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Abstract

Motivated by the insufficient understanding of the drastic effects of the disordered interfacial
phases at the interface in F/AF bilayers on the exchange bias properties, we consider a
realistic model for F/AF nanodots which accounts for roughness at the interface, grain
boundaries (GB) and magnetic frustration in the AF layer. Then, we investigate the effect of
the magnetic disorder at the F/AF interface on the exchange field by means of Monte Carlo
simulations. First, using a simplified model based on a perfect crystal structure (without GB)
and with an ideal interface, our results indicate that non-collinear ordered magnetic
configuration at the F/AF interface (due to frustration) causes a small decrease of the
exchange field (about few dozen percent). Including GB in the model, we show that this kind
of structural disorder produces disordered magnetic configurations with domains at the F/AF
interface. This magnetic disorder does not lead to a decrease of the exchange field compared
to the perfect crystal but makes the AF layer more stable. Our study also reveals that adding
roughness in the form of a percentage of mixed F and AF moments in the interfacial layer
results in a more significant decrease of the exchange field (two orders of magnitude) leading

to values which are comparable to experimental values.

I. INTRODUCTION
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The exchange coupling at the interface between ferromagnetic (F) and antiferromagnetic
(AF) materials results in a shift of the hysteresis loop along the magnetic field. This
phenomenon is known as exchange bias (EB)!~ and the shift of the loop is called exchange
field (Hg). From a technological point of view, F/AF exchange biased bilayers are used in
spintronics devices*®, such as magnetic tunnel junction sensors® in magnetic random-access
memories (MRAM)""!% and spin valves!!!? in read heads'?. Although EB in F/AF bilayers
have been widely investigated in the last decades, from both experimental and theoretical
points of view, a full understanding of this phenomenon is still missing. In particular, EB
strongly depends on the properties of the F/AF interface where “disordered interfacial phases”
or “spin glass like region” have been reported in many experimental works'42°. These latter,

161819 " are attributed to the combination of

which can significantly affect the EB properties
structural defects and magnetic frustration at the interface. Similarly, it has been shown that
the exchange field decreases as the roughness increases?!??. Unfortunately, the magnetic
phases at the F/AF interface are hardly accessible by usual experimental techniques and very
few models address this point because of its complexity. So, the characterization of the
magnetic configuration at the F/AF interface is a puzzling topic and a big challenge, in our
days.

Among the numerical studies, a granular approach has been used to model these phases

and investigate their effects*>~2

. However, this approach is based on the macrospin
approximation and is not able to account for the details at the atomic scale such as structural
defects and non-collinearity of the atomic moments. Concerning the atomic approach, some
models consider a perfect crystal structure for each layer with an ideal interface’’**. In Ref?®
they found that the rotation of the F magnetization applies a torque to the AF moments at the
interface which winds up partial domain walls in the antiferromagnet. On the other hand,
other models consider structural defects such as non-magnetic impurities or rough interface
2934 Among the latter, let us mention the domain state model*”" that accounts for non-
magnetic impurities in the volume of the AF layer part away from the interface. This model
reveals that diluting the AF layer leads to the formation of domains in it which cause and
control EB. It should be noted that, in these studies, the Ising model is assumed for the AF
material. Within the framework of the domain state model, the influence of an imperfect
interface on EB properties has also been investigated®!. It has been found that Hg (and Hc)
strongly depends on the details of the interface and that the AF thickness dependence of

rough-interface systems differs significantly from that of ideal-interface systems. More

recently, some works have studied the effect of roughness at the F/AF interface on the EB
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properties by different approaches?>***, In Refs??2%%, it is shown that interfacial roughness
reduces the exchange field. In Ref**, the model is based on the concept of random exchange
anisotropy field which acts on the interface AF spins. Then, it has been found that for a single
gaussian distribution of the exchange anisotropy field, the exchange field exhibits a maximum
around a critical value of the distribution width. Moreover, the exchange field is reduced
when the distribution evolves from single gaussian to double gaussian. Also, numerical
simulations have shown that interface roughness combined with a small anisotropy in NiO
can explain the in-plane perpendicular coupling between NiFe and Co in NiFe/NiO/Co
trilayers®”. Finally, let us mention the Malozemoff’s random field model’*~** which has

demonstrated that the presence of random interface roughness gives rise to AF domain walls
perpendicular to the interface and an exchange anisotropy below a critical AF thickness tgl).
More precisely, between tgl) and a second critical AF thickness téz) (téz) < tgl)), the

exchange field is constant while it is proportional to 1/¢ar below tgz) .

To our knowledge, only one study has considered a F layer coupled to a spin glass®
(modeled by the Ising model) and its influence on the hysteresis loop. Then, it was observed
that EB results from a frozen spin-glass state and the exchange field decreases with increasing
strength of the cooling field in qualitative agreement with experimental results. We would like
to emphasize that there are no studies dealing with the effect of grain boundaries (GB) on the
EB properties.

In this work, our goal is to model magnetic disorder (with canted moments) at the F/AF
interface using a realistic model for F/AF nanodots which accounts for GB, roughness at the
interface and magnetic frustration in the AF layer. Then, we investigate its effects on the EB
properties. To that purpose, our strategy is to improve our model step by step. (i) First, we
consider a perfect crystal structure (without GB) for each layer with an ideal interface in a
preliminary study. (ii) Then, in order to study only the effect of GB in presence of magnetic
frustration in the AF layer, we consider a bilayer with GB and an ideal interface. (iii) Finally,
we consider a more realistic bilayer with a rough interface in addition to the presence of GB.
In each case, we quantify the influence of the canting of the magnetic moments at the
interface on the exchange field in terms of an effective interlayer coupling and on the stability
of the AF layer, i.e. if it reverses with the F layer. To that purpose, we use an atomic approach
and Monte Carlo simulations®. The interest of the Monte Carlo method is to account for the
thermal fluctuations of the magnetic moments. The atomistic modelling of GB structure is

performed using the quasiparticle approach*’ which is based on the atomic function density
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(ADF) theory*’. In the past, this method has been used successfully to study the GB structure
and the segregation phenomena at GB**.

The remainder of the paper is organized as follows. The model and simulation details are
described in Sec. II. Numerical results and discussion are presented in Sec. IIl. Finally, the

conclusion is given in Sec. IV.

II. MODEL AND SIMULATION

Our model for a F/AF nanodot consists of two layers with body-centered cubic structure
(BCC). The F layer contains two atomic planes and the AF layer contains four atomic planes.
In order to study the effect of GB on the EB properties, we have generated two kinds of BCC
structures: a perfect BCC structure and a BCC structure with GB. Moreover, we have
considered two types of interface: an ideal interface without mixing and a rough interface
with one atomic plane containing F and AF atoms.

The atomic structure of the symmetric tilt GB X5(031) [001] 8 =36.87°, frequently
observed in BCC metals, was simulated using the quasiparticle approach’’. In this method, we
assume that the distance between the atoms is larger than the computation grid. Then each
atom 1is associated to a sphere comprised of some number of simulation grids which are
atomic fragments. These fragments are treated as pseudo-particles and are named “fratons”. In
this description, the dynamics of the system is described by a creation or annihilation of a
“fratons”: a creation of a “fraton” at a point, r, indicates that atomic movements resulted in a
situation wherein the point r, which was previously outside of any atomic spheres, turned out
inside of one of them; annihilation of a “fraton” describes an opposite process wherein the
point, r, which initially is within of an atomic sphere, becomes outside of it. Unlike the
conventional approach describing the configuration of a multi-atomic system by coordinates
of atomic centres, the quasi-particle approach describes atomic configurations by occupation
numbers of “fratons”. The proper choice of a model Hamiltonian describing the interaction of
“fratons” should result in both creation of atomic spheres and the movement of the spheres
into the desirable equilibrium atomic configuration driven by the spontaneous minimization of
the free energy. The variable, that determines the atomic configurations, is the occupation
probability function pu(r,f) which is the probability, that point r, is inside the atomic sphere of
any atom of the kind a at the time ¢. A temporal and spatial dependence of pq(r.t), describes

the evolution of the atomic configurations:
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dpa(rt) B=mLapg(r-1") &G
ac Ly ZB=1 kgT  Spg(r't) (1)
where Lqp(r) is the matrix of kinetic coefficients, the summation is carried out over all grid
sites, kg is the Boltzmann constant, 7" is temperature, and G is the non-equilibrium Gibbs free
energy functional. The Gibbs free energy was interpolated by the equation for the mean field

free energy :
_1 a=m yB=m o ’
G = 5 Zr,r’ Zazl p=1 Waﬁ (1" r )pa (r)pﬁ (1‘ ) +

kpT Yr[Xa=1 Pa (@) np, (1) + (1 — XG=T pa (1) In(1 — X521 pe (1))] (2)

where Wyg(r —r') is the model potential of interaction of the pair of “fratons” of the
components o and [ , respectively, where r and r' are positions of the grid sites occupied by
the “fratons” of this pair. Summation over r and ' in Egs. (1) and (2) is carried out over the N
sites of the computational grid lattice. The simulation was performed with the mean density of
“fraton” p =0.104 in the 3D simulation box with 600x600x64 unit cells. The lattice
parameter of the BCC crystal used in the simulations has been adjusted to model a typical
BCC structure. Eq. (1) was solved in 3D using semi-implicit Fourier-spectral method. The

details of this resolution are given in Ref*'.

The obtained atomic configuration of the symmetric tilt GB £5(031) [001] is shown in Fig.1.
This GB structure can be described by the structural units B*® characterized by low energy.

This why this GB are frequently observed in different BCC crystals.

Fig. 1. Structure of the £5(031) [001] tilt GB in the BCC Fe obtained using the quasiparticle
approach. The structure is viewed along the [100] tilt axis. The magnified view of GB region

shows the structural units B (black and gray denote atoms on different {100} planes).
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In order to investigate the effect of magnetic disorder with canted moments at the F/AF
interface, we have considered the Heisenberg model where the spins S; can take any
orientation in the space. Our magnetic Hamiltonian contains three terms: the exchange
energy, the anisotropy energy and the Zeeman energy. The exchange energy can be written

as:

_ AF AF
Eecn =—JrX<ijoerSi-Sj—Ji X<ij>carSi-Sj— ]2 Ycij>ecarSi-Sj—

Jint Ziier, jearSi-Sj

where Jr > 0 is the nearest-neighbor (NN) interaction between two F atoms, Jine > 0 is the NN
interaction between a F and an AF atom and, Ji*F and J,2F are the NN and NNN (next
nearest-neighbor) interactions between two AF atoms (Fig. 2). JAF is assumed to be negative
to model the AF material. Then, if ]{‘F =0, the AF moments of an atomic plane are parallel
and the magnetizations of two adjacent planes are antiparallel (Fig.?2). Likewise, J2F is
negative in order to generate magnetic frustration which is necessary to obtain non-collinear
magnetic configurations. Assuming an uniaxial anisotropy along a common easy axis (Oy) in

the plane of the layer, the anisotropy energy is:
¥)? ¥)?
Fa= D¢ ) ()" =Dar ) (57)
i€F i€ AF

where Dr > 0 and Dar > 0 are respectively the anisotropy constant per atom for the F and AF
atoms. Let us mention that such a magnetic texture can be obtained by applying an external

field along the y-axis during the fabrication of the samples.

The Zeeman energy is given by:

E; = wpougH.}; g:S;.

m— m—l — — o— e — —
Nk t= 2 planes
— m— co— ~ ‘,”” r — — —
—_—) T ’— —p \—{ —_—) — —
/' ii
= e O = = e tp=4 planes

Ox Oy
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Fig. 2. Sketch of the model with an ideal interface and without grain boundaries showing the
exchange interactions. The F layer contains two planes and the AF layer contains four planes.
Note that the directions of the magnetic moments correspond to the ground state if /4 = 0 (no

frustration).

Most parameters of our model can be estimated from the literature. The exchange
interaction Jr is chosen in such a way that the Curie temperature of the F material is that of
cobalt, i.e. Tc= 1360 K*'. Since for the Heisenberg model on the (infinite) BCC lattice*®, one
has:

kBTc _ 2.054 3),

JrSE

we find Jr= 1.256 X 1072° J for Sr = 0.85. The value of the anisotropy constant per atom is
Dr=1.1 x 10723 J49, Concerning the AF material, we assume that its Néel temperature is that
of IrMn3, i.e. Tn=690 K¥’. So, using Eq.(3) again with Sar=1, we find JAF = —4.63 x
10721J. In this work, the coupling J4F < 0 is variable and we consider |J4F | <0.6 [J2F | . The
value of the anisotropy constant per atom is taken to be Dar= 10 Dr. For practical reasons,
the magnetic parameters are divided by kg (Jij/ks et D/kg) and are thus given in Kelvin (K).

Also, in the following results, the exchange field Hg is expressed in Kelvin (which

corresponds to

UoUupH . . . .
%). The parameters which are constants in all our simulations are

summarized in table 1.

Sk=0,85 Dr=1K Jr=910K Tc =1360 K

Sar=1 Dar=10K fF =-335K Tn =690 K

Table 1. Constant parameters in our simulations.

The stable magnetic configurations of the nanodots at low temperature have been obtained
by a simulated annealing based on the standard Metropolis algorithm®. For that, the
simulation starts at high enough temperature 7 (i.e. above the transition temperature of the
finite F layer), here 71 =800 K, and decreases according to the law Tny1 = Tn —AT with
AT =5 K with a final temperature equal to 0.1K. The hysteresis loops were simulated using

the same algorithm combined with the time step quantified MC method®'*?. Simulations were

7
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performed with 1600 atoms per plane for the perfect BCC structure and with 1461 for the
BCC structure with GB.

III. RESULTS AND DISCUSSIONS

A. Perfect BCC structure with an ideal interface

1. Bilayer without magnetic frustration (J5' = 0)

In order to check the reliability of our simulations, we consider a perfect BCC crystal
(without GB) with an ideal interface and without frustration (J2F = 0). Since in that case the F
layer with #r = 2 planes should reverse at 0 K by uniform rotation, we can compare our results
with those of the Meiklejohn and Bean model'. In this model the exchange field at 0 K is
given by :

_ Zg—AF SAF Jint (4)
Nk gr

MotpHg =
where Zr.ar 1s the number of F-AF bonds at the interface and Nk the number of atoms in the F
layer, and the non-reversal criterion for the AF layer is :

Nar Dar SaF > Zp-ar Jint SF )
where Nar is the number of atoms in the AF layer. In our simulations, the F layer reverses by
uniform rotation for all values of Jin.. Also, we have observed that the AF and F moments
rotate together for Jin =12 K. The comparison between the simulated values of Hg (at

T =0.1 K) versus Ji»; and the theoretical values given by Eq. (4) is shown in Fig. 3.

15 1 - 1 1 1
—=— Simulated
12— — Theory

7
o 94 7z~ |
% 7
£ 6_ l
|
3 l

0 . . L. — —

0 5 10 15 20
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Fig. 3. Variation of Hg simulated at 7 = 0.1 K versus Ji»in comparison with the theoretical

values given by Eq. (4) (J4F =0 K).

For Jine< 5 K the exchange field increases linearly with Jinc and there is an excellent agreement
with Eq. (4) which indicates that our results are reliable. For 5 K < Jin < 12 K, there is a small
shift from Eq. (4) because of AF moment rearrangements at the interface when the F layer
reverses which are not taken into account in Eq. (4). For Jin> 12 K, Hg vanishes since the AF
layer reverses with the F layer. Again, we found a good agreement with the non-reversal
condition of the AF layer (Eq. (5)) which predicts that the AF layer should reverse with the F
one if Jine 2 12.25 K.

Subsequently, we simulated the temperature dependence of the exchange field to see if
Eq. (4) (which is valid only at 0 K) can be generalized at T # 0 K by replacing Sar with the
thermal average of the component of the AF spin at the interface along the direction of the
applied field (here the y axis), < Sy, >1:

HpHoHy(T) = =720y < S} >1 (6)
It is important to note that < S 3{ ¢ >r1 decreases as T increases due to thermal fluctuations. In
Fig. 4, we plot the temperature dependence of Hg for Jine = 1, 4 and 5 K in comparison with
Eq. (6) in which < S} > has been calculated by numerical simulations. It can be seen that
HE decreases as T increases with a very good agreement with Eq. (6). So, the Meiklejohn and

Bean formula can be generalized at non-zero temperature by Eq. (6) which clearly links the

decrease of Hg to the thermal fluctuations of the AF moments at the interface.

Jing =1 K:—O—simulated — <-theory
6 J, =3K:—>—simulated — =-theory
Jint =5 K:—{J—simulated — =theory

2 4_@\B\B\B\B\D
g
Z_M

0 T T T T
0 50 100 150 200

T(K)
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Fig. 4. Temperature dependence of Hg for different values of Ji; in comparison with the

generalized expression of He (Eq. (6)) (J4F = 0 K).

2. Bilayer with magnetic frustration (J4F # 0)

With the goal of generating non-collinear magnetic configurations in the AF layer which
requires magnetic frustration, we account for a negative second neighbors (J4F <0) in
addition to JAF . First, we present the effect of J4F on the magnetic configurations of the AF
layer at 0.1 K and on the transition temperature of the AF layer, then we study the effect of

2F on the Jin- and temperature dependencies of the exchange field.

2.1. Effect of J&F on the magnetic configurations at 0.1 K and on the transition temperature of

the AF layer

The magnetic configurations of the first plane (interfacial plane) and the second one of the
AF layer obtained after cooling (77 =0.1 K) are presented in Fig. 5 for different values of J5F .
As expected, for J4F = 0 K, the two planes are F (with opposite magnetizations) since there is
no frustration. For J4F = 0.5 JAF and 0.6 JAF, the magnetic moments of the interfacial plane
are non-collinear but they are still forming a single domain. However, the second plane is F as
for the case J2#¥ =0K. Since the stable configurations in the infinite BCC crystal with
interactions up to the second neighbors are always collinear?’, the magnetic configurations
observed here in the first plane comes from the combined effect of the frustration and the
interface. We also study the effect of J2¥ on the transition temperature (Tn) of the AF layer. In
Fig. 6, we plot the temperature dependence of the specific heat, which exhibits a peak at T,
for different values of J4F. For J2F = 0 K, the peak is located at = 400 K, well below 690 K

because of finite-size effects. As | JAF | increases, the peak shifts towards lower temperature

due to the increase of magnetic frustration. For | JAF | =0.6 | JAF |, the peak is located at

~ 150 K.
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Fig. 5. Central part (19%x19 atoms) of the magnetic configurations at 7= 0.1 K of the first and
second planes of the perfect BCC AF layer for different values of J4F. The color code
represents the component of the magnetic moments along the axis perpendicular to the plane

(z-axis). A moment that is in the plane is green with a maximal length.

=M =0K  —O—J,A =057, —— ]2 =067

Tn =690 K

Cv/kB (K)

200 400 600 800
T (K)

Fig. 6. Temperature dependence of the specific heat of the AF layer for different values of

AF
2 .
2.2. Effect of J&F on the exchange field at 0.1 K
In Fig. 7, we present the variation of Hg simulated at 7= 0.1 K versus Jin for different

values of J4F, i.e. for various magnetic configurations of the first plane of the AF layer.

15

+JZAF = 0 K
+JZAF =05 JIAF

12 __._JZAF =0.6 JIAF

[Hel (K)

0 5 10 15
Jint (K)
Fig. 7. Variation of Hg simulated at T = 0.1 K versus Jin for different values of J4F .
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Qualitatively, the same behavior of HE is observed for all values of J4F: Hg increases (almost
linearly) if Jin is small and vanishes at a critical value of Jin: because the AF moments follow
the motion of the F layer. However, there are two effects due to the increase of J4F. (i) For
small values of Jini, He decreases as |J4F| increases due to the non-collinearity of the AF
moments at the interface. So, the non-collinearity of the AF moments at the interface results
in a decrease of the effective F/AF coupling at the interface. (ii) The critical value of Jin
above which the AF layer reverses with the F layer decreases as |J4 | increases (Jin = 12 K for
JAF=0K and Jin=6K for J4F =0.6 J1). According to Eq. (5), it means that either the
effective F/AF coupling increases or the effective AF anisotropy constant (i.e. the energy
barrier to overcome by the AF layer when it reverses) decreases. From (i), only the decrease
of the effective AF anisotropy constant is possible. To summarize, the non-collinearity of the
AF moments at the interface decreases the effective F/AF coupling and the effective AF

anisotropy constant.

2.3. Effect of J&F on the temperature dependence of the exchange field

In this part, we study the temperature dependence of the exchange field for different values
of Jine when J4F = 0.5 JAF and J4F = 0.6 JAF . The variation of Hg for J4F = 0.5 J&F is plotted
in Fig. 8.a. Unlike the case /4 =0 K (Fig. 4), He vanishes at a temperature Tyaish Which
varies from 175 K to 85 K as Jin: decreases. It is important to note that for all values of Jin,
Tvanish is smaller than Tn (=200 K for J&F =0.5J1). For T < Tvanish, the values of Hg are
slightly smaller than those of J> =0 K (see Fig. 4), due to the non-collinearity of the AF
magnetic moments at the interface. As shown in Fig. 8.b, for Tn > T'> Tvanish, the AF layer
reverses with the F layer thus Hg is equal to zero. If we assume that Tvanish is a blocking
temperature, the decrease of Tvanish as Jint Increases can be explained by a lowering of the

barrier to overcome by the AF layer during its reversal.
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Fig. 8. (a) Temperature dependence of Hg for J5F = 0.5 JAF and various values of Jin, (b)

hysteresis loops at 7= 175 K for Jinc = 3K.

The variation of Tvanish versus Jine for J2o=0.6 J1 and J>=0.5 J; is plotted in Fig. 9. We find
that Tvanish(J5>F = 0.6 J2F) < Tvanisn(J5F = 0.5 JAF) which indicates that the energy barrier to

overcome by the AF layer is smaller for J2F = 0.6 JAF

200 1 1 1 1 1 1
P J2AF =05 JlAF
= JZAF =0.6 JIAF
150
3
]
s 1001
g
I~
50 -
0 T T T T T T
0 1 2 3 4 5 6

Jint (K)
Fig. 9. Variation of Tyanish versus Jin for J2F = 0.5 JAF and J2F = 0.6 JAF .

B. BCC nanodot with grain boundaries, ideal interface and J3F # 0

Our goal is to understand the effect of GB on the magnetic configurations in the AF layer
at 0.1 K and on the exchange field by comparing these results with those obtained in Sec.A.2

without GB.
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1. Effect of the grain boundaries on the magnetic configurations of the AF layer at 0.1 K

The magnetic configurations of the first plane (interfacial plane) and the second one of the
AF layer with GB obtained after cooling down to 7y= 0.1 K are shown in Fig. 10 for different
values of J2F. As expected, for J5F =0 K, the planes are F with antiparallel magnetizations
since there is no frustration. For J2F = 0.5 Ji, the magnetic moments of the interfacial plane
are non-collinear, in addition to that some moments which are localized at the GB and at the
edges are out of the plane (Oxy). However, the second plane is still F. For J&F = 0.6 J;, we
observe that the fraction of magnetic moments out of plane at the interface increases. Unlike
the case of a BCC nanodot without GB, there are several magnetic domains in the interfacial
plane and each grain contains several domains. The magnetic moments of the second plane
are no more collinear but are still contained in the xy plane. So, the combined effect of GB,

interface and frustration generate disordered magnetic configurations with domains.

2. Effect of the grain boundaries on the exchange field at 0.1 K

In this part, we investigate the effect of GB on the variation of Hg simulated at 7= 0.1 K
versus Jine for J&F = 0.6 JAF (Fig. 11). It can be seen that the values of Hg of the BCC nanodot
with GB are the same as in the case of the perfect BCC nanodot (as long as the AF layer does
not reverse). The only difference between the two curves of Fig. 11 is the value of Jin for
which HE vanishes which is slightly higher when there are GB in the layers (Jinn="7 K in case
of GB and Jin = 6 K without GB). So, our simulations show that GB make the AF layer more

stable at 0 K, i.e. the effective anisotropy constant of the AF layer is increased by the GB.
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Fig. 10. Magnetic configurations at 0.1 K of the first and second planes of the BCC AF layer
with GB for different values of J5F . The color code represents the component of the magnetic

moments along the axis perpendicular to the plane (z-axis).

—a— BCC with GB —0— BCC without GB
44
g3
2
~ 2_
14
0 T T T T
0 2 4 6 8 10

it (K)

Fig. 11. Variation of Hg simulated at 0.1 K versus Jin for a BCC nanodot with GB in

comparison with a perfect BCC nanodot (J2F = 0.6 J1).

C. BCC nanodot with grain boundaries, a rough interface and j5F =0

In this part, we study the effect of roughness at the interface on the magnetic
configurations in the AF layer at 0.1 K and on the exchange field. The first plane of the AF
layer (interfacial plane) contains F and AF moments which are randomly distributed (Fig. 12).
The percentage of the F moments in this plane is xr. Here, we have considered J5F =0 K but
we would like to emphasize that due to roughness there is magnetic frustration at the

interface.
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Fig. 12. F/AF nanodot with roughness at the interface. Red arrows represent the F moments
and the blue arrows represent the AF moments. Note that the direction of the magnetic
moments in the mixed plane and in the AF layer depends on the percentage of F moments in

this plane.
1. Effect of xr on the magnetic configurations at 0.1 K (J5F¥ =0 K)

We remind that for xp= 0% and J2F = 0 K, the AF moments at the interface are in the same
direction as the F layer magnetization, that is along Hrc (to the right), because of Jin > O (see
Fig. 10). The magnetizations of two neighboring planes in the AF layer are anti-parallel and
so, the net magnetization of the AF layer Maris equal to zero. For xp# 0%, M ar is no longer
equal to zero and is opposite to the AF moments of the mixed plane (Fig. 13). Since the
cooling field Hrc favors Mar to the right, i.e. the AF moments of the mixed plane to the left
(configuration of Fig. 13.a), and Jine favors the AF moments of the mixed plane to the right

(configuration of Fig. 13.b), there is a competition between Jinc and Hrc.

H
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i
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Fig. 13. F/AF nanodot with roughness at the interface. Red arrows represent the F moments
and blue arrows represent the AF moments. (a) The AF moments of the mixed plane point

toward the left and the net magnetization of the AF layer points toward the right and (b) the
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AF moments of the mixed plane point toward the right and the net magnetization of the AF

layer points toward the left.

The magnetic configurations of the mixed plane (interfacial plane) obtained after cooling
under a positive field Hrc down to 7y =0.1 K are shown in Fig. 14 for different values of xg
(20%, 40% and 50%) and Jin= 20 K. For 20% < xr<40%, the AF moments of the mixed
plane are along Hrc, so Mar is opposite to Hrc, which means that the effect of Jine dominates
the effect of Hrc (Figs. 14.a & 14.b). We note that for xr > xc = 50%, the AF moments of the
mixed plane are in the opposite direction from Hgc, so Mar is along Hrc, which means that
the effect of Hrc dominates (Fig. 14.c). So, we observe a drastic change in the magnetic
configuration of the mixed plane from F to almost AF as xr goes from 20% to 50%. Since the
magnetic configuration of the (mixed) interfacial plane has a strong influence on Hg, it is

expected that Hg varies strongly with xr.
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Fig. 14. Magnetic configurations at 0.1 K of the mixed plane with GB for different values of
xr (J&F =0 K and Jine = 20 K). For xr = 20 and 40%, the AF moments of the mixed plane are
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along Hrc whereas for xr=50%, the AF moments of the mixed plane are in the opposite

direction from Hgc.

2. Effect of xr on the exchange field at 0.1 K (J5¥ =0 K)
Now, we study the effect of xr on the Jin - dependence of Hg at T=0.1K with J2F =0 K. It
is important to note that with roughness, there are two opposite contributions to Hg: a
contribution due to the AF moments of the mixed plane and another one due to the AF
moments of the second plane of the AF layer (just below the mixed plane) which interacts
with the F moments of the mixed plane (see Fig. 12). For xr < x. = 50%, the AF moments of
the mixed plane give a negative contribution to Heg whereas the AF moments of the second

plane of the AF layer give a positive contribution. It is the contrary for xp= 50%.

R — os e
o x, =20% (a) (b) * s

Jm=4K

g [ X =30% x ek
—— 1, =40% _ N Ju=6K

- % 0,4 - \. JJ=_7811<(
3 2 N Pao
W 6 c: N Jimn=10K
X w * Jy=11K
- I f'\ * Jy=12K
— 0,24 N\ * J,=13K
’ ** * Ji= 14K
34 N, * J=15K
~. * J,=17K
\t * Ji=19K
* Ji=20K

0_ 0,0 T T T T T L Tllleory

0 5 10 15 20 25 0,0 0,1 0,2 0,3 04 0,5
I (K) xe

Fig. 15. (a) Variation of Hg simulated at 0.1 K versus Jin for xr < xc = 50%, and (b) variation

of Mo U gF |HE| / (4 SaF Jint) Versus xr < xc in comparison with the theoretical curve J2F=0

K).

Below x., He is negative and |Hg| decreases as xr increases (as long as the AF layer does not
reverse) (Fig. 15.a) since the number of F-AF bonds between the interfacial plane of the F
layer and the mixed plane (which give a negative contribution to Hg) decreases and the
number of the F-AF bonds between the mixed plane and the first pure plane of the AF layer
(which give a positive contribution to Hg) increases. So, roughness decreases the effective
coupling at the interface. To analyze quantitatively our results, we calculate the theoretical
value of the exchange field assuming that the AF moments are pinned and neglecting the lack

of bonds at the edges. Then, generalizing Eq. (4), we obtain:
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4 (1-2xF) SAF Jint
— 7
(2+xF) g )

HotpHg =
So, we plot Mo Us gr |[HE| / (4 Sar Jin)) Versus xr in order to see if all data points are on a single
curve of equation (1-2xp)/(2 +xp). As seen in Fig. 15.b, our results are in reasonable
agreement with Eq. (7) which shows that the decrease of |Hg| as xr increases can be mainly
explained by the variation of the number of F-AF bonds at the interface. It should be noted
that the data points which slightly deviate from the theoretical curve are those for which they
are AF moment rearrangements during the reversal of the F layer (i.e. for values of Jin just
below the critical value for which the AF layer reverses with the F one). For xp= 50% > x., Hg
becomes positive but is very small in comparison with that obtained for xp< 40% (Fig. 16)
because the two opposite contributions almost compensate each other. We point out that the
simulated values of Hg in this case (50%) are comparable to the experimental values. For
example, for Jin=20 K, the simulated value is Hg= 1600 Oe for two F atomic planes, i.e.
tr~= 0.5 nm. Since Hg is proportional to 1/tr, Hg will be equal to 160 Oe for a F layer with
tr= 5 nm which fits very well with the experimental values. So, our results indicate that it is
possible to simulate realistic values of the exchange field using an atomic approach with

realistic exchange interactions which accounts for roughness at the interface.

0,20 - - - -
| —o— xz = 50%

5 10 15 20 25
Jint (K)

Fig. 16. Variation of Hg simulated at 0.1 K versus Jin for xr= 50% (J&F = 0 K).

IV. CONCLUSION
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In this paper, we modeled non-collinear magnetic configurations at the F/AF interface in
the AF layer using either a perfect crystal structure or a crystal structure with GB. Our
numerical simulations showed that ordered non-collinear configurations at the F/AF interface
observed in the perfect crystal results in a small decrease of the exchange field. When
considering GB in the model, the magnetic configurations at the F/AF interface are disordered
with domains but do not lead to lower value of the exchange field compared to the perfect
crystal. However, the AF layer with GB is more stable than the perfect one. Finally, our
results provide evidence that roughness at the F/AF interface can reduce drastically the
exchange field leading to values which are of the same order of magnitude as experimental
values. We also mention as a conclusion that, in our model, the non-collinear magnetic
configurations are always confined in the first plane of the AF layer and we did not observe
canted magnetic moments in the bulk of the AF layer. The issue of how and why these non-

collinear configurations can develop in the AF layer should be addressed in a near future.
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