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Magnetization-reversal mechanism of hardsoft exchange-coupled trilayers
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NiggFexg/ SmugFese/ NiggFeyg trilayers with in-plane uniaxial anisotropy induced by an applied magnetic field
during deposition were prepared ¢00)-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 NiFe,, layers was theoretically reproduced by an extended model of domain-wall unpin-
ning.
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I. INTRODUCTION ropy indicates that in a hysteresis loop gradual reversal is
caused by coherent rotation, and sharp switching is caused
One of the controversial issues in the study of magnetidy domain-wall unpinning. It is an open question as to

materials has been the mechanism of magnetic reveEal. whether the two-path reversal mechanism can apply to other

permanent magnets such as bulk,Nel,B and SmCo,;B, magnetic systems with well-defined uniaxial anisotropy.

in order to explain the reduced coercivity due to inhomoge- Synthetic magnetic materials consisting of hard- and soft-

neities such as grain boundaries, inclusions, or defects in th@agnetic phases that couple together through direct ex-

main magnet phase, an empirical form for the coercive fieldchange interaction can be designed to have a giant energy

was proposed as follows, product for permanent magn&t§ or a giant magnetostric-
tion at relatively low field:* The realization of these proper-
Ho(T)=a(T)2K,/Ms—NgMs, (1) ties is also related to the magnetization-reversal process.

Since most theoretical models of magnetic reversal are based

wherea(T) corresponds to a microstructural parameter and®" the same microstructure, i.e., soft-magnetic inhomogene-
Nei to an averaged local effective demagnetization factorities are embedded in the main magnet phase, hard/soft
Although in some cases E(1) gives a fair description of the €xchange-coupled magnetic multilayers, that are composed
experimental coercivity, it is difficult to distinguish the pin- Of alternating hard- and soft-magnetic layers of controllable
ning and nucleation according to Eql) because both thickness supply a s_lmple but real_lstlc model system_fc_Jr the
domain-wall pinning at the inhomogeneities and nucleatiorftudy of the mechanism of magnetic reversal. For sufficiently
of reversed domains in the same region lead to the sanidin softmagnetic layergof the order of a domain-wall
expression. In fact, neither the pinning model nor the nucleWidth in the hard layejsthat are supposed to be rigidly
ation model fully explain the experimental results. In particu-coupled to the hard layers, the whole multilayer will switch
lar, the dependence of the coercivity on the angle betweefit @ nucleation field given By
the external field and the easy axis is poorly described.

From the viewpoint of micromagnetic theory, although Hn=2(tpKp+tKo)/ (thM+tMy), 2
the pinning and nucleation models have the same physical
picture of microstructural defects, their conclusions aboutvheret, (t5), K, (Ks), and My, (M) are the thickness,
coercivity are quite different and even contradictdfy. anisotropy, and magnetization of the hasbft) layers, re-
However, it is difficult to directly compare the experimental spectively. However, such behavior was only shown qualita-
results with the micromagnetic calculation because the mitively in magnetic multilayers, such as SmCo/FeCo
crostructural parameters of a real system are often poorlpilayers® and NdFeB/Fe superlatticé$On the other hand,
known. On the other hand, in the case of real magnets thdbr thick soft-magnetic layers, the exchange spring
often have misaligned grains, neither the pinning coercivitypehaviot?*~*"occurs during the process of the magnetiza-
nor the nucleation coercivity as determined for an ideallytion reversal.
oriented magnet can correctly describe the orientation depen- In  the  present paper, we consider the
dence of the measured coercivity. NigoFeo/ SmygFeso/ NiggFey trilayers where soft NiFe layers

For single-crystal soft magnetic thin films, there also ex-and hard SmFe layers rigidly couple together and show a
ists a similar controversy about pinning and nucleatidh. well-defined in-plane uniaxial anisotropy. The whole process
Our recent study of the magnetization reversal(@®1)-  of the magnetic reversal in this ideal system was experimen-
oriented single-crystal Fe films with fourfold in-plane anisot-tally studied through hysteresis loops. We determined
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whether the experimental hysteresis loops could be quantitdeasy-axis hysteresis logpare nearly perfectly rectangular,
tively described by a theoretical model that combines coheras shown in Figs. (®)—1(d) (solid lineg. When the external
ent rotation and domain-wall unpinnifigFurthermore, the field is along the hard direction, the hysteresis loops with
thickness dependence of the coercivity in the easy directioery small hysteresis and even no hyster¢s@sd-axis hys-
was explained by an extended model of domain-wall unpinteresis loopsalmost become oblique lines for thin NiFe lay-
ning. ers, as shown in Figs(d)-1(c) (dotted line$. This indicates
that the samples have a well-defined in-plane uniaxial anisot-
Il. EXPERIMENTS ropy for thin NiFe layers that is induced by the external field

. . . . . during deposition. As the thickness of NiFe layers further
NigoFex0/ SmuoFeso/ NigoFey trilayers of various thickness increases, the hard-axis loops begin to deviate from the ob-

were prepared o(l00)-Si substrates by dc magnetron sput- . . S .

tering at room temperature. The pressure of Ar gas was Stél_que Imgs, as shown n Fig(d) (dotted ling. Howeyer, the
bilized at 3 or 5 mTorr during the sputtering process. Unles asy-axis Ioops are st _rectar_lgular,_ as shown in Fig) 1
specified, an Ar pressure of 3 mTorr was used. The deposﬁsond I|_ne)._ With increasing NiFe thlckness,_ although the
tion rates for NiFe and SmFe layers are, respectively, 0.1812gnetization of NiFe and SmFe layers still reverses to-
and 0.16 nm/s. In order to get an in-plane uniaxial anisotrop@®ther when the field is along the easy direction, the magne-
induced in the direction of the external field, two permanentization of NiFe and SmFe layers has begun to rotate inco-
magnets were used to supply an external magnetic field of 8berently when the field is along the hard direction.

Oe in the film plane during growth. A 5-nm i, protective In order to study the mechanism of magnetic reversal,
layer was deposited on the top of the samples by rf sputteringysteresis loops were measured by AGM for various angles
in situ. The structural properties of the NiFe/SmFe/NiFe ¢y between the external field and the easy dkisth the
trilayers were characterized by low- and high-angle x-rayexternal field and the easy axis are in the film plame this
diffraction. The low-angle x-ray-diffraction patterns indicate case, it is possible to understand the whole process of the
that the NiFe/SmFe/NiFe trilayers have a good layered strugnagnetization reversal. Figuresa-2(d) show typical hys-
ture. The high-angle x-ray-diffraction patterns indicate thatteresis loops for NiFe 2.4/SmFe 13/NiFe 2.4 nm trilayers
NiFe layers exhibit fcc(111) crystalline texture and the measured at differengy. The hysteresis loops only show
SmFe layer is in an amorphous state. The magnetization hy@ne sharp jump at which the magnetic reversal is irreversible
teresis loops were measured by alternating-gradient magnéthe field at the jump is the switching figldAt first glance,
tometer(AGM) for various angles between the external mag-these loops are characteristic of uniaxial anisotropy materi-
netic field and the easy axis. All the experimental resultsals. However, even in so simple a case, the switching field

were measured at room temperature. at different ¢ cannot be quantitatively described by the
conventional coherent rotation or domain-wall unpinning
models.

Ill. EXPERIMENTAL RESULTS AND THEORETICAL - - .
MODEL For a quantitative description of the experimental hyster-

esis loops, a theoretical modéwo-path reversal modgl
Figures 1a)-1(d) show typical magnetization hysteresis proposed in Ref. 5 was extended to apply to the present case.
loops measured along the easy and hard axes. When the edtere we first introduce this model to the present system.
ternal field is along the easy direction, the hysteresis loops For thin NiFe layers, NiFe and SmFe strongly couple to-
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FIG. 2. (8)—(d). Typical hysteresis loops mea-
sured at different anglegy, (circles and theoreti-
cal results according to the Stoner-Wohlfa(8W)
L L model (dotted lineg and the two-path reversal
A 3 2z 1. 0 1 2 3 model (solid lines. For simplicity, the reduced

H/(2K/M) (OCe) H/(2K/M) (Oe) values of magnetizatiofdivided by the averaged
value of saturation magnetization of the sample
M =440 emu/crd) and external fielddivided by
the value of the anisotropy field=2K/M
=529 0@ are used in the calculation. The thick-
ness of the trilayers is, respectively, NiFe 2.4/
SmFe 13/NiFe 2.4 nm, and the sample was pre-
pared at 5 mTorr Ar gas.
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o
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gether, so the magnetic reversal in different layers occurs E1(H,dnm1) —Ex(H,dyo)=e(H). 5)

together, behaving like a homogeneous single film. It is rea-

sonable to suppose that all magnetic domains are alway8 this case, the domain wall will become unstable and the
located in the states of local minimum energy and the totaladnetization reverses sharply by domain-wall unpinning.
energy per unit volume in any domain can be written as! NiS field is defined as the switching fieltis, (Hs) as the
follows: unpinning energy of the domain wall, and¢=|dy,

— ¢l as the domain-wall angle at the switching field. On

E(H,éy)=—HM cog ¢y — dp)+K sirt(¢y), (3)  theotherhand, if EqS) never has a real solution for a given

cycle of the external field, domain-wall unpinning will never
whereK, M, andH are, respectively, the effective in-plane occur. So, in this case the magnetic reversal is completely
uniaxial anisotropy, the averaged saturation magnetizatiordetermined by Eq(3), which comes back to the prediction of
and the applied external fields), is the angle between the the Stoner-WohlifartliSW) coherent rotation model.
magnetization vector and the easy axis; @ngis the angle As for Eq.(5), if the rotation of the magnetization in the
between the positive direction of the applied field and thefield is neglected, which is otherwise determined by the local
easy axis. Now suppose that the whole sample, except thainimum energy of Eq(3), ¢m1, ¢dm2, ande(H) can be
edges of the sample and a few defects, is in a single-domairegarded as constants; for examplgs1=0, ¢y,= 7, and
state determined by the local minimum energy of E3). e(H)=¢,. For the external fielH oriented at¢,= 6, ac-
Denote this domain as the main domain and its energy staiording to Eqgs.(3) and (5), 2HsM cos@)=g, can be ob-
asE (H,¢n1). The magnetizatioom(H) of the hysteresis tained at the switching fieltlg, i.e., Hs=¢gq/[2M cos@)].

loop is determined by the main domain and In this case Eq(5) becomes the conventional domain-wall
unpinning model.
m(H)=M cog ¢y1— ¢p). (4) In the above two-path reversal model, the activation en-

ergy may be involved in establishing the domain walls. Since

On the other hand, it is also supposed that there exighis happens at inhomogeneities and is clearly not a limiting
simultaneously a few very small domains near the samplgtep, the thermal activation process is ignored in Egs-
edges or defects. We denote the very small domains as mings). Only the driving energy needed to unpin the domain
domains and their energy state Bs(H, ¢\y»). The minor  walls is considered so that they propagate freely across the
domains are assumed to have the same magnetic parametaisole sample. Moreover, the minor domain often exists at
(M, K, and the exchange constafit as those of the main the edges of the sample, and the edges are generally too
domain and their energy st (H, ¢y») is also determined small to observe by magnetooptic Kerr microscopy except at
by the local minimum energy of E43). SOE;(H,¢yv,) and  the switching fiel® Only at the switching field do some
E>(H,¢$m2) may be the two states of different local mini- minor domains grow large quickly and sweep through the
mum energy at the same external field. The domain wallvhole sample, replacing the main domain.
between the main and minor domains is pinned at a defect For any given NiFe/SmFe/NiFe trilaydf,andM are con-
region (its magnetic parameters may be different from thosestants(M can be measured by AGM, andy=2K/M is
of the soft and hard layerand the pinning energy density is equal to the saturation field in the hard direcioso for any
e(H). On increasing the strength of the reverse field to agiven ¢y, if e(H) is known the whole hysteresis loop can
certain value, the following equation may be established, be calculated according to Eg&)—(5). However, in the
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present cases(H) is not known in advance. The value of

e(H) depends on the details of the defe@ach as the size, [T T T T
magnetization, anisotropy, and exchange constant the 500 [ h
magnetic parameters of the soft and hard layers. A micro- i —SW ]
magnetic calculation is needed to determiifél), but this is 00l —o—H,
not the object of the present paper. Here the theoretical ! —o—H,
model is fitted to the experimental hysteresis loops to get [
information abouts(H). Specifically, the theoretical model

is fitted to an experimental hysteresis loop in the whole range
of the field except at the point of the switching field. At the

switching fieldHg, the fitting is terminated at the two ends I ]
of the sharp jump that correspond to the two states of the 100 - ]
local minimum energie&€ (Hs,¢m1) andE,(Hg, ¢y2) of i
Eq. (3). Then the unpinning energy of the domain wall o .
e(Hg) and the domain-wall angla¢ at the switching field 0 30 80 90
according to Eq(5) can be given as follows, 8, (deg))

300 [ ]

H (Oe)

200 [ ]

T
Lo

e(Hs)=E1(Hs,ém1) —Ex(Hs, du2), (6)
FIG. 3. The experimental switching fieldg (triangles and the
A¢:|¢M1_ ¢,M2|_ 7) coercivity H¢ (circles at various angleg,,, as well as the theo-
retical switching fieldsolid line) of the SW model. Some hysteresis

Figure 2 shows the theoretical fittingolid lineg to the  '00Ps of this sample have been shown in Fige) 2d).

experimental hysteresis loogsircles according to the two-
path reversal model. As a comparison, the theoretical resul
of the SW mode[only according to Eq(3)] are also shown b < 76°
(dotted ling in Fig. 2. Figures &) and 2d) indicate that the H ' .
experimental hysteresis loops are in good agreement with the Figure 4 shows thep, dependence of the domain-wall

theoretical prediction of the SW model when the externalangle and the unpinning energy at the switching field. In Fig.

field is near the hard direction. This indicates that the Whole4’ the domain-wall angle and the unpinning energy are not

process of the magnetic reversal is completely determined b nstar;:\s,tbtlﬁt gcriaduqlly relc:uce Yv%pdlr;ﬁrease_s. I'.[ is well
coherent rotation. In this case, the energy difference betwe own that the domain-wall angle and the unpinning energy

the main and the minor domains is very small and alwaysare assumed to be constants in the conventional model of

less than the pinning energy of the domain wall, so the ungomain-wall unpinning. Figure 4 shows that the domain-wall

pinning of the domain wall will never occur. However, when

{ completely determined by coherent rotation, instead of
omain-wall unpinning, which becomes important when

the external field is far away from the hard direction, the L el e Domair V'V'"' de 1180
theoretical predictions of the SW model are no longer in 121 omain Wallange 1
agreement with the experimental hysteresis loops, as shown - 1160 B
in Figs. 2a) and 2Zb). According to the two-path reversal 10l 1 g
model, the coherent rotation process was terminated at the . ] 2
switching field and the domain-wall unpinning process oc- §) [ 1140 5
curs, as shown by the solid lines in FigéaPand 2b). After s 08 i ] §
the sharp jump caused by the domain-wall unpinning, the « I 4120
magnetization continues to reverse by coherent rotation until & o6l ] g
saturation. [ —4—Unpinning Energy 1100 a

Figure 3 shows the experimental switching fiéld (tri- [ ;
angles and the coercivityH ¢ (circles at various anglegy, 04y

as well as the theoretical switching field of the SW model o 2 a0 w8 180
(solid ling). Here the switching fieltHs is the field at which d
the irreversible magnetic revers@t the sharp jump of the 9, (deg.)

FIG. 4. The¢y dependence of the domain-wall andgie and

hysteresis loopoccurs, and the coercivitii is defined as
the field at which the magnetization on a hysteresis loop i e unpinning energy densi(H¢) at the switching field for the

Zero. Acqordlng to the ‘?'ef"_"“ong the magnetic reverga] 'Ssame sample shown in Figs. 2 and 3. For simplicity, the reduced
characterized by the switching field, not by the coercivity.,ayes of pinning energy densitgiivided by the value of anisotropy
Figure 3 showsHs=Hc when ¢ <<51°. In this case, the —1 164x 10F erg/cn?) and external fielddivided by the value of
coercivity can be used to characterize the magnetic reversahe anisotropy fieldH, =2K/M =529 Og are used in the calcula-

In the other cases, the coercivity is different from the switchjon. For any given samplé$ andM are certain constants. Using
ing field. Figure 3 also shows that the experimental switchthe reduced values, E¢3) becomes more universal so that fitting
ing field is in good agreement with the prediction of the SWEq. (3) to the experimental hysteresis loops is possible if the value
model wheng,>76°. So in this case the magnetic reversalof Hy=2K/M is known, instead of botiM andK.
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AL B B BN I B B S = P ¥ and the averaged saturation magnetization is given by%qg.
500 as follows:
L Theory & 35
400 o J30 M= (t,Mp+2t;Mg)/(ty+2t). €)
(A, o E R - . . . .
g Theory _ 25 8 So the easy-axis coercivity determined by the unpinning
< 300 120 mechanism can be formulated as
T e 17
200 115 € He=e/2M = (thep+ 2tee )/ (1M p+ 2tM)/2.  (10)
SmFe 14.6 nm -
wob o J10 = Since the coercivity(or g,,) of a SmFe single filma few
o ] 05 hundred oersteds much bigger than that of a NiFe single
[ 17 film (<2 O¢ in our case, the termtZs, can be neglected
O o o s s 10 12 14 16 18 20 as compared with the terrtye,,, and Eq.(10) becomes
NiFe thickness (nm) Eq. (12).
FIG. 5. The dependence of the easy-axis coercivity and the mag- Hc=el2M=(ep/2Mp)th /[ty +(Ms/Mp)2ts]

netization per unit area on the thickness of the NiFe layer. The
thickness cl?f the SmFe layer is fixed at 14.6 nm. The %lriangles =Hotn/(th+2ats), (1)
present the exp_eri_mental coercivity, an_d the solid line presents th@here Ho=en/2M,, can be regarded as the coercivity of a
theoretical pre@ctlpn of Eq(l}). The circles presenF the experi- single SmFe film(H, may depend on the thickness of the
mental_magnetl_zayon per unit area and the dotted line presents the,,Fa layer, and a=M/M,, is the ratio(constant of the
theoretical prediction of Eq(12). magnetization of the NiFe layer to that of the SmFe layer.
For fixed SmFe thickneds, Hy is a constant in Eq.11), so
angle is 180° and the unpinning energy is maximum wheronly the FeNi thickness; is a variable. In Fig. Fsolid line)
the external field is along the easy axi¢(=0). In this  the coercivity calculated according to Ed.1) is shown. In
case, the two-path model and the conventional unpinninghe calculation, the following experimental constants are
model give the same results. However, when the reversalsed. M.=856, M,,=286 emu/cr, H,=5120Oe, andt,
field is not along the easy direction, the magnetization vector14.6 nm. Fig. 5 shows that the experimental coercivity is
in any domain will deviate from the easy direction and rotatewell reproduced by the extended domain-wall unpinning
toward the direction of the reversal field until the domainmodel in terms of Eq(11).
wall unpins. So, in this case the domain-wall angle reduces For exchange-coupled hard/soft trilayers, the total mag-
and correspondingly the pinning energy exerted on the dometic moments are equal to the sum of the magnetic moments
main wall is reduced. in all layers. So the magnetization per unit alda can be
The two-path model is further checked by studying thegiven as follows:
dependence of the coercivity measured in the easy direction
(easy-axis coercivityon the thickness of the hard and soft M= (tpMp+2tsMy). (12
layers. Figure Ftriangles shows the NiFe thickness depen-
dence of the easy-axis coercivity. In this series of sampled;igure 5(circles shows the experimental magnetization per
the SmFe thickness is fixed at 14.6 nm, and the NiFe thickUnit area and the theoretical expectatiddstted ling ac-
ness is systematically changed. In Fig. 5, the coercivity firsgording to Eq.(12). It is clear that the experimental results
reduces quickly and then reduces slowly as the thickness @€ in good agreement with the theoretical expectations. This
the NiFe |ayers increases. A similar phenomenon has beéﬁdicates that the modulated thiCkneSS in the '[I’i|ayerS iS
observed by other researché?$? but a sound quantitative highly controllable, which makes a systematic and quantita-
explanation is still lacking. We have known from the abovetive study of the mechanism of the coercivity possible.
that for the strongly exchange-coupled trilayers the easy-axis N addition, magnetic properties were systematically stud-
hysteresis loops are nearly perfectly rectangular and the cded by varying the thickness of the hard layer while fixing the
ercivity is caused completely by domain-wall unpinning. In thickness of the soft layers. Figure 6 shows the SmFe thick-
this case the two-path model automatically reduces to th8€ss dependence of the easy-axis coercivity and the magne-
conventional model of domain-wall unpinning, so the con-tization per unit area. For this series of samples, the pressure
ventional model of domain-wall unpinning is directly ex- of Ar gas is stabilized at 5 mTorr, t.he thickness of each NiFe
tended to describe the dependence of the easy-axis coercivigyer is fixed at 2.6 nm, and the thickness of the SmFe layers
on the thickness of hard and soft layers. Assuming that thés systematically changed. In Fig(Biangles, the coercivity
pinning energy density exerted on the domain walls is, regradually i_nqreases with increasing thickness of the SmFe
spectively,e,, and e in the SmFe hard layer and the two layer, a similar dependence to that observed by otters.

NiFe soft layers, the averaged or effective pinning energy! "€ magnetization per unit area is also shown in Fig. 6
densitye is given by Eq.(8) as (circles, which is in good agreement with the theoretical

expectationgdotted ling according to Eq(12). However,
because the coerciviti, (or g,) depends on the thickness
e=(thep+ 2tses)/ (th+2t5), (8) of the hard layer, the SmFe thickness dependence of the
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400 ~rrrrrr ey 1.4 there still exists some defects that show different magnetic
i parameters from those of the soft and hard layers. Since the
350 - .
| 1.2 soft and hard layers cannot show their independent magneti-
__ 300 N’E\ zation behavior in the hysteresis loops in the strong-coupling
8 250 : 41.0 g case, we cannot expect that the small defects inside the lay-
= ! T = ers can show their own magnetization behavior indepen-
T 200 1080 dently. So in our simple model we need not consider the
150 | ) g details of the defects. In this case, the whole trilayer, at least
— 106 = in the scale of the exchange length, will show its magnetiza-
100 o7 1 = tion behavior like a single domain of a homogenous system
50 [ 104 that can be described by coherent rotatisee Eq.(3)].
L 02 However, the small defects do take a role by pinning the
0 i

T30 ° domain wallgsee Eq(5)]. It is likely that the reversal nuclei
and the domain walls may be established at the defects by
the thermal activation. Only when the reversal field reaches
the switching field can the domain wall be moved. Other-
Wise, the magnetization vector in every domain can only

civity (triangles and the magnetization per unit ar@arcles. The . .
dotted line presents the theoretical prediction of magnetization perrOtate coherently. By doing so, we really considered the role

unit area by Eq(12). The thickness of the NiFe layer is fixed at 2.6 of the defects and the thermal activation by catching their

nm and the sputtering pressure of Ar gas is kept at 5 mTorr. essence, instead of .their details..This is why our simple
model can well describe the experimental results.

coercivity of the trilayers cannot be calculated by using a  The two-path reversal model of coercivity unites the un-
constantH, in Eq. (11), though Eq.(11) is still effective. It  PinNing model and the nucleation model by relaxing some
was also found that the coercivity is sensitive to the sputterimitations on both models. If appropriate limitations are set
ing Ar gas pressure but the magnetization of hard and sof© the two-path model, it reduces to either the unpinning or
layers almost does not change when the Ar gas pressuiBé nucleation model. Thus the two-path model can better
changes from 3 to 5 mTorr. describe the whole hysteresis loop measured at any orienta-
tion referred to the easy direction. Even for the simple case
of single-crystal Fe films, Florczak and Dahlb&fgund that
fitting the coherent rotation model to the experimental hys-

The basic idea of the two-path reversal mechanism hateresis loops could not reconstruct simultaneously the experi-
been proposed, implied or supported by othermental values of the switching fields and the saturation field.
researcher3®!® The quantitative two-path reversal model On the other hand, although the domain-wall unpinning
was first applied to single-crystal Fe films with fourfold in- model can explain the “two jumps7’ and even the “three
plane anisotropy.In this paper the model was extended tojumps” 8 in a hysteresis loop of single-crystal Fe films if the
apply to an exchange-coupled multilayered system with gymps are at small fields, this model cannot explain the
well-defined in-plane uniaxial anisotropy. In epitaxial GrO switching behavior at high fields.

thin films with in-plane uniaxial anisotropy, a similar rever-  1he two-path reversal mechanism was observe@@d)-
sal model was used to explain the experimental restitbe g riented single-crystal Fe films with fourfold in-plane anisot-
authors used the conventional coherent rotation model to d opy by domain observatichand here it was extended to

zﬁilzesézetﬁvgcggn%ﬁﬁf li%orﬁa?fv(\a/gltl aJr:hﬁ]ﬁthmg%;etloapply to hard/soft exchange-coupled NiFe/SmFe/NiFe trilay-
P 9 rs with well-defined uniaxial anisotropy. This implies that

describe the switching field. Since the conventional cohererﬁ]e two-path model may be appropriate for permanent mag-

rotation model and domain-wall unpinning model are not ts with ll-defined anisot h Re.B and
compatible in the same physics picture, the switching field!€tS_With well-telined anisotropy, such as .8 an

can be approximately described only for the case that theMC07B. For the NiFe/SmFe/NiFe trilayers, when the ex-
external field is far away from the hard axis. However, alltemal field is along the easy axis, the magnetization reversal
these results strongly support the two-path reversal model.is caused by domain-wall unpinning. When the external field
For hard/soft exchange-coupled multilayers, even though® along or near the hard axis, the magnetization reversal is
the microstructural and the magnetic parameters can be réaused by coherent rotation. In the other cases, the magneti-
garded as homogeneous in layers of the same compositioAation first rotates gradually by the coherent rotation and
they are quite different in layers of different compositions. Inthen sharply switches by domain-wall unpinning. If the same
this sense hard/soft exchange-coupled multilayers are highigonclusions are applicable to permanent magnets with well-
inhomogeneous systems. However, owing to the strong exdefined anisotropy, it is easy to understand why neither the
change coupling, the systems still exhibit the macromagnetipinning model nor the nucleation model can well describe
properties of a homogeneous system if the soft layers are ntthe dependence of the coercivity on the angle between the
too thick. This greatly simplifies the theoretical model of external field and the easy axis. In contrast to this, the poor
magnetic reversal. In fact, even in each soft or hard layeragreement in the angular dependence of the coercivity be-

IV. DISCUSSION
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tween theoretical predictions and experimental results, ac- V. CONCLUSIONS
cording to the viewpoint of Kronmiler et al,, is attributed to
misaligned grains, local stray fields, and reduced anisotrop

Ingran bo#ndane%. . . f th h anisotropy was experimentally and theoretically studied by
Since the macromagnetic properties of the exchang€yeasuring and fitting the hysteresis loops. Our theoretical

coupled trilayers directly depend on the thickness of eachyoge| of magnetic reversal unites the coherent rotation and
layer, this provides another variable for studying the mechagomain-wall unpinning by relaxing some limitations on both
nism of coercivity. By comparison, single films and mag- models. Different processes of magnetic reversal were found
netic bulk materials do not have this advantage, so thy fitting the model to the experimental hysteresis loops. The
mechanism of magnetic reversal in these systems is oftefhagnetization reversal is caused by domain-wall unpinning
studied by measuring the temperature dependence and thhen the external field is along the easy axis. When the
angle dependence of the coerciviti’>?°On the other hand, external field is along or near the hard axis, the magnetiza-
this also presents a challenge to all theoretical models. Aion reversal is caused by coherent rotation. In the other
good model should at least be able to describe the thicknessisequniversal cas@sthe magnetization first rotates gradu-
dependence of the coercivity. As for E@), it is essentially ally by the coherent rotation and then sharply switches by
the coherent rotation approximation, and it reduces to theélomain-wall unpinning. Moreover, it was found that the
nucleation field of a single film if either+0 or =0 is set. domain-wall angle and the pinning energy at the sharp
Thus it is too simple to quantitatively describe the coercivitySWitching strongly depend on the angle between the external
of hard/soft exchange-coupled multilayers. By contrast, thdi€ld and the easy axis. Furthermore, the dependence of the
two-path reversal model gives a good description of the de€aSy-axis coercivity on the thickness ofglfie; layers was
pendence of the coercivity on the thickness of NiFe layers,theoretically reproduced by an extended model of domain-
Furthermore, in the two-path model, the pinning energyVa!l unpinning.
densitye(H) takes a critical role, but it cannot be known in
advance within the model itself. In order to gain a more
fundamental understanding of magnetic reversal, it is neces- This work was supported by NSF-DMR-9713497, and we
sary to carry out a micromagnetic calculation based on thacknowledge the use of MRSEC shared facilitid®SF-
physical picture of the two-path reversal model. DMR-9809423.
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