibit any macroscopic magnet-

ization, majority and minority bands are not split.

The charge current density J is calculated in the right lead

utilizing the density operator or non-equilibrium lesser Green

function Ĝ
<

, which is computed here in the framework of the

Keldysh formalism considering ballistic transport18

I ¼
et

8p3�h

ð

Trr Ĝ
<r;r0

k0þ1;k0 ÿ Ĝ
<r;r0

k0;k0þ1

h i

dEdkjj; (1)

where e is the elementary charge and kjj labels the Bloch

state in each translationally invariant layer. Since coherent

transport is considered here, we assume transverse momen-

tum conservation. In the case of a 1-D junction, the prefactor
et

8p3�h
in Eq. (1) becomes et

2p�h
since the integration in the kjj

states is not necessary.

The essential block to calculate the projections of the

lesser Green function Ĝ
<

p;q into layers p and q for the whole

structure is the retarded Green function ĝrp;q for isolated leads

and barrier. In particular, the retarded Green function for the

isolated semi-infinite AF leads is obtained analytically by

renormalized perturbation expansion, considering the 1-D

AF chain as a Bethe lattice with connectivity K¼ 1.19

The local torque is computed from the discrete diver-

gence of the spin current density Q̂

Tk0 ¼ ÿr � Q̂ ¼ Q̂k0ÿ1;k0 ÿ Q̂k0;k0þ1 ¼
t

16p3

ð

Trr Ĝ
<r;r0

k0;k0ÿ1 ÿ Ĝ
<r;r0

k0ÿ1;k0 ÿ Ĝ
<r;r0

k0þ1;k0 þ Ĝ
<r;r0

k0;k0þ1

� �

� r
h i

dEdkjj: (2)

FIG. 1. Layouts of the tunnel junction modified from Ref. 8 for AF leads. (Top) Scheme of the left and right semi-infinite AF electrodes separated by the non-

magnetic insulating spacer of NB atomic layers. The order parameter M0 of the right lead points along the z direction, while the order parameter M of the left

lead is rotated by an angle h around the y axis in the plane parallel to the AF/B interface. The on-site torques delivered in the right lead are represented by the

in-plane (Tjj) and out-of-plane (T?) components. The vector decomposition of the spin current densities is depicted in the barrier (Qij). (Middle) Schematic

illustration of the two AF sublattices of up and down localized spins whose magnetic interaction with itinerant electrons is modeled by the staggered spin split-

ting D. Sites in the left lead, barrier, and right lead are denoted, respectively, by unprimed Greek, Latin, and primed Greek letters. (Bottom) Schematic picture

of the density of states in the AF leads and the potential profile within the junction. The lower and upper bands for a given spin are separated by a gap of 2D.

eB is the spin-independent on-site energy in the barrier, and V is the potential applied through the junction. The Fermi level is set at EF¼ 0 and is indicated by

the lower dashed line.
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In addition, the equivalence of torques obtained from the

spin current and from the exchange field in the z direction is

addressed by the computation of the local spin accumulation

Sk0

Sk0 ¼
ÿi�h

16p3

ð

Trr Ĝ
<r;r0

k0;k0 � r
h i

dEdkjj; (3)

where r is the vector of Pauli matrices. The prefactors in

Eqs. (2) and (3) are replaced by t
4p

and ÿi�h
4p
, respectively, for

1-D junctions, where the integral is performed in the energy

domain only.

The in-plane and out-of-plane torque components

defined in Fig. 1 are thus originated by the out-of-plane and

in-plane components of spin accumulation, respectively,

T
jj

k0
¼ ÿ1ð Þk

0

�
2Dk0

�h
� S?

k0
; (4)

T?
k0
¼ ÿ1ð Þk

0þ1
�
2Dk0

�h
� S

jj

k0
: (5)

In Fig. 2, we show the voltage-induced part of in-plane

(open circles) and out-of-plane (solid circles) spin torque

spatial distributions within the right lead of a 1-D F/B/AF

junction. The in-plane component exhibits the perfectly stag-

gered distribution that was previously observed by N�u~nez

et al.7 for 3-D AF-based spin valves. The alternating sign of

the torque is produced by the alternating localized magnetic

moments of each sublattice in the AF lead. These alternating

moments are responsible for the alternating exchange field

seen by transport electrons. In turn, as described in Eq. (4),

the constant out-of-plane spin density originated by these

transport electrons couple to the alternating exchange field,

which leads to the alternating sign of the torque from one

site to the adjacent site.

However, unlike the random distribution of the out-of-

plane torque shown with such metallic spacer, in the case of

an insulating spacer analysed here, the non-equilibrium part

of this torque component is also staggered. This is valid

regardless of the left lead’s magnetic order since we

observed similar behaviour using AF and FI leads as polar-

isers. Furthermore, the staggered spatial distribution of the

out-of-plane torque survives the kjj integration for 3-D geo-

metries. Together with the reflection-based polarizing mech-

anisms previously reported for AF,6,7 we emphasize that

despite the overall DOS in AF remains unpolarized at the

Fermi level, the local interfacial DOS becomes spin polar-

ized giving rise to TMR and STT. Thus, STT and TMR

behavior is strongly influenced by the two uncompensated

layers next to the insulating barrier.

The red and blue thick lines in Fig. 2 (top and bottom

panels, respectively) represent the out-of-plane and in-plane

spin accumulations in each site of the right lead. By taking

into account the scale factors given by the on-site spin-split-

ting and the sign of the s-d local magnetic interaction (due

to the staggered orientation of each localized moment),

the results represented in Fig. 2 demonstrate that spin accu-

mulation drives the torques. A constant out-of-plane spin

accumulation leads to a staggered in-plane torque. In turn,

the in-plane spin accumulation oscillates slightly around a

constant value, so that the out-of-plane torque exerted in

each site of sublattice A oscillates converging to 1.62 leV

(the limiting torque in the bulk) and the torque deposited in

sublattice B oscillates around the same value with opposite

sign. We ascribe the different spatial distributions of out-of-

plane torque and in-plane spin density in the right lead for

spin valves and tunnel junctions to the multiple spin-

dependent reflections that take place in the metallic spacer

but not in the insulating barrier. In effect, in the case of tun-

nel junctions, the evanescent waves decaying exponentially

do not stay in the barrier, which reduces considerably the

quantum interference between spin-dependent leftward and

rightward electrons’ wave functions. Thus, in the particular

case of the in plane spin component, quantum interference

in a metallic spacer may lead to a non-coherent spatial

distribution of the in-plane spin density (and consequently

out-of-plane torque) both in the spacer and in the right lead.

In contrast, as analogous staggered spatial distributions of

the in-plane torque are present in both systems, the kjj-filter-

ing effect of tunnel junctions is unlikely to be at the origin of

the different out-of-plane torque behaviour, since the spin

precession dephasing of the different kjj states would affect

similarly to both torque components.

In order to illustrate the effect of the equilibrium contri-

bution to the out-of-plane torque, we plot in Fig. 3 the spatial

distribution of the out-of-plane torque at zero bias (bottom),

and the total out-of-plane torque at ÿ0.1V (top) in a 1-D F/

B/AF junction. The subtraction of the equilibrium torque to

FIG. 2. Computed spatial distribution of the in-plane and out-of-plane com-

ponents of the voltage-induced torque (Tjj and T?) and spin density (S? and

Sjj) for a 1-D F/B/AF junction with h¼p/2, V¼ÿ0.1V, e0¼ 1.5 eV, and

D¼ 0.5 eV for both F and AF leads. The local out-of-plane torque T?(0V)

and in-plane spin density Sjj(0V) at zero bias were subtracted to obtain the

out-of-plane torque and the in-plane spin accumulation, respectively (see

Fig. 3 for more details). Note that the equilibrium in-plane torque Tjj (0V)

and related out-of-plane spin density S?(0V) are zero. The red and blue

thick lines representing the out-of-plane (top) and in-plane (bottom) spin

densities, respectively, refer to the right-hand ordinate.
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the total torque of Fig. 3 gave the non-equilibrium torque

represented in Fig. 2. The former accounts for the

Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and

is not associated with charge transport. This RKKY

conduction-electron-mediated interaction, often referred to

as interlayer exchange coupling (IEC) between localized

spins in the left and right leads,20 is comparable in magni-

tude to the transport-induced out-of-plane torque near the

B/AF interface (even higher at certain points). It decays so

gradually that the total out-of-plane torque is strongly

affected deep into the electrode: subtracting the IEC to the

total out-of-plane torque smoothes out its own oscillations

(which are highlighted by the blue curve representing the in-

plane spin accumulation in the upper plot of Fig. 3), leading

to the flatter staggered torque shown in the lower plot of

Fig. 2. Unlike the voltage-induced part of the out-of-plane

torque, the torque exerted at zero bias in each individual

sublattice of the right AF lead as well as the in-plane spin

accumulation are staggered. Consequently, the equilibrium

out-of-plane torque spatial distribution is not staggered since

the sign of the local torque and spin density alternates every

two sites (owning to each of the sublattices). In contrast, the

voltage-induced contribution in 3-D AF-based tunnel junc-

tion (not shown) is not significantly affected by the IEC

beyond the first layers next to the B/AF interface. Although

the profile of the total out-of-plane torque is abruptly

distorted near this interface due to a very high value of

the IEC, this equilibrium contribution is radically damped.

Interestingly, we found again a similar STT behaviour

regardless of the magnetic nature of the polariser.

We next examine the voltage dependence of the charge

current density for different angles h of the left lead order pa-

rameter (see Fig. 1 for the definition of h) and TMR in a 3-D

AF-based tunnel junction. The TMR and its voltage depend-

ence behavior are, in general, defined by the electronic struc-

ture of the leads around the Fermi level. Namely, the

interfacial DOS determines the spin polarization and the con-

ductance. The energy dependence of interfacial DOS results

in the variation of the tunnel current and TMR with the

applied voltage.21

Fig. 4(b) shows the charge current density as a function

of applied bias for antiparallel, perpendicular, and parallel

magnetic states of left and right AF leads (the magnetic

states are defined here as the relative orientation of the two

layers of uncompensated spins at the AF/B and B/AF interfa-

ces). The same features are shown in Fig. 4(a) for a conven-

tional F-based tunnel junction. In the low bias region, where

the charge density current can be considered as proportional

to the applied bias,22 differences between the three magnetic

states are sensible only in the F case. In contrast, for the AF

case, the three configurations can only be distinguished for

voltages higher than a threshold of around 0.4V. Higher vol-

tages produce charge current saturation and decrease at very

different rates for the three magnetic configurations. This is

clearly illustrated by the TMR voltage dependence depicted

in Fig. 4(d). The position of the threshold might be ascribed

to the curvature change of the AF interfacial LDOS at the

Fermi level when a voltage is applied, which amounts to a

steep change in the number of states available for one of the

spin channels. Further, investigations are however necessary

in order to clarify this point. For bias below 0.4V, the TMR

is negligible (negative TMR is also found, for instance, in

the case of FI leads due to negative spin polarization23), but

interestingly it presents a dramatic increase with voltage

from the threshold, reaching values as high as 90% for a bias

of 0.9V. This bias dependence of the TMR in AF-based

tunnel junctions is opposite to the usual case of ordinary

F-based tunnel junctions, where TMR reaches very high

values, but decreases significantly with applied voltage as

shown in Fig. 4(c). Different trends were found for different

AF. For instance, a decreasing TMR with voltage was

observed for an AF with e0 ¼ 1.5 eV and D¼ 0.5 eV. The

effect of this change in the electronic and magnetic parame-

ters on the lower band of the AF lead amounts to a slight

down shift of the lower band edge. This demonstrates the

extreme sensitivity of the current properties in AF-based tun-

nel junctions to the AF electronic band. We found however a

monotonic dependence of TMR with applied voltage, in con-

trast with the more complex oscillatory behavior of tunneling

anisotropic magnetoresistance observed in single Co atoms

adsorbed on double Fe films,24 explained in terms of the

LDOS of the metallic system.

In summary, the spatial distribution of the STT in epi-

taxial AF-based tunnel junctions was analysed in terms of

local spin accumulation and the discrete divergence of the

spin current transverse component. The resulting voltage-

induced part of the out-of plane torque (as well as the total

out-of plane torque in the bulk) deposited in an AF lead is

found to be perfectly staggered, in contrast with the random

behaviour previously reported for a metallic spacer. The

FIG. 3. Computed spatial distribution of the total out-of-plane torque T?

and the total in-plane spin density Sjj for a 1-D F/B/AF junction with h¼p/2

at ÿ0.1V and 0V (RKKY interaction) with e0¼ 1.5 eV and D¼ 0.5 eV for

both F and AF leads. The blue and green thick lines representing, respec-

tively, the in-plane spin densities at ÿ0.1V (top) and 0V (bottom) refer to

the right-hand ordinate.
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STT spatial pattern is independent of the magnetic nature of

the left lead, which points out that the main role of polariser

is played by closest spins next to the barrier’s left interface.

In addition, we showed that unlike conventional F-based tun-

nel junctions, AF-based tunnel junctions can show monot-

onically increasing TMR with voltage, reaching values as

high as 90% for a bias of 0.9V.

1J. Basset, A. Sharma, Z. Wei, J. Bass, and M. Tsoi, Proc. SPIE 7036,

703605 (2008).
2A. H. MacDonald and M. Tsoi, Philos. Trans. R. Soc. 369, 3098 (2011).
3R. A. Duine, Nat. Mater. 10, 344 (2011).
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FIG. 4. Calculated voltage dependence

of the charge current density I in nA

by unit of surface u (top) and TMR

(bottom) for three different angles h in

(a) and (c) a 3-D F/B/F tunnel junction

with e0¼ 1.75 eV, D¼ 0.75 eV in both

F leads, and in (b) and (d) a 3-D AF/B/

AF tunnel junction with e0¼ 2 eV and

D¼ 1 eV in both AF leads.
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