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The magnetic behavior of the perpendicular exchange-spring bilayer and multilayer, constituted of a hard
and a soft phase that are exchange-coupled on a nanometric scale, is analyzed by a one-dimensional micro-
magnetic model leading to a complete magnetic phase diagram in terms of layer thicknesses. The validity of
the one-dimensional assumption for the perpendicular situation is demonstrated. The phase diagram provides
information on the type of demagnetization processes and the critical fields at which nucleation and reversal
take place, depending on the intrinsic properties of the chosen soft and hard materials. An analytical expression
of the reversal field is deduced for relatively large thicknesses. Moreover, the effect of a reduced interlayer
coupling is also taken into account, leading to slight modifications of both the magnetic phase diagram and the
hysteresis loops. A series of Fe/FePt bilayers, prepared by sputtering, has been used to evaluate the predictions
of the model, which has also been tested with the available literature data on FeRh/FePt bilayers. Both systems
have a particular relevance for potential applications in magnetic recording as well as magnetic microelectro-

mechanical systems.
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I. INTRODUCTION

The concept of composite magnetic material has been re-
vived in recent years mainly for the possible realization of
exchange-spring magnets, that is, systems in which a soft
and a hard magnetic phase are exchange coupled on a nano-
metric scale.! A variety of theoretical and experimental in-
vestigations reported in the literature have evidenced the in-
herent potential of this approach but they have also stressed
the difficulties still existing as far as the technological side is
concerned.” The synergic combination of a high-saturation-
magnetization material and a high-anisotropy material has
been specifically analyzed in the case of planar structures, as
examples of highly oriented systems.? In particular, hard/soft
bilayers and multilayers have been realized by various tech-
niques with the aim of achieving planar permanent magnets
with large energy product.” In principle, the choice of a hard
layer with very high anisotropy enables the obtainment of
both parallel and perpendicular exchange-spring systems,
depending on the preferential direction of the hard layer
magnetization with respect to the film plane. It is worth no-
ticing that the perpendicular hard/soft exchange-spring sys-
tem has recently found a possible application in the field of
information storage.*®> The research on ultrahigh density
magnetic recording is currently focused on the increase of
magnetic anisotropy to avoid the thermostability problem,
which is intrinsic to the increasingly smaller grain size. Un-
fortunately, the use of high perpendicular-anisotropy materi-
als requires very intense applied fields for switching the in-
formation bits. A proposed solution for this drawback is the
adoption of the heat-assisted magnetic recording (HAMR) or
thermally assisted recording (TAR) technique,® applied to the
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exchange-spring system FeRh/FePt, in which FeRh is a soft
meta-magnetic material.* As a further solution, it has been
recently — proposed’  the  exchange-spring trilayer
FePt/Fe;Pt/FePt, in which the Fe;Pt represents the soft
phase coupled to the hard FePt layers.’

An additional application of hard/soft exchange-spring
magnets can be envisaged in the field of microelectrome-
chanical systems (MEMS), where the performance of present
microactuators is limited by the general application of elec-
trostatic concepts.”!'? In fact, the possible use of hard mag-
netic materials in MEMS microactuators (magnetic micro-
actuators and systems, MagMAS) could enable the
achievement of high acting forces under low voltage and
large actuation displacements.!! It is of particular interest in
this respect the realization of perpendicular hard/soft
exchange-spring magnets that could find application in Mag-
MAS devices with perpendicular-design, an example of
which is reported in Ref. 12. An important issue which is
common to all the above-mentioned exchange-coupled sys-
tems concerns the description of the demagnetization pro-
cesses and the capability of tailoring the magnetic properties
of composite systems on the basis of the extrinsic (thickness,
orientation) and intrinsic (anisotropy, magnetization, ex-
change) characteristics of the combined phases. The distinc-
tive behavior of hard/soft exchange-spring systems is that
they show a two-stage magnetization reversal, beginning at
definite critical fields, the nucleation field H,;, at which the
magnetic moments start to depart reversibly and nonuni-
formly from the easy direction and the reversal field H,., that
puts forward the irreversible rotation of the whole system.
We have recently developed a one-dimensional micromag-
netic analysis of exchange-spring multilayers that endows
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FIG. 1. Basic scheme for the one-dimensional continuum micro-
magnetic model of the hard/soft multilayer with anisotropy-axis
perpendicular to the film plane.

with a detailed description of the magnetization reversal pro-
cess, in the case of planar-anisotropy systems®3 (easy mag-
netization direction in the film plane). In the present work we
will discuss an extension of our model to include the case of
a hard phase with perpendicular anisotropy. Applying a mag-
netic field perpendicular to the film plane, a nonuniform
magnetization distribution results due to the competition be-
tween the perpendicular anisotropy of the hard phase and the
in-plane shape anisotropy of both phases. This particular dis-
tribution (named perpendicular exchange spring)'* drives
the switching process of the whole system. A crucial point in
this subject concerns the demonstration, made in the present
work, of the validity of the one-dimensional assumption for
the perpendicular situation. The model has also been applied
to the case of external magnetic field parallel to the film
plane.

In order to verify the predictions of the model, we real-
ized a series of Fe/FePt bilayers with perpendicular orienta-
tion of the hard phase and layers thickness in the range of a
few nanometers.

A complete magnetic phase diagram of the Fe/FePt sys-
tem is obtained and the dependence of the nucleation field on
the layer thickness is calculated and compared to the experi-
mental results. Complete hysteresis loops are also achieved
by numerical calculations. The theoretical treatment is also
extended considering the effect of a reduced interlayer ex-
change coupling with respect to the strong coupling assump-
tion previously adopted. To this purpose we follow the same
representation for the interlayer exchange coupling intro-
duced by Guslienko et al.'* and Garcia-Sanchez et al.'?
However we admit in our model a nonuniform magnetization
distribution of the hard layer and finite magnetocrystalline
anisotropy for the soft phase. Our results are acquired en-
tirely on the basis of numerical evaluation of the obtained
analytical expressions. A comparison is made with the model
of Guslienko et al.'* through the application to the
FeRh/FePt bilayer system.

The paper is organized as follows. A description of the
adopted micromagnetic model for the cases of perpendicular
anisotropy and strong interlayer coupling is the content of
Sec. IT A. The effect of a reduced interlayer coupling is ana-
lyzed in Sec. II B. Section III reports the application of the
model to the case of Fe/FePt bilayers. The experimental re-
sults on the latter system and the comparison with the theo-
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FIG. 2. Magnetic phase diagram in the plane of layer thick-
nesses #; (soft) and #, (hard) for a Fe/FePt bilayer with perpendicu-
lar anisotropy and the parameters reported in Sec. III. The figure
reports the critical x., line (x.— o, full line) together with the
isofield line corresponding to H,;=0 (dashed line). RM =rigid mag-
net; ES=exchange-spring magnet.

retical predictions are exposed in Sec. IV. Finally the appli-
cation of the model to the FeRh/FePt bilayer is considered in
Sec. V.

II. THE MICROMAGNETIC MODEL

Hereafter we will describe the mathematical procedure
utilized in our micromagnetic analysis for perpendicular
magnetic anisotropy, with the field applied perpendicular to
the film plane, for the cases of strong and reduced interlayer
exchange coupling. The model is based on the continuum
approximation and this implies that it should become inad-
equate when the layer thicknesses are comparable with the
interatomic distance.? However, the comparison with the re-
sults of discrete one-dimensional models for the case of pla-
nar anisotropy'® shows that the micromagnetic approach well
represents the real system, down to thickness of a few atomic
layers.

A. The case of strong interlayer exchange coupling

In the adopted model the following assumptions have
been made:

1. The (infinite) exchange-spring multilayer is supposed
to be made of alternate soft and hard layers perpendicular to
the x axis (see the scheme in Fig. 1).

2. The two component layers are assumed to have
uniaxial anisotropy with symmetry axes both perpendicular
to the film plane, along the x axis (Fig. 1).

3. Only periodical solutions are considered, so that the
median planes of the layers are symmetry planes for the
magnetic structure.

4. The magnetization is uniform on each plane of the
system, that is, no magnetic domains are present in the film
plane.

5. The magnetization M; in both hard and soft layers stay
in the xz plane and the angles ¥; represent the orientation
angle of M; with respect to the x axis. This implies that the
problem has a one-dimensional character so that the case of
perpendicular anisotropy can be solved with the same math-
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ematical treatment reported in Ref. 13. The detailed demon-
stration of the validity of the above assumption is reported in
Appendix A.

6. A “strong”

considered.
On the basis of the model we calculate the analytical expres-
sion of the differential susceptibility (x,) at the critical field
H,, (hereafter called nucleation field, as usual in the micro-
magnetic treatment)'’ that corresponds to the start of magne-
tization deviation from the saturated state.

Compared to the planar-anisotropy case, the perpendicular
anisotropy requires the introduction of a further energy con-
tribution, due to stray fields, in form of a demagnetizing
anisotropy constant for each layer (K¥"=-u,M?/2). With
reference to Fig. 1 the magnetic field H is applied along the
x axis (hence we will consider hereafter the opposing field
H" as a positive external field when it is applied along the
negative x direction). In addition the total anisotropy con-
stants L,-=K,-—,U,OM?/ 2 replace the intrinsic anisotropy con-
stants K; considered in Ref. 13, assuming that positive K;
correspond to an intrinsic easy-axis parallel to the x axis. As
usual in the literature, we consider the anisotropy constants
K; as effective values including volume, surface, and/or in-
terface contributions.”

The expression of the Gibbs free energy density for a film
portion with unitary area is

interlayer exchange coupling!® is

G=E<—1>’f{

i=1,2 X0
dd 2 * .2
Fidx, Fi=Ai d_ +M0MiH Ccos 19+Ll-S1n '19,
X
(1)

where indexes 1 and 2 refer to the soft- and hard-layers,
respectively, and x(, x|, and x, designate the position of the
interface and of two contiguous median planes (Fig. 1); 9(x)
is the angle between the magnetization vector M and the
positive direction of x axis; A; is the exchange stiffness con-
stant of layer i. The intrinsic anisotropy contribution is lim-
ited to the second-order term with the condition that the an-
isotropy constant of the hard phase must be K,> |K‘21”’ N
that L, turns out to be positive. On the contrary there is no
limitation in principle to the sign of L;: A negative value of
this constant implies that the soft-phase easy direction is at
/2 with respect to that of the hard phase, which is parallel
to H (see Ref. 18 for a detailed discussion on this point).
This circumstance acquires a sound physical connotation in
the case of perpendicular anisotropy, where a negative con-
tribution to the total anisotropy necessarily comes from the
local stray field. It is worth noting that the case L;>0 is
treated exactly as in Ref. 13.

The model can also be applied to the case of a bilayer and
a symmetric trilayer system (hard/soft/hard). In the case of a
multilayer the quantities t;=(xq—x;), ,=(x,—x,) represent
half of the respective layer thicknesses. For the case of a
bilayer ¢, and #, denote the whole hard- and soft-layer thick-
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eters have the meaning of the soft-layer half thickness and of
the hard-layer whole thickness, respectively.

The “strong” interlayer exchange coupling'® implies the
validity of the continuity condition, like as within the soft
and hard layers

H(x,-) = Ix,e) = . 2)

The minimization of expression (1) leads to the so-called
Euler equations

@ <M0MiH*

L.
12 ——'cosﬁ)sinﬂ:O (i=1,2), (3)
X

24, A

with the boundary conditions (representing a particular case
of the Weierstrass-Erdmann conditions of the variational cal-
culus)

dd
dx

dd
dx

=0, A—

, =
X

XI Xof X0+

(4)

where i=1 for x; <x<<x( and i=2 for xy<x<<x,.

Because we are interested in the behavior for small angu-
lar deviations around the field H,, Eqs. (3) are expanded to
the first order in . The obtained equations are then inte-
grated between the extrema. We obtain a system of homoge-
neous linear equations at H*=H:l, leading to an implicit
equation for the critical field H:, (Ref. 3, 13, and 19)

Ay tan(tyy;) = Ay, tanh(t,7,), (5)
where
. ;
= - B-=],
yi=\/( )(B, 2)
and
MoV i
= H and B.= =
al A B[

From Eq. (5) one can easily demonstrate that, independently
of layers’ thickness

2L1 - % - 2L2

e = .
oM, oM,

After differentiation of Eq. (5), one may verify that the quan-
tity y,t, always increases toward infinity by increasing f,;
hence for large enough values of 7, we assume: tanh(z,7,)
=1 and Eq. (5) can be approximated by the following rela-
tion:

1 A
H=— tan™! £2%

, (6)
Y1 Ay

which is independent of the hard-layer thickness f,.

By expanding Egs. (3) to higher orders in 9, an expres-
sion of the slope of M(H") at the nucleation field H;l is
obtained so that the volume susceptibility at the critical field

nesses, while for a hard/soft/hard trilayer the ¢, and ¢, param- H:f , (in ST units), defined as y,=-dM/ dH", turns out to be
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[ h tan(t,y,) ] [ L tanh(t,y,) ]
M, ) + +M, ) +
o= cos™(t,y1) N cosh™(1,7,) 2]
‘ 3p 2ty +1l- 3p, 269 1] +2(0, = po)
cos?(t,y,) | sin(2¢,,) cosh(t,,) | sinh(2t,7,) e
1 21, ] [ 21, ] { 1 ]
XVl 5+——F—— |+ 5+ - > ) (7)
{ 1{ Yi visin(21y) ? % Y2sinh(21,y,) 4H (1, + 1))
I

where equations can admit many solutions, because it is nonlinear:

a;—8B;

= e—28) (i=1,2).

Pi

This expression is coincident with that obtained in Ref. 13.

The dependence of y, on the structural parameters allows
us to define a phase diagram in the (¢,,7,) plane. An example
of the phase diagram is shown in Fig. 2 for a Fe/FePt system
with perpendicular anisotropy of the hard FePt layer (see
Sec. IIT A).

The critical susceptibility y,. diverges along a critical line
(x,— ), which corresponds to the onset of instability. This
critical condition separates the exchange-spring (ES) regime
(x,>0) from the rigid composite magnet (RM) one (x,
< 0). Physically the latter condition means that the equilib-
rium magnetization curve represents states of unstable equi-
librium, so that the magnetization reversal occurs by an irre-
versible process starting directly from the saturated state.
Thus in the RM regime the reversible portion of the demag-
netization curve for H<H,, :—Hj,1 does not exist, differently
from the ES regime.'3

As described in details in Ref. 13, the critical line Yy,
— o0 (denoted in this paper as y.,) in the case of positive L,
is typically U shaped with two vertical asymptotes.'? Tt is
possible to generalize the discussion given in Ref. 13 and to
justify the presence of vertical asymptotes in the phase dia-
grams. The y., curve of the phase diagram is indeed obtained
by imposing the vanishing of denominator in expression (7).
If we suppose the existence of a nonhorizontal asymptote, its
equation can be obtained by applying to the denominator of
expression (7) the same approximation utilized in deducing

Eq. (6)
pl{ 23 |:1 +
cos“(t;y1)

The combined Egs. (6) and (8) form a system of equations in
the variables #; and H,;, and the y., curve of the phase dia-
gram presents nonhorizontal asymptotes if (and only if) the
system of equations admits solutions. Moreover, due to the
fact that Eqs. (6) and (8) are independent of f,, the asymp-
totes must be necessarily vertical. In general, the system of

2ty
21 =2p,. 8
sin(zrml)} ’ } rz ()

Therefore the phase diagram could in principle present more
than one vertical asymptote.

If the nucleation field H:1 marks the point at which the
soft phase starts to deviate non-uniformly from the saturated
state, a second critical field exists, i.e., the reversal field H:z,
at which the hard phase becomes unstable giving rise to the
switching of the whole system. According to the model, the
determination of H., is based on a criterion of instability of
inhomogeneous rotation processes and the obtained values
should be intended as an upper limit for the real reversal
field, similar to the switching field of the Stoner-Wohlfarth
model with respect to the coercivity of real bulk magnets. In
general H,, is determined through the numerical calculation
of the demagnetization curve of the considered system. How-
ever, in the same way as in the case of planar anisotropy,'?

*

H_, can be analytically determined in the limit of infinite
thickness of the layers, ¢, and #, [ Eq. (12) of the “depinning
field” in Ref. 13]. In this case the demagnetization process
starts from the soft phase, which undergoes a uniform revers-
ible rotation until the irreversible switching of the hard phase
occurs, in a way similar to a sudden penetration of a pinned
domain wall. The magnetization orientation angles, at infi-
nite distance from the interface, satisfy the equilibrium con-
ditions of the individual soft and hard phases

M H
cos U = M()ZTI’

1

cos h==1.

Therefore the condition at the interface [see Eq. (4)]

provides a relation between the applied magnetic field H”
and the angle U,. The instability condition for determining
the critical field sz is dO/ dH" — o, from which we obtain
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Hc2,dw =
Mo

Because of high effective anisotropy of both phases, L; and
L, (in the soft phase the shape anisotropy is normally domi-
nant), the variation of magnetization orientation is confined
within narrow regions, of the order of the exchange lengths,
around the interface [see Fig. 3(b)]. For this reason, even for
layers thicknesses of only a few exchange lengths, H:z ap-
proaches the asymptotic value given by Eq. (9) [see Figs.
4(b) and 5]. The described treatment can be developed also
in the case of a magnetic field applied perpendicularly to the
anisotropy axis of the hard layer, that is, parallel to the film
surface (z axis). Also in this situation, it is possible to verify
the validity of the one-dimensional assumption. Starting
from saturation, the demagnetizing process occurs indeed
following the one-dimensional solution. However, when the
applied field crosses zero the configuration of magnetic mo-
ments becomes unstable and the azimuthal angle suddenly
jumps from O to 7. The final state of the system after this

12 T T T T T T

@
08 [ ]

‘o yd

2 -5 -1 05 0 05 1 16 2

H (MA/m)

after reversal 7

O (rad)

« v\ before reversal

HARD
100 120

X,
2

FIG. 3. (a) Major hysteresis loop for a FeRh/FePt bilayer with
the parameters considered in Fig. 16, calculated assuming an inter-
layer coupling constant J; with the same value of bulk coupling. (b)
Behavior of the 9(x) function in correspondence to different mag-
netic field values along the hysteresis loop.

M7A Ly — 2M A, — MyA)M,L,

. (L, <0). )

change is the symmetric one with respect to the x-y plane
and a further increase of the applied field leads to saturation
in the opposite direction. The detailed treatment of this case
will be reported elsewhere.?’

B. The case of a reduced interlayer exchange coupling

In previous paragraphs we supposed a “strong” coupling'®
occurring at the hard/soft interface, as represented by the
continuity relation (2). Nevertheless the real systems may
present a reduced coupling. In general, from a microscopic
point of view we may presume, following Guslienko et al.,'*
that at the interface each atom of a given phase interacts with
the (nearest neighbor) atom of the facing atomic plane be-
longing to the other phase, as schematically illustrated in Fig.
6. The corresponding exchange energy is

1.2

0.8

0.4

| M (MA/m)
o

H (MA/m)

1 T T T T

0.8 - 3

FIG. 4. (a) Calculated major hysteresis loops of the single layer
FePt and of the Fe(#; nm)/FePt(10 nm) bilayers (with the param-
eters reported in Sec. III): The dashed lines correspond to the un-
stable portion of the equilibrium curves. (b) The soft-thickness de-
pendence of the reversal field H,, [full line: 7, fixed to 10 nm;
dashed line: (1,,) — ], normalized to the hard-phase anisotropy
field HA2=2L2/(/.LOM2).
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FIG. 5. Reversal field H,, of the FeRh/FePt bilayer considered
in Fig. 16 as a function of the interlayer coupling constant J
(squares and full line). The reversal field is normalized to the mag-
netocrystalline anisotropy field of the hard layer Hy,=2K,(uoM>)
(left scale) and to the effective anisotropy field of the hard layer
Hy»=2L,/(uoM,) (right scale), while the J; constant is normalized
to the interlayer exchange constant of bulk phases J . [see Eq.
(11)]. A particular point is evidenced on the curve, corresponding to
the critical value J,., below which the curve is calculated by means
of Eq. (17) (see text for further details). The dashed line represents
the behavior of H, 4, as obtained in the case of “strong” coupling
and infinite thickness of both layers [see Eq. (9)].

Gex= 1S - S, =~ IS\ Syt - ity = = J gty - 1y,

where [ represents the exchange integral, S; are the spin vec-

tors of the atoms, n1,=M;/ M, the magnetization unit vectors
and J is a constant.

From the above definition we deduce the energy density
per unit surface area at the interface (where a is the inter-
atomic distance on a specific atomic plane)

8x s

Gy==3 =~ —my-my=~JpuoM, - My, (10)
a a
where
Js
Jn=—
a”poM M,

has the same meaning as in Ref. 14. To estimate the order of
magnitude of the constant J; we take advantage of the fact
that Eq. (10) may be utilized also to express the exchange
energy density per unit volume within the bulk of a given
phase, provided that the magnetization is uniform over
(atomic) planes parallel to the film

Fex=_s2(l _n-il "712),
ca

where ¢ is the distance between nearest neighbor atoms of
different atomic planes, within a given phase or between the
two layers at the interface, as in Fig. 6. In the above expres-
sion the arbitrary additive constant is chosen so that F, be-
comes zero when m, and m, are parallel.

By utilizing the standard derivation of the exchange en-
ergy density, we deduce

PHYSICAL REVIEW B 73, 094406 (2006)
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FIG. 6. Scheme of the interface region between the hard and
soft layers, showing the two facing atomic planes.

2a*A
‘]s = 'Is—bulk =

(11)

If we consider typical A values of the order of
1002 t0 1079 J/m and a=~c=10"""m, from expression
(11) we obtain J, values of the order of 1072% to 1072 J (Ref.
14).

The Gibbs free energy for a film portion with unitary area
becomes

G= ( > (- Dir F,-dx) +G,= ( > (- 1)ifxi Fidx)
i=1,2 X i=1,2 X

0 0
_JIZ/LOMIMZ(H_’;] '"32—1), (12)

where F; is given by expression (1). Even in this case, one
may verify the validity of the one-dimensional assumption
and that the equilibrium configurations are solutions of the
Euler equations

d*o ( wMH" L

e A Xicos ﬁ)sin 9=0 (i=1,2), (13)
X i i

with boundary conditions

dd dd do dd
h—— — N h— :0’ AI — — 2 e
dx |, dx |, dx |, dx |,
1 2 0 0
= Vsin(1?0+— 1907), (14)
where

1
v= 5112M0M1M2~

These relations have to be compared with the corresponding
Eqgs. (3) and (4) and require the following constraints on the
derivatives at the interface:
dd v
pai <

dx \Al

XO—

dv v

— = —. (15)
dx Xo+ A2

It has to be remarked that the boundary conditions (14) re-
duce to those obtained in the case of “strong” coupling when
v— 0,
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By developing the calculations in analogy with treatment
reported in Ref. 13, we infer the implicit equation for the
nucleation field H,,

A,y tanh(y,t5)

Ay, tan(yt)) = (16)

1+ _A2’)/2 tanh(')/ztz)
14

Equation (16) reduces to Eq. (5) in the case of “strong” in-
terface coupling (v— ). In the case of absence of coupling
(v—0) Eq. (16) becomes

tan(y,1,) =0,
independent of the hard-layer thickness f#,. The solution is

.2,
cl=
oM

corresponding to a positive nucleation field H(,1=—H:1 only
due to the soft phase. In this case, the two layers are decou-
pled magnetic systems, characterized by different interface
boundary conditions.

It is interesting to notice that, starting from the decoupled
state and gradually increasing the value of coupling constant
J, the system goes progressively away from the decoupled
state evidencing the occurrence of a novel critical field H,,.
When decreasing the applied field, this critical field corre-
sponds to a complete reversal of the soft-layer magnetiza-
tion, while the hard-layer maintains its initial saturation state.
We can individuate the critical field H,,, by solving the Euler

PHYSICAL REVIEW B 73, 094406 (2006)

equations to the first order in ¥ for the hard layer and to the
first order in ¢y=7—1 for the soft layer. The implicit equa-
tion for the critical field H,, turns out to be

Ayy; tanh(y,1))A,y; tanh(y,t,) = 1Ay, tanh(y,z,)
+ A,y tanh(y,1) ]

[ & B B 45
= — + N = _—.
Y1 ) L N 275

Equation (17), for small enough v values, admits two solu-
tions lying between the extrema

. 2L, . 2L
Hminz_H == and max=_H in—
oM

max min ’l,L()Ml ’

which coincide with the solutions for the case ¥—0 of the
decoupled system. The smallest (in absolute value) solution
coincides with the critical field H,,,, while the largest one is
the reversal field H,, [see Fig. 7(a)]. On increasing v values,
the two solutions approach one another and become coinci-
dent for a given critical value v,, corresponding to a critical
value J,, of the exchange coupling constant. For larger v
values Eq. (17) has no more solutions. However, when v is
larger than the critical value v,, a reversal field H,, still
exists, but it can not be deduced by means of an implicit
equation like Eq. (17). .

Coming back to the nucleation field H:l, we are able to
achieve the expression of the volume susceptibility at this
critical field (in SI units)

(17)

where

M d! +lt (yt) | + 0*M ‘2 + ! tanh(y,t,)
————+ —tan I0) ————+—tan
o _ : cos’(yit) 7 : cosh’(yaty) ~ Vae 7
Xe 3 2ty s 3 26,
D1 5 1+ — +2(-wp,y 5 - +1[(+2
cos™(y 1) sin(2y,t,) cosh”(y,t,) | sinh(2y5t5)

21,

1 1 1
XVa| 5+—————|+wx| S5+
{ 1[)’% Vi sm@m)] 2[7’%

where

1

w=

1
1+ —A,y, tanh(y11))
v

represents a positive quantity with 0 <w<1. For v— % and
hence w=1 we again obtain Eq. (7).

III. FE/FEPT BILAYER: MAGNETIC PHASE DIAGRAM
AND HYSTERESIS LOOPS

We will now use our model to make predictions for
Fe/FePt bilayers, with reference to a particular set of real-

21 } 1
¥, sinh(2y,1,) 4H:1(f1 +1) '

(18)

ized samples (see Sec. IV), for which Fe layers with thick-
ness 2, 2.7, 3.7, and 10 nm were deposited over a 10 nm
FePt layer. We will consider the following layer intrinsic
parameters: M,;=1.55 MA/m, K,=0 (from which: L=
-1.5 MI/m?), M,=0.69 MA/m, K,=2 MJ/m? (from which:
L,=1.7 MJ/m?), A;=A,=10""! J/m. For the choice of the
values of M, M,, and K, see discussion in Sec. IV. We will
assume that the magnetocrystalline anisotropy of Fe is neg-
ligible.

A. Case of strong interlayer exchange coupling

Figure 2 represents the phase diagram of an exchange-
spring bilayer of Fe/FePt. It has to be reminded that, in the
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FIG. 7. (a) Major hysteresis loop for a FeRh/FePt bilayer with
the parameters considered in Fig. 16, calculated assuming an inter-
layer exchange constant J;=0.02 X J,_ . Inset: enlarged-scale por-
tion of the loop in the region close to the critical field H,;,. (b)
Behavior of the 9(x) and the ¢(x)=m—J(x) functions, correspond-
ing to the magnetic field value H=—H"=-1.34 MA/m (which is
slightly below the critical field H,}5).

case of a bilayer, the #; and ¢, parameters represent the whole
hard- and soft-layer thicknesses, respectively.

This case is an example of a system having the two
phases with total anisotropy constant L; of opposite sign and
thus mutually perpendicular easy axes. In the phase diagram
of Fig. 2, the critical line x.. is no more U shaped as it is for
a conventional planar exchange spring!? and moreover it
crosses the origin of coordinate axes. Nevertheless, we still
distinguish the ES regime (x.>0) from the RM one (.
<0). Due to the high magnetostatic energy favoring the in-
plane magnetization of the soft layer, the occurrence of the
RM regime is expected at lower thickness of the soft layer
(t;), as compared to the planar anisotropy configuration.'?
No explicit decoupled magnet (DM) region is found in the
perpendicular anisotropy case (see also the discussion at the
end of Sec. IT). However, the region of very large thicknesses
(the limit of two bulk soft- and hard-phases coupled at the
interface) behaves as an effectively decoupled system.

Another peculiarity of the diagram is that the critical field
H, :—Hj1 admits both positive and negative values. In Fig.
2, the region H,.; >0 corresponds to nucleation fields in the
first quadrant of the hysteresis loop. As a consequence, the

PHYSICAL REVIEW B 73, 094406 (2006)

TABLE I. Calculated values of the critical fields H,., and H, for
the perpendicular field configuration, in the case of a series of
Fe(r; nm)/FePt(10 nm) bilayers.

1 H H.
(nm) (MA/m) (MA/m)
0 -3.92 -3.92
2 -0.08 -1.36
2.7 0.39 -1.26
3.7 0.77 -1.19
10 1.38 -1.12

ES region with negative nucleation fields occurs at low ¢
values.

The calculated values of the nucleation field Hjl for the
FePt single layer and for the Fe/FePt bilayer are reported in
Table 1. The continuous line in Fig. 8 shows the soft layer
thickness dependence of the nucleation field obtained from
Eq. (5), with the hard-layer thickness fixed to 7,=10 nm.

The determination of the major hysteresis loops may be
performed by numerically solving the Euler equations on the
basis of the shooting method. In correspondence to every
field value the problem admits in general more than one
solution and this way allows identifying both the minimum
energy (stable) solutions and the maximum energy (unstable)
solutions. The magnetization per unit surface area of the bi-
layer is calculated as the mean magnetization in the field
direction (i=1,2)

Eiz:l {(— l)iM,f " cos ﬂdx}
X0
Ez'2=1 li '

Figure 4(a) reports a series of major hysteresis loops calcu-
lated for the single FePt layer and Fe/FePt bilayers with £,
=2,2.7,3.7, and 10 nm (and ¢, fixed to 10 nm). The calcu-
lated reversal fields of the bilayers are reported in Table I. In
the loops of Fig. 4(a) we also trace the portions that refer to
unstable equilibrium states, indicated as dashed lines, which
are continuously connected with the stable states. In the

M=

t, (nm)

FIG. 8. Nucleation field H,, of the Fe(¢; nm)/FePt(10 nm) bi-
layers (with the parameters reported in Sec. III) as a function of the
soft-layer thickness: theoretical curve (full line) and experimental
points (the dashed line is a guide to the eyes).
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FIG. 9. Calculated major hysteresis loops of the single layer
FePt and of the Fe(¢; nm)/FePt(10 nm) bilayers (with the param-
eters reported in Sec. IIT). The magnetic field is applied parallel to
the film plane.

present case, these lines are s-shaped curves that cross the
origin (H"=0, M=0), due to central symmetry.

The soft-thickness dependence of the reversal field H,, (¢,
fixed to 10 nm) is then shown in Fig. 4(b), where the critical
field values are normalized to the hard-phase anisotropy field
H4,=2L,/(uyM,). Confirming what was stated in Sec. IT we
notice that this curve rapidly approaches an asymptotic value
with increasing ;. This value increases with the thickness #,
of the hard layer and it turns out to be close to the limiting
value ch,dw:—sz,dw:—LM MA/m given by Eq. (9) for
(Z 1,0 2) —%.

Figure 9 shows the calculated hysteresis loops with the
field applied in the film plane. The loop of the #;=2 nm
bilayer is completely reversible and does not show any dis-
continuity, while the loops of the bilayers with #;=2.7, 3.7,
and 7;,=10 nm present a discontinuity at zero field and thus a
nonzero remanence. This reflects the fact that at zero field
the magnetization configuration defined by 9(x) is the same
both in the case of parallel and perpendicular initial satura-
tion. As an example, in the case ;=2 nm the remanence state
corresponds to the system in a saturated state along the x
direction because the perpendicular nucleation field lies in
the second quadrant [see Fig. 4(a)] and thus the z component
of magnetization is zero. We notice that, for a fixed hard-
layer thickness, the nucleation field becomes rapidly inde-
pendent of the soft-layer thickness.

B. Case of a reduced interlayer exchange coupling

If we now consider a reduced interlayer coupling [Gibbs
free energy (12)], the phase diagram (y., curve) of Fig. 2 is
modified. In Fig. 10 the . curves in the (¢;,f,) plane are
reported for the Fe/FePt bilayer, as calculated by Eq. (18),
for three values of J; (the intermediate value J,=J ;=8
X 10721 J corresponds to the bulk exchange constant A=A,
of the two layers). The ES region is on the right of each
curve and we can notice that, on decreasing the exchange
coupling, the rigid magnet region (RM) of the phase diagram
shrinks. In the case of the absence of coupling the bilayer

PHYSICAL REVIEW B 73, 094406 (2006)
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FIG. 10. Magnetic phase diagram in the plane of layer thick-
nesses #; (soft) and #, (hard) for the case of a Fe/FePt bilayer, with
the parameters reported in Sec. III. The figure reports the critical x..
line (. —<°) for three different values of the interlayer coupling J
constant, having fixed a=0.4 nm (see text and Fig. 6).

always shows reversible behavior independently of the layers
thicknesses and only due to the soft-phase magnetization re-
versal. Figure 11 shows the dependence of the nucleation
field on J; for different soft-layer thicknesses in the case of
Fe/FePt bilayers. One may notice that the difference be-
tween the nucleation field corresponding to the bulk ex-
change constant and to the “strong” coupling case (horizon-
tal dashed lines in Fig. 11) is vanishing on increasing the
soft-layer thickness, while relevant effects occur in the case
of very thin soft layers.

The determination of major hysteresis loops may be per-
formed once more by numerically solving the Euler equa-
tions; but in this case we must utilize the following relations
[deduced from Egs. (14)] to link up the solutions of the soft
and hard layers

H_, (MA/m)

0 2 4 6
J (1078 ok
FIG. 11. Dependence of the nucleation field for the

Fe(¢; nm)/FePt(10 nm) bilayers (with the parameters reported in
Sec. III) as a function of the interlayer coupling constant J;, having
fixed a=0.4 nm. The horizontal dashed lines refer to the ideal case
v— oo (“strong” coupling).
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stant J;, having fixed a=0.4 nm. The magnetic field is applied per-
pendicular to the film plane.

Ay dY
Yo+ = arcsin(—I —
v dx

dd
+ 190—, I
X dx

and take into account the constraints (15). The obtained hys-
teresis loops for the Fe/FePt bilayer are reported in Fig. 12
for +{=3.7 nm and different J, values. The plots show that
when the interlayer coupling increases the remanence in-
creases as well, while the reversal field decreases (in absolute
value). In the limiting case of the absence of coupling, the
reversal field tends to the anisotropy field of the hard phase
Hy,=2L,/(uoM,). Note that the hysteresis loops for the
cases of “strong” and “bulk” interface coupling (see Sec.
II B) are nearly coincident.

A, dx

x0+ Xof

IV. FE/FEPT BILAYER: EXPERIMENTAL RESULTS
A. Experimental details

The properties of the hard phase were optimized by pre-
paring FePt films of a nominal thickness of 10 nm on
MgO(100) under several growth conditions. Suitable results
in terms of (001) orientation, magnetic anisotropy, and
squareness of the perpendicular loop were obtained by a pro-
cess based on the rf-sputtering growth at 550 °C followed by
post-annealing at the same temperature.”! The growth was
based on the alternate deposition of Fe and Pt layers of ap-
proximately 2 A, in order to obtain the nominal composition
Fes;Pty;, and it was realized under an Ar pressure of 1.4
X 1072 mbar, with growth rates in the range 0.2—0.6 A/s.
The structural characterization, performed by x-ray diffrac-
tion and transmission electron microscopy, indicated that
FePt grew epitaxially on MgO with perpendicular orientation
of the [001] axes and with ordering parameter §=0.93.2!
From TEM observations the effective FePt film thickness
turned out to be 9.25 nm and the FePt layer was found to be
composed of interconnected grains having a 15-25 nm lat-
eral size.?! Under the same sputtering conditions, Fe layers
with nominal thicknesses of 2, 2.7, 3.7, and 10 nm were

PHYSICAL REVIEW B 73, 094406 (2006)

(@

05 | B

M (MA/m)

-05 1

-12 -08 -04 0 0.4 038 12

H(MA/m)
12
(b}
1 .
osf ]
=
§ 0s6F ]
oaf ]
02 g
o . . . .
-1 08 06 04 02 0
HH,

FIG. 13. (a) Experimental parallel and perpendicular hysteresis
loops of the FePt film 10 nm thick; (b) dc-demagnetizing rema-
nence (dots) compared with the second quadrant portion of the de-
magnetizing curve (full line) in the perpendicular field
configuration.

deposited at room temperature on the FePt layer and covered
by Pt or Ag overlayers. The x-ray reflectivity (XRR) experi-
ments, performed on the Fe(3.7 nm)/FePt(10 nm) bilayer,
gave important information on the morphology of the sys-
tem. In order to refine the experimental XRR profile, some
layers of intermediate electron density between Fe and FePt
had to be introduced, in order to take into account both the
granular morphology of the sample and the presence of an
interdiffusion process between the layers. The evaluated
fraction of unmixed Fe was 60% of its nominal value, i.e.,
approximately 2 nm. As regards the intermixing between Fe
and the underlying FePt, we could conclude that the interdif-
fusion region is limited to 0.5—1 nm (Ref. 22).

The magnetic characterization (hysteresis loops, dc-
demagnetization remanence') was carried out by means of an
alternating gradient force magnetometer (AGFM) and a su-
perconducting quantum interference device (SQUID) magne-
tometer.

B. Magnetic characterization

The magnetic characteristics of the hard FePt layer fulfill
the requirements of the model in terms of orientation and
anisotropy energy. The hysteresis loops measured on the
FePt film in the parallel and perpendicular configurations are
shown in Fig. 13(a). Coherently with the structural results,
the easy-magnetization direction is perpendicular to the film
plane. The perpendicular loop has a high squareness (Sq
=0.93), calculated as the area of the loop in the second quad-
rant divided by the product between remanence and coerciv-
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TABLE II. Magnetic properties of the realized FePt film and of the Fe(s; nm)/FePt(10 nm) bilayers.

PHYSICAL REVIEW B 73, 094406 (2006)

f Mg, H, H,
(nm) (M.IMy) (MA/m) My /M, (MA/m) (MA/m)
0 0.96 0.690 0.05 -0.283 —

2 0.98 0.690 0.12 -0.283 —
2.7 0.79 0.700 0.09 -0.275 0.215
3.7 0.82 0.980 0.17 -0.271 0.231
10 0.37 0.820 0.39 -0.057 0.374

ity. As shown in Table II, the values of perpendicular coer-
civity (H, ) and remanence ratio (M,/M,) are 0.283 MA/m
and 0.96, respectively. The parallel remanence is only 5% of
the perpendicular saturation magnetization (M), possibly
due to a residual fraction of soft phase, or to a small tilting of
a fraction of ¢ axes from the perpendicular direction.?! The
uniaxial effective anisotropy constant K, evaluated by ex-
trapolating the parallel loop to M, is 2 MJ/m?.

The  magnetic  behavior  manifested by  the
Fe(t,)/FePt(10 nm) bilayers suggests a varied phenomenol-
ogy, where the thickness of the soft layer is the critical pa-
rameter. The parallel and perpendicular hysteresis loops mea-
sured for #;=2, 2.7, 3.7, and 10 nm are reported in Figs.
14(a)-14(d). The dc-demagnetizing remanence of the FePt
film and bilayer samples is also shown in the four panels of
Figs. 15(a)-15(d), where it is compared with the second
quadrant portion of the demagnetizing curve. For ;=2 nm
the perpendicular loop is square shaped and shows a rema-
nence ratio higher than 0.9 (Table II). Moreover, the demag-
netizing process is characterized by a single critical field,
which, according to the demagnetizing remanence curve,
corresponds to the start of the irreversible magnetization re-
versal. No gain in magnetization, as compared to the demag-
netizing portion of the loop, is in fact obtained when mea-

which is the behavior manifested by the hard layer [Fig.
13(b)].

By increasing Fe thickness, the remanence ratio decreases
(M,/M;=0.8 for 1;,=2.7, 3.7 nm and M,/M,=0.4 for 1,
=10 nm), due to the start of the magnetization reversal at
positive field values. The occurrence of a marked nucleation
field in the first quadrant can be noticed in the perpendicular
loops of the bilayers with higher Fe content. In the bilayer
with #;=2 nm, for which no definite kink is observed in the
first quadrant, the demagnetizing remanence is clearly differ-
ent from that of bilayers with 7;,=2.7, 3.7, and 10 nm (see
Fig. 15). The demagnetizing remanence of these bilayers is
higher than the loop magnetization, indicating a reversible
demagnetizing process down to fields close to coercivity.
The thinnest bilayer behaves instead as a single magnetic
phase (rigid magnet), giving a clear evidence of the existence
of exchange coupling between soft and hard layers.

When considering the magnetic parameters of the bilayers
(see Table II), we notice that the perpendicular coercivity is
not substantially reduced compared with the FePt film by
adding a Fe layer of thickness up to 3.7 nm.

Some attention has to be paid to the measured magnetiza-
tion values, which are much lower in the FePt film compared

suring the demagnetizing remanence in the second quadrant, ©
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FIG. 14. Experimental parallel and perpendicular hysteresis
loops of the Fe(z; nm)/FePt(10 nm) bilayers: (a) ;=2 nm; (b)

Fe(¢; nm)/FePt(10 nm) bilayers (dots), in the perpendicular con-
figuration, compared with the second quadrant portion of the de-
magnetizing curve (full line): (a) 7;=2 nm; (b) 2.7 nm; (c) 3.7 nm;

2.7 nm; (c) 3.7 nm; and (d) 10 nm.

and (d) 10 nm.
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TABLE III. Sensitivity of H,; to the variation of different parameters in the case of a series of Fe(s; nm)/FePt(10 nm) bilayers. The
sensitivity is expressed as the ratio between the relative uncertainty on H,.; and that on the parameters.

f (9H,/|H,]) (0H,/|H.]) (0H,/|H,]) (9H,/|H.])
() (M /M) (/1)) (ON1/Ny) (9K, /K)
2 33.8 21.3 16.5 -8.1

2.7 6.4 3.6 3.7 -1.0
3.7 2.9 1.3 1.9 -0.3

10 1.2 0.2 1.1 -0.02

to the bulk (0.69 against 1.14 MA/m, as in Ref. 23). The
nonmonotonic increase of M with Fe thickness reflects the
importance of the experimental uncertainties, depending on
instrumental sensitivity, evaluation of the diamagnetic con-
tribution of substrate and sample holder, and effective micro-
structure of the samples. The spread in the literature data on
FePt films, going from 0.4 MA/m (Ref. 24) to 0.8 MA/m
(Ref. 25), 1.0 MA/m (Refs. 26-28) and 1.1 MA/m (Refs.
29 and 30), underlines the difficulty in the determination of
the M| value.

The hysteresis loops measured with in-plane field (hard
direction) are also reported in Fig. 13(a) (FePt film) and Fig.
14 (Fe/FePt bilayers). It can be underlined that the rema-
nence measured in the in-plane loops of the bilayers is pre-
dicted by the model for #;,>2 nm (see Fig. 9). The small
contribution of a residual parallel fraction, as observed in the
FePt film, has also to be considered [ Fig. 13(a)].

C. Comparison between experiments and results of the model

In Sec. III, the magnetic phase diagram and hysteresis
behavior of Fe(r;)/FePt(10 nm) bilayers are calculated as a
function of the soft layer thickness #; based on the experi-
mental parameters measured on the FePt(10 nm) film. In the
calculation, the  spontaneous  magnetization M,
=1.55 MA/m of the soft Fe layer are evaluated by consider-
ing both our measurements on Fe films and literature data.?!
Moreover, the exchange-stiffness constant A of the Fe and
FePt layers are both considered equal to 107! A/m. A first,
qualitative agreement between theoretical and experimental
results can be identified in the change from the RM to the ES
regime with increasing the thickness of the soft layer. The
bilayer with ;=2 nm shows an apparent RM behavior with a
single critical field at which the magnetization is irreversibly
switched. For larger thickness of the soft layer (bilayers with
t,=2.7, 3.7, and 10 nm) the magnetization reversal starts at
positive field values and the process is reversible down to
fields close to coercivity (see Fig. 15). This is a clear indica-
tion of an exchange-spring (ES) character. The transition re-
gion between the two regimes has to be identified in the
range between 2 and 2.7 nm, that is, at a larger soft-layer
thickness compared to the calculated phase diagram, where
the critical line is located below #;=1 nm (Fig. 2). However,
in the case of the bilayer with ;=2 nm, a different possibil-
ity has to be taken into account, that is, the system could
undergo a sudden switching of magnetization (due, for in-
stance, to nucleation and propagation of domain walls, a phe-

nomenon that is not considered by the model) for a critical
field H, before the theoretical H,, is reached (ES with |H |
<|H_.|). In this way, the actual nature of ES could be
masked and one cannot undoubtedly attribute the RM char-
acter to the system. Thus the transition boundary between the
RM and ES regimes could only be identified in the region
below 2.7 nm, that is, in a qualitative agreement with the
calculated phase diagram.

In order to widen the quantitative comparison between
model and experiments, we deduce the nucleation fields H
from the perpendicular hysteresis loops in Fig. 14. The ob-
tained values are reported in Table II and compared in Fig. 8
with the results of the model. Unless the bilayer #;=2 nm is
ES with |H|<|H,| (in such a case the nucleation field
should be negative, as predicted by the model), in the inves-
tigated range of soft-layer thicknesses no negative values of
the nucleation field are measured. Moreover the experimen-
tal positive values are lower than those predicted by the
model.

A possible origin of quantitative disagreement can be
found in the parameters used in the calculation, the estima-
tion of which is not always straightforward. We evaluate the
sensitivity of the calculated nucleation field H,.; with respect
to the different parameters (¢;,M;,K;,A;). As new parameters
we add the demagnetizing factors N; of the two phases, re-
moving the simplistic hypothesis that our system behaves as
a continuous film with infinite lateral extension (N;=1). As a
matter of fact TEM analysis indicates that the FePt system is
constituted of nanometric grains, thus supporting the hypoth-
esis of a locally reduced demagnetizing factor. The same can
be inferred for the soft layer, since also the bilayers are char-
acterized by a granular morphology. These parameters are
accounted for by considering effective anisotropy constants
Li=K;—uoN;M?/2.

The evaluation of sensitivity is done by deducing the par-
tial derivatives with respect to the parameters, starting from
Eq. (5), and the results are reported in Table III for the
Fe/FePt bilayer. It can be underlined that the largest sensi-
tivity of H,; is obtained for the variations of M, and N;. The
sensitivity of H, to the variation of the other parameters is
negligible, except in the case of very thin Fe layers, for
which also the changes of #; and M, are relevant.

Therefore we focus our attention on the parameters M,
and N, and repeat the determination of H,; on the basis of
more realistic values. In particular an independent decrease
of both parameters determines a shift of the calculated values
of the nucleation field toward the experimental data.
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FIG. 16. Magnetic phase diagram in the plane of layer thick-
nesses 7, (soft) and 7, (hard) for the case of a FeRh/FePt bilayer,
with parameters M;=1.27 MA/m, K;=0; M,=1.1 MA/m, K,
=2 MJ/m3. The reported x.. lines refer to two different cases (see
text): (a) A;=1.6X 10" J/m and A,=8 X 10~'% J/m (full line); (b)
A=A,=125X 107" J/m (dashed line).

We consider the possibility of a reduced magnetization
M, for the soft layer, in order to keep into account the un-
certainty in the evaluation of the Fe layer moment due to the
intermixing with underlying (FePt) and overlying layer (Pt)
and the possible presence of intergrains voids or wavy sur-
faces. As an example, in the case of Fe(10 nm)/FePt(10 nm)
bilayer, combining magnetic and XRR measurements we de-
duce a saturation magnetization value of M;=1.0 MA/m.
For this sample the best agreement between experimental
and theoretical nucleation field is obtained with N;=0.6, a
value which can be reasonably correlated to the specific mi-
crostructure of the bilayer. This can be considered a reliable
approach since both the uncertainty in the experimental
evaluation of M| and the theoretical sensitivity of H,; to
parameter M, are lower for #{=10 nm sample than for the
others. Conversely, even if a reduction of M leads in general
to a better correlation with experiments, the application of
the above method to the samples with #; <10 nm is less re-
liable.

For all the samples an improved agreement with experi-
ments is obtained by fixing M; to 1.55 MA/m and selec-
tively modifying the demagnetizing factor of the soft phase.
The obtained values of N, turn out to be lower than unity (in
the range 0.4-0.9) and likely correlated to the specific mi-
crostructure of the layers with different thicknesses.

As expected, the calculated critical fields H,, (Table I) are
systematically larger than the experimental coercive fields,
reported in Table II. The field H., represents indeed the up-
per limit of the coercive field that in real systems is condi-
tioned by the presence of domain walls nucleation and pin-
ning (see discussion in Sec. II). Magnetic force microscopy
(MFM) observations support this assumption showing the
presence of intergrain magnetic domains.3> Moreover, a pe-
culiarity of our systems is that the coercivity is not substan-
tially reduced in the bilayers compared to the hard layer
(Table II), a reduction instead expected for exchange-coupled
systems.
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As for the effect of a reduced interlayer coupling on the
magnetic behavior of Fe/FePt bilayers, the analysis of Sec.
III B evidences, with respect to the “strong” coupling case,
an increase of the H,; values (reduction of hardness) that is
more marked for the thinnest bilayers (Fig. 11). Due to the
fact that the experimental nucleation fields are lower than the
predicted values in the case of strong coupling, we have an
indication that the reduction of interlayer coupling cannot
explain such a discrepancy. As a result of this analysis we
can infer that the realized systems possibly present an intense
interface coupling. Recently, the occurrence of an intermix-
ing at the interface, like that occurring in the present case,
has been indeed claimed to represent an approach for im-
proving exchange-spring magnets.3

The model predicts the correct behavior of the hysteresis
loops performed with the field applied in the film plane. In
particular, with increasing the Fe layer thickness the increase
of remanence and the occurrence of a sudden variation of
magnetization at zero field is predicted and observed [see
Figs. 14(a)-14(d)].

On the basis of the previous results we can conclude that
the model gives a good qualitative prediction of the behavior
of the magnetization processes in Fe/FePt exchange-coupled
bilayers with perpendicular anisotropy with the field applied
both parallel and perpendicular to the film plane. We have
shown that the predictions of the model become quantita-
tively significant by reasonably modifying key parameters,
that is, the effective values of the saturation magnetization
and demagnetizing factor of the soft layer, which cannot be
directly measured.

V. FERH/FEPT BILAYER: MAGNETIC PHASE DIAGRAM
AND HYSTERESIS LOOPS

In order to have a further check of the consistency of our
model we apply it to the FeRh/FePt bilayer system and com-
pare the results with those obtained by Guslienko er al. (Ref.
14). The materials parameters are deduced initially on the
basis of the information given in the theoretical section of
Ref. 14, that is for the soft FeRh layer M;=1.27 MA/m,
K,=0J/m3 A;=1.6X10""" J/m; and for the hard FePt layer
M,=1.1 MA/m, K,=2MIJ/m?, A,=8X107"2J/m. How-
ever, different values of the exchange constants, that is, A;
=A,=1.25%10"" J/m (Jy1=J=10"2 17, a=c=04
X 107 m) are utilized in the section of Ref. 14, where the
results of numerical calculations are reported. Therefore we
calculate the phase diagram of FeRh/FePt bilayer in the two
cases (Fig. 16), by assuming an intermediate interface cou-
pling with respect to the bulk exchange coupling constants of
the two phases (in the second case, it coincides with the
values of the two bulk exchange constants A, and A,) and on
the basis of expression (18) for the critical susceptibility. It
should be remarked that in our model index 1 refers to the
soft and index 2 to the hard phase, while Guslienko et al.'*
adopted the opposite rule (see Fig. 6.)

To calculate the hysteresis loops corresponding to numeri-
cal calculations of Ref. 14 we need to solve the Euler Egs.
(13). However, due to the large values of the considered
thicknesses for the FeRh/FePt bilayer (#;=80 nm and ¢,
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=40 nm), we cannot utilize the shooting method to find the
solutions: The precision required in determining the starting
angle U, is indeed too large for the available computation
instruments. Then we adopt a one-dimensional finite element
method (FEM) with linear shape functions, for directly mini-
mizing the energy integral (12). Figure 3(a) shows the hys-
teresis loop calculated assuming an interface coupling J
with the same value of bulk coupling J, . The behavior of
the J(x) function in correspondence to different magnetic
field values along the hysteresis loop is shown in Fig. 3(b).

From the plot of hysteresis loop reported in Fig. 3(a) one
can observe that, after the occurrence of reversal at H,,, the
magnetization state is not completely saturated in the direc-
tion opposite to that of saturation (negative x axis). This fact
can be recognized by examining the two J(x) curves of Fig.
3(b) that correspond to H=H,,. The nucleation field turns out
H=-H,,=1.26 MA/m. A peculiar characteristic of the hys-
teresis loop of Fig. 3(a) is the linearity of the different sec-
tions, which is related to the fact that the deviations from
constant values in the configuration of magnetic moments
[ Fig. 3(b)] are concentrated in a thin interfacial region. The
thickness of this region is comparable to an exchange length
parameter depending on both exchange and effective aniso-
tropy energy densities. This system resembles the case of a
Bloch wall at the hard/soft interface.

The effect of a reduced interface coupling on the switch-
ing characteristic of the bilayer is analyzed in Fig. 5, which
shows the reversal field H,, as a function of the interface
exchange coupling constant J,. This figure can be directly
compared with the analogous reported in Ref. 14. One may
notice here the extreme sensitivity of the reversal field H,, to
the interface exchange coupling, at least for weak coupling:
In the limit J,— 0 one has H,,— H,,=2L,/(uoM,), while, in
the opposite limit J;— J;_grong =, H,> tends to an asymptotic
value which is characteristic of the (strongly coupled) com-
posite system. In the intermediate coupling region, the influ-
ence that the presence of an (even weakly) exchange-coupled
soft material exerts on the phenomenon of nucleation and
reversal in the whole composite system becomes very evi-
dent. This situation can be analyzed even considering the
angle difference (¥y+—,-) at the hard/soft interface, which
increases on diminishing J,, while it tends to vanish in the
“strong” coupling limit.

In the case of the FeRh/FePt bilayer and for enough small
values of constant v, Eq. (17) admits two solutions lying
between the extrema

, 21,
Hmin:_Hmax:_ =-—1.79 MA/m
oM
s 2L1
Hypoo=— Hoyp = ——— = — 1.27 MA/m.
oM

One obtains the coincidence of the two solutions for a given
critical value v, corresponding to the critical value J. of the
exchange coupling constant, which, in this case, is
Joo! J 4 puk=0.0249 in normalized units. The two coincident
critical fields H,j,=H_.,=-1.525 MA/m correspond to this
critical value. Figure 7(a) shows the major hysteresis loop

for the FeRh/FePt bilayer in the case J,/J,;=0.02
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<Jy!Jgpu» With the two distinct critical fields H,j,=
—1.355 MA/m and H.,=-1.7 MA/m. The inset of Fig. 7(a)
shows an enlarged-scale portion of the hysteresis loop in the
region close to the critical field H,.,,, where a non-linearity of
the magnetization curve is evidenced. Figure 7(b) reports the
behavior of the 9(x) and the (x)=m—9(x) functions, corre-
sponding to the magnetic field value H=-H'=
—1.34 MA/m, which is slightly below (in absolute value) the
critical field H,;,. One may notice the small bending of the
functions near the hard/soft interface, which disappears in
the case of ideally decoupled system.

VI. CONCLUSIONS

A continuum micromagnetic model has been developed to
predict the magnetic behavior of exchange-coupled bilayers
and multilayers having the magnetization perpendicular to
the film plane. The model, formulated for a “strong” ex-
change interface coupling, has also been extended to the case
of a reduced coupling.

Similar to the case of the planar anisotropy, it has been
shown that the one-dimensional approach is appropriate for
the description of the magnetization reversal process. As a
consequence, the same mathematical expressions obtained in
the case of in-plane easy axis are valid, provided that the
anisotropy constant of each phase is replaced by an effective
quantity, which includes the shape anisotropy.

The magnetic phase diagram, drawn in terms of soft- and
hard-layer thickness, consists of two magnetic regions corre-
sponding to the rigid (RM) and to the exchange-spring (ES)
magnet.

A two-stage magnetization reversal, characterized by the
nucleation field H,., and the reversal field H.,, has been
found, as generally observed for hard/soft exchange spring
systems. An implicit expression has been derived for the
nucleation field H,, that, differently form the planar case, can
assume either positive or negative values.

The hysteresis loops corresponding to the different mag-
netic regions, have also been determined and traced as con-
tinuous curves, including both the stable and the unstable
equilibrium states.

The perpendicular geometry, which implies a strong an-
isotropy also for the soft phase due to the shape contribution,
has important consequences. In particular, the variation of
magnetization orientation is confined within narrow regions,
of the order of the exchange lengths, around the interface.
Moreover, the system displays the following peculiar fea-
tures: (i) The dependence of the critical fields on the layer
thickness is strong within the range of exchange lengths; (ii)
The critical fields tend to saturate with increasing layer thick-
nesses; and (iii) The hysteresis loops, in the case of layer
thicknesses much larger than the respective exchange
lengths, show linear demagnetizing curves as two decoupled
phases (although the interface coupling strongly affects the
values of the reversal field).

It is also found that, with increasing soft layer thickness,
the reversal field H,, is strongly reduced with respect to the
hard layer effective anisotropy field. The reduction tends to
an asymptotic value and it is of the order of 70%, even with
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a very thin soft layer. Moreover, the analytical expression of
the reversal field is obtained in the limiting case of large soft
and hard layer thickness.

Model predictions have been compared to the data ob-
tained from a series of Fe/FePt bilayers prepared by sputter-
ing. The model gives a good qualitative description of the
behavior of magnetization and demagnetization processes
with the field applied both parallel and perpendicular to the
film plane. The quantitative agreement is improved by vary-
ing two key parameters, which are the values of the satura-
tion magnetization and demagnetizing factor of the soft
layer.

The application of the model to FeRh/FePt bilayers, tak-
ing into account a reduced interlayer coupling, gives a good
description of its magnetic behavior, in agreement with the
results obtained by Guslienko et al. (Ref. 14). This is a fur-
ther confirmation of the widespread reliability of our model
to describe the magnetization processes in various exchange-
coupled systems.
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APPENDIX

We consider an infinitely extended bilayer with perpen-
dicular anisotropy and we assume that the magnetization is
uniform on each plane of the system. In this case the Gibbs
free energy density for a film portion with unitary area is

G=3 (—1)ffX[F,-dx,

i=1,2 X0

where (i=1,2)
a9 \? dp\? .

FFA[[(_) +sin? ﬁ(—‘P> ] + oM H" cos O+ L; sin> 9.
ox ox

The function ¢(x) represents the angle between the projec-
tion of magnetization in the y-z plane and the z axis (azi-
muthal angle). If we suppose a “strong” exchange coupling
at the hard/soft interface, this hypothesis leads to the condi-
tions of continuity for the ¢(x) and the ¥(x) functions

<P(x0-) = GD(xo+) 19()Co-) = 19()Co+),

with the exception of the particular case ¥(xy)=0, 7.
The equilibrium configurations of the magnetization cor-
respond to configurations of minimum energy and thus they
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cause the functional of free energy to be stationary. That is,
6G=0, where the variation of the functional is calculated at
the variations d¢(x) and 89(x), complying with the condi-

tions of continuity
S¢(xo-) = Sp(xgr)  0Hxg-) = 5O (xge).

By calculating the variation of the functional and integrating
by parts one obtains

{—} 50i+[f] 5%—[—} o9,
a9 1. 99 1, o9 1.,

i

[&F,»] ; f il (oE_d o)
_| % . _
26 1,77 ) [\a9 " dx gy

8G= 2, (= 1)

i=1,2

By choosing ¥(x) and ¢(x) functions for which only their
variation inside the considered regions is nonvanishing, one
obtains that the stationary solutions must satisfy the Euler
equations

oF d JF

ﬁﬂ_dx(yﬁ_

d OF;
——=0.
dx J¢

From the second equation we deduce in particular
d
sin? 0—('0 = const. (A1)
dx
If we consider now only functions J(x) and ¢(x) satisfying

the Euler equations, and impose that exclusively the extremal
variation &¢; is nonvanishing, we obtain

[_.} =O’
99 .

=0,

from which

=0. (A2)

X2

d d
sin? &, &« sin’ O, &

X

X

The occurrence of conditions (A1) and (A2) requires that (by
assuming 9 # 0 in general)

de

=0,
dx

and hence: ¢(x)=const. In the case 9=0, the ¢ angle has no
particular meaning and may be assumed to be zero. By
choosing an opportune z-axis orientation one may set the
particular value ¢(x)=0, while the J(x) function satisfies the
same conditions achieved in the case of the planar system,
that is, the Euler Egs. (3) with the boundary conditions (4).
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