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In this paper, we investigate exchange-biased square nanodots whose lateral sizes range between 130 and
500 nm, in comparison with continuous films by kinetic Monte Carlo simulations. We use a granular model
which takes into account disordered interfacial phases by considering less stable magnetic grains at the interface
in the antiferromagnetic (AF) layer. We further model the effect of the nanofabrication process by considering
grains with reduced surfaces at the edges, due to grain cutting. Since less stable grains at the nanodot edges in
the AF layer have been experimentally evidenced, we assumed a weaker anisotropy for the grains which are
in the AF layer at the dot edges. Our results evidence two different mechanisms of the ferromagnetic (F) layer
reversal depending on the magnitude of the coupling between F grains. In the weak coupling regime relative to
the anisotropy, the exchange field is independent of the coupling and no variability from one nanodot to another
is observed. By contrast, in the strong coupling regime, the exchange field depends on the coupling and it shows
a high variability from one nanodot to another. Our model also well explain some experimental features observed
in NiFe/IrMn nanodots (for various lateral sizes) and continuous films, at various measurement temperatures and
various AF thicknesses. Finally, our model explains a long lasting issue about why the exchange field in nanodots
can be either smaller or larger than in continuous films.

DOI: 10.1103/PhysRevB.99.054410

I. INTRODUCTION

Exchange-bias (EB) effect occurs due to the exchange
coupling at the interface between F and AF materials [1-4],
leading to a shift of the hysteresis loop which is known as
the EB field (Hg). EB, mainly in F/AF bilayers, has been
extensively investigated in the last few decades, from both
experimental and theoretical points of view. In terms of tech-
nological applications, exchange-biased bilayers constitute an
essential part of spin valves and magnetic tunnel junctions
used in the field of spintronics [5,6]. More recently, the chal-
lenge becomes increasing the magnetic storage density and
the miniaturization of devices (magnetic sensors, high-density
data storage media) [7]. For that, it is crucial to extend the
investigations of the EB mechanism to nanostructures [8]. In
the case of exchange-biased bilayers, it is of particular interest
to study how EB properties are modified when passing from a
continuous F/AF film to nanodot arrays (with a lateral size of
a few hundred nanometers). Indeed, EB properties depend on
various parameters such as bulk anisotropies, bulk and interfa-
cial exchange couplings, and grain volumes in polycrystalline
films. Such a phenomenon becomes more complicated at
the nanoscale, due to edge and finite-size effects which well
affect EB properties compared to continuous films. Actually,
contradictory results on Hg have been reported. For example,
in NiFe/IrMn bilayers, it was found that Hg at room tem-
perature is smaller in nanodots for thicknesses fivm < 11 nm
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and larger above this thickness [9,10]. In a more recent
investigation on NiFe/IrMn nanodots (fyn, 7-8 nm) [11], it
was observed that Hg, at room temperature, is smaller when
the size decreases, while at 10 K it is larger with decreasing
the size. Also, in NiFe/FeMn square dots (fgemn = 10 nm),
it was shown that Hr at room temperature decreases with
the size decrease [12] in agreement with Refs. [9—11]. In
contrast, it was observed that Hg at room temperature is
smaller in NiFe/IrMn nanodots with i, = 15nm [13] in
contradiction with Refs. [9-11]. In another recent study on
Co/IrMn square nanodots [14], it was reported that the dot
lateral size has no significant effect on Hg at room temperature
Bnm < frmn < 15nm). It should be noted that Hg versus
tirmn €xhibits a maximum at f, = 6.5 nm for all dot sizes.
In Co/CoO nanostructures, for small Co thickness (tc, =
8nm) a strong increase in Hg at 4 K was detected as the
lateral size decreases [15]. However, at large Co thickness
(tco = 25nm), the increase of Hg is less pronounced. One
possible explanation of the difference between nanodots and
continuous films is the dot edges which induce additional
locations for the formation of spin-glass-like AF regions [16].
So, according to the data previously mentioned, it seems that
Hg measured at room temperature decreases as the dot size
decreases (at least for small AF thicknesses) while it is the
opposite at low temperatures. However, these results depend
on several conditions such as the AF layer thickness, the initial
annealing temperature, and the lateral size of bilayers.

At the same time, there are only a few numerical studies
of EB properties in F/AF nanodots. They are divided into
two categories: those based on an atomistic model and others
based on a granular one. An atomistic model assuming a

©2019 American Physical Society
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small fraction of spins pinned ferromagnetically in the AF
interface plane has been developed [17]. This study, based
on Monte Carlo simulations, showed an increase of Hg of
patterned systems compared to a continuous film. Concerning
the granular approach, a significant difference in Hr between
nanodots and continuous films has been reported [18]. How-
ever, such a granular model is rather simple since it does not
take into account disordered interfacial phases (spin-glass-
like regions) in the AF layer which are usually considered
[11,19,20]. These interfacial phases can significantly affect
the EB properties. In particular, at working temperatures for
devices, they contribute to device-to-device variability of EB
once the film is nanofabricated [21].

In this study, we investigate EB properties of square F/AF
nanodots using a granular model which includes less stable
magnetic regions at the F/AF interface [22,23]. In addition,
due to the nanofabrication process, less stable grains at the
nanodot edges in the AF layer are considered as experimen-
tally demonstrated [16]. We first investigate the effect of the
coupling between F grains on the variability of Hg from one
nanodot to another and on the F layer magnetization reversal
mechanism. Then we study EB properties at room temperature
of nanodots in comparison with continuous films for various
AF thicknesses. Moreover, we investigate the nanodot size ef-
fects on the temperature dependence of Hg. In these two cases,
our results are successfully compared to recent experimental
data on NiFe/IrMn bilayers. Our investigations are performed
using kinetic Monte Carlo simulations.

The remainder of the paper is organized as follows. The
model and simulation technique are described in Sec. II.
Numerical results and discussions are given in Sec. III. A
conclusion is given in Sec. IV.

II. MODEL AND SIMULATION

In order to simulate EB properties of F/AF bilayers, we
generate a system of two layers with a F layer of thickness #¢
and an AF layer of thickness 7ap. Since columnar growth is as-
sumed, the two layers have the same granular microstructure
which is generated by Voronoi tessellation in two dimensions
[24]. To model disordered interfacial phases [11,19,20], small
grains (SG) of thickness tsg < fap are randomly distributed
over the F/AF interface within the AF layer [22,23]. Such
disordered interfacial phases are produced by magnetic frus-
tration which is induced by the defects at the F/AF interface
(e.g., interlayer diffusion and stacking faults). So, we assume
that these SG exhibit altered magnetic properties compared to
those of the AF bulk. It worth noting that a difference between
nanodots and continuous films is the small number of grains
(few hundreds) in nanodots due to their reduced lateral sizes.
In addition, to be close to real nanodots, we model the effect
of the nanofabrication process by the presence of grains with
reduced surfaces at the edges due to grain cutting [Fig. 1(a)].
Moreover, we assume that those grains which are located
in the AF layer have the same altered magnetic properties
as the SG [Fig. 1(b)] [16]. To ease the discussion, these
grains located at the edges in the AF layer will be referred
as SGg. It should be noted that fsg, = taF is larger than fsg
[see Fig. 1(b)]. Consequently, the blocking temperature Tp
distribution within a given nanodot might differ from that of a
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FIG. 1. (a) Top view of the granular microstructure of a nanodot
with grains of reduced surfaces at the edges. (b) Sketch of the F/AF
nanodot with SG randomly spread over the F/AF interface in the AF
layer and SGg at the edges in the AF layer (in green).

continuous film. Since the dimensions of the grains are in the
nanometer scale, each grain is considered as a single magnetic
domain that reverses by uniform rotation. Thus, a unit vector
o; represents the magnetization orientation of each F grain,
each SG, each SGg, and the interfacial uncompensated mag-
netization orientation of each bulk AF grain. At the interface,
each F grain is coupled with an AF grain (Jg_aF), or an SG,
or—in the case of nanodots—an SGg (Jr—_sg) [Fig. 1(b)]. In
agreement with the literature, the AF grains are decoupled
from each other [25-27], as well as from the SG and SGg
grains. In contrast, the F grains are coupled to each other (Jg)
[Fig. 1(b)]. Uniaxial anisotropy along a common easy axis (y
axis) in the plane of the layer is considered for all grains, and
a linear thermal dependence of the anisotropy constants per
unit volume K; is implemented [28]. Thus, the total energy of
the system can be expressed as

E = —ZJ,’jO’i “0; — Z[(,VZ(O', '8),)2
(i,) i

> om, e

ieF,SG,SGg

— joH -

where V; is the grain volume, m; is the magnetic moment of
a F grain or a SG or a SGg (in the nanodots), and H is the
magnetic field applied along the y axis.

Most parameters of our model can be either found in
literature or reasonably estimated from experimental data.
The effective interfacial coupling per unit area, jr_ap, can be
deduced from the maximum value of Hf, in the case of an ideal
F/AF interface, i.e., without SG, nor SGg. Taking into account
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TABLE I. Fixed parameters of all our simulations.

TABLE II. Summary of parameter values used in Sec. III A.

Jroarm™) Ty(K) K3(m™) KS(m™)  tsg(nm)  xs6(%)

1.5x 107 690 4x10° 3x10° 2 50

the maximum value of |Hg| measured in Ref. [10] for f;v, =
9 nm, we found that jr_arp = 1.5 x 10~* Jm™? is a reasonable
value for NiFe/IrMn bilayers. The 0-K anisotropy constant
for AF grains is taken to be K3z = 4 x 10° Jm™ [29]. The
Néel temperature of the AF layer used in the expression of its
anisotropy constant [28,30] is Ty = 690K [3]. By contrast,
the coupling per unit area, jr_sg, and the effective anisotropy
of SG and SGg are unknown. We assume that jr_gg is smaller
or equal to jr_ap. Similarly the effective anisotropy of SG and
SGg is assumed to be weaker than that of the AF grains to
report on the lower blocking temperatures of the disordered
interfacial and dot edge phases demonstrated experimentally
[16]. From a theoretical point of view, this can be justified
because the noncollinearity of the spins in these phases should
induce a decrease of the effective anisotropy constant. We
arbitrarily set KJ; = 0.75K35. We point out that when KJ;
increases, the blocking temperatures of SG and SGg increase
which results in a shift toward larger temperatures of the
low temperature part of the Hg vs T, (see Sec. [lIB 1) or
Tu (see Sec. III B 2) curves. The fixed parameters of all our
simulations are summarized in Table I. Note that the other
parameters jg, jr_sg, Ir, and fag are given in each section.

Based on experimental measurements [31,32], disordered
interfacial phases extend over 3-4 atomic planes, thus we
set tsg = 2nm. In fact, it was demonstrated experimentally
that the fraction of SG xsg may be varied between about
20% and 80%, as it is sensitive to interfaces and concomitant
layers intermixing, and that it therefore depends on the stack
and fabrication process [33]. For that in our simulations, we
fixed the fraction of SG xgg at the interface to an average
value of 50% in both nanodots and continuous films. Let us
mention that an increase of xsg results in a small decrease of
the exchange field at the temperatures above the maximum
blocking temperature of the SG. Note that, in the case of
nanodots, there is an additional contribution of grains with
altered magnetic properties due to SGg (the fraction of SG
and SGg is 58% on average for L = 130 nm).

The simulations are performed in such a way as to repro-
duce experimental procedures [10,11]. First, in order to study
the variability between nanodots in Sec. III A and to compare
HE in nanodots with that in continuous films in Sec. III B 1,
we simulate by the kinetic Monte Carlo method [34,35] the
Soeya protocol [36]. This protocol consists of a first initial
field cooling (FC) under a positive field Hpc from 7 down
to Ty = 4K (or 298 K). Then successive annealings up to
higher temperatures 7, such that Ty < 7, < Tp followed by
a FC under a negative field down to Ty are performed. This
step is realized to gradually reorient the entities in contact
with the F layer which satisfy 73 < T,. Hysteresis loops
are collected at Ty after each increment of 7,. Thus, T, is
the variable parameter during the process. Second, to study
size effect in Sec. IIIB 2, we use another procedure which
consists of a unique FC under a positive field Hgc from Tj

te = 12nm tar = Snm
4%107° < jp(m2) <4 x10™* Jr_sg = 8.5 x 107% Jm ™2
Ty = 4K (or 298 K) Ty = 550K

down to 5 K. Then, successive hysteresis loops are measured
at increasing temperatures Ty (T = 5 K). Details of Monte
Carlo simulations are given in Refs. [22,30].

It is worth noting that three regimes of grains in the AF
layer in contact with the F layer should be differentiated ac-
cording to their 7. Grains with Ty > Tj are not polarized by
the field-cooling process; they remain randomly oriented with
zero net magnetization and consequently do not contribute to
Hp in average. Grains with T3 < Ty are polarized but are
superparamagnetic at Ty, thus their contribution to H is null.
Hence, only the grains with 7y < T < Tj contribute to H.

III. RESULTS AND DISCUSSIONS
A. Effect of F grains coupling

In this part, we investigate the effect of the effective cou-
pling per unit area between the F grains jr on Hg measured at
Tu versus the annealing temperature (7;) for NiFe (12 nm)/
IrMn (5 nm) nanodots and continuous films. To do so, we
simulate the Soeya protocol mentioned in Sec. II from Ty =
550 K down to Ty = 4 K (or 298 K). Within our simulations,
the size of nanodots is L = 130 nm, which corresponds to 289
grains per layer. The coupling between the F grains and SG
is set to jr_sg = 8.5 x 107> Jm~2. The parameter values are
summarized in Table II.

Our results clearly show that there exist two different
regimes depending on whether jg is weak or strong compared
to 2Krlr/zr where Ir is the lateral dimension of the grain and
zp is the number of interacting F grains. As mentioned above,
since Hp is directly related to 7g of the grains in the AF layer
(AF grains, SG and SGg in case of nanodots) in contact with
the F layer, we plot the distribution of the intrinsic T (T in
the absence of coupling and applied field) [23] of these entities
in Fig. 2. We can see that since Ty = 550 K is larger than the
maximum value of T, all the grains in contact with the F layer
are polarized during the initial FC and can contribute to Hg
depending on Ty;.

1. Measurement temperature Ty = 4K

According to Fig. 2, all the grains which are in contact
with the F layer are blocked at Ty = 4 K, so that all of these
grains contribute to Hr. We first investigate the effect of jg
on the variability of Hg from one nanodot to another. The
T, dependencies of Hg for several nanodots with jr =4 x
10~* Jm~2 (strong coupling since 2 K¢ Ig/zp = 6.5 x 1077
for zp = 4) and 4 x 10~ Jm~2 (weak coupling) are plotted in
Fig. 3. The variability is significant when jp = 4 x 107* Jm 2
whereas it decreases as jg decreases (not shown) and vanishes
for jr =4 x 107° Jm~2. The T, dependence of Hy (averaged
over 60 nanodots) is shown in Fig. 4 for 4 x 107> Jm ™2 <
je < 4x107* Im~2. We checked that averaging over a
larger number of nanodots does not change the results.
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400+ 1 (a)

AF
300+
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FIG. 2. Intrinsic blocking temperature distributions for the grains
in the AF layer which are in contact with the F layer at the interface
calculated from the volume distribution for (a) a continuous film (AF
grains and SG) and (b) a nanodot with L = 130nm (AF grains, SG,
and SGg) in NiFe/IrMn(5 nm) bilayers (the AF grains are in blue
and the SG and SGg are in green).

We note that such an averaging is equivalent, experimentally,
to make magneto-optical Kerr (MOKE) effect measurements
on an array of nanodots with a laser spot size much larger
than the pitch of the array [9,11], or to perform magnetometry
measurement on a full array. In contrast, data for isolated
nanodots can be obtained experimentally either by MOKE
when the size of the laser spot is smaller than the pitch
of the array, or most likely through electrical measurements
where each nanodot is contacted electrically, like in magnetic
random access memories [21]. We compare our results with
the expression of Hg assuming that the F layer behaves as a
macrospin coupled to the AF one with an average interfacial
coupling (jin):
HE — (jint) i
woMEty

where Mg is the magnetization of each F grain and (ji,) is
expressed as

(i) = 3[(1 = 2r)je_ar + (1 = 27') je—scl, 3

where r is the fraction of AF grains in contact with the F
layer negatively repolarized, and #’ is the fraction of SG and

(@)

(a)

jr =4x10 J/m2

'300 T T T T T
0 100 200 300 400 500
Ta (K)
300 ®)
- = -5 2
2004 JF =4x10-° J/m

He(Oe)

-200 +

-300

0 100 200 300 400 500
Ta (K)

FIG. 3. T, dependence of Hr measured at Tyy = 4K for (a) 5
NiFe(12 nm)/IrMn(5 nm) nanodots (L = 130nm) with jr =4 x
1074 Jm~2, and (b) jp = 4 x 1075 Jm~2.

SGg negatively repolarized (these fractions increase with T,)
[23]. It is important to note that within this assumption, Hg
does not depend on jr. From Fig. 4, it can be seen that our
simulated values of Hg coincide with the average-coupling
behavior given by Eq. (2) only if jg is small enough (here jr =
4 x 107> Jm~?). Thus our data clearly evidence two different
regimes: an average-coupling behavior with no variability as
Jr is weak enough and a jr dependent behavior with high vari-
ability when jr increases. It is also seen that the jr dependence
is more pronounced for higher 7. For a better understanding,
the effect of jr on the F layer reversal mechanism is shown
in Fig. 5. We can see that for jr =4 x 107% Jm~2, the F
layer reversal starts with a grain located at one of the corners
of the nanodot [red grain in Fig. 5(a)]. This grain acts as a
nucleation center because it has a lower energy barrier due
to a lack of F neighbors and its small volume. Then due to
the large value of jg, the magnetization reversal of the F layer
propagates from this corner. So, the forward and backward
reversal fields depend on the neighbors of the nucleation
center (AF, SG, SGg) and on the number of F neighbors.
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He(Oe)

-200
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Ta(K)

FIG. 4. T, dependence of Hr measured at Ty = 4K averaged
over 60 NiFe(12 nm)/IrMn(5 nm) nanodots (L = 130 nm) for 4 x
107°Im™2 < jp <4x 1074 Jm™2

This environment differs between one nanodot and another
leading to the observed variability in Hg. Such a variability
actually agrees with earlier experimental results reported in
[21]. On the contrary, for jp =4 X 1073 Jm™2, the reversal
starts at different places [several nucleation centers, red grains
of Fig. 5(b)] without propagation. Then F/AF coupling is
averaged over these nucleation centers and H, is proportional
to the average coupling (ji,). Thus the consequence is the
absence of variability in that case which is desirable from
a technological point of view. Finally, we can conclude that
the average-coupling behavior (weak jr) is associated with a
reversal with several nucleation centers without propagation,
while the jr dependent behavior (strong jg) corresponds to a
reversal with a propagation from a single nucleation center.

2. Measurement temperature Ty = 298 K

For T,y = 298 K, only the grains in the AF layer which
are in contact with the F layer at the interface, and having
298K < Tg < 550K, contribute to Hg. From Fig. 2, we can
see that a large fraction of AF grains contribute to Hg, whereas

N o
S ZENNe )
O TA
Oeidaiird  \
%Ay O % . =
\ Ay mii*},'lgé& ';1{4"
g Wil
H_SXIA
gt

NN 00000 oo >
1 11% 21% 318 510 710 ort 160* grain reversal order
FIG. 5. F grain reversal sequence at Ty = 4K for (a) jp =4 X
10~* Jm~2 and (b) jr = 4 x 107> Jm~2 in NiFe(12 nm)/IrMn(5 nm)
nanodots with L = 130 nm.

1004
504
©
O
ot 0
Ry
-50 —— 4x10* J/m?
—— 2x10* J/m?
8x10°5 J/im?
-100 A —— 4x10° J/m?
=== Theory
300 350 400 450 500 550

Ta (K)

FIG. 6. T, dependence of Hr measured at Ty = 298 K averaged
over 60 NiFe(12 nm)/IrMn(5 nm) nanodots (L = 130 nm) for 4 x
105Im™2 < jgp <4 x 107 Jm2.

SG and SGg do not contribute. Similar to Ty = 4K, we
observe that the variability from one nanodot to another de-
creases as jp decreases and vanishes for jp = 4 x 107> Jm™?
(not shown here). The T, dependence of Hg (averaged over
60 nanodots) for 4 x 107> Im™2 < jr <4 x 107*Jm~2is
given in Fig. 6. Again, we compare our simulated values with
the average-coupling behavior [Eq. (2)] where

1-2
%J.ILAF- 4)

As for Ty = 4K, we find that the average-coupling be-
havior is satisfied if jr is weak enough. Note that for jr =
4 x 10~* Jm~2, the F layer reversal does not start necessarily
with a grain located at one corner of the nanodot unlike the
case Ty = 4 K due to thermal agitation (not shown here).

(jint) R

B. Comparison with experimental data

In this section, we investigate NiFe/IrMn bilayers and we
compare our results to experimental data [10,11] in order to
propose an explanation for the difference between the nanodot
behavior and the continuous film behavior. Experimental find-
ings [9,11] report MOKE measurements on arrays of nanodots
with a laser spot size much larger than the pitch of the array.
A spot of about 1-mm diameter for an array pitch of around
200 nm and a total array area of 1 x 1 mm? was used in
Ref. [9], and complete 100 x 100 um? arrays of square dots
with several lateral sizes 300 (interdot distance 100), 500
(interdot distance 300), and 1000 (interdot distance 300) nm
were probed in Ref. [11]. As a consequence, the experimental
data that were obtained correspond to an average over numer-
ous nanodots. We therefore averaged our results over several
nanodots where we found that 60 nanodots of averaging is
enough for convergence. We took jr =4 x 107> Jm~2 and
jF—SG =1.5x% 10_4 Jm_z.

1. NiFe/IrMn bilayers (Ty; = 298 K)

Here we investigate the T, dependence of Hg for various
fuvn With fnire = 12nm. The simulation procedure is the
same as in Sec. II (Soeya protocol) with an initial FC under
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(a) Our simulations (b) Experimental data

40{ ty,=5nm 100} ty,=5nm QFLFU
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T. (K) T, (K)

o

FIG. 7. Simulated 7, dependence of Hr measured at Ty; = 298 K
for (a) NiFe/IrMn bilayers (tpvn = 5, 9, and 16 nm), compared to
experimental data [10] (b).

Hgc = 2.4k0e from Ty = 550K down to Ty = 298 K. In
Fig. 7(a), we show the simulated 7, dependence of Hg for
tuvn = 5, 9 and 16 nm. The parameter values are summarized
in Table III. A shift of the Hg curve to higher temperatures
as fpMn increases is observed which is in good qualitative
agreement with experimental observations [Fig. 7(b)] [10].
We can explain these results as follows: (i) Here, the main
contribution to H, is due to the AF grains (those with 298 K <
Ts < 550K), the SG do not contribute, and the SGg give a
small contribution only for the nanodot with fi\, = 16 nm;
(ii) then the derivative dHg/dT, is proportional to the Tp
distribution of the AF grains contributing to Hg [22,23];
(iii) consequently, since the T distribution of the AF grains
shifts to higher temperatures as fin, increases the curve of
the derivative and thus the Hg curve versus 7, shifts towards
higher value of T, as i, increases. In agreement with ex-
perimental data, the simulated value of |Hg| at T, = 298 K is
smaller in nanodots for #;;M, = 5Snm and 9 nm which can be
explained by the presence of SGg in nanodots which do not
contribute to Hg for these thicknesses. On the contrary, |H|
at T, = 298 K is slightly larger in nanodots for #n, = 16 nm
in qualitative agreement with the experimental data. These
results come from the contribution of SGg since their Tg
(which increases with f;\y) is in the window delimited by
550 K and 298 K for this AF thickness. We insist on the fact

TABLE III. Summary of parameter values used in

Sec. lIIB 1.
tg = 12nm tar =5, 9,and 16 nm
je=4x10"°Jm™ Je_sg = 1.5 x 107 Jm~2
Tv = 298K Ty = 550K

TABLE IV. Summary of parameter values used in III B 2.

tr = 8nm tar = 8nm
je=4x107Jm™2 jresg = 1.5 x 10~* Jm ™2
5< Tu (K) < 300 T, = 300K

that all the parameters except fiv, were kept the same for the
six simulated curves given in Fig. 7(a).

2. NiFe/IrMn bilayers (Ty; = variable)

Our aim here is to investigate the lateral size effects on
the temperature dependence of Hr in NiFe/IrMn systems
with fNjre = fiMn = 8 nm in comparison with Ref. [11]. The
procedure consists of a unique FC under Hgc = 500 Oe from
To = 300K down to 5 K. Then, successive hysteresis loops
are measured at increasing temperatures Ty > 5 K. The pa-
rameter values are summarized in Table IV. The simulated
temperature dependence of |Hg| is shown in Fig. 8(a). Again,
a good qualitative agreement with the experimental data in
Fig. 8(b) is obtained: |H| is larger in small nanodots at 5 K
whereas it is the opposite as the temperature increases (for Ty
around 150-200 K). The reason is that at Ty; = 5K, in both
systems, only a small fraction of AF grains (those with 5K <
Ts < 300K since Ty = 300K) and all SG contribute to Hg.
But in the case of nanodots, there is an additional contribution
due to SGg. Consequently, |Hg| is larger in nanodots. Since
the fraction of SGg decreases as the size increases, |Hg| de-
creases when the size increases. As Ty increases, the fraction
of SG and SGg that contribute to Hg decreases which explains
the decrease in |Hg|. For Ty > 150K, |Hg| becomes larger
in continuous films because there are more SG polarized
towards the positive orientation of the field, thus the positive
reversal field becomes smaller in continuous films. Note that
we observe a difference between the simulated values of |Hg|
and the experimental ones because we choose the value of
Jr—ar to fit the maximum value of |Hg| for v = 9nm of
Ref. [10]. However, the present experimental data have been
obtained in two different laboratories on distinct samples. So
the quality of the F/AF interface is likely not the same due
to the differences in the fabrication process, i.e., the effective
interfacial F-AF coupling in the present samples is larger.

Our simulations Experimental data

1504 \—e— Continuous film| —— A- 1000 nm
B o 1200 B- 500mm
120 ——L=130nm 1000 " ¥ C- 300 0m
- 800
S 90 5 ey
: FIAS
4 w N
i * 200 N
| \j 3 —e
30 0 -
0 —= —
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Tw (K) Tw (K)
FIG. 8. Simulated temperature dependence of |Hg| for

NiFe/IrMn bilayers (#;;, = 8 nm) for (a) various nanodot sizes and
continuous film in comparison with experimental data [11] (b).
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IV. CONCLUSIONS

In this paper, we investigated the effects of reducing
lateral sizes in F/AF nanodots using a granular model and
kinetic Monte Carlo simulations. Our granular model took
into account less stable magnetic grains at the F/AF interface
due to atomic diffusions, stacking faults, etc. In the case of
nanodots, additional less stable grains at the edges in the AF
layer, due to the nanofabrication are considered. Our results
demonstrated the crucial impact of the coupling between F
grains. We evidenced that two different mechanisms of the F
layer reversal can occur. An average-coupling behavior occurs
with no variability from one nanodot to another when jg is
weak enough, corresponding to a reversal mechanism relying
on several nucleation centers at any location within the film.
In contrast, a jr dependent behavior with unwanted [21] high
variability from one nanodot to another takes place when
Jr increases, corresponding to a reversal mechanism highly

dependent on a single nucleation center at one corner of the
nanodot and subsequent domain wall propagation. Our model
also robustly accounts for several features experimentally
observed in exchange-biased nanodots after several nontrivial
experimental procedures are used to set the EB field by using
only a single set of parameters.
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