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The demagnetization processes in epitaxially grown SmCos/Fe/SmCos trilayers have been analyzed in the
framework of a one-dimensional micromagnetic model, exploiting the well-defined orientation of the easy
magnetization axis present in both SmCos layers. The applied magnetic field is considered along easy, hard,
and tilted directions. For the case of hard direction, the nucleation field equation and the analytical expression
of the critical susceptibility are given. Due to the observed separate switching behavior of the two hard layers
in the realized trilayers, the analysis also considers demagnetization processes in which the two hard layers
have opposite magnetic polarization. Calculations based on the nominal values of the magnetic and geometric
parameters for the ideal symmetric trilayer are only in qualitative agreement with the corresponding experi-
mental curves. In order to explain the discrepancies, the influence of variations in the parameters has been
deeply analyzed, as well as the effect of a distribution of tilting angles of the hard layers anisotropy axes. In
addition, we have extended the model to treat the case of a real asymmetric trilayer, characterized by slightly
different anisotropy properties of the two hard layers, and we have derived the corresponding nucleation field
equation for the case of easy direction. This analysis shows that a better agreement between calculations and
measurements concerning the reversible behavior of the trilayers can be achieved by slightly modifying the
nominal soft layer thickness and by assigning different tilting angles to the hard layers. Moreover, it shows that
the remaining discrepancies can be ascribed to imperfections, which cannot be considered in detail in the

one-dimensional model.
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I. INTRODUCTION

The study and understanding of exchange coupling be-
tween hard and soft magnetic materials across their phase
boundary benefit from well-defined geometrical and mag-
netic properties of the constituting phases. Especially, a
unique orientation of the hard phase’s easy axis allows a
comparison of experimental data with calculations in a one-
dimensional model, which assumes a uniform magnetization
in planes parallel to the phase boundary and characterizes the
coupled films with a spin spiral along the normal of the
phase boundary. Consequently, hard/soft bilayers based on
epitaxial hard magnetic Sm-Co thin films, which can be
grown in a smooth and controlled fashion,' have been stud-
ied extensively for exchange-coupling effects. In an early
work of Fullerton et al.,? both the longitudinal and transver-
sal magnetization components in the demagnetizing branch
of an epitaxial Sm-Co/Fe bilayer with field parallel to the
easy axis could be modeled to satisfaction with a one-
dimensional atomistic model. In subsequent works, the spin
spiral has been experimentally determined with depth sensi-
tive methods*® on such structures. Recently, also hard/soft/
hard trilayers have been prepared epitaxially, such that the
easy axes of both hard layers are parallel.’® These films are
based on 25-nm-thick hard magnetic SmCos layers with
large uniaxial anisotropy and soft magnetic Fe of thickness 6
and 16 nm. They show exceptionally large energy densities
due to the improved magnetic properties of the SmCos layers
and the presence of two coupling interfaces.

A previously described micromagnetic one-dimensional
model” has been applied to carry out a thorough analysis of
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the demagnetization processes in the SmCos/Fe/SmCos
exchange-coupled trilayers, considering both easy and hard
demagnetization curves and utilizing non-normalized values
of magnetic polarization. Exchange-coupled systems® (also
known as exchange-spring magnets’) show a peculiar two-
stage magnetic polarization reversal, beginning at a well-
defined critical field, the nucleation field, at which the mag-
netic moments start to deviate reversibly and nonuniformly
from the easy direction, and followed by the reversal field
that promotes the irreversible switching of the whole system.
The analysis applied to multilayered planar systems for both
parallel and perpendicular anisotropy reveals the presence of
different reversal regimes.”!!! The related phenomenology,
once assigned the intrinsic properties of the materials, can be
synthetically summarized in a magnetic phase diagram as a
function of the individual layer thicknesses.” The diagrams
have in principle a predictive potential on the behavior of
any particular composite and therefore can be useful for tai-
loring the properties of these systems. For a trilayer system
with identical SmCos layers the geometry is symmetric with
respect to the central Fe layer and so is the configuration of
the spin spiral if the initial polarization state is also symmet-
ric. In this work, the adopted one-dimensional model has
been extended in order to also consider solutions in which
the magnetic polarizations of the two hard layers have oppo-
site directions. These configurations can be experimentally
accessed in real trilayers because of the possible independent
switching of the two hard layers.

Because of the specific type and conditions of the grow-
ing process, real trilayers show a behavior that can slightly
diverge from the ideal one. This difference can be due first of
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FIG. 1. (Color online) Basic scheme for the one-dimensional
micromagnetic continuum model of the hard/soft/hard trilayer.

all to a nonperfect control over the nominal values of the
magnetic and geometric parameters, and second to imperfec-
tions, which only partly can be taken into account in the
ideal model. In particular, the calculations based on the
nominal values of the parameters for the ideal symmetric
SmCos/Fe/SmCos trilayer show only a qualitative agree-
ment with the experimental demagnetization curves for both
the reversible and the irreversible portions. In order to ex-
plain the quantitative discrepancies in the reversible behavior
of the trilayers, numerical simulations have been performed
to deeply analyze the influence of variations in the param-
eters on the demagnetization process. Moreover, the one-
dimensional model has been further developed to describe
the behavior of asymmetric trilayers characterized by differ-
ent anisotropy properties of the two hard layers, to the aim of
taking into account asymmetries unavoidably present in real
systems. This analysis also shows that the remaining discrep-
ancies, which mainly concern the irreversible behavior, can
be ascribed to imperfections of real trilayers, which cannot
be considered in details in the one-dimensional model.

The paper is organized as follows. A general theoretical
treatment of the demagnetization processes for the ideal
SmCos/Fe/SmCos trilayer is presented in Sec. II. In particu-
lar, the theoretical model is described in Sec. II A and solu-
tions for the symmetric trilayer are discussed in Sec. II B.
Section III reports a brief account of experimental details in
Sec. III A and the application of the model to the realized
trilayers in Sec. III B. Finally, Sec. IV deals with the theo-
retical analysis of the effect of the parameters variation (Sec.
IV A) and the influence of asymmetries in the two hard lay-
ers (Sec. IV B) while the results of this analysis are applied
to the experimental data in Sec. IV C.

II. MODELING OF THE DEMAGNETIZATION
PROCESSES

A. Theoretical model

Let us consider a hard/soft/hard trilayer (see Fig. 1) with
uniaxial magnetocrystalline anisotropy characterized by easy
axes ¢; and anisotropy constants K;, where i=1,2,3 for the
bottom hard, middle soft, and top hard layers, respectively.
The demagnetization process can be in principle described
by means of a one-dimensional model in which the magnetic
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polarization J=uyM is uniform on the planes of the trilayer
and thus it depends only on the perpendicular coordinate z
while its direction is expressed by the azimuthal angle 9(z)
and the polar angle ¢(z). The polarization vector inside each
layer is subjected to the action of the torque exerted by the
effective field H.g, which is the negative functional deriva-
tive of the total magnetic Gibbs free energy.!>~!* The effec-
tive field is the sum of the exchange, anisotropy and demag-
netizing fields, as well as of the external magnetic field H.
Due to the uniformity of the polarization on the planes of the
trilayer, the demagnetizing field is uniform on these planes
and perpendicular to them, and its expression is
Hy=—J;/ uy cos ¢,'° where J; is the saturation polarization.
The exchange coupling at the interface between two layers
can be described by introducing a torque per unit area 7;_; ;
=—7,1=2I_, j(z-) X j(z;+) (i=2,3), where j is the polariza-
tion unit vector and /;_;; is the intensity of the interface
exchange interaction. Due to the vanishing of the exchange
torque at the free surfaces and to the exchange-coupling
torque at the interfaces, the polarization vector satisfies the
following boundary conditions:

dj .oodj
| =0 (i=1,4) A_jz) =~
i, ( ) 1J(z-) gz
.oodj
=A.j(z.4) =
J(z;+) izl .
=1 @)z (i=2.3), (1)

where A; is the exchange-stiffness constant. In the limit case
of strong coupling’ between the layers (I,_; ;— %, as it hap-
pens inside the layers according to the continuum micromag-
netic theory), the boundary conditions at the interfaces imply
that f(zi-) —>f(z,-+), which corresponds to a continuous varia-
tion in the polarization unit vector across the hard/soft
interface.” The equilibrium condition i X H;=0 allows de-
ducing the Euler equation'>!%!7 for 9(z) and ¢(z). The solu-
tions of the Euler equation that also satisfy the boundary
conditions of Eq. (1) correspond to the equilibrium states of
the polarization.

In the present treatment, unless advised otherwise, the
easy axes ¢; lie in the trilayer plane, the external field H is
applied parallel to the y axis (see Fig. 1) and a strong inter-
face coupling is assumed. The equilibrium solutions have
been calculated by numerically integrating the related
Landau-Lifschitz-Gilbert (LLG) equation'® with a one-
dimensional grid on the z axis.! In the case of strong inter-
face exchange coupling, we have assumed [;_j;=Iyong
=Agyong/ Az, Where Az is the vertical mesh width and Agyong
is the mean of the exchange-stiffness constants assigned to
the soft and hard layers.'> All the performed simulations
show that the angle ¢ vanishes when the system reaches an
equilibrium state. This result corroborates the validity of the
assumption ¢(z)=0 supposed when the one-dimensional
model is applied to multilayers with planar anisotropy,'!?
even if a rigorous deduction of its validity only exists for the
case of perpendicular anisotropy.” The above assumption has
been adopted in all the analytical calculations performed in
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the present analysis. The validity of the obtained results has
also been verified by the direct numerical integration of the
Euler equation [assuming ¢(z)=0] with the shooting
method.?”

B. Symmetric trilayer

Let us consider now the particular case of a trilayer with
identical hard layers (¢;=t3, A=A, K;=Kj, and J,;=J3) and
identical easy axis directions for the three layers (c;=c,
=cj3). If the initial state of the system is the saturated one, the
equilibrium solution J(z) is an even function with respect to
the central coordinate zp=z,+7,/2. Thus, the analysis of the
demagnetization process is performed on a half trilayer with
the additional boundary condition dj/dz=0 at z=z,.

1. Field applied along the easy direction

If the external field H is applied along the easy positive
direction (8=0), the demagnetization process is character-
ized by two critical fields,!” which are defined as positive
numbers even if they lie in the second quadrant of the H-J
plane: (i) the nucleation field H,, at which the magnetic mo-
ments start to deviate reversibly and nonuniformly from the
easy direction; (ii) the reversal field H,= H, that promotes
the irreversible rotation of the whole system. The critical
susceptibility x,=dJ/d(uyH) at the nucleation field!” turns
out to be a key parameter to describe the type of reversal
process, as magnetic (saturation polarization, anisotropy, and
exchange) and geometric (layer thicknesses) properties of the
layers are varied. As a result, a general magnetic phase dia-
gram, pointing out three different regimes of reversal is ob-
tained in the layers thickness plane.!” The rigid magnet (RM)
regime is characterized by the coincidence of the two critical
fields so that the hysteresis loop shows an irreversible sudden
jump to inverse saturation. On the contrary, in the exchange-
spring (ES) regime, the demagnetization curve includes a
reversible portion between the two critical fields. The
adopted one-dimensional model does not consider the role of
domains and domain-wall nucleation and pinning in the xy
plane. Hence, the obtained values of the reversal field should
be considered as an upper limit for the real switching field
Hg,, at which the irreversible phenomena related to nucle-
ation and propagation of reversed domains take place. Figure
2 shows a significant region of the magnetic phase diagram
(in the plane of the soft and hard layer thickness #, and #;) for
the symmetric trilayer SmCos/Fe/SmCos, assuming A,
=2.8%107"" J/m, J,=2.1 T, A|=A;=12X10""" J/m, K,
=K;3=10 MJ/m?, and J,=J5=0.91 T while the Fe layer an-
isotropy constant is assumed to be negligible (K,=0 as for an
ideal soft layer).

In the following we will illustrate the results of a series of
simulations performed on a SmCos/Fe/SmCos model
trilayer with soft layer thickness #,=10 nm and hard layer
thickness 7;=1;=25 nm. Figure 3(a) shows the demagnetiza-
tion curve with the field applied along the easy axis direction
(easy demagnetization curve): the two critical fields H, and
H.,, separated by the reversible portion of the curve (accord-
ingly to the magnetic phase diagram of Fig. 2, where the
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FIG. 2. (Color online) Magnetic phase diagram in the plane of
layer thicknesses f, (soft) and #; (hard) for the SmCos/Fe/SmCos
symmetric trilayer. Representative points are evidenced, corre-
sponding to different soft layer thicknesses (hard layer thickness
;=25 nm).

considered trilayer lies in the ES region), are highlighted on
the plot.

2. Field applied along the hard direction

If the external field H is applied along the hard direction
(8=m/2), the linearization of the Euler equation allows ob-
taining the implicit equation for the nucleation field H,,

12
Aryys tanh( 725) =Azy; tan(ysts), (2)

where
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FIG. 3. (Color online) Simulated easy and hard demagnetization
curves, and simulated easy and hard half-reversed solutions for the
SmCos/Fe/SmCos symmetric model trilayer. H,: nucleation field,
H,, H/, and H.: reversal fields.
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The critical susceptibility x, at the nucleation field can be
deduced by expanding up to the fourth order in ¢ the expres-
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sion of the derivative d¥/dz obtained starting from the first-
order integral of the Euler equation, exactly as described in
the treatment of Ref. 17 for the case of field applied along
the easy direction. Thus, we obtain the expression

J f2/2 tanh( )/21‘2/2) +J 13 tan(y3t3)
= *[ cosh?(y,1,/2) 2 * cos’(y313) %3
" 3p2 p2lp) _ 3p; 1+ 21373 +2(py - p3)
cosh?(y,1,/2) sinh(y,1,) | cos?(yst3) sin(2yst3) 2
1 t } [ 2t } 1
XYy 5 +—————|+a3| >+ - - , (3)
{ 2[ 7% ¥, sinh(y,t,) ’ 7% 3 sin(2yst3) | | 4poH, (12/2 + 13)

where

ai+8ﬂ,- Ji ’ Ki .
pi=T .~ a=—-—H B=— (i=2,3).
12(a; +28) A A;

This expression is also valid in the case of a trilayer with
perpendicular anisotropy (and field applied along the hard
direction), if one performs the substitution K;—K;
—Jiz/(Z,u,O). Although it is in general possible to deduce a
phase diagram also from Eq. (3) (for example, for multilay-
ers with perpendicular anisotropy and field applied along the
hard direction), however, in the case of planar anisotropy, the
phase diagram is trivial as the critical susceptibility is always
positive. In fact, the nucleation field [solution of Eq. (2)]
turns out to lie in the first quadrant of the H-J plane, between
the anisotropy field 2K,/J, of the soft layer and the aniso-
tropy field 2K3/J5 of the hard one. As a consequence it fol-
lows that p, <0, p3>0, and ;<0 and thus x, >0 so that
the regime of the nucleation process is exclusively of
exchange-spring type, according to the heuristic argument
that the trilayer cannot reverse its polarization in the first
quadrant. Moreover, when the applied field vanishes, the
trilayer necessarily becomes fully saturated along the easy
direction and thus the hard demagnetization curve crosses
the origin of the H-J plane. Therefore, we conclude that the
hard curve is fully reversible, to say without hysteresis, as
reported in Fig. 3(b). This conclusion is confirmed by all the
simulated hard demagnetization curves.

3. Half-reversed solutions

Since a real trilayer is never perfectly symmetric, it could
happen that the two hard layers do not simultaneously switch
during the demagnetization process.® As a consequence, a
particular remanent magnetization state can be experimen-
tally reached in which the two hard layers have opposite
magnetization along the anisotropy axis (half-reversed rem-
anent state). The corresponding 9(z) configuration is an odd
function with respect to the central coordinate z, and, for
symmetry reasons, it maintains such a property even under a

field applied along the hard direction. Figure 3 shows the
easy and hard simulated curves obtained starting from the
half-reversed remanent state (half-reversed solutions) and
considering the whole trilayer. In the case of the easy demag-
netization curve, when the field reaches the reversal value
—H/, the unreversed hard layer switches irreversibly as rep-
resented in Fig. 4(a). We find that this field is smaller in
magnitude than the reversal field H, from the fully saturated
state, due to the fact that the spin spiral in the soft layer is
twisted more strongly in the half-reversed solution. If the
field is applied along the hard direction, the layer that irre-
versibly switches at the reversal field H, is the soft one [see
Fig. 4(b)], whereas the hard layer moments only rotate re-
versibly as in the case of even solutions. As a consequence,
even and odd solutions merge above H..

III. COMPARISON WITH THE EXPERIMENTAL DATA
A. Experimental details

The realized SmCos/Fe/SmCos trilayers have been pre-
pared by pulsed laser deposition under UHV conditions with
nominally constant values of 25 nm for the two SmCos lay-
ers and varying thickness of the soft Fe layer. Composition
and layer resolved film thickness have been checked by en-
ergy dispersive x-ray analysis in combination with a thin-
film analysis software.?! Details on the preparation and char-
acterization of the films are given in Ref. 6. Due the identical
chemistry, the upper and lower SmCos layer cannot be dis-
tinguished but rather a total thickness between 49 and 52 nm
and an averaged composition of Sm;3Cog, has been deter-
mined for all trilayers. As the ablation rates slightly reduce
during the deposition process, for the identical preparation
conditions (unchanged number of pulses on Sm and Co tar-
get) used in both layers, the second SmCos layer is assumed
to be somewhat thinner and enriched in Sm concentration,
possibly leading to small differences in the switching behav-
ior. Magnetization measurements have been performed in a
physical properties measurement system with vibrating
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FIG. 4. (Color online) Simulated half-reversed solutions corre-
sponding to the magnetic polarization configurations inside the
SmCos/Fe/SmCos symmetric model trilayer before and after: (a)
the switching of the unreversed hard layer for the field applied
along the easy direction and (b) the switching of the soft layer for
the field applied along the hard direction.

sample magnetometer option in fields H up to 9 T. The satu-
ration polarization of the SmCos phase has been measured in
the 50 nm SmCos film by applying a 9 T magnetic field
along the easy direction. Moreover, the uniaxial anisotropy
constant has been deduced from the slope of the hard demag-
netization curve for the same sample.

B. Application of the model

The previously described one-dimensional model has
been applied to the experimental SmCos/Fe/SmCos trilayers
by assuming the same values reported in Sec. II for the con-
stants J;, A;, and K;. On the phase diagram of Fig. 2, two
points representative of the trilayers with Fe thickness 7,
=6 nm and t,=16 nm are displayed. Both systems lie in the
ES region and thus one would expect easy demagnetization
curves with a reversible portion and two distinct critical
fields, as actually verified in the simulated hysteresis loops
reported in Fig. 5. However, the comparison with the experi-
mental loops, reported on the same Fig. 5, shows a different

PHYSICAL REVIEW B 81, 184430 (2010)

4 3 2 1 0 1 2 3 4
ot (T)
15 1 1 1 I 1 1 1
(b) Hn'._’_
1.0 / I : F
7§ 3 0
7 s [
0.54 Ry N S L
H -7 W - !
~ 't / i
=) 0.0 ] b
] i it
| B 7
-0.54 | -
0.5 | g 7Zo—exp.
o/
| §/ exp. half
1.0 1 / — — -calc. -
! <4 e corr
15 -~ corr. half
4 -3 2 -1 0 1 2 3 4
Hof1 (T)

FIG. 5. (Color online) Comparison of simulated and experimen-
tal easy demagnetization curves for the SmCos/Fe/SmCos trilayers
with nominal soft layer thickness (a) £,=6 nm and (b) #,=16 nm.
The simulated curves corrected assuming suitable values of the soft
layer thickness and of the tilting angles (see text), are also dis-
played. In addition, (b) reports the experimental and the simulated-
corrected magnetization curves obtained starting from the half-
reversed remanent state. H, and H,.: nucleation fields; H,: reversal
field; and Hy,, and H_,: switching fields.

behavior. In the case of #,=6 nm, the reversible portion is
not detectable probably because the system undergoes a sud-
den reversal due to domain nucleation and propagation oc-
curring at a switching field Hg, <H, [see Fig. 5(a)]. In the
case of £,=16 nm, the reversible portion is evident (see also
Ref. 6), although the experimental (H,.=0.54 T) and the
calculated (H,=0.75 T) nucleation fields are slightly differ-
ent, and also the experimental susceptibility is higher than
the calculated one. Moreover, a reversible part with lower
susceptibility is present in the experimental loop for fields
|H| <H, [see Fig. 5(b)].6

As expected, for both samples, the experimental switch-
ing fields result to be considerably lower than the calculated
reversal fields. This is analogous to the typical behavior of
single hard magnetic materials, where the coercive field is
not as large as predicted from the anisotropy. In fact, the
calculation of the reversal fields in the framework of the
one-dimensional model is based on a criterion of instability
of inhomogeneous rotation processes and the obtained values
should be intended as an upper theoretical limit for the real
switching fields, similar to the reversal field of the Stoner-
Wohlfarth model with respect to the coercivity of real bulk
magnets. The irreversible behavior in real systems is actually
conditioned by the presence of domain walls nucleation and
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FIG. 6. (Color online) Comparison of simulated and experimen-
tal hard demagnetization curves for the SmCos/Fe/SmCos trilayers
with nominal soft layer thickness (a) £,=6 nm and (b) ;=16 nm.
The simulated curves corrected assuming suitable values of the soft
layer thickness and of the tilting angles (see text) are also displayed.
In addition, the figures report (a) the simulated curve for the decou-
pled trilayer (/,4: remanence of the extrapolated decoupled experi-
mental curve) and (b inset) the experimental (dotted line) and
simulated-corrected (dashed line) curves obtained starting from the
half-reversed remanent state.

pinning. Moreover, the experimental curves are affected by
magnetization relaxation phenomena®? due to the slow dy-
namics and finite temperature of the measurement process.
The irreversible switching of magnetization consequently oc-
curs by overcoming energy barriers that separate the unre-
versed state from the reversed one. Therefore, the slower is
the measurement process, the lower are the measured switch-
ing fields.?® Still, the high uniaxial anisotropy of SmCos en-
sures a large nucleation field which for the Fe 6 nm trilayer
allows a square shaped hysteresis despite the large volume
fraction of Fe. It has to be noted that for the Fe 16 nm
sample, two different switching fields can be observed,
which are probably related to the independent reversal of the
hard layers (H.,>H,,).® One can exploit this fact to also
measure the half-reversed easy curve [see Fig. 5(b)]. An ex-
perimental remanent state that does not correspond to zero
polarization (J=-0.12 T), proves that the trilayer is slightly
asymmetric.

The experimental and calculated hard axis loops for the
Fe 6 nm and 16 nm samples are shown in Fig. 6. Although a
qualitative agreement between calculated and experimental
curves is evident from Fig. 6, the experimental curves are
clearly shifted toward larger absolute polarization values
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(AJ=0.2 T for both trilayers). Moreover, the experimental
curves show a small hysteresis that is not present in the
simulated curves according to the discussion of Sec. II. The
qualitative agreement between the calculated and experimen-
tal curves seems to confirm the presence of interface ex-
change coupling in the realized trilayers.

IV. INFLUENCE OF VARYING TRILAYER PARAMETERS
A. Symmetric trilayer

The details of the demagnetization process as well as the
comparison between calculated and measured data strongly
depend on both the magnetic (4;,J;,K;) and geometric (f;, &;)
parameters of the trilayer. In the following, an analysis of
their influence is performed on the basis of the one-
dimensional ~model applied to the symmetric
SmCos/Fe/SmCos model trilayer.

1. Exchange-stiffness constant

In the previously described model a strong-type exchange
coupling at the interface is assumed. However, one can re-
lease this hypothesis taking into account a reduced exchange
coupling related to the possible presence of interface
defects.”?* Consequently, in the case of the easy demagneti-
zation curves, the nucleation field decreases while the rever-
sal field increases. On the other hand, the susceptibility of
the reversible portion of the curve turns out to be larger after
the nucleation field and lower on reaching the reversal field
because the demagnetization curve approaches that of the
decoupled system. Thus the polarization before the reversal
turns out to be always larger than (2J313—J,1,)/(213+1,)
=0.4 T. For the same reasons, when the field is applied in
the hard direction, the effect of the reduced coupling is evi-
dent only at low fields, for which the initial susceptibility
increases. The simulated easy and hard demagnetization
curves corresponding to a case of weak interface coupling’
with intensity /;_; ;=0.05 X [y, are reported in Fig. 7. The
considered weak character of the coupling allows the occur-
rence, in the easy curve, of a stable state characterized by a
fully reversed soft layer and fully saturated hard layers above
the critical field H,, in agreement with the theoretical
predictions.’

2. Layer thickness

In general, the layers thickness is affected by a certain
amount of uncertainty with respect to nominal values due,
for example, to the details of the growing process and to a
possible phase intermixing at the hard/soft interfaces.”> For
hard layer thicknesses ¢, and #; considerably larger than the
Bloch-wall width d;,=2(A,/K;)"?>=7 nm (i=1,3), the hard
layer thickness will not affect the critical-field values or even
the coupling character according to the phase diagram of Fig.
2. On the other hand, changing the soft layer thickness di-
rectly influences nucleation and reversal fields for the con-
sidered thickness values. Both critical fields will decrease
upon increasing the Fe layer thickness and a larger suscepti-
bility is expected in the reversible portion of the easy demag-
netization curve while the hard demagnetization curve shifts
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FIG. 7. (Color online) Simulated (a) easy and (b) hard demag-
netization curves for the SmCos/Fe/SmCos symmetric model
trilayer, corresponding to: a reduced value I;_; ;=0.05 X [, Of the
interface exchange-coupling constant (dotted line); a reduced value
K,=K5=1 MJ/m? of the hard layers anisotropy constant (solid thin
line); an increased value =12 nm of the soft layer thickness
(dashed line). The above curves are compared to the nominal case
1i-1i=Igwong: K1=K3=10 MJ/m?, and 1,=10 nm (solid thick line).
H,: critical field and H: nucleation field.

toward larger absolute values of the polarization. As regards
the total saturation polarization of the trilayer J=(2J5t3
+J,1,)/ (2t3+1,), it tends to increase both on enlarging the
soft layer thickness and on reducing the hard layer one, with
a more evident modification in the case of a change in the
soft layer thickness. The simulated easy and hard demagne-
tization curves are reported in Fig. 7 for the case of 20%
increment of the soft layer thickness with unchanged hard
layer thickness.

3. Anisotropy constant

A possible uncertainty in the value of the anisotropy con-
stant of the hard layers can have different causes. On the one
hand, the considered constant is typically evaluated on a hard
monolayer that in principle could be slightly different from
the two hard layers of the trilayer. On the other hand the
determination of the constant could be affected in itself by a
large error since it is typically based on the extrapolation to
high fields of the hard direction magnetization curve of the
hard monolayer. In general, the value of K; directly deter-
mines the reversal and nucleation fields H; =H,=2K,/J, for a
single SmCos layer in the easy and hard directions, respec-
tively, according to the simple Stoner-Wohlfarth theory, and
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the purely rotational hard axis curve will rise with a slope
given by J/H,~1/K;. A similar effect is expected for the
coupled trilayers. Therefore, for both easy and hard curves,
all the critical fields turn out to be decreased and the suscep-
tibility increased by reducing the value of K, as reported in
Fig. 7 for K;=K3=1 MJ/m>. The nucleation field H
=2.65 T deduced from Eq. (2) is evidenced on the hard de-
magnetization curve [see Fig. 7(b)] and it is coincident with
that obtained from the simulated curve.

4. Anisotropy axis

So far, the model considers one single anisotropy axis and
a well-defined field direction. In realistic samples, even epi-
taxial, well textured films will have a spatial distribution of
easy axis orientations with respect to an average direction.
Furthermore, the applied field direction with respect to the
average direction of the anisotropy axes might not be per-
fectly accurate. In the framework of the one-dimensional
model, both the above effects can be taken into account by
simply introducing a tilting angle in the xy plane between the
applied field direction and the average direction of the aniso-
tropy axes. The simulated easy and hard demagnetization
curves are reported in Fig. 8 for a tilting angle ;= 8;=10° in
the xy plane. The easy-direction nucleation process turns out
to be less sharp and it starts to become evident at lower
absolute field values while the susceptibility of the reversible
portion is smaller. On the contrary, the reversal field tends to
shift to larger values. With reference to the hard demagneti-
zation curve, the introduction of a tilting angle leads to the
occurrence of a hysteresis, whose area increases for larger
tilting angles, and of an irreversible switching (not shown in
Fig. 8) for high absolute field values. Moreover, the two
branches of the curve differ from the untilted curve by a
vertical shift toward larger absolute values of the polariza-
tion. The possible occurrence of a tilting angle in the vertical
yz plane has also been simulated for the same angle value
reported above, obtaining results very similar to the case
without tilting (see Fig. 8).

5. Tilting angle distribution

The adopted one-dimensional model could give rise to
inaccurate results in the case of a spatial distribution of the
anisotropy axes directions. If the scale length L on which this
phenomenon takes place is smaller than the Bloch-wall
width of the hard phase (d;=d;=7 nm), no effect is ex-
pected because the hard layer polarization tends to align it-
self along the average anisotropy axes direction. If, on the
contrary, the scale length L is larger than d;, the alignment of
the hard layer polarization is toward the local anisotropy axis
while the soft layer polarization should have a more complex
behavior depending on the ratio between scale length L and
soft ~domain-wall — width  dy=27[A,/(0.5XJ3/ u)]"?
=25 nm. In fact, one expects that, if L<d,, the soft layer
behaves like as the coupled hard layer were aligned along the
average direction and that, if L>d,, Néel domain walls in-
side the soft layer occur in the xy plane. As an illustrative
example, we have simulated the model trilayer by means of
the software package LLG micromagnetics simulator,?
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FIG. 8. (Color online) Simulated (a) easy and (b) hard demag-
netization curves for the SmCos/Fe/SmCos symmetric model
trilayer, corresponding to different tilting angles of the hard layers
anisotropy axes. The curves related to tilting angles 0° and 10° in
the xy plane and 10° in the yz vertical plane have been obtained in
the framework of the one-dimensional model while the curve cor-
responding to a spatial distribution of tilting angles has been simu-
lated by utilizing the three-dimensional finite difference method.
Inset: sketch of the tilting angle distribution of the hard layers in-
side the simulated region for the three-dimensional finite difference
calculations.

which is based on the three-dimensional finite difference
method.'?> We have assumed a simulation region of thickness
60 nm, with dimension 21 X 84 nm? and periodic boundary
conditions in the xy plane [see inset of Fig. 8(b)]. In both
hard layers, the anisotropy axis of a half trilayer is tilted by
11.5° while the tilting angle in the other half trilayer is —9.5°
(tilting angles are set slightly different from *10° to avoid
spurious solutions), corresponding to a scale length L
=42 nm>d,. The related easy and hard demagnetization
curves (see Fig. 8) have been obtained by integrating the
LLG equation with mesh size 1 X 1 X1 nm?®. The choice of
this particular tilting angle distribution has been adopted in
order to keep reasonably low the computation times: in fact,
the needed integration time step of 10™'% s requires a com-
putation time of about 1 s/step.

As regards the demagnetization process for the field ap-
plied along the easy direction, Fig. 9(a) reports a selected
area of the simulated polarization configuration in the middle
of the soft layer (z=z;) for a field of =2 T [point A in Fig.
8(a)]: it is well evident the formation of a Néel domain wall
in the xy plane. Accordingly, the susceptibility after the
nucleation [see Fig. 8(a)] is lower than in the case of one-
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FIG. 9. (Color online) Selected areas of the simulated polariza-
tion configurations in the xy plane corresponding to the representa-
tive points of Fig. 8: (a) point A; (b) point B; (c¢): point C; and (d):
point D.

dimensional tilting because the polarization in the soft wall
is, on average, directed toward the saturated positive direc-
tion. Figure 8(a) also shows that the reversal field is lower
than in the case of no tilting, contrary to the result obtained
for the one-dimensional tilting.

The hard demagnetization curve [see Fig. 8(b)] is differ-
ent from that obtained in the case of one-dimensional tilting:
the polarization values are larger for positive fields while for
intermediate values of negative fields, they are lower and
almost coincident with those of the no-tilting case. This be-
havior can be understood if one considers the two typical
polarization configurations of the hard layers for positive
[point B in Fig. 8(b)] and negative [point C in Fig. 8(b)]
applied field values, as reported in the selected areas of Figs.
9(b) and 9(c), respectively. In the positive case, the polariza-
tion directions inside the two tilted half regions are opposite
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and a head-to-head domain wall?’ oriented parallel to the
applied field is formed between the two half regions [tail-to-
tail domain walls, not shown in Fig. 9(b), are formed at the
left and right boundaries of the region]. On the contrary, in
the negative case, the polarization directions inside the two
half regions are parallel due to the irreversible switching of
one half region. On further increasing the reversed applied
field outside the range of Fig. 8(b), also the other half region
switches irreversibly, causing the formation of a tail-to-tail
domain wall in the center of the region: a similar polarization
configuration, corresponding to point D [see Fig. 8(b)] in the
return path of the hard hysteresis loop, is shown in Fig. 9(d).

The behavior of the trilayer considered in the above par-
ticular example is strongly influenced by the presence of do-
main walls in the xy plane of the system, as they extend over
an area which corresponds (in the case of the soft layer) to
70% of the total film area. We are aware that real systems are
much more complex than the above reported example. How-
ever, it is likely that the soft layer will nucleate toward the
two opposite *x directions in different points of the xy plane
due to the presence of the tilting distribution. If the total area
occupied by the domain walls is small with respect to film
area, one expects that the trilayer behaves as the superposi-
tion of several one-dimensional contributions, which is
equivalent, as regards reversible phenomena, to a system
with an average one-dimensional tilting.

B. Asymmetric trilayer

When considering the fabrication of real trilayers, an un-
wanted but hardly avoidable effect is that the two nominally
identical hard layers could present different properties, for
example, because of the dissimilar growing conditions. We
define here asymmetric trilayer a hard/soft/hard trilayer in
which the two hard layers differ by the anisotropy constant
and the tilting of the anisotropy axes. With particular refer-
ence to the realized SmCos/Fe/SmCos trilayers (see Sec. I1I)
one could hypothesize that the top SmCos layer is character-
ized by a larger dispersion of the anisotropy constant values
and/or of the tilting angles. In the following the effect of
such asymmetry on the demagnetization curves will be
treated. It is expected that the results of the simulations are
substantially analogous to those obtained for the symmetric
trilayer and that the asymmetry mainly affects the shape of
the half-reversed curves. It is worth noting that the nucle-
ation in the easy demagnetization curves remains a unique
process, as in essence it only involves the soft layer (differ-
ently from what is expected in the case of an asymmetric
soft/hard/soft trilayer). On the other hand, the reversal pro-
cess, which mainly involves the hard layers, may occur as
two separated switching events.

1. Anisotropy constant

We discuss the case in which the two hard layers are
characterized by different values of the anisotropy constant,
with the condition K3<K;. The linearization of the Euler
equation allows obtaining the implicit equation of the nucle-
ation field H, for the easy demagnetization curve,
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The simulated easy and hard demagnetization curves are re-
ported in Fig. 10 for a reduced anisotropy constant Kj
=1 MJ/m? (without modifying the K, value). In the easy
curve [see Fig. 10(a)], one can notice that, for the considered
K5 value, the top hard layer switches independently of the
bottom one, thus allowing the half-reversed remanent state.
In Fig. 10(a) it is also displayed the half-reversed easy curve
obtained starting from this particular state: due to the asym-
metry of the trilayer, this curve is remarkably asymmetric,
with, in particular, a positive remanent polarization. The
nucleation field H,=0.96 T deduced from Eq. (4) is evi-

where
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denced on the easy curve and it is coincident with that ob-
tained from the simulated curve. The hard demagnetization
curve [see Fig. 10(b)] shows in general three different por-
tions, each corresponding to the predominant demagnetiza-
tion of a single layer.

2. Anisotropy axis

For the following the anisotropy constants of both layers
are again taken to be identical (K;=K;=10 MJ/m?) and we
treat here the case of tilting of the anisotropy axis only in the
top hard layer. The results of the simulations are reported in
Fig. 10 for a tilting angle &3=20°. A significant conclusion
can be drawn from the simulation of the easy demagnetiza-
tion curve in which the untilted hard layer switches before
and independently of the tilted one. This result is in agree-
ment with the expected larger value of the switching field for
tilted layers (see, for example, the 1/cos Kondorsky’s depen-
dence of the switching fields®® and experimental data on
single SmCos films?). It has also to be noticed that, as a
consequence of this behavior, the half-reversed remanent
state has a negative polarization [see the half-reversed easy
curve in Fig. 10(a)].

C. Application to the realized trilayers

If one considers the one-dimensional analysis carried out
in the previous parts of this section, it can be excluded that
the disagreement between the experimental and simulated
hard curves of Sec. IIl is caused by uncertainties of the
exchange-stiffness constants or of the hard layers anisotropy
constant. In fact, as regards the reduction in the exchange
constant both inside the layers and at the interface, the cor-
responding demagnetization curves should tend, for high-
field values, toward the curve of the decoupled trilayer [see,
for example, the calculated decoupled curve in Fig. 6(a)].
Concerning the hard layers anisotropy constant, a reduction
in its value determines an increase not only of the absolute
polarization values but also of the susceptibility. Therefore,
the above discrepancy can only be justified, in the frame-
work of the one-dimensional model, by considering the un-
certainties of the soft layer thickness and of the hard layer
anisotropy axes directions (tilting). Indeed, an underesti-
mated value of the soft layer thickness, including the pos-
sible occurrence of intermixing regions,”> causes reduced
values of the polarization. However, this reason cannot com-
pletely justify the observed differences. Actually, by linearly
extrapolating the high-field values portion of the experimen-
tal curves toward zero-field values, one obtains that the in-
tersection J4 with the vertical axis corresponds to exces-
sively high values of saturation polarization for the soft
phase (J,4=0.4 T and J,4=0.7 T corresponding to f,
=10.6 nm and #,=22 nm for the Fe 6 nm and 16 nm trilay-
ers, respectively). Moreover, a too large increment of the soft
phase thickness gives rise to overall saturation polarization
values J; larger than the experimental ones, as well as to
excessively small values of the critical fields. Therefore, one
also needs to assume the presence of a tilting angle between
the hard phase anisotropy axes and the direction of the ap-
plied field. The estimate of the tilting angles obtained by
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using the slope of the nearly saturated portion of the easy
demagnetization curves provides values (6=13° for the
SmCos film, 6= 15° for the Fe 6 nm trilayer, and 6=20° for
the Fe 16 nm trilayer) which are larger than those measured
by different methods.>® However, this estimate is probably
affected by an overcompensation of the signal of the sample
substrate, which is a further possible contribution to the ob-
served discrepancy. Finally, a spatial distribution of tilting
angles can be a further factor that determines an increment of
the polarization in the hard demagnetization curves as well
as a distribution of negative switching fields, as evidenced in
Sec. IV A5 of this section.

The simulated easy and hard demagnetization curves for
the Fe 6 nm trilayer, corrected assuming soft layer thickness
t,=7 nm (with unchanged total thickness #,+2¢;=56 nm)
and tilting angles 6;=0;=7°, are reported as an example in
Figs. 5(a) and 6(a). The larger hysteresis present in the cor-
rected hard curve is explained by the broad distribution of
negative switching fields, which rules the reversal of polar-
ization for negative fields in the experimental curve. More-
over, this curve is actually a minor loop, as the saturation is
never achieved.

The simulated easy and hard demagnetization curves of
the Fe 16 nm trilayer, corrected assuming a soft layer thick-
ness t=18 nm (with unchanged total thickness #,+2f;
=60 nm) and tilting angles §,=5° and &;=15°, are reported
as an example in Figs. 5(b) and 6(b). The choice of tilting
angles O, # &; has been suggested by the appreciable nega-
tive remanence of the experimental half-reversed easy curve.
In the case of the simulated easy demagnetization curve, one
can emphasize that the untilted hard layer reverses its polar-
ization independently of the tilted one and for lower absolute
field values. Also shown is the corresponding simulated half-
reversed curve, which presents a negative remanent polariza-
tion like as the experimental one [see Fig. 5(b)].

Concerning the experimental easy demagnetization curve
[see Fig. 5(b)], the presence of two adjacent distinct revers-
ible portions cannot be justified in the framework of the one-
dimensional model in which the reversible demagnetization
is essentially a unique process (see Sec. IV B of this section).
Thus, it is likely that a small portion of the trilayer has dif-
ferent magnetic properties.

The experimental and simulated curves obtained starting
from the half-reversed remanent state for the case of field
applied in the hard direction are also reported in the inset of
Fig. 6(b). The curves have similar shapes, even if, as ex-
pected, the experimental one shows a lower switching field.
In particular, also the experimental curve has a residual hys-
teresis after the occurrence of an abrupt switching, which can
be ascribed to the abrupt reversal of the soft phase.

V. CONCLUSIONS

A one-dimensional micromagnetic theoretical model has
been applied to the study of the demagnetization processes in
SmCos/Fe/SmCos trilayers. The model has been extended
to also consider solutions of the symmetric trilayer in which
the two hard layers have opposite magnetic polarizations.
The numerical simulations applied to a series of
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SmCos/Fe/SmCos realized trilayers and based on the nomi-
nal values of the parameters are only in qualitative agree-
ment with the experimental demagnetization curves for both
the reversible and the irreversible portions. Therefore, a thor-
ough analysis of the influence of variations in the magnetic
and geometrical parameters has been performed with refer-
ence to a SmCos/Fe/SmCos model system. Small asymmet-
ric properties of real trilayers have also been considered in
the model. Based on this analysis, the quantitative differ-
ences have been justified on the basis of uncertainties of the
parameters as well as of irreversible phenomena and imper-
fections that can be considered only to some extent by the
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adopted theoretical treatment. In particular, we have verified
that the differences concerning the reversible behavior of the
trilayers can be reduced by introducing small changes in the
soft layer thickness and by including different tilting of the
anisotropy axes of the two hard layers. We have also shown
that the remaining discrepancies, which mainly concern the
irreversible behavior of the trilayers, could be partly due to a
spatial distribution of tilting angles inside the layers. The
performed analysis proves that the one-dimensional model
can be helpful for a better understanding of exchange-
coupled layered nanocomposites.
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