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Magnetization-reversal mechanism of hardÕsoft exchange-coupled trilayers
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Ni80Fe20/Sm40Fe60/Ni80Fe20 trilayers with in-plane uniaxial anisotropy induced by an applied magnetic field
during deposition were prepared on~100!-Si substrates by dc magnetron sputtering. Magnetization hysteresis
loops were measured by an alternating-gradient magnetometer for various angles between the external mag-
netic field and the easy axis. The experimental hysteresis loops were quantitatively described by a theoretical
model that combines coherent rotation and domain-wall unpinning. When the external field is along the easy
axis, the magnetization reversal is caused by domain-wall unpinning. When the external field is along or near
the hard axis, the magnetization reversal is caused by coherent rotation. For other orientations, the magneti-
zation first rotates gradually by coherent rotation and then sharply switches by domain-wall unpinning. The
domain-wall angle and the pinning energy at the sharp switching strongly depend on the angle between the
external field and the easy axis. Furthermore, the dependence of the coercivity measured in the easy direction
on the thickness of Ni80Fe20 layers was theoretically reproduced by an extended model of domain-wall unpin-
ning.
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I. INTRODUCTION

One of the controversial issues in the study of magn
materials has been the mechanism of magnetic reversal.1 For
permanent magnets such as bulk Nd2Fe14B and Sm2Co17B,
in order to explain the reduced coercivity due to inhomo
neities such as grain boundaries, inclusions, or defects in
main magnet phase, an empirical form for the coercive fi
was proposed as follows,1

HC~T!5a~T!2K1 /Ms2NeffMs , ~1!

wherea(T) corresponds to a microstructural parameter a
Neff to an averaged local effective demagnetization fac
Although in some cases Eq.~1! gives a fair description of the
experimental coercivity, it is difficult to distinguish the pin
ning and nucleation according to Eq.~1! because both
domain-wall pinning at the inhomogeneities and nucleat
of reversed domains in the same region lead to the s
expression. In fact, neither the pinning model nor the nuc
ation model fully explain the experimental results. In partic
lar, the dependence of the coercivity on the angle betw
the external field and the easy axis is poorly described.

From the viewpoint of micromagnetic theory, althoug
the pinning and nucleation models have the same phys
picture of microstructural defects, their conclusions ab
coercivity are quite different and even contradictory.2–4

However, it is difficult to directly compare the experiment
results with the micromagnetic calculation because the
crostructural parameters of a real system are often po
known. On the other hand, in the case of real magnets
often have misaligned grains, neither the pinning coerciv
nor the nucleation coercivity as determined for an idea
oriented magnet can correctly describe the orientation de
dence of the measured coercivity.

For single-crystal soft magnetic thin films, there also e
ists a similar controversy about pinning and nucleation5–8

Our recent study of the magnetization reversal of~001!-
oriented single-crystal Fe films with fourfold in-plane aniso
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ropy indicates that in a hysteresis loop gradual reversa
caused by coherent rotation, and sharp switching is cau
by domain-wall unpinning.5 It is an open question as t
whether the two-path reversal mechanism can apply to o
magnetic systems with well-defined uniaxial anisotropy.

Synthetic magnetic materials consisting of hard- and s
magnetic phases that couple together through direct
change interaction can be designed to have a giant en
product for permanent magnets9,10 or a giant magnetostric
tion at relatively low field.11 The realization of these proper
ties is also related to the magnetization-reversal proc
Since most theoretical models of magnetic reversal are ba
on the same microstructure, i.e., soft-magnetic inhomoge
ities are embedded in the main magnet phase, hard
exchange-coupled magnetic multilayers, that are compo
of alternating hard- and soft-magnetic layers of controlla
thickness supply a simple but realistic model system for
study of the mechanism of magnetic reversal. For sufficien
thin soft-magnetic layers~of the order of a domain-wal
width in the hard layers! that are supposed to be rigidl
coupled to the hard layers, the whole multilayer will switc
at a nucleation field given by12

HN52~ thKh1tsKs!/~ thMh1tsMs!, ~2!

where th (ts), Kh (Ks), and Mh (Ms) are the thickness
anisotropy, and magnetization of the hard~soft! layers, re-
spectively. However, such behavior was only shown qual
tively in magnetic multilayers, such as SmCo/FeC
bilayers13 and NdFeB/Fe superlattices.14 On the other hand,
for thick soft-magnetic layers, the exchange spri
behavior12,15–17occurs during the process of the magnetiz
tion reversal.

In the present paper, we consider th
Ni80Fe20/Sm40Fe60/Ni80Fe20 trilayers where soft NiFe layers
and hard SmFe layers rigidly couple together and show
well-defined in-plane uniaxial anisotropy. The whole proce
of the magnetic reversal in this ideal system was experim
tally studied through hysteresis loops. We determin
©2001 The American Physical Society15-1
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FIG. 1. Typical magnetization hysteres
loops of NiFe/SmFe/NiFe trilayers measured
the easy- and hard-axis directions. The thickne
of the SmFe layer is fixed at 14.6 nm. The thic
ness of the NiFe layers is, respectively,~a! 3.1,
~b! 4.7, ~c! 6.2, and~d! 12.5 nm.
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whether the experimental hysteresis loops could be quan
tively described by a theoretical model that combines coh
ent rotation and domain-wall unpinning.5 Furthermore, the
thickness dependence of the coercivity in the easy direc
was explained by an extended model of domain-wall unp
ning.

II. EXPERIMENTS

Ni80Fe20/Sm40Fe60/Ni80Fe20 trilayers of various thickness
were prepared on~100!-Si substrates by dc magnetron spu
tering at room temperature. The pressure of Ar gas was
bilized at 3 or 5 mTorr during the sputtering process. Unl
specified, an Ar pressure of 3 mTorr was used. The dep
tion rates for NiFe and SmFe layers are, respectively, 0
and 0.16 nm/s. In order to get an in-plane uniaxial anisotr
induced in the direction of the external field, two perman
magnets were used to supply an external magnetic field o
Oe in the film plane during growth. A 5-nm Si3N4 protective
layer was deposited on the top of the samples by rf sputte
in situ. The structural properties of the NiFe/SmFe/Ni
trilayers were characterized by low- and high-angle x-
diffraction. The low-angle x-ray-diffraction patterns indica
that the NiFe/SmFe/NiFe trilayers have a good layered st
ture. The high-angle x-ray-diffraction patterns indicate th
NiFe layers exhibit fcc~111! crystalline texture and the
SmFe layer is in an amorphous state. The magnetization
teresis loops were measured by alternating-gradient ma
tometer~AGM! for various angles between the external ma
netic field and the easy axis. All the experimental resu
were measured at room temperature.

III. EXPERIMENTAL RESULTS AND THEORETICAL
MODEL

Figures 1~a!–1~d! show typical magnetization hysteres
loops measured along the easy and hard axes. When th
ternal field is along the easy direction, the hysteresis lo
17441
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~easy-axis hysteresis loops! are nearly perfectly rectangula
as shown in Figs. 1~a!–1~d! ~solid lines!. When the external
field is along the hard direction, the hysteresis loops w
very small hysteresis and even no hysteresis~hard-axis hys-
teresis loops! almost become oblique lines for thin NiFe lay
ers, as shown in Figs. 1~a!–1~c! ~dotted lines!. This indicates
that the samples have a well-defined in-plane uniaxial ani
ropy for thin NiFe layers that is induced by the external fie
during deposition. As the thickness of NiFe layers furth
increases, the hard-axis loops begin to deviate from the
lique lines, as shown in Fig. 1~d! ~dotted line!. However, the
easy-axis loops are still rectangular, as shown in Fig. 1~d!
~solid line!. With increasing NiFe thickness, although th
magnetization of NiFe and SmFe layers still reverses
gether when the field is along the easy direction, the mag
tization of NiFe and SmFe layers has begun to rotate in
herently when the field is along the hard direction.

In order to study the mechanism of magnetic revers
hysteresis loops were measured by AGM for various ang
fH between the external field and the easy axis~both the
external field and the easy axis are in the film plane!. In this
case, it is possible to understand the whole process of
magnetization reversal. Figures 2~a!–2~d! show typical hys-
teresis loops for NiFe 2.4/SmFe 13/NiFe 2.4 nm trilaye
measured at differentfH . The hysteresis loops only show
one sharp jump at which the magnetic reversal is irrevers
~the field at the jump is the switching field!. At first glance,
these loops are characteristic of uniaxial anisotropy mat
als. However, even in so simple a case, the switching fi
at different fH cannot be quantitatively described by th
conventional coherent rotation or domain-wall unpinni
models.

For a quantitative description of the experimental hyst
esis loops, a theoretical model~two-path reversal model!
proposed in Ref. 5 was extended to apply to the present c
Here we first introduce this model to the present system

For thin NiFe layers, NiFe and SmFe strongly couple
5-2
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FIG. 2. ~a!–~d!. Typical hysteresis loops mea
sured at different anglesfH ~circles! and theoreti-
cal results according to the Stoner-Wohlfarth~SW!
model ~dotted lines! and the two-path reversa
model ~solid lines!. For simplicity, the reduced
values of magnetization~divided by the averaged
value of saturation magnetization of the samp
M5440 emu/cm3! and external field~divided by
the value of the anisotropy fieldHK52K/M
5529 Oe! are used in the calculation. The thick
ness of the trilayers is, respectively, NiFe 2.
SmFe 13/NiFe 2.4 nm, and the sample was p
pared at 5 mTorr Ar gas.
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gether, so the magnetic reversal in different layers occ
together, behaving like a homogeneous single film. It is r
sonable to suppose that all magnetic domains are alw
located in the states of local minimum energy and the to
energy per unit volume in any domain can be written
follows:

E~H,fM !52HM cos~fM2fH!1K sin2~fM !, ~3!

whereK, M, andH are, respectively, the effective in-plan
uniaxial anisotropy, the averaged saturation magnetizat
and the applied external field;fM is the angle between th
magnetization vector and the easy axis; andfH is the angle
between the positive direction of the applied field and
easy axis. Now suppose that the whole sample, except
edges of the sample and a few defects, is in a single-dom
state determined by the local minimum energy of Eq.~3!.
Denote this domain as the main domain and its energy s
as E1(H,fM1). The magnetizationm(H) of the hysteresis
loop is determined by the main domain and

m~H !5M cos~fM12fH!. ~4!

On the other hand, it is also supposed that there e
simultaneously a few very small domains near the sam
edges or defects. We denote the very small domains as m
domains and their energy state asE2(H,fM2). The minor
domains are assumed to have the same magnetic param
~M, K, and the exchange constantA! as those of the main
domain and their energy stateE2(H,fM2) is also determined
by the local minimum energy of Eq.~3!. SoE1(H,fM1) and
E2(H,fM2) may be the two states of different local min
mum energy at the same external field. The domain w
between the main and minor domains is pinned at a de
region~its magnetic parameters may be different from tho
of the soft and hard layers! and the pinning energy density
«(H). On increasing the strength of the reverse field to
certain value, the following equation may be established
17441
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E1~H,fM1!2E2~H,fM2!>«~H !. ~5!

In this case, the domain wall will become unstable and
magnetization reverses sharply by domain-wall unpinni
This field is defined as the switching fieldHS , «(HS) as the
unpinning energy of the domain wall, andDf5ufM1
2fM2u as the domain-wall angle at the switching field. O
the other hand, if Eq.~5! never has a real solution for a give
cycle of the external field, domain-wall unpinning will neve
occur. So, in this case the magnetic reversal is comple
determined by Eq.~3!, which comes back to the prediction o
the Stoner-Wohlfarth~SW! coherent rotation model.

As for Eq. ~5!, if the rotation of the magnetization in th
field is neglected, which is otherwise determined by the lo
minimum energy of Eq.~3!, fM1 , fM2 , and«(H) can be
regarded as constants; for example,fM150, fM25p, and
«(H)5«0 . For the external fieldH oriented atfH5u, ac-
cording to Eqs.~3! and ~5!, 2HSM cos(u)5«0 can be ob-
tained at the switching fieldHS , i.e., HS5«0 /@2M cos(u)#.
In this case Eq.~5! becomes the conventional domain-wa
unpinning model.

In the above two-path reversal model, the activation
ergy may be involved in establishing the domain walls. Sin
this happens at inhomogeneities and is clearly not a limit
step, the thermal activation process is ignored in Eqs.~3!–
~5!. Only the driving energy needed to unpin the doma
walls is considered so that they propagate freely across
whole sample. Moreover, the minor domain often exists
the edges of the sample, and the edges are generally
small to observe by magnetooptic Kerr microscopy excep
the switching field.5 Only at the switching field do some
minor domains grow large quickly and sweep through
whole sample, replacing the main domain.

For any given NiFe/SmFe/NiFe trilayer,K andM are con-
stants ~M can be measured by AGM, andHK52K/M is
equal to the saturation field in the hard direction!, so for any
given fH , if «(H) is known the whole hysteresis loop ca
be calculated according to Eqs.~3!–~5!. However, in the
5-3
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YAN, LIU, WESTON, ZANGARI, AND BARNARD PHYSICAL REVIEW B 63 174415
present case,«(H) is not known in advance. The value o
«(H) depends on the details of the defects~such as the size
magnetization, anisotropy, and exchange constant! and the
magnetic parameters of the soft and hard layers. A mic
magnetic calculation is needed to determine«(H), but this is
not the object of the present paper. Here the theoret
model is fitted to the experimental hysteresis loops to
information about«(H). Specifically, the theoretical mode
is fitted to an experimental hysteresis loop in the whole ra
of the field except at the point of the switching field. At th
switching fieldHS , the fitting is terminated at the two end
of the sharp jump that correspond to the two states of
local minimum energiesE1(HS ,fM1) and E2(HS ,fM2) of
Eq. ~3!. Then the unpinning energy of the domain wa
«(HS) and the domain-wall angleDf at the switching field
according to Eq.~5! can be given as follows,

«~HS!5E1~HS ,fM1!2E2~HS ,fM2!, ~6!

Df5ufM12fM2u. ~7!

Figure 2 shows the theoretical fitting~solid lines! to the
experimental hysteresis loops~circles! according to the two-
path reversal model. As a comparison, the theoretical res
of the SW model@only according to Eq.~3!# are also shown
~dotted line! in Fig. 2. Figures 2~c! and 2~d! indicate that the
experimental hysteresis loops are in good agreement with
theoretical prediction of the SW model when the exter
field is near the hard direction. This indicates that the wh
process of the magnetic reversal is completely determine
coherent rotation. In this case, the energy difference betw
the main and the minor domains is very small and alw
less than the pinning energy of the domain wall, so the
pinning of the domain wall will never occur. However, whe
the external field is far away from the hard direction, t
theoretical predictions of the SW model are no longer
agreement with the experimental hysteresis loops, as sh
in Figs. 2~a! and 2~b!. According to the two-path reversa
model, the coherent rotation process was terminated at
switching field and the domain-wall unpinning process o
curs, as shown by the solid lines in Figs. 2~a! and 2~b!. After
the sharp jump caused by the domain-wall unpinning,
magnetization continues to reverse by coherent rotation u
saturation.

Figure 3 shows the experimental switching fieldHS ~tri-
angles! and the coercivityHC ~circles! at various anglesfH
as well as the theoretical switching field of the SW mod
~solid line!. Here the switching fieldHS is the field at which
the irreversible magnetic reversal~at the sharp jump of the
hysteresis loop! occurs, and the coercivityHC is defined as
the field at which the magnetization on a hysteresis loop
zero. According to the definition, the magnetic reversa
characterized by the switching field, not by the coercivi
Figure 3 showsHS5HC when fH,51°. In this case, the
coercivity can be used to characterize the magnetic reve
In the other cases, the coercivity is different from the switc
ing field. Figure 3 also shows that the experimental swit
ing field is in good agreement with the prediction of the S
model whenfH.76°. So in this case the magnetic revers
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is completely determined by coherent rotation, instead
domain-wall unpinning, which becomes important wh
fH,76°.

Figure 4 shows thefH dependence of the domain-wa
angle and the unpinning energy at the switching field. In F
4, the domain-wall angle and the unpinning energy are
constants, but gradually reduce whenfH increases. It is well
known that the domain-wall angle and the unpinning ene
are assumed to be constants in the conventional mode
domain-wall unpinning. Figure 4 shows that the domain-w

FIG. 3. The experimental switching fieldHS ~triangles! and the
coercivity HC ~circles! at various anglesfH , as well as the theo-
retical switching field~solid line! of the SW model. Some hysteres
loops of this sample have been shown in Figs. 2~a!–~d!.

FIG. 4. ThefH dependence of the domain-wall angleDf and
the unpinning energy density«(HS) at the switching field for the
same sample shown in Figs. 2 and 3. For simplicity, the redu
values of pinning energy density~divided by the value of anisotropy
K51.1643105 erg/cm3! and external field~divided by the value of
the anisotropy fieldHK52K/M5529 Oe! are used in the calcula
tion. For any given sample,K and M are certain constants. Usin
the reduced values, Eq.~3! becomes more universal so that fittin
Eq. ~3! to the experimental hysteresis loops is possible if the va
of HK52K/M is known, instead of bothM andK.
5-4
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MAGNETIZATON-REVERSAL MECHANISM OF . . . PHYSICAL REVIEW B 63 174415
angle is 180° and the unpinning energy is maximum wh
the external field is along the easy axis (fH50). In this
case, the two-path model and the conventional unpinn
model give the same results. However, when the reve
field is not along the easy direction, the magnetization vec
in any domain will deviate from the easy direction and rot
toward the direction of the reversal field until the doma
wall unpins. So, in this case the domain-wall angle redu
and correspondingly the pinning energy exerted on the
main wall is reduced.

The two-path model is further checked by studying t
dependence of the coercivity measured in the easy direc
~easy-axis coercivity! on the thickness of the hard and so
layers. Figure 5~triangles! shows the NiFe thickness depe
dence of the easy-axis coercivity. In this series of samp
the SmFe thickness is fixed at 14.6 nm, and the NiFe th
ness is systematically changed. In Fig. 5, the coercivity fi
reduces quickly and then reduces slowly as the thicknes
the NiFe layers increases. A similar phenomenon has b
observed by other researchers,12,13 but a sound quantitative
explanation is still lacking. We have known from the abo
that for the strongly exchange-coupled trilayers the easy-
hysteresis loops are nearly perfectly rectangular and the
ercivity is caused completely by domain-wall unpinning.
this case the two-path model automatically reduces to
conventional model of domain-wall unpinning, so the co
ventional model of domain-wall unpinning is directly e
tended to describe the dependence of the easy-axis coerc
on the thickness of hard and soft layers. Assuming that
pinning energy density exerted on the domain walls is,
spectively,«h and «s in the SmFe hard layer and the tw
NiFe soft layers, the averaged or effective pinning ene
density« is given by Eq.~8! as

«5~ th«h12ts«s!/~ th12ts!, ~8!

FIG. 5. The dependence of the easy-axis coercivity and the m
netization per unit area on the thickness of the NiFe layer. T
thickness of the SmFe layer is fixed at 14.6 nm. The triang
present the experimental coercivity, and the solid line presents
theoretical prediction of Eq.~11!. The circles present the exper
mental magnetization per unit area and the dotted line present
theoretical prediction of Eq.~12!.
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and the averaged saturation magnetization is given by Eq~9!
as follows:

M5~ thMh12tsMs!/~ th12ts!. ~9!

So the easy-axis coercivity determined by the unpinn
mechanism can be formulated as

HC5«/2M5~ th«h12ts«s!/~ thMh12tsMs!/2. ~10!

Since the coercivity~or «h! of a SmFe single film~a few
hundred oersted! is much bigger than that of a NiFe sing
film ~,2 Oe! in our case, the term 2ts«s can be neglected
as compared with the termth«h , and Eq. ~10! becomes
Eq. ~11!.

HC5«/2M>~«h/2Mh!th /@ th1~Ms /Mh!2ts#

5H0th /~ th12ats!, ~11!

whereH05«h/2Mh can be regarded as the coercivity of
single SmFe film~H0 may depend on the thickness of th
SmFe layer!, and a5Ms /Mh is the ratio~constant! of the
magnetization of the NiFe layer to that of the SmFe lay
For fixed SmFe thicknessth , H0 is a constant in Eq.~11!, so
only the FeNi thicknessts is a variable. In Fig. 5~solid line!
the coercivity calculated according to Eq.~11! is shown. In
the calculation, the following experimental constants a
used. Ms5856, Mh5286 emu/cm3, H05512 Oe, andth
514.6 nm. Fig. 5 shows that the experimental coercivity
well reproduced by the extended domain-wall unpinni
model in terms of Eq.~11!.

For exchange-coupled hard/soft trilayers, the total m
netic moments are equal to the sum of the magnetic mom
in all layers. So the magnetization per unit areaMt can be
given as follows:

Mt5~ thMh12tsMs!. ~12!

Figure 5~circles! shows the experimental magnetization p
unit area and the theoretical expectations~dotted line! ac-
cording to Eq.~12!. It is clear that the experimental resul
are in good agreement with the theoretical expectations. T
indicates that the modulated thickness in the trilayers
highly controllable, which makes a systematic and quant
tive study of the mechanism of the coercivity possible.

In addition, magnetic properties were systematically st
ied by varying the thickness of the hard layer while fixing t
thickness of the soft layers. Figure 6 shows the SmFe th
ness dependence of the easy-axis coercivity and the ma
tization per unit area. For this series of samples, the pres
of Ar gas is stabilized at 5 mTorr, the thickness of each N
layer is fixed at 2.6 nm, and the thickness of the SmFe lay
is systematically changed. In Fig. 6~triangles!, the coercivity
gradually increases with increasing thickness of the Sm
layer, a similar dependence to that observed by other13

The magnetization per unit area is also shown in Fig
~circles!, which is in good agreement with the theoretic
expectations~dotted line! according to Eq.~12!. However,
because the coercivityH0 ~or «h! depends on the thicknes
of the hard layer, the SmFe thickness dependence of
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e
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coercivity of the trilayers cannot be calculated by using
constantH0 in Eq. ~11!, though Eq.~11! is still effective. It
was also found that the coercivity is sensitive to the sput
ing Ar gas pressure but the magnetization of hard and
layers almost does not change when the Ar gas pres
changes from 3 to 5 mTorr.

IV. DISCUSSION

The basic idea of the two-path reversal mechanism
been proposed, implied or supported by oth
researchers.5,6,18 The quantitative two-path reversal mod
was first applied to single-crystal Fe films with fourfold in
plane anisotropy.5 In this paper the model was extended
apply to an exchange-coupled multilayered system wit
well-defined in-plane uniaxial anisotropy. In epitaxial CrO2
thin films with in-plane uniaxial anisotropy, a similar reve
sal model was used to explain the experimental results.18 The
authors used the conventional coherent rotation model to
scribe the whole hysteresis loop except at the switching fi
but used the conventional domain-wall unpinning model
describe the switching field. Since the conventional cohe
rotation model and domain-wall unpinning model are n
compatible in the same physics picture, the switching fi
can be approximately described only for the case that
external field is far away from the hard axis. However,
these results strongly support the two-path reversal mod

For hard/soft exchange-coupled multilayers, even tho
the microstructural and the magnetic parameters can be
garded as homogeneous in layers of the same compos
they are quite different in layers of different compositions.
this sense hard/soft exchange-coupled multilayers are hi
inhomogeneous systems. However, owing to the strong
change coupling, the systems still exhibit the macromagn
properties of a homogeneous system if the soft layers are
too thick. This greatly simplifies the theoretical model
magnetic reversal. In fact, even in each soft or hard lay

FIG. 6. The SmFe thickness dependence of the easy-axis c
civity ~triangles! and the magnetization per unit area~circles!. The
dotted line presents the theoretical prediction of magnetization
unit area by Eq.~12!. The thickness of the NiFe layer is fixed at 2
nm and the sputtering pressure of Ar gas is kept at 5 mTorr.
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there still exists some defects that show different magn
parameters from those of the soft and hard layers. Since
soft and hard layers cannot show their independent magn
zation behavior in the hysteresis loops in the strong-coup
case, we cannot expect that the small defects inside the
ers can show their own magnetization behavior indep
dently. So in our simple model we need not consider
details of the defects. In this case, the whole trilayer, at le
in the scale of the exchange length, will show its magneti
tion behavior like a single domain of a homogenous syst
that can be described by coherent rotation@see Eq.~3!#.
However, the small defects do take a role by pinning
domain walls@see Eq.~5!#. It is likely that the reversal nucle
and the domain walls may be established at the defects
the thermal activation. Only when the reversal field reac
the switching field can the domain wall be moved. Oth
wise, the magnetization vector in every domain can o
rotate coherently. By doing so, we really considered the r
of the defects and the thermal activation by catching th
essence, instead of their details. This is why our sim
model can well describe the experimental results.

The two-path reversal model of coercivity unites the u
pinning model and the nucleation model by relaxing so
limitations on both models. If appropriate limitations are s
to the two-path model, it reduces to either the unpinning
the nucleation model. Thus the two-path model can be
describe the whole hysteresis loop measured at any orie
tion referred to the easy direction. Even for the simple c
of single-crystal Fe films, Florczak and Dahlberg6 found that
fitting the coherent rotation model to the experimental h
teresis loops could not reconstruct simultaneously the exp
mental values of the switching fields and the saturation fie
On the other hand, although the domain-wall unpinni
model can explain the ‘‘two jumps’’7 and even the ‘‘three
jumps’’ 8 in a hysteresis loop of single-crystal Fe films if th
jumps are at small fields, this model cannot explain
switching behavior at high fields.

The two-path reversal mechanism was observed in~001!-
oriented single-crystal Fe films with fourfold in-plane aniso
ropy by domain observation,5 and here it was extended t
apply to hard/soft exchange-coupled NiFe/SmFe/NiFe tril
ers with well-defined uniaxial anisotropy. This implies th
the two-path model may be appropriate for permanent m
nets with well-defined anisotropy, such as Nd2Fe14B and
Sm2Co17B. For the NiFe/SmFe/NiFe trilayers, when the e
ternal field is along the easy axis, the magnetization reve
is caused by domain-wall unpinning. When the external fi
is along or near the hard axis, the magnetization reversa
caused by coherent rotation. In the other cases, the mag
zation first rotates gradually by the coherent rotation a
then sharply switches by domain-wall unpinning. If the sa
conclusions are applicable to permanent magnets with w
defined anisotropy, it is easy to understand why neither
pinning model nor the nucleation model can well descr
the dependence of the coercivity on the angle between
external field and the easy axis. In contrast to this, the p
agreement in the angular dependence of the coercivity

er-

er
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tween theoretical predictions and experimental results,
cording to the viewpoint of Kronmu¨ller et al., is attributed to
misaligned grains, local stray fields, and reduced anisotr
in grain boundaries.1

Since the macromagnetic properties of the exchan
coupled trilayers directly depend on the thickness of e
layer, this provides another variable for studying the mec
nism of coercivity. By comparison, single films and ma
netic bulk materials do not have this advantage, so
mechanism of magnetic reversal in these systems is o
studied by measuring the temperature dependence and
angle dependence of the coercivity.1,19,20On the other hand
this also presents a challenge to all theoretical models
good model should at least be able to describe the thick
dependence of the coercivity. As for Eq.~2!, it is essentially
the coherent rotation approximation, and it reduces to
nucleation field of a single film if either th50 or ts50 is set.
Thus it is too simple to quantitatively describe the coerciv
of hard/soft exchange-coupled multilayers. By contrast,
two-path reversal model gives a good description of the
pendence of the coercivity on the thickness of NiFe laye

Furthermore, in the two-path model, the pinning ene
density«(H) takes a critical role, but it cannot be known
advance within the model itself. In order to gain a mo
fundamental understanding of magnetic reversal, it is ne
sary to carry out a micromagnetic calculation based on
physical picture of the two-path reversal model.
:
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V. CONCLUSIONS

The magnetic-reversal mechanism
Ni80Fe20/Sm40Fe60/Ni80Fe20 trilayers with in-plane uniaxial
anisotropy was experimentally and theoretically studied
measuring and fitting the hysteresis loops. Our theoret
model of magnetic reversal unites the coherent rotation
domain-wall unpinning by relaxing some limitations on bo
models. Different processes of magnetic reversal were fo
by fitting the model to the experimental hysteresis loops. T
magnetization reversal is caused by domain-wall unpinn
when the external field is along the easy axis. When
external field is along or near the hard axis, the magnet
tion reversal is caused by coherent rotation. In the ot
cases~universal cases!, the magnetization first rotates grad
ally by the coherent rotation and then sharply switches
domain-wall unpinning. Moreover, it was found that th
domain-wall angle and the pinning energy at the sh
switching strongly depend on the angle between the exte
field and the easy axis. Furthermore, the dependence o
easy-axis coercivity on the thickness of Ni80Fe20 layers was
theoretically reproduced by an extended model of doma
wall unpinning.
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