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The origin of exchange bias in multigranular non-collinear IrMn3/CoFe thin films

Sarah Jenkins,l’ Roy. W. Chantrell,' and Richard. F. L. Evansl’[ﬂ
LDepartment of Physics, University of York, York, YOI10 5DD, UK

Antiferromagnetic spintronic devices have the potential to greatly outperform conventional ferromagnetic
devices due to their ultrafast dynamics and high data density. A challenge in designing these devices is the
control and detection of the orientation of the anti-ferromagnet. One of the most promising ways to achieve
this is through the exchange bias effect. This is of particular importance in large scale multigranular devices.
Previously, due to the large system sizes, only micromagnetic simulations of exchange have been possible,
with an assumed a distribution of antiferromagnetic anisotropy directions and grain size. Here, we use an
atomistic model where the distribution of antiferromagnetic anisotropy directions occurs naturally and where
the exchange bias occurs due to the intrinsic disorder in the antiferromagnet. We perform large scale simulations
of exchange bias, generating realistic values of exchange bias. We find a strong temperature dependence of the
exchange bias in agreement with experimental observations, approaching zero at the blocking temperature of the
antiferromagnet. We find that the experimentally observed increase in the coercivity at the blocking temperature
occurs due to the superparamagnetic flipping of the antiferromagnet during the hysteresis loop cycle. We find
a large discrepancy between the exchange bias predicted from a geometric model of the antiferromagnetic
interface indicating the importance of grain edge effects in multigranular exchange biased systems. The grain
size dependence of the shows the expected peak due to a competition between the superparamagnetic nature
of small grains and reduction in the statistical imbalance in the number of interfacial spins for larger grain
sizes. Our simulations confirm the existence of single antiferromagnetic domains within each grain. The model
gives insights into the physical origin of exchange bias and provides a route to developing optimised nanoscale

antiferromagnetic spintronic devices.

INTRODUCTION

The development of novel anti-ferromagnetic spintronic
devices could create information storage with a high data
density, ultrafast dynamics and a robustness to external
magnetic fields not seen in conventional ferromagnetic de-
vices [1]]. In these anti-ferromagnetic spintronic devices, the
anti-ferromagnet is used to store and transmit information.
The most significant problem in the development of these de-
vices is the control and detection of the orientation of the anti-
ferromagnet as they are impervious to applied magnetic fields.
Electrical stimulation and detection of the orientation of an an-
tiferromagnet has been measured [2H4], although the read-out
signals are still small at room temperature. One of the most
promising ways of controlling and detecting the magnetisation
of antiferromagnetic materials is through the exchange bias
effect. The exchange bias effect occurs when a ferromagnet
(FM) is coupled to an anti-ferromagnet (AFM) and causes a
shift of the magnetic hysteresis loop of the FM. The exchange
bias effect has been used to obtain 180 degree switching using
spin orbit torques but the mechanism for the switching is still
not understood. To obtain full control of the AFM we need to
fully understand the exchange bias effect. This is of particu-
lar importance in large scale granular AFM media as used in
devices.

Exchange Bias occurs due to uncompensated spins in the
AFM at the FM/AFM interface, where these spins cause a uni-
directional field on the FM. The exchange bias is determined
from the number of uncompensated spins as [15]]:
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where np)y is the number of ferromagnetic atoms and gy,

is the magnetic moment of the FM atoms. Since the discovery
of exchange bias, many models have been developed to try
and understand the origin of these uncompensated interface
spins [6H10]. Most of these models were based on the idea
that the uncompensated spins occurred due to AFM domains
or impurities. Recently, a new model has been proposed by
Jenkins et al [11]]. They proposed a natural model of exchange
bias for y-IrMn3/ CoFe bilayers which included a realistic 3Q
tetrahedral spin structure in the antiferromagnet. The model
gave accurate values for the exchange bias loop shift and the
increase in coercivity for a single grain. They found the ori-
gin of the exchange bias originates from the natural structural
disorder in IrMn, creating a small statistical imbalance in the
number of interfacial spins. Their model is the first to ex-
plain the origin of exchange bias without the need for AFM
domains or impurities. So far, the model has only been used
for a single grain structure (8nm x 8nm x 8nm) whereas in
realistic devices the IrMn is comprised of multiple grains and
the systems are tens of times larger.

In multigranular thin films the exchange bias can be pre-
dicted from the grain size distribution. O’Grady et al [12]
assumed the anisotropy of the AFM (K4r) to be constant and
therefore said the energy barrier within a grain is dictated by
its volume (V) [12]]. The probability of a grain switching is
therefore dependent on the volume as:
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where 7 is the relaxation time, kg is the Boltzmann constant
and T is the temperature.

However, in reality not all the grains will set. If the grains
are larger than the set volume (Vse((7')) the relaxation time



will be too long to set the uncompensated interface moment of
these grains, and they will not be aligned with the FM layer.
Furthermore, if the volume is too small the grains will be su-
perparamagnetic at room temperature and therefore also not
contribute to the exchange bias. Therefore only grains with
grain volume Ve < V < Vi will contribute to the exchange
bias. The exchange bias in multigranular systems can be cal-
culated as:
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where the exchange bias is proportional to the number of
grains between these critical volumes.

Although many models of exchange bias in polycrystalline
thin films have been developed, all of these models assumed
a distribution of set directions for the AFM grains[9} [13H16].
In this paper we continue with the natural model of Jenkins
etal and instead of assuming an arbitrary distribution of
set directions and anisotropies these will occur due to the nat-
urally occurring distribution of the specific atomic configura-
tion at the interface. We then perform large scale simulations
of a multigranular y-IrMn3/ CoFe bilayer system investigating
the setting of granular and continuous ferromagnetic layers,
the computation of the exchange bias field and coercivity as
a function of the system temperature and their dependence on
the grain size dependence.

METHOD

Our simulations were performed using an atomistic spin
model with the VAMPIRE software package [17]. The ener-
getics of the system is described by the spin Hamiltonian:
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1022 is the Néel pair anisotropy constant and e; ;i a unit vec-
tor from site i to site j, z is the number of nearest neighbours
and J;; is the exchange interaction. The effective exchange in-
teractions (J;;) were limited to nearest (Jl-‘}-n =—6.4x1072!
J/link) and next nearest (J™ = 5.1 x 107! J/link) neigh-
bours [18 [19]. The CoFe layer is simulated with a nearest
neighbour approximation and a weak easy-plane anisotropy
ky to simulate the effects of the demagnetising field of a thin
film. The exchange coupling across the FM/AFM interface is
set at 1/5th of the bulk exchange values as calculated by ab-
initio methods [20]. Spin Dynamics simulations were done
solving the stochastic Landau-Lifshitz-Gilbert equation with
a Heun numerical scheme [21]]. Our model naturally repro-
duces the low temperature ground state spin structures where
the ordered alloy forms a triangular (T1) spin structure with
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FIG. 1. Visualisation of the multigranular IrMn/CoFe bilayer
structure. The CoFe is represented by gold spheres and lifted Snm
above the IrMn to show the multigranular structure below. The Ir is
represented as black spheres and the Mn is dark blue. The system is
50nm by 50nm in size

an angle of 120 degrees between adjacent spins and the disor-
dered alloy forms a tetrahedral (3Q) spin structure with 109.5
degrees between spins in agreement with previous neu-
tron scattering experiments [22), 23] and theoretical calcula-
tions 23]]. The simulations also reproduce the Néel
ordering temperature of 730K for the disordered y phase [26].
The simulations were run in parallel on 400 cores to enable ns
hysteresis loops, ensure a converged coercivity and value for
the exchange bias (in the limit of critical damping).

RESULTS

To study the exchange bias effect, we couple a 5 nm thick
IrMnj3 layer to a 3 nm thick ferromagnetic layer of CoFe to
form a bilayer with a (111) out of the plane orientation of
the IrMnj3 to reproduce the structure used in typical devices.
The granular structure of the IrMn is created using the Poisson
method [27]], where the seed points are generated using Pois-
son distribution and the grains are generated from this using
a voronoi construction. There is no exchange across the grain
boundaries, matching the deduction of related experimental
measurements [[12]. The CoFe is modelled as a continuous
film. The simulated structure was 50 nm x 50 nm and con-
tains over 1.5 million atoms. A visualisation of this structure
is shown in Fig.[I] The initial grain distribution had a median
grain size of 5.5 nm and a standard deviation of 0.37 and is
shown in Fig.[2]

Experimentally, for exchange bias to occur the system
needs to be field cooled under a high field [12]. During
this step the net direction of the uncompensated spins at the
FM/AFM interface align with the field. Due to the small en-
ergy difference between the possible AFM ground states the
switching takes place over a timescale of hours and if not done
slowly enough the AFM will set along the wrong direction.
As each grain is set individually, if not set correctly the ex-
change bias in the grains will set in random directions, giving
no net exchange bias. Unfortunately, the time required to sim-
ulate hours is not computationally feasible. Instead the direc-
tion of the exchange bias is set by a simulated setting process
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FIG. 2. The granular structure generated from the Poisson dis-
tribution. The grain size distribution, the input median and standard
deviation nearly match the output distribution. inset. The granular
structure generated. The grain shapes look realistic as do the distri-
bution of grain sizes.

as follows, where the field (toHse) was applied along the x-
direction.

A setting algorithm was developed to allow instantaneous
setting of the system. The setting procedure forces the AFM to
set with the direction of the net interface magnetisation along
the direction of the setting field. From Jenkins et al [11]], we
know that the interface moment is caused by an imbalance of
Mn atoms in each of the four sublattices, causing one sublat-
tice to have a larger moment than the other four sublattices.
In each grain the magnetisation of the AFM sublattices can lie
along four possible directions. The setting procedure sets the
magnetisation of the sublattice with the largest number of Mn
atoms along the AFM magnetisation direction closest to the
setting field direction. The other three sublattices are then set
along the remaining three possible sublattice magnetisation
directions. The setting of each sublattice along each direction
was calculated from the geometry, and finally the magnetisa-
tion of the CoFe is set along the applied field direction.

After setting, the field is removed and the system relaxes to
an equilibrium state, where the FM cants slightly away from
the setting field direction to (0.895,-0.440,0.001), approxi-
mately 26.5° from the setting direction, as shown in Fig. [3]
(a). The canting is due to the distribution of set directions in
the underlying AFM grains as shown in Fig.[3|(b). The distri-
bution has naturally occurred in the model due to the disorder
present in the AFM structure. Most of the grains have been
correctly set close to the setting field direction, however, a
small proportion are incorrectly set and the magnetisation of
the decoupled CoFe grains has canted up to 150°. The incor-
rectly set grains are due to the complicated grain shapes, the
fact that the strength and direction of the interface exchange
field is a vector combination of the uncompensated interface
spins, and in these more complicated structures the placement
of the spins in the interface becomes more important and the

setting procedure becomes less accurate.

It was proposed by Barker et al [28]] that at the FM/AFM
interface the magnetic structure of the FM would show an im-
print of the granular AFM magnetisation below. Here we sim-
ulate a continuous ferromagnetic CoFe layer where the indi-
vidual grain level exchange bias is weight-averaged leading
to a smaller deviation of the magnetization from the set di-
rection, shown in Fig. @fa). The spin structure in the interface
later of the ferromagnet is shown in Fig.[d[b), where the colour
of the spins represents the angle from the average FM direc-
tion. It shows the same imprinting pattern seen by Barker et
al. Although individual grains cannot be seen the FM spins
can be seen to rotate up to 20% and the total FM magnetiza-
tion M /Ms has reduced from 1 to 0.992.

A hysteresis loop simulation was run along the equilibrated
bias direction, between =+ 0.3 T in steps of 0.01 T and at each
step the system was time evolved for 200,000 1 fs time-steps.
The hysteresis loop produced is shown in Fig. [5|and has an ex-
change bias of 0.12 T. Assuming a reduction in the exchange
bias due to temperature effects, this value is close to typical
experimental measurements [12} 29]].

The exchange bias is similar to the exchange bias found by
Jenkins et al [11] for a single grain system. In the multigrain
system the exchange bias is an average of the individual grains
explaining the similarity to the single grain result. The coer-
civity is 0.07 T, which is much smaller than the single grain
coercivity from Jenkins et al [[L1] of 0.13 T. There are two pos-
sible reasons for this decrease in coercivity. Firstly, there is
now an angular dependence to the magnetisation of the grains
and an increase in the angle between the field and the easy
axis reduces the coercivity, much in the same way as for a fer-
romagnetic system [30]]. Secondly, the larger ferromagnetic
system now rotates with non-coherent rotation which also re-
duces the coercivity.

The exchange bias of the system is defined from Eq. [3] as
the integral of all the grains between V¢ and V. However, as
this hysteresis loop was simulated at 7 = 0 K, even the small-
est grains will be stable and as we have forced the grains to
correctly set, the exchange bias should be the integral over all
grains. As the exchange coupling of the FM layer is much
stronger than the interface exchange coupling the FM will
only rotate when the field is higher than the net field from
the AFM. It can be observed that every AFM grain flips at the
same time slightly after the FM as shown in Fig.[6] The FM-
AFM reversible moment in all grains can therefore be said to
rotate coherently with the FM due to the large exchange field.
We note that the reversible component does not contribute to
the exchange bias but does contribute to the coercivity. The
natural misalignment of the individual exchange bias direc-
tions in the grains and coherent switching therefore explain
the reduction in the coercivity compared to that of a single
grain.
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FIG. 3. The magnetisation direction throughout the equilibration stage of the simulation and direction of the net interface exchange
field. (a) The direction of the net magnetisation of the FM throughout the equilibration stage. The simulated magnetisation has remained
along the (1,0,0) direction. (b) During the equilibration step the FM relaxes to its minimum energy position, as there is no applied field, the
minimum energy occurs when the FM aligns with the interface moment of the AFM. In this simulation the FM also has a granular structure
so each FM grain will follow the magnetisation of the interface field of the AFM below it. The angle of rotation away from the setting field
direction is plotted on the histogram in (b) and shown schematically in (c). In (c) the colour in the diagram represents the angle to the setting
field direction at the end of the equilibration simulation. Whilst most of the grains are have only canted 10 - 60° away from the setting field

direction some of the grains are almost 150° away.

Temperature dependence of exchange bias

To investigate the temperature dependence of the exchange
bias, the temperature of the hysteresis loop simulation was
systematically varied from OK to 700K. The simulated hys-
teresis loops for 50K, 100K, 300K, 400K, 500K and 700K in
Fig. [7)and the computed exchange bias and coercivity are plot-
ted in Fig.[7 (¢) and (h) respectively. At 300K the exchange
bias is 0.06T, ~ 50% of the OK value. Our multigranular sys-

tem contains small (~ 2 nm) grains as shown in Fig.[2] At
300K these small grains will be completely thermally unsta-
ble as the temperature is larger than the blocking temperature,
causing the decrease in the exchange bias.

The exchange bias decreases with temperature and the coer-
civity initially decreases but then increases to a peak at about
400K - 450K. The peak in the coercivity matches the temper-
ature that the exchange bias decreases to zero, which corre-
sponds to the blocking temperature of the AFM. The temper-
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FIG. 5. Simulated hysteresis loop for a granular AFM. The hys-
teresis loop exhibits 0.12T of exchange bias.

ature dependence of the exchange bias and the coercivity was
experimentally measured in IrMn/CoFe systems for varying
thicknesses of CoFe by Ali er al [31]]. The experimental data
shows exactly the same trend as the simulated results with
the exchange bias decreasing and the coercivity having a peak
at 400K - 450K. At 400K the exchange bias disappears be-
cause the system has reached the blocking temperature and
the grains now have enough thermal energy to rotate between
ground states. But why does this cause a large increase in
the coercivity if there is no exchange bias? To investigate
this, the change in magnetisation of the AFM in each grain
was observed throughout the hysteresis loop at the blocking
temperature (400K). The magnetisation along x of one of the
AFM sublattices in one grain is shown in Fig. [8fa), and the
magnetisation of the AFM can be seen to reverse after the
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FIG. 6. Magnetisation along the x direction for sublattice 1
throughout the hysteresis loop for 3 different grains. Every grain
of the AFM rotates at the same time, and the shaded rectangles show
the points where the FM reverses magnetisation.

FM reverses. The magnetisation then remains along this new
direction. The magnetisation length is shown in Fig. [§[b),
showing that the magnetisation length remains constant at ap-
proximately 0.6 - which is the value of M /M at 400K for bulk
IrMnj3. This suggests that the IrMnj is rotating coherently and
not breaking up into domains. This behaviour is observed in a
large proportion of the grains.

The flipping of the AFM means that instead of the AFM
adding a unidirectional anisotropy now it adds a uniaxial
anisotropy. This means it adds exchange bias in both direc-
tions, as after flipping, the exchange bias is now in the oppo-
site direction and has been thermally reset during the hystere-
sis loop. This thermal resetting causes the increase in coerciv-
ity even with no exchange bias.
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(e) 500K and (f) 700K. (g) The simulated temperature dependence of the exchange bias and (h) the coercivity, compared with the experimental
results of Ali et al [31]. The simulated exchange bias decreases with temperature as does the experimental result.

The experimental coercivity has a slightly smaller magni-
tude than the simulated data. Here we have taken a mea-
surement from only the first hysteresis loop, however, it is
well known from Sharrock’s law that the coercivity is time-
dependent [32] and the experimental results are done over
seconds whereas ours are done over ns so more grains will
flip earlier in the experimental measurements than in our sim-
ulations.

The grain size dependence of exchange bias

Real devices will have a distribution of grain sizes depend-
ing on the growth techniques. To investigate the role of the
granular distribution the system dimensions the median grain
size was varied from 4nm - 12nm. The standard deviation of
the grain size distribution was kept constant at 0.37. Five sim-
ulations were run for each grain diameter each with different
random numbers used to generate the granular structure so an
average exchange bias could be calculated.

The hysteresis loop simulations were initially run at OK
and the average exchange bias was calculated from the five
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simulations, as plotted in Fig. [9] with the experimental re-
sults from O’Grady et al. The exchange bias has a maximum
for smaller grain sizes, because the smaller the grain size the
larger the statistical imbalance between the number of spins
in each sublattice [[L1]. In reality, with temperature the small
grains would become superparamgnetic and not contribute to
the exchange bias as in equation[3] The number of uncompen-
sated spins in each grain (n,,) can be predicted as in Jenkins
et al [[11]]. The number of uncompensated spins can be calcu-
lated for each grain, then summed to calculate the number of
uncompensated spins for the entire system. From the number
of uncompensated spins the exchange bias can be calculated
from equation [I]

The predicted exchange bias for each grain size averaged

over the five systems is plotted in Fig. [I0} It shows the same
pattern as shown in Fig. D[a) but the predictions are about five
times higher than the simulated values for small grain diam-
eters and about three times higher for large grain diameters.
The reduction from the predictions is likely due to the unset
grains as shown in Fig. [3] and from the presence of spins at
the edges of the grains. This effect is larger for smaller grain
sizes, due to the increased edge to volume ratio, explaining the
larger difference from the prediction for smaller grains than
larger grains.

The exchange bias is also about five times higher than the
experimental results, because our simulations were run at 0K.
We expect that at room temperature the exchange bias of the
small grain sizes will decrease because the smaller grains will
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sults [12]. The dependence of the exchange bias with grain size at
300K. The experimental results for a AFM thickness of 6nm and
12nm are shown, our simulation behaves more like a 12nm system
than a 6nm system even though our AFM thickness was only Snm.

become thermally unstable. The coercivity at 7 = 0 K is plot-
ted in Fig. [0(b) and is unrelated to the grain size. Here the
athermal coercivity is entirely due to the reversible moment in
the antiferromagnet interface which is naturally independent
of the grain size.

To consider the effects of grain size at higher temperatures,
we now compute the same data at 7 = 300 K. With the in-
clusion of thermal effects the exchange bias for low diame-
ter grains has decreased, as shown in Fig. [IT] The smallest
grains are unstable and no longer contribute to the exchange
bias. The results are plotted against experimental data for film
thicknesses of 6 nm and 12 nm [12], where the thickness of
the FM shifts the peak in the exchange bias as the peak is
proportional to KV /kgT [[12]. The simulated data has a max-
imum at a 6nm diameter as does the experimental data for a

12nm thick AFM. At 300K the exchange bias has dramatically
reduced for large grain sizes to 25% of the OK value whereas
for a 6nm grain diameter the reduction is only about 50%. The
300K trend matches the trend seen experimentally but it was
predicted to be due to the fact that the large grains are not set
correctly during the setting process. This cannot explain the
reduction in exchange bias seen here from OK to 300K as the
grains were set exactly the same in both simulations. One rea-
son might be that there are too few grains in the simulations
as for 12 nm grains a 50 nm x 50 nm system will only fit in
about 20 grains meaning any unset grains will drastically re-
duce the exchange bias. A more quantitative comparison may
be possible in future with increased availability of computing
power.

CONCLUSION

In conclusion, we have deveoped a large scale atomistic
model of a multigranular IrMn3/ CoFe bilayer, naturally in-
cluding the non-collinear nature of the IrMn layer. The 50
nm size of the simulated system is comparable to realistic
devices and contains over 1.5 million atoms. The model in-
cludes a natural distribution for the exchange bias directions
of the AFM grains due to the statistical imbalance in the num-
ber of AFM spins in each sublattice of the AFM as predicted
by Jenkins ef al [11]. Our simulations give realistic values
of exchange bias and both the temperature and grain size
dependence qualitatively match previous experimental mea-
surements. Our results demonstrate two distinct contributions
to the coercivity in exchange bias systems arising from the
athermal reversible component of the interfacial spins, and a
thermal contribution due to the thermally assisted flipping of
grains close to the blocking temperature. At 300K, we found
a peak in the exchange bias for a median grain size of 6nm,
while for smaller grains the exchange bias has decreased due
to the increased thermal instabilities. Future work will con-
sider the effects of interlayer intermixing and the origin of the
athermal training effect. The model provides a more com-
prehensive understanding of the origins of coercivity and ex-
change bias in multigranular systems, and particularly in their
thermal stability for different grain sizes. The increased un-
derstanding will provide possibilities for optimisation of ex-
change biased systems and the possible development of neu-
romorphic [33] and antiferromagnetic spintronic [34} 135]] de-
vices. Our model also forms the basis of nanoscale antiferro-
magnetic spintonic device modelling including dynamics [36]
that may provide further insights on electrically induced anti-
ferromagnetic switching [37, 138]] and the operation of neuro-
morphic computing devices [39]].
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