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Transitions of magnetic configuration at the interface of exchange-coupled bilayers:
TbFe/GdFe as a model system
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Y. Henry
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(Received 6 September 2002; published 16 April 2003

The magnetization profile that forms in the soft part of an exchange-coupled hard/soft bilayer submitted to
a rotating in-plane magnetic field has been studied both theoretically and experimentally. The evolution of the
stable magnetic configurations as a function of the field orientation has been determined from micromagnetic
calculations, for varying strength of the rotating field. The anisotropic magnetoresistance associated with these
configurations has been deduced and compared with experimental results obtained on a TbFe/GdFe ferrimag-
netic bilayer. A good agreement is obtained between calculated and measured data, without any parameter
adjustment. As the applied field is rotated, a twisted magnetization distribution of Bloch type develops in the
soft GdFe layer. The simulations show the existence of several possible stable magnetic profiles. These differ
either by the amount of magnetization twist only or by the amount of twist and the chirality of the profile.
Transport measurements allow one to determine which configuration is actually adopted by the system and in
what circumstances the system switches from one configuration to another. Two types of transition are iden-
tified. The first one is related to the existence of a hard axis of magnetization in the GdFe layer. The second one
corresponds to a change of chirality of the wall.

DOI: 10.1103/PhysRevB.67.144412 PACS nuniber75.60.Ch, 75.76-i, 75.30.Et

I. INTRODUCTION between the net magnetization of the two ferrimagnetic lay-
ers is of ferromagnetic nature. The gEBe,s/GdsgFeso SYs-
There is currently a great interest for the magnetizatiortem exhibits exchange bias propertieEhe magnetization of
reversal properties at the interface of exchange-couplethe GqgFey, layer, which is magnetically soft, is strongly
films. The exchange bias of a ferromagnetic layer is a keyinned at the interface by the exchange coupling with the
point fo_r the development of spin-electronic devic_:es such agnagnetization of the TJaFeys layer, which is magnetically
magnetic sensors or random access meméﬁ&smes the extremely hard. As an external field is applied to this system
widely stysdled and used antn‘erromagnetlc/ferromagnetu;ind progressively rotated away from the pinning direction, a
structure’=® another exchange-coupled film system of inter-gocn-like domain wall of varying twist may form in the
est is the spring-magnet structdrén this system, two ferro- GdygFey, layer.

magnetic(or ferrimagnetig layers, a magnetically hard one The paper is divided as follows. We first present and dis-

and a soft one, are ferro- or antiferromagnetically coupled tocuss the magnetoresistance properties of a single 100-nm

each other. During the reversal of the soft layer magnetiza: ick GdFey layer in a rotating field. This allows us

tion, a competition between two energies, the Zeeman ener OV -
and the exchange interaction, takes place. A magnetic dd extract the intrinsic characteristics of the soft layer

main wall may be created in the thickness of the layer tg@nd: simultaneously, to introduce the problematic of field-
decrease the total energy at the interface. Spring magnef§9/e-dependent magnetic configuration in the case of a
thus provide a powerful mean for creating at will and con-Simple  system.  Then,  we f_OCUS on the
trolling domain walls, and study their behavior under differ- TbssF€s (50 nm)/GdgFeso (100 nm) spring-magnet struc-
ent constraint§=8 Well-controlled domain walls are also es- ture. A model is developed that shows that several equilib-
sential to study another interesting topic still in discussionfium magnetization profiles are theoretically possible due to
that is the magnetoresistance of magnetic domain Walfs. the existence of a uniaxial anisotropy in the soft layer and to
In the present article, the magnetization configuration ofthe two different chiralities the domain wall can adopt. It is
a spring-magnet structure is investigated through its magshown that the reversal from one type of profile to another
netoresistive response in a rotating in-plane magnetic fieldcan take place following an irreversible transition from one
The system studied consists of a e (50 nm)/  equilibrium solution to the other. The expected anisotropic
Gd,Fes (100 nm) bilayer. In GghFeso and ThgFeys ferri-  magnetoresistancdAMR) signal corresponding to the
magnetic alloys, the coupling between the Fe and the rardifferent profiles is calculated and compared with the results
earth spins is antiferromagnetic and the contribution of rar@f  resistivity = measurements  performed on the
earth moments to magnetization is dominant. Because th&bssFess/GdsoFesp bilayer. This permits to conclude on
exchange coupling between the TbFe and GdFe layers ighich magnetic profile is really adopted by the system. The
dominated by Fe-Fe ferromagnetic interactions, the couplinglependence of the transitions observed from one magnetic
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configuration to another as a function of temperature andhetic configuration of the sample, the temperature of the lat-
field amplitude is presented and discussed in details. ter had to be stabilized to better than 0.2 K.

Ill. SINGLE GdFe LAYER

Il. EXPERIMENTAL DETAILS S . . .
We will first consider the case of a single GdFe film, 100

ThssFeys and GdgFesg alloys were successively deposited nm thick, fabricated in the conditions described before. The
on glass substrates by coevaporation of the pure elemengtudy of this film will be useful in two ways. First, it will
from three different sources, in a high vacuum chamber. Irallow us to determine the intrinsic characteristics of the soft
the following, these alloys will be referred to as GdFe andlayer that is part of the spring-magnet structure under study
TbFe. Prior to their deposition, gold pads were deposited oif? this paper. Second, and more important, this study will
the substrategthrough a maskand copper test leads were S€fve as an introduction to the problematic of field-angle-
attached to them to eventually ensure very good electriciePendent magnetic configuration in the case of a simple
contacts to the magnetic film. The Gd, Tb, and Fe depositiogyStém and, as such, will constitute a reference basis for the
rates were monitored by quartz microbalances, previousl§féscription of the behavior of the more complex spring-
calibrated by optical interferometry. The glass substrate§@gnet structure.
were kept at 77 K during growth in order to obtain amor-
phous alloys. The pressure in the evaporation chamber was A. Model

in the 10" Torr range during deposition. A 30-nm thick cap- As already mentioned before and further ascertained in

ping layer of Si was finally deposited on top of the TbFe/the sequel, the GdFe film possesses a magnetic uniaxial an-

GdFe bilayer to protect it from oxidation. The composition isotropy in its plane. Let us call its constait The evolution

and the amqrphous chara_cte_r of the aIons_ were checked b(yf the film magnetizatiorM, which may be considered as
x-ray analysis and transmission electron microscopy, '

tivel reSPeeiniform in an in-plane rotating fieltH, is essentially gov-
vely. . . , . erned by the Stoner-Wohifarth Mod¥l.In order to obtain
A uniaxial anisotropy in the plane of the film was induced

in GdFe by using a specific deposition geoméfrylagneti- ~ theoretically the equilibrium angular positian of M, 0,
zation measurements give a saturation magnetization of ©N€ has to find the minima of the total volumic magnetic
=(1000+100) emu/cr and an anisotropy constant #f  €N€ray
=(12+2)%x 10" erg/cn? at 100 K. Further evidence of a
well-defined anisotropy in the soft GdFe layer is presented in

Sec. lll. At temperatures below 100 K, the 50-nm thick TbFeWherea is the angle betweel and the easy axi®x and ¢

"?‘yef.is extremely hard magnetically: Its coc_arc(switchir)@ .__the angle betweehl andOx. Equation(1) can be rewritten
field is larger than 10 kOe. As a result, its magnetization.

remains essentially unaffected by the application of externalf1 a more conveniendimensionlessmanner:
fields as large as 1 kOe. 1 H

Electrical resistivity measurements were carried out at €(9)= =sif— ——cog 60— ), 2
temperatures between 12 and 100 K in a continuous flow 2 Ha
helium cryostat, using a conventional four-wire method. The
resistance of the sample was monitored as the external fieg‘
H, produced by an electromagnet, was continuously rotate
in the plane of the film. To avoid induction effects, the an- . . ;
gular velocity of the magnet was set to 0.5 deg/s. In thesgm behaviors depending on the refative valuebl aindH. .

conditions, the angular resolution was found to be better than (1) For H=H,, thg engrgye( 0) agmns a single mini-
0.2 deg. The current was flowing in the plaf@irrent-in- mum for all . As the field is progressively rotated from O to

plane(CIP) geometry and parallel to the easy axis of mag- ?6%0’ tge magpeuzanon fpllolws"Tt(])re or I.EISS clos?ly the_
netization Ox) of the GdFe layer. All the experiments were €ld anc occupies successively all the possibie angular posi-

performed using the same experimental protocol: A saturatt-io_nS 6 In this field regime, there exists- an angle-dfpendent
ing field of 12 kOe was first applied at room temperatureMisalignment betweenM and H, which writes 6—
along theOx direction. Then the sample was cooled under= —arcsiriH,/(2H)sin(26)]. It is zero not only forg=0°

this saturating field to the measurement temperature. Oncand 180° H||Ox), but also fory=90° and 270° KL OX).

this temperature was reached, the field strength was reducémr H=H,, its maximum value is 30° (10° fdd =2H,).

to the required value (H=<1000 Oe) while its direction We name this regime A.

was kept unchanged. Finally, resistivity data were taken suc- (2) For H,/2<H<H,, the situation is somewhat more
cessively for both counterclockwise and clockwise directionccomplex. Indeed, the in-plane uniaxial anisotropy, with its
of rotation of the field. This procedure ensured that, at théwofold symmetry, is responsible for the coexistence, over a
beginning of each experiment, the magnetization of the softertain range of angl¢ centered around 90°, of two energy
and hard layers was homogeneously aligned along the easginima. In the following, these will be called anisotropy
axis Ox. Note that to make sure that the variations in resiswells. Figures la—9 showing the variation ot with 6 for
tivity observed were solely due to changes in the micromagH/H,=0.6 and different values af illustrates this property.

E(6)=K sirfd—HM cog 6— ), (1)

heree=E/(H,M) is now the reduced magnetic energy of
e system, to be minimized with respect #& and H,
=2K/M is the anisotropy field. The system exhibits differ-
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an energy barrier, Whatever(z,//g" does not exist The sys-
tem initially located in AW1 can thus only switch to AW2 if
a mechanism exists that allows it to pass the energy barrier.

180 In the Stoner-Wohlfarth model, where no such mechanism is
360 e(deg) considered, the magnetization is “pinned” along the easy
I N r.r axis and its angular position just oscillates arow¥0° as

i 1.---—~-----*-~-'~=~‘~~f~?-:~-~'-7-‘~ ------------------ the external field is rotated.
5 . (d) Our investigations being based on resistivity measure-
e (©) ments as a function of the field angle, we need, before pro-
- ceeding with the analysis of the experimental results, to es-
27 ' tablish the relationship that exists between the electrical
“*\/}/ resistance of the system and its magnetic configuration. In
N the geometry chosen for the reported experiments, we as-
) sume that the only source of magnetoresistive effect is the
180 270 360 AMR. The GdFe film having a uniform in-plane magnetiza-
Field angle v (deg.) tion and the current flowing through it being parallel to the
easy axifOx its resistance as a function ¢fis given by
FIG. 1. Results of the model of Sec. Ill A describing the behav-
ior of a single magnetic layer with homogeneous magnetization in R(y)=R, +ARCO§[@( ¥)]= RH—ARSinz['é( M1,
an in-plane rotating field. The reduced field value usediisl, ) )
=0.6. (a—0 Variation of the normalized energy [Eq. (2)] as a whereR, =R(6=90°) [respectively,Rj=R(6=0°)] is the
function of the magnetization angig for different orientation of ~ resistance for a magnetization perpendiculi@spectively,
the applied field:(a) ¢=80°, (b) 95°, and(c) 120°. (d) Possible  paralle) to the current, hence t@x, and AR=R—R; .
stable angular positions of the magnetizafiyr(e) the correspond-  Note that for the GdFe films studie®, is larger thanR, .
ing normalized energ=e(®), and (f) AMR R, [Eq. (4)] as a F_rom Eq.(s’_), we deflne_the normalized AMR, which will be
function of the field angley. Solid and dashed lines if)—(¢) ~ discussed in the following, as
correspond to the first and second anisotropy wells, AW1 and AW?2,

respectively(see text for details ﬁ( ) = R(‘Z)_ R __ Sin2[~9( ™ @)
AR .

Here, we will restrict our discussion to the angular range Oa normalized AMR of O(respectively— 1) thus corresponds
<#<180°. What happens for 180/<360° may be de- {5 a magnetization paralldrespectively, perpendiculato
duced by symmetry. the easy axis and current directions. Figuf® shows the

Because of the way it is prepared before one starts t : o . :
rotate the external field, the system initially finds itself in the?oorrﬂ?:_"ze_doAgA (I;ie;:#;\éeg)? (llﬁt) igovr\?oprtjr:erigrﬂigaigsﬂg (t)diiI’

first anisotropy well AW1, located &t <90° (magnetization  regimeB, the minimum of resistance is reached for the pre-
closest to the easy directiah=0°). Thesecond anisotropy cjse angleys at which the system switches into the second
well AW2 located atf,>90° (magnetization closest to the anisotropy well AW2, irrespective of whether it is allowed to
easy direction #=180°) forms progressively ass ap- pass the energy barrier between AW1 and AWZ '€
proaches 901Fig. 1(a)]. Its depth increases with increasing < M) or forced to stay in the metastable state associated
¢ but, as long asy is less thanyy'=90°, AW2 remains  with AW1 until the barrier vanishes= ).
higher in energy than AW1. Beyondl]' , AW2 gets eventu-
ally lower in energy than AW1 and, therefore, it would be
energetically advantageous for the system to switch into the
magnetic configuration corresponding to AW2. However, to The normalized AMR curveR(y) deduced from the
realize this, the system has to overcome the energy barrigneasurements carried out at 100 K on the single GdFe layer,
that exists between AW1 and AWEig. 1(b)]. If it is unable  in rotating fields of 200, 500, and 2000 Oe are shown in Fig.
to do so, as in the usual Stoner-Wohlfarth model, the systerd. The existence of a well-defined uniaxial anisotropy in the
remains in the metastable state corresponding to AW1 untiGdFe film(with its easy axis parallel to the currgnig dem-
the  energy barrier vanishes. This occurs at a certain afifjle onstrated by the twofold symmetry and the dependence on
(yM>yM, beyond which the system necessarily finds itselffield amplitude of the shape of these curves.
in AW2 [Fig. 1(c)]. The field regime just described, which ~ For H=500 and 2000 OeR(z,b) presents two rather
we nameB, is thus characterized by an abrupt change ofsmooth minima, aty=90° and 270°, the level of which
orientation ofM [Fig. 1(d)] at an angley such thaty'<y  (R=—1) corresponds to the smallest possible AMR value
<y the system avoids certain angular positions, arouan/RH 1=-0.36%), expected to be reached whes y
6=90° and 270%hard axi$. In this regime Bg= ¢ only for ~ =90° or 270°. This clearly shows that the field values of
=0° and 180° H||OX). 500 and 2000 Oe belong to regimé¢H=H,), in which the

(3) For H<H,/2, a field regime we name C, the two magnetization passes continuously through all the possible
anisotropy wells exist and are separated from each other bgngular position®.

s(a u)

B. Experimental results and discussion
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";n' H
Z=1 A
I & -0.5¢
GdFe
-1.0t ; | ‘ ©5
0 90 180 270 360 o
7=

Field angle v (deg.)

FIG. 2. (Open circles Normalized AMR curves deduced from
measurements at 100 K with applied magnetic fields of 200, 500,TpFe
and 1000 Oe on a single 100-nm thick ks, layer. Solid lines
are simulations of the experimental data, using the model of Sec
Il A and assuming that the system always adopts its ground state
magnetic configuration. FIG. 3. (Left) Schematic representation of the spin structure

forming in the TbFe/GdFe bilayer as the external figlds rotated
— . - . counterclockwise an angl¢ away from the easy axis directi@x.

ForH=200 Oe, theR(y) curve still exhibits two minima  gighy Polar plot of the corresponding depth dependence of the
but these are sharp and, more important, higher in vaie ( magnetization angié(z).
~—0.6) than for the two previous field amplitudes. This
reveals that the magnetization is never oriented=af0° or
270°, and therefore that is smaller tharH, (regimeB).
The fact that the resistivity minima still occur faf= ¢

bly followed by the subsequent growth of the “reversed”
fraction of the sample. Furthermore, as is usually the case in
" ano o . . imperfect materials, it is all the more likely that nucleation
=90 (and 270°), as in regimé, shows that at 100 K the occurs in reality at the location of defects with locally re-

system moves from the first anisotropy well A\Nl into the duced anisotropy fiel(compared with that of the main phase
second AW2 as soon as the latter gets lower in energy thalq ), hence lowered anisotropy barrier
a’s .

the former. It is very likely that thermal agitation is respon-
sible for this phenomena.

Simulations of the experimental resistivity curvB$y) IV. TbFe/GdFe SPRING MAGNET
have been carried out, using the model described in Sec. . .
Il A, and assuming that the magnetization always adopts the We now turn our attention to the TbFe/GdFe spring-
angular position that corresponds to the absolute minimunfagnet structure. Its behavior in an in-plane rotating field is
of magnetic energyEq. (2)]. The only parameter of the of course si_gnificantly more com_plex than that_ of_the single
model, that isH, , was fixed to the value of 240 Oe, deduced layer described before. In particular, the chirality of the
from superconducting quantum interference device magneB'OCh wall that forms in the soft layer constituting an _addl—
tometry. Remarkably, this value allows us to reproduce venjional degree of freedom of the system, the magnetic con-
closely all of the experimental datéFig. 2). Then, the figurations possibly adopted are more numerous.
Stoner-Wohlfarth model describes well the behavior of the
single GdFe film in a given magnetic state. From this model,
the height of the energy barrier between the two anisotropy
wells can be evaluated. Fgr=90°, the equilibrium angular We consider here that, in external fields of moderate am-
positions of the magnetization are such thathsi:rH/Ha, plitude such as those used experimentally, the magngtization
from which it follows that the barrier height is simply ©Of the hard layer is frozen at low temperature due to its very
S(H)=A(H)V=1(MH,)(1—H/H,)?V, where V is the high magnetu_: rigidity. The TbFe_magnetlzatlo_n is homoge-
volume of the material susceptible of switching irreversibly"€ous and aligned along ti@x direction, that is the easy
from one anisotropy well to the other. Assuming that thermafXis of the soft layer, as a result of the cooling procedure
fluctuations are responsible for the switching @{wgn , described in Sec_. II. As a B_Ioch wall is expected to form in
which may be the case provided tha{T is of the order of (e GdFe layer, its magnetizatiad can no longer be con-
5(H)/20 (Ref. 15 or larger, an upper bound for the thermal sidered as always uniform, as in the .case.of an |solat§d layer
activation volume may be deduced, which reads(sec' Il). Instead, we assume thist is (still) laterally in-
20kgT/A(H). It amounts to X 10" nm® (for H=200 Oe Variant but makes an angiz) with respect tdOx which is
andT=100 K) and is thus much smaller than the volume ofdepth dependentFig. 3). At the ThFe/GdFe interfacez(
the GdFe film studied, which isx10'° nn®. This suggests =0), the interfacial exchange coupling impose)=0.
that the change in magnetic configuration occurs by means dnless stated otherwise, our discussion will be restricted to
a (thermally assistednucleation/propagation mechanism, in- equilibrium in-plane magnetization configurations since ap-
volving the nucleation of a small “reversed” nucleus, possi-plied, pinning and demagnetizing fields tend to maintain the

A. Model
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180°

270°

(a)

270°

(b)

270°

(©

FIG. 4. (a)—(c) Polar plots of the depth dependence of the magnetization angle, as obtained from the model of Sec. IV A. The calculations

were carried out fot/x=4.5, H/H,=0.625, and several field orientations indicated by arrqasyy=110°, (b) 200°, and(c) 250°. The
profiles corresponding to the different local minima of the enéEyy. (6)] are represented with different line styles.

GdFe magnetization in the plane of the film. This aspect willas equivalent to that of parallel slides of the magnetic mate-

be further discussed in the last part of the paper.

rial at different depthe, having different magnetization ori-

The surfacic energy of the soft layer is obtained by inte-entationd(z) with respect to the current direction, hence
grating, over the layer thicknessthe exchange energy char- gitferent resistivityp(z). The sheet resistand® of such a

acterized by the stiffness constaytthe anisotropy energy of

constantk, and the Zeeman energy corresponding to the in-

teraction ofM with the in-plane external fieltl of angle ¢
(measured fronDXx):
dz

t (do(z)
E:fo[A( dz
5

Equation (5) can be simplified by introducing the ex-
change lengthA=A/K and the anisotropy fieldH,
=2K/M:

2
+K sirf6(z) —HM cog 6(z) — ¢/]

2

+SirP (&)

€

& _[¢][dme
~JAK Jo f3

H
—2i-cog 0(£)— w]} dé. (6)
a

This allows one to deal with a reduced eneegghat con-
tains only two dimensionless parametghs andH/H, . No-
tice that, in the figures of this paperwill systematically be
shifted by—2Ht/(H,\), so thate(4=0,0=0)=0. In order
to determine numerically the magnetic configuratipaéz) ]

that can possibly bémetgstable in the spring-magnet struc-

ture, Eq.(5) was transformed in a discrete form aadvas
minimized with respect tof(z), with the limit condition

layer is then given by
dz

1 ft dz ft

R Jop(2) Jo py—Apsin?[d(2)]’
wherep (respectively,p,) is the resistivity for a magneti-
zation homogeneous and paralletspectively, perpendicu-

lar) to the current and p=p|—p, . As we did for the single
layer[Sec. Il A, Eq.(4)], we define a normalized AMR as
R(lﬁ)/Z[R(lﬂ)—R”]/[R”—RL], where RH:pH/t and R,
=p./t.

Note that the resistance measured on our samples natu-
rally contains a contribution from the TbFe and Si layers.
However, the anisotropic magnetoresistance of GdFe is so
weak (AR/R~0.3-0.4%) that the influence of these layers
with field-independent conduction on tm®rmalizedAMR
defined above, which is the variable discussed in this paper,
is negligible[at first order inAp/p, it cancels out as one

calculatesR(#)].

)

B. Results and predictions of the model

In the discussion that follows, we will restrict ourselves to
the case where the external field is rotated counterclockwise.
Upon varyingys, several energy wells may form depending
on the values ot/N and H/H,. Of course, these always
correspond to minima of théotal energy of the system.

'6(0)=0. The soft film was thus treated as a chain of spingHowever, in most cases, their origin can be identified as
running normal to the |ayefg]'he energy of the chain was being primarily related to the competition between two of the
minimized iteratively and for every values gf the different ~ three energy terms that makes &gEg. (6)]. In particular,
local minima the energy may admit were obtained by start- €nergy wells may appear, which are primarily determined by
ing from different initial conditions. the competition between the Zeeman and anisotropy ener-
In order to compare numerical simulations with transportdi€s. These are equivalent to the two anisotropy wells AW1
measurements, the AMR of the magnetic profiles minimizing(8,<90°) and AW2 @,>90°) appearing in the case of the
e were also calculated. For a layer with an inhomogeneousingle layer, in regime Bsee Sec. lll and Fig.(b)]. In the
magnetization profile and a thickness much larger than thease of the spring-magnet structure, we may define the first
mean free patha few tenths of nanometgrsas the GdFe anisotropy well AW1 as the one corresponding to the mag-
layer (t=100 nm), the total conductance can be consideredietic profile with the spins closest #=0° and the second
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anisotropy well AW2 as that corresponding to the magnetic 5,

profile with the spins closest té=180° [Fig. 4@)]. Energy Eo (@ h=1.0 1) h=0.6 g
wells may also form which arise primarily from, the compe- = g9 e

tition between the Zeeman and the exchange energies. The: /J
are more intimately related to the formation of a Bloch wall '®

in the soft layer. Indeed, as the external field is rotated, a ~
twisted magnetization profile forms in which the spins may ;
rotate either counterclockwise or clockwise, with increasing
distance from the hard lay¢Fig. 4(b)]. These two possible
chiralities of the Bloch wall, which we name, respectively,

ot ando~, may correspond to two energy wells CWand ml " v
CW~, which as we will see in the sequel can possibly coex- v, || v, v
ist under certain conditions. Such a classification of the en-

ergy minima in so-called anisotropy and chirality wells is of 180} (©) h =r9:‘_1—------"““'?’= @ h=02

course arbitrary since a well-identified rightly as being of
one kind(say anisotropyfor a given field angle most often
transforms progressively in a well of the other kitahiral-
ity) upon increasing continuously. Besides, a few situa-
tions exist in which energy wells appear the formation of & s
which does not clearly originate from the competition of two %
particular energy terms among the three that the total energ 0
€ contains; this is especially the case when more than twc
energy wells coexisfFig. 4(c)]. However, the classification '~ 03
proposed is particularly convenient to describe the magnetic
behavior of our complex system in simple words. Thisisthe %% 90 180 270 360 90 180 270 360
reason why we will use it in what follows.

As for the single layer, the behavior of the spring-magnet
structure shows different regimes, depending on the value of F|G. 5. Results of the model of Sec. IV A, describing the be-
the controlling parametetsA andH/H,. We shall now il-  havior of a spring-magnet structure with\ =6 in an in-plane ro-
lustrate this point. Figure 5 shows the results of the calculatating field. Four values of the reduced field are considered, which
tions for a normalized thickness tfA =6 and different val-  correspond to the four groups of grapltat H/H,=1, (b) H/H,
ues of H/H,. In each of the four groups of graphs that =0.6, (c) H/H,=0.4, and(d) H/H,=0.2. Represented in each
compose Fig. 5, we have represented, from top to bottomyroup, as a function of the applied field angle are the angle(t)
the angled(t) made by the “last spin” of the soft layer, the Made by the last spin of the soft laygop), the normalized energy
reduced magnetic energyand the normalized AMRR of € (middle), and the normalized AMR(bottom) of the stable mag-
the stable magnetic profiles, as a functionyof n_etlc profilgs). D_n‘f_erent line styles are used, which correspond to

(1) Let us first consider the case of a relatively |arged|ﬁerent local minima of the total energy [Eq. (6)] (see text for
applied field H/H,=1 [Fig. 5@]. The initial conditions 2c®@I9:

(=0) are such that all the spins are initially aligned alonggjear signature of the presence of the Bloch wall in the soft
Ox [6(2)=0]. This configuration corresponds to the abso-jayer and the difference in resistanB¢0°)—R(180°) is a
lute minimum of energy and the maximum resistance of th&jirect measure of the amount of magnetization twist in the
system R=0). As H rotates progressively towards=90°  wall.

(counterclockwisg the spins are dragged away from the  As y just exceeds/y'=180°, the CW energy well[wall
#=0° direction and a wall with chirality " starts to de- ith chirality o™, Fig. 4b)] in which the system sits be-
velop. This leads to an increase of energxchange and comes higher in energy than that corresponding to a mag-
anisotropy and a decrease of resistance. Because the appliggbtic profile with a wall of opposite chirality ~, that is the
field is large, the magnetic profile evolves in a continuouscw~- well. However, an energy barrier separates C¥nd
manner(single energy wellin the vicinity of the hard axis  cw~. Fromy™, the system may thus stay in the metastable
(¢~ 90°). At a certain field angle slightly larger than 90°, 5+ state or, if a mechanism exists that makes this possible,
the resistance reaches a smooth minimum, which COrT&yercome the energy barrier and fall into the energetically
sponds to the maximum of magnetization perpendicular qnore favorabler~ state. If the system succeeds in escaping
the current direction. A$i rotates further beyond 90° and fom cw*, a discontinuous change in magnetic profile oc-
approachesz/= 180°, the system is in the CWenergy well. curs (" —o "), which allows to reduce the energyand
The energye keeps on building up, which is entirely due to ynwind the wall upon further rotating the field. If, on the
an increase in exchange energy, since anisotropy energy NQWntrary, the system cannot overcome the barrier, the chiral-
decreases. Fop=180°, 6(t) is nearly 180°. However, the ty of the wall remains unchanged and the total enargynd
resistance is not maximunRE —0.17). This feature is the the magnetization twist keep on building up continuously as

w) 0() (deg.)

Angle v (deg.) Angle y (deg.)
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& increases abovg!'. In this case, the AMR increases until + oo
it reaches a maximum at> 7', then goes through a 10%
smooth minimum at/>270°, the level of which is higher
than that of the first minimum observed close e 90°
(nonequivalent magnetic profilesFurthermore, the system
is forced to stay in the CW well until the barrier vanishes.
This eventually occurs for a field anglgg">¢cm. Beyond
1//CM , the system necessarily finds itself in the C\Well and
the chirality of the wall must have changed frani to o~ : : :
to minimize exchange energy. Th_e discontinuous change in 0 1)2 1 3}2 >
magnetic profile manifests in thR(¢) curve either by a H/H

broad pointed maximum if it occurs exactly fap= '

N 182 or byMan abrupt change in resistance if it takes place FIG. 6. Calculated phase diagram showing the domain of exis-

at Yo <¢=ig . Note that for reasons Sf symmetry, the tence of regime#\, B, C, andD as a function of the input param-

AMR curve is necessarily such thR(y)=R(360°— ¢) af-  eterst/» andH/H,. The stars indicate the simulations of Fig. 5.

ter the change of chirality. The crosses correspond to the experimental data of Fig. 8, and the
In summary, the behavior just described, which belongs t@pen circles correspond to those experimental data of Fig. 8 that are

a regime we namd\, is characterized by a continuous in- compared with the model calculations in Fig. 9.

crease of magnetization twist interrupted by an abrupt

change of wall chirality at a given angle’< y< ' (where  exist, the system is confined in a metastable S@ié1), the
Y{'=180°), followed by a continuous unwinding of the wall. twist in the magnetization profile is very limited in amplitude

(2) As the field is reduced tbl/H,=0.6 [Fig. 5b)], the  [P(t) never reaches 180°] and no discontinuous change is

effect of the uniaxial anisotropy of the soft layer is more observed in the magnetic profile aﬁaw) curve[solid lines

pronounced and the magnetization does no longer rotate COlL Fi o)1, In the ooposite cadaliscontinuous lines in Ei
tinuously when the external field is oriented close to the hard 9. X0 pp s 9.

axis (i slightly larger than 90°). As in the case of the single °(©)]: @ domain wall of large twisf 6(t)=180°] may form
layer in regimeB, two anisotropy wells AW1 and AW2 co- and beyond the angig= ;' at which it escapes from AW1,
exist in this angular range. These correspond to magnetif?® System behaves more or less as in regémiehis behav-
profiles with the same wall chirality*, but different mag-  [0r i part of a regime that, by analogy again, we &ll
netization twists[Fig. 4@]. As for the single layer, there _ (4) Finally, for the very small field oH/H,=0.2 [Fig.

exists a field angle/™ (4M>90° in this casebeyond which ~ 2(d)], @ single energy well existAW1), whatevery. The

the first of these anisotropy wells AW1 gets higher in energy,ﬁeld is so weak that the magnetization cannot be pulled far

hence energetically less favorable than the second one AwaWay fromé#=0°. The system is necessarily in a state simi-
but an energy barrier still separates AW1 and AW2, as wel a}r_ to the metastable solution of regin® We name this
as an anglesY'> ¢/ above which this barrier vanishes. This ultimate regimeD.

kind of behavior that belongs to a regime we name also B, b Depending on the normalized thiCkne.mS' the transition
analogy with the case of the single layer, is very similar to etween the different regimea. to D) defined before occurs

the previous one as far as the change of wall chirality i at different fields and all the regimes are not even permitted.

concerned. The main qualitative difference between regim igure 6 shows a calcu_lated phase diagram indicating what
A and regimeB is that the magnetization undergoesadiscon—reglme occurs for_ a given C°“p'.e of pa_ramete‘r)s and
tinuous change of orientation not only at an angfé< H/H,. The stars in this phase diagram indicates the four

M o . . particular cases treated previoustyN\=6, H/H,=0.2, 0.4,
<y (change of chirality, as in regimeA, but also at an 0.6 d1 s | f this di It

ley"<y<yM. The passage from AW1 to AW2 gives _ ' and 1. Several aspects of this diagram call for com-
angie ya = y=yy . © passag 9 ments. In the limit case of infinite thickness, the influence of
rise to a sudden drop in resistance and the argét which

i S X v __the interfacial pinning is of course negligible. Regimeis
this occurs is immediately followed by a sharp minimum in permitted as the two anisotropy wells AW1 and AW2

the AMR curveR(y). Note finally that if the change of exist at very low fields. As expected, the soft layer behaves
chirality occurs beforey reaches 360° ', the AMR curve  as if it were an isolated layer with uniaxial anisotropy. When
will also exhibit, at an angle slightly smaller than 270°, anthe thickness is reduced, the importance of the interfacial
abrupt increase corresponding to the transition of the systempinning naturally enhances. Its first obvious effect is to pre-
from AW2 back to AW1. However, for the sake of simplicity vent the existence of the second anisotropy well AW2, hence
and conciseness, we will not discuss in more details whathe access to it, for the lowest fiel®gimeD). More gen-
happens in this case. erally, pinning creates an imbalance between the two easy
(3) If the field is further reduced tbl/H ;= 0.4[Fig. 5(c)], directions of magnetization and favors AW1 at the expense
the energy barrier between AW1 and AW2 never vanishesf AW2. As a result, the field span of reginiis reduced:
(the anglewg" does not exist anymoyeThe system can thus regimeA extends on this side dfi, and regimeC extends
escape from AW1 only if a mechanism exists that allows it tobeyondH,/2. Finally, for the smallest thicknesseg =<2
overcome the energy barrier. If such a mechanism does négpically), pinning (exchangg strongly prevails over anisot-

1A
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FIG. 7. Calculated evolution of the critical angle of chirality
reversaly) as a function of the reduced field/H,, for various
normalized thicknesse$\ of the soft layer.

AR/R,, (%)

ropy. As a consequence, reginB&ndC do not exist and a
direct transition exists from regim& to regimeD. i
We have shown that in regimes and B, and also in -0.2L 15008 (&)L 1000¢ ()
regimeC, if the system can escape from AW1, which we will
assume in the rest of this section, a counterclockwise)(
magnetic spiral forms in the soft layer when the applied field

IS rotate.d CounterclockWISe_. As the rotation passs FIG. 8. Magnetoresistance ratbR/R;=R()/R—1 vs field
=180°, it becomes energetically more favorable to have @ngley, as deduced from the measurements carried out at 50 K on
clockwise () twist of the soft layer magnetization. HOW- a Th.Fe,; (50 nm)/GddFes, (100 nm) spring-magnet structure.
ever, unless a mechanism exists that allows it to overcomghe magnitude of the rotating field is indicated next to the curves.
the energy barrier existing between these two configurations,
the system cannot adopt immediately the less energetic  sarily be accompanied by @* — ¢~ transition. In this re-
magnetization profile. It can only do so at a certain criticalgime, the change of chirality is therefore directly related to
angle ¢2A for which the energy barrier vanishes. Figure 7the stability of the second anisotropy well AW2. This is the
shows the variation of this critical angle as a function of thereason why the critical angle is of order 270° and is not very
reduced fieldH/H 4, for different normalized thicknessés sensitive to the soft layer thickness.
of the soft layer. Depending on the valuestbt andH/H,, (3) For large thicknesses and fields, there is no switching
the change of chirality ag/;ﬂ" is driven and determined by from one anisotropy well to the other anymore and the do-
qualitatively different mechanisms. We shall discuss thismain wall would go on winding continuously if this did not
Now. lead to an excessive exchange energy. Then, in this case, the
(1) For small thicknessegand large fields necessaly o —o~ transition essentially occurs to release exchange
the domain wall extends over the entire film thickness. Theenergy. As in our model the change of chirality necessarily
rotating field drags the spins in the soft layer rather far awayproceeds by unwinding of the domain waivhich will be
from 9=0°. However, as long ag<" , these lag in ori- described in more details lajerthe value ofyy' is deter-
entation well behind the field. As an illustration, the angle ofmined by the competition between the exchange energy that
the topmost spifd(t) is only 180° whenyg=200°, fort/x |s.reduced and the Z_eemgn energy that increases as.the. spins
=3 andH/H,=1. The total energy of the system is thus ahg_n parr_;\llel to the direction of the hard Iay_er magnetization,
dominated by the exchange and the Zeeman contribution§uring this process. The Zeeman energy rising with increas-
The change of chirality then occurs to reduce simultaneousli'd applied field, the predicted variation ¢¢' with H is a

90 180 270 0 90 180 270 360
Angle v (deg.) Angle v (deg.)

these two energy terms of comparable importance. monotonous increase.
(2) In the case of large thicknesse§N>4) and low
fields, it is anisotropy that primarily determines the critical C. Experimental results and discussion

angleyy . The behavior of the spring-magnet may be sche-  Figure 8 shows examples of AMR curves recorded at 50
matized_as_ follows. As) approaches 270¢thard axig, the K on the TheFeys (50 nm)/GdgFes, (100 nm) bilayer by
system is in the second anisotropy well AW2 and many Ofrotating the external field successively counterclockwise and
the “soft” spins are oriented such that 188%(z)<360°.  clockwise. Several characteristic features of these curves
As ¢ gets larger than 270°, anisotropy tends to make theselearly indicate the formation of a twisted magnetization pro-
spins switch(irreversibly back towards th&d=0° direction file in the soft layer upon rotation dfl. First, the minima in
(AW1 well). If this occurred by further rotating the spins the AMR curves never occur at 90° and 27®1 parallel to
counterclockwise, i.e., without a change of the wall chirality,the hard axis whereas they systematically do so in the case
this would result in a dramatic increase of exchange energyf a single GdFe layefSec. Il B). Second, the level of re-

To avoid this, the switching from AW2 to AW1 must neces- sistance reached when the field is orientedyat180° is
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significantly lower than that measured at the very beginningised the exchange constadgssq, Jadre: aNdJrerereported

of the rotation ¢4=0°), that is, for a state in which the GdFe by Hansen and co-worket8the interatomic distances given
magnetization distribution is without fail uniform. Third, the by Cargill 1’ and the formula established by Haseg&tand
(local) maxima of resistance observed about half wayMimura et al® that relatesA to the aforementioned param-
through the counterclockwigeespectively, clockwiSeAMR  eters in the case of ferrimagnetic amorphous alloys. We ob-
curves are systematically shifted towards largespectively, tained A=6x10" 7 erg/lcm, from which we deduced
smalle)y angles with respect to the position where they ap-— JA/K=22 nm (using K=1.2x 10° erg/cn?, see Sec. )|
pear for the single layer, that ig,= 180°. Last, even atfields and ultimatelyt/\ =4.5. The only parameter that was ad-
much larger than the GdFe anisotropy fieith=240 Oe justed so as to get the best possible agreement between
[Figs. 8a, b], the experimental curves exhibit rotational theory and experiment is the valueRf for the bilayer(see
hysteresis and abrupt, irreversible changes in resistance. Ngec. v A), a parameter not accessible experimentally but

such changes being expected, neither observed, for a Sq{({écessary to work out the normalized AMRfrom the ex-
layer of uniform magnetization, these can undoubtedly b‘?)erimental data

attributed to a change of chirality of the wall formed in the Figures 9, i) illustrates the fact that, with the immedi-

GdFe layer. : . -
. . ly noti le ex ion of the chirality reversal angl -
Most of the regimes evoked in Sec. IV B are representeciltey oficeable exception of the chira ty reversal angle, ca
culated data can reproduce experimental ones rather closely.

in the AMR curves of Fig. 8see Fig. . Those of Figs. . :
8(a—9 (H/H,=2.50, 1.67, 1.25) show deep minima and a_'I'hus, our mode[Sec. IV A) seems successful in determin-

continuous variation of resistance in the vicinity of the hard!"d the stable configurations of the magnetization before and
axis, which are characteristic of reginfe Curves of Fig. after thec ™ — o~ transition. This agreement is also a strong
8(e) (H/H,=0.63) exhibit sharp minima immediately pre- SUPPOrt of our gssymption .that the magnetization twist does
ceded or followed by abrupt changes in resistance, which ar@ot penetrate significantly into the hard TbFe layer, for the
characteristic of regim®, while those of Fig. &) (H/H,  applied field amplitudes used in this workl &£1000 Oe).
=0.83) correspond almost exactly to the boundary between At very small fields, howeveiFig. A(c)], the experimental
regimeA and regimeB [Fig. 6]. Finally, the AMR curves of AMR data deviate significantly from the theoretical ones in a
Fig. 8(f) (H/H,=0.42), with their abrupt drops of resistance narrow range of field angle extending approximately frggm
preceded by flat region®r very shallow minima are em- to the sharp resistance increase associated with the AW2
blematic of regimeC. Interestingly, the data of Fig.(® re- —AW1 transition[ /~245° in Fig. 9c)]. This deviation is
veal the formation of a wall of large twisfR(180°) found to get stronger and stronger as the temperature and/or
the field is reduced. Simultaneously, the resistance jump cor-

<R(0%)], even in that low field regime where the energy responding to thes™ — o~ transition becomes more and

barrier between AW1 and AW2 never vanishes theoretically, . ' ;
. : T ; more ill-defined. In the angular range discussed, the system
Obviously, this barrier is overcome. Note finally that the ex- ' : .

: . - does no longer behave as a single chain of spins and the MR
perimental setup used did not have the thermal stability "€ urve lies somewhere in between that predicted far'a
quired to observe regimB. In this regime indeed, the AMR wall [dashed line in Fig. @)] and that rSdicted for a-
response of the sample studied was similar in amplitude as [dotted line in Fi géc)] This su pests that lateral in-
the changes in resistance induced by temperature fluctuatios o 9. - [TIS Suggests t
as small as 0.1-0.2 K. homogeneities in the magnetization d!stnbutlon of the GdFe

Except for the features related to the chirality reversal, thelczarﬁrea:”:‘m;?l datsh;?esusgssetzeTer?t?gadg:nialirr]lsﬂc])? oCh%nsgi]tZ ;:ir\/;ﬁ‘_”
normalized AMR curves do not show large global change o coﬁxist in thé GdFqua ery, PP
with varying temperature. Their amplitude and shape rema Whatever be the tem e?/atﬁre and the field amplitude, the
almost the same, for a given field value. Furthermore, th%\MR d i hp inted : b m
transition from regimeA to regimeB, which, as we have curve does not show a pointed maximum yat i

seen before, clearly manifests by the appearance of suddenl80°. InsteadR(¢) keeps on rising towards a smooth
resistance jumps in the vicinity of the hard axis direction, ismaximum, generally located far beyong{'=180°. This
found to occur always foH slightly smaller than 200 Oe, shows clearly that the change of wall chirality does not take
irrespective of the temperature. This reveals that the anisoplace at/]', i.e., immediately after the CWenergy well got
ropy fieldH, and the exchange lengthdo not vary greatly lower in energy than CW. A comparison of the experimen-
between 12 and 100 K. tal and calculated daférigs. 9c, f, i)] reveals, however, that
Once again for the sake of simplicity, we will from now the transition occurs well beforg! , that is, the angle at
onwards restrict our discussion to the experimental data olwhich the energy barrier between CWand CW vanishes
tained with the field rotated counterclockwise. Figure 9 com+theoretically. From these observations, it follows that the
pares normalized AMR curveR(y) deduced from the mea- spring-magnet system remains for a long-time prisoner of the
surements at 50 K with simulations. For this comparisonmetastabler* state, but yet escapes from it at an angle such
limited to few field values, the experimental data were chothat /I'<¢<yY . Moreover, transport measurements con-
sen so that each of the regimAdFig. Xi)], B [Fig. 9f)],  firm that it is possible to create, in TbFe/GdFe spring-magnet
andC [Fig. 9c)] be representeee Fig. 6. The simulations  structures, Bloch walls with a twist larger than 18@ig. 9),
were performed withH ;=240 Oe(see Sec. Il B. Togetan a result already obtained from polarized neutron
estimate of the exchange stiffnessin the GdFe layer, we reflectometry’ As expected from our model, the AMR
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FIG. 9. (c, f, i) Comparison betweemR(y) curves deduced from the experiments per-formed at 50 K on gFé&f (50 nm)/
Gd,gFesp (100 nm) spring-magnet structufepen circleg and the results from the model of Sec. IV(knes), assuming/\=4.5 andH
=240 Oe, for three different field value&) H=100 Oe, (f) H=150 Oe, andi) H=300 Oe, corresponding to regim€s B, and A,
respectively. Also represented are the corresponding theoretical angular variations of thé(8ngle d, 9 and of the energy (b, e, b
associated with the stable magnetic préfil®f the soft layer. As in Fig. 1, different line styles are used, which correspond to different local
minima of the energy [Eq. (6)].

curves obey the symmetry relationshiﬁ( ¢)=§(360° lytical manner, as in the case of the single GdFe ldger.

— ), for Y=y, in regimeA [Fig. %i)]. Il B) and its evaluation is beyond the scope of the present
Figure 10 shows the variation of the angular position ofWwork. However, even if this barrier height proved strongly
the first AMR minima,i,, as a function of the field strength, reduced, as compared to the case of the single GdFe layer, it

together with those expected from the model for the particu-

lar a_mgles:pg1 (regimesB and C, _89sHs192 Oe) andgbg" D[C B A 0 100K
(regimeB, 137<H=192 Oe) defined in Sec. IV B. One may 150+ 3 o 50K
immediately notice that, coincides rather well withy]' in A 25K
both regimesB and C. Thus, we can conclude that, as the ~ ¢ 12K
single soft layer, the spring-magnet system rapidly mini- &

mizes its energy ag exceedsy] by switching from the T 120;

more energetic anisotropy well AW1 to the less energetic 7

AW2. Therefore, there exists also for the spring-magnet a TR <

mechanism that makes it possible to pass the energy barrier Oy .
between AW1 and AW2 and escape from metastable AW1. 900 ‘ 250 500 1000
At 100 K, the agreement betweef, and ¢ is perfect. At H (Oe)

lower ntqemperatures, howeve(l/'a 'S_ systgmatlcally larger FIG. 10. (Symbols Experimental variation of the angular posi-
than ¢;;' (though it does reacky; , in regimeB). Further-  on of the first AMR minimumy, (90°< y,<180°) as a function
more, y, increases with decreasing temperature and the difpf the applied field amplitude for various temperaturés) (L0O K,
ference ,(T) — 4 increases with decreasing field. These(0) 50 K, (A) 25 K, (¢) 12 K. (Lines Results from the model
observations are consistent with a thermally activated transkealculations. The solid linéregimesB andC) and the dashed line
tion from AW1 to AW2. The height of the energy barrier (regimeB) correspond to the field variations of the particular angles
between AW1 and AW2 cannot be obtained in a simple anag and 4 , respectively(see text for details
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240

Fig. 9c)]. This is an indication that the occurrence of the
maximum in they.(H) curve could in fact be related to the
formation, at small fields, of a multidomain structure in the
soft layer, rather than to a real change of chirality reversal
process.

Another still open question relates to the temperature de-
pendence ofj, at large fields. Trivially, one would expect
thermal agitation to help in the jumping of the energy barrier
that separates CWand CW, as it helps to pass one sepa-

- ‘ - ‘ - rating AW1 and AW2, and therefore to give rise to a decrease
0 200 400 600 800 1000 of 4., with increasing temperature. Unexpectedly,is found
H (O¢) to behave in the opposite way, that is to increase continu-
ously with rising temperature. This shows that, if thermal
activation plays a role in the determinationaf, this role is
“either minor or nontrivial. On the other hand, it seems un-
likely that the rather large thermal variation ¢f observed
be (entirely) ascribable to a variation with temperature of the
intrinsic magnetic parameters of the system, namely, the ex-
can be ascertained that the corresponding thermal activatiathange length and anisotropy field. Although variations of
volume upper boundsee Sec. llI B, though increased, andH, cannot be excluded, these must necessarily be small,
would still remain many orders of magnitude smaller thansince as already mentioned before, the angular AMR re-
the total volume of the soft layer. Therefore, here again, aponse of the ThFe/GdFe bilayer is globally unchanged in
nucleation-propagation mechanigpossibly defect assisted the temperature range investigated and no variation of these
is certainly implicated in the AW AW?2 transition. controlling parameters had to be introduced in the model in

Finally, it must be noticed that, in regiméA(H order to simulate successfully the AMR curves recorded at
=192 Oe), ¢, follows perfectly the field variation predicted different temperatures. Furthermore, if some variationid of
by the model. With increasing field, tends asymptotically were responsible for the observed behavior, their effect
towards 90°. This corresponds to the increasingly large comshould diminish, hence thé.(H) curves corresponding to
pression of the Bloch wall against the hard ThFe ldyer. different temperatures should tend to merge as the amplitude

Figure 11 presents the experimental variation of the criti-of the external field increases. This is in contradiction with
cal angley. as a function of the field amplitude, for various the experimental observatiofiBig. 11).
temperatures. Contrary to that m{:“ (Fig. 7) determined What has not been considered so far is the possibility to
from our model, the field variation af, is not monotonous. have a magnetization oriented out of the plane, at least dur-
With increasing field, it first shows a rapid increase in a fielding the chirality reversal. Our one-dimensional model can
range corresponding approximately to regir@e then a  readily be modified to include this possibility: The total sur-
maximum close to the boundary between regihand re- facic energy of the system has to be rewritten as
gime B, followed by a steep decrease leading to a broad
minimum atH,,=250-400 Ogdepending on the tempera- f [de\?
ture), which is somewhere in regim&, and finally a slow f A dz coSe+A
increase at large field values. Concomitantly, the abruptness
of the transition varies also in a nonmonotonous manner, and )
appears as maximum Bi,, (Fig. 8. Then, in addition to the —MH cog 0= #)cose+2mMsirfe
fact that it cannot predict the correct value of the critical
angle ¢, our one-dimensional model is also unable to ac-where¢ denotes the angle of the magnetization with respect
count qualitatively for the complex field behavior ¢f. As  to the plane of the film. This energy being an even function
already mentioned, this model allows only one mode ofof ¢, the in-plane configuration, solution of E@), remains
chirality reversal. This is the unwinding mode in which the an equilibrium solution of Eq(8). A priori, this in-plane
spins remain in the plane of the layers: the spiral profileconfiguration may get unstable if the decrease of exchange
unwinds so that the spins get parallel to the pinning directiorenergy following a reorientation of the magnetization out of
and then it winds in the opposite direction. The incapacity ofthe plane is larger than the concomitant increase in demag-
the model used to reproduce, even qualitatively, the experiretizing energy. However, a reversal mode involving such a
mental variation ofi. suggests that different processes ofreorientation was not found numerically for the set of param-
chirality reversal might occur in our spring-magnet structureseters M, A, K) describing the system studied.
depending on the field strength. One may notice, however, The chirality reversal of a Bloch-like wall has also been
that those data points located on the lower field side of thatudied recently, by means of torque magnetometry, in
sharp maximum in the field variation @f. (open symbols in  exchange-spring magnets consisting of epitaxial SMZb
Fig. 11) correspond precisely to those temperature and fielhm)/Fe (5-50 nn) bilayers, by Platt and co-workef$The
values for which a clear deviation is observed, beygnd  range of external field amplitude considered by these authors
between the experimental and the calculated MR fiseé® (1-12 kOge is, however, different from that investigated in

FIG. 11. Experimental variation of the angle of chirality reversal
. as a function of the applied field amplitude, for various tempera
tures:(squareps 100 K, (circles 50 K, (triangles 25 K, (diamond$
12 K. The lines are guides to the eye.
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the present work0.1-1 kOge since it is much closer to the amplitude is applied to it. The experimental observations
field beyond which the hard layer irreversibly switches itshave been explained by considering the anisotropic magne-
magnetization. As a result, the magnetization distribution oforesistance changes associated with the progressive winding
the hard SmCo layer could not be considered as unaffecteghd unwinding of this spiral profile. Experimental data have
by the applied rotating field since the magnetization twistheen modeled using a simple one-dimensional micromag-
penetrates significantly in it. Maybe due to this difference innetic model in which the hard TbFe layer magnetization is
the expe_r?mental conditions, the thermal and field behaviorgupposed to be frozen and the soft GdFe layer is treated as a
of the critical angle found by Plagit al. are completely un-  chain of spins running normal to the ThFe/GdFe interface. A
like those we report heref, increases with decreasing tem- 44,4 agreement found between the experiment and the simu-
perature and exhibits a maximum in its variation with the|ation confirms our postulate that AMR is the main source of
external field amplitude. Interestingly, using three- ,oqnetoresistance in the ferrimagnetic TbFe/GdFe hard/soft

dimensional micromagnetic simulations, the authors havectyre. If a domain wall magnetoresistance effect associ-
shown the existence of another possible mode of reversal Qfieq with the presence of the Bloch-like wall exists in this

the wall chirality, named the fanning_ mode. (;ontrary to thestructure, it is very weak compared to AMR, as already ob-
unwinding mode, the fanning mode is a localized mode: thggrved in similar systents.

micromagnetic structure of the film is not laterally invariant  The model calculations have shown the coexistence. in

during the revgrsaﬁ? In this new mode, the spiral structure .o ain ranges of field angle, of several possible magnetiza-
of the magnetization distribution is maintained during the;y, profiles corresponding to local minima of the total en-

reversal and the spins fan out of the plane, thus av_oiding thg, y of the magnetic system, containing exchange, Zeeman,
large Zeeman energy enhancement that accompanies the Wally (unjaxia) anisotropy contributions. These profiles may
unwinding. This mode is characterized by a decrease of thgiser by the amount of magnetization twist only or by the
critical angle with increasing external field and is energeti-ymoynt of twist and the chirality of the helical profile. In the
cally more favorable than the unwinding mode at large fieldSgist case, the energy wells find essentially their origin in the
The occurrence of a transition from the u_nwmdlng mode anmpetition between the Zeeman and anisotropy energies
small fields to the fanning mode at large fields has thus bee(hnisotropy wells whereas in the second case, they arise
proposed by Platet al. as a possible explanation for the mainly from the competition between the Zeeman and ex-
nonmonotonous field variation afc, in SmCo/Fe bilayers.  change termgchirality wells. Experiments have allowed us

In our case, a similar explanation does not hold and, fok, getermine in what energy well the system actually finds

obvious energetic reasons, the fanning mode cannot bgseif for a given field angle and in what circumstances it
evoked to account for the field variation gf below H,. asses irreversibly from one magnetic configuration to an-

Furthermore, it is important to note that although the modepher. For the anisotropy well transition that exists solely at

calculations of Ref. 21 allowed the authors to reproducge|atively small fields and occurs as the field is oriented close

qualitatively the field behavior o for the SmCo/Fe sys- g the soft layer hard axis, it has been found that the system
tem, the calculated values of the critical angle are, like in OUkapidly minimizes its energy by switching almost immedi-
case(wherey<yy'), systematically greater than the values ately from the more energetic metastable state to the ground
deduced from the experiments. As Platt and co-workers, Wetate, despite the energy barrier that, according to our model,
believe that the reason for this is that more complex phenomseparate the two anisotropy wells. Indications have been
ena are implicated in the chirality reversal. In particular, de-gjven that this transition is thermally activated. In contrast,
fects might also play a major role in this process, especiallfhe chirality reversal has been shown not to occur as soon as
at small fields. It is likely that, as for the anisotropy well the chirality well the system occupies gets metastable. Yet,
tranSition, the Chll’allty reversal occurs in rea”ty thl’ough theth|s transition happens well before the energy barrier that
(also possibly thermally activateducleation of a small re- geparates the two chirality wells vanishes. The critical angle
versed nucleus in a favorable region of the soft film, fol- 5t which the wall chirality reverses has been shown to ex-
lowed by the subsequent growth of the reversed fraction ofipit peculiar and still unexplained field and temperature be-
the sample. haviors.

In order to improve our understanding of the chirality  Finally, we wish to emphasize again the fact that the
reversal process, we are currently performing after-effectrhre/GdFe ferrimagnetic system studied in this work is in
measurements designed to look at the dynamics of this pragnany respects similar to the usual antiferromagnetic/
cess and numerical calculations of the helght of the intrinSiQerromagnetidAF/F) |ayered heterostructures. In particu]ar,
energy barrier that must be overcome. The results of thes@e ThFe/GdFe system shows exchange bias at low tempera-
investigations will be the subject of a future paper. ture. In our system, the magnetic configuration at the inter-

face is, however, a simple Bloch wall, as suggested by Mauri
and co-workeré? whereas in AF/F structures it can be sig-

V. CONCLUSION nificantly more comple%® The present paper demonstrates
that angle-dependent magnetotransport measurements can

Magnetotransport measurements, in the CIP geometryprovide precious insights into the magnetic configuration at
have been used to study the twisted magnetization profilehe interface of exchange-coupled ferrimagnetic bilayers.
forming in the soft GdFe layer of a ThFe/GdFe spring-They could just as well do so for AF/F structures. They
magnet structure, as a rotating external field of moderatenight help in clarifying whether or not magnetic domain
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