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Inverted hysteresis loops in magnetically coupled bilayers with uniaxial competing anisotropies:
Theory and experiments
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The magnetization reversal processes in magnetic bilayers with individual uniaxial anisotropies have been
studied, both theoretically and experimentally, to analyze the possible existence of inverted hysteresis loops,
that is, with negative remanent magnetizatiov,f. Kerr effect measurements in amorphous YO0Co,
bilayers and alternating gradient magnetometry in polycrystalline FeNi/FeNi samples revéd} th@tcan be
observed for certain directions of the applied magnetic field in the sample plane. This property has also been
found in CoNbZr films annealed under an applied field. Our theoretical approach shows that the behavior of
these magnetic heterogeneous systems with two coupled uniaxial anisotropies can be understood in terms of
two competing effective anisotropies, one biaXialth K,;,,) and one uniaxialwith K ,iax . In particular, a
phase diagram has been deduced for the condition§,gp andK,,iax that can produce negative remanence.

This description indicates that, under those anisotropy conditions, inverted hysteresis loops can be observed for
an applied field close to the hard axis of the effective uniaxial anisotropy, when magnetization reversal is
driven by rotations and not by domain nucleation and wall movement. To consider the real situation in a
YCo,/YCo, bilayer sample, the predictions of this phenomenological model have been further improved by
micromagnetic calculations, which are in very good agreement with the magneto-optical measurements.
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[. INTRODUCTION tems to analyze magnetization equilibrium states at zero ap-
plied fieldX® Experimentally, systems of coupled bilayers
The study of magnetization processes in magnetically hetwith orthogonal uniaxial anisotropies have been considered,
erogeneous systems, where regions with different magnetieither in the case of two planar anisotropfes when one of
anisotropies are magnetically coupled, is nowadays a rehem is perpendicular to bilayer plaft.
search field of great interest. Important examples of these One of the most suggestive behaviors of magnetically het-
systems are magnetic multilayérspin valves: or nano-  erogeneous systems is the possible presence of inverted hys-
structured systems where two magnetic phases coeRist.  teresis loops, that is, with a negative remanence. These loops
pending on the particular configuration of the magnetic couhave been theoretically predicted for ultrathin films with
pling, a variety of magnetization behaviors can be presentompeting uniaxial and biaxial anisotropf@sAlso, they
even in simple systems. have been observed in several systems, but their particular
An important case, interesting from the fundamental andnterpretations are based on different origins; inverted loops
applied points of view, is the study of magnetic bilayers,are found in Co-O-based compourfdsyhere they are justi-
where the presence of an intermediate nonmagnetic layer cdied by the exchange anisotroff{in Ag/Ni multilayers® and
produce an effective coupling between magnetizations of 0{Ni,Fe)-SiO, granular films?® interpreted by the magneto-
(ferromagnetit, 180° (antiferromagnetic or 90° (biqua-  static interactiond®?” and in epitaxial F&L11) films, where
dratic), due to the oscillatory behavior of the bilinear indirect they have been related to the component of the magnetiza-
exchange as a function of the intermediate layertion that is perpendicular to film plarf® On the other hand,
thickness'~8 Also, in magnetic bilayers without any kind of to our knowledge, the existence of inverted hysteresis loops
separating layers, effective couplings either of 0° or 180°in one of the most simple magnetic systems, such as a bi-
can be found:'° Several important factors must be consid- layer coupled by ferromagnetic direct exchange, has not been
ered to understand the properties of these systems; the sym@mnralyzed.
metry, magnitude, and orientation of the anisotropy in each In this work, we report, experimentally and theoretically,
layer are fundamental to analyze the magnetization process#®e presence of inverted loops in magnetic bilayers where the
and the torque magnetometry measurem&ntsand, fur- two ferromagnetic coupled layers have individual uniaxial
thermore, the global magnetostatic coupliig® and the anisotropies in the sample plane. The general case of
coupling between domain watfs*® must be taken into ac- anisotropies with different magnitudes in each layer and dif-
count for the study of bilayers without exchange coupling. ferent relative orientations has been considered. Our theoret-
In fact, the role played by anisotropies of the layers in theical approach generalizes a model proposed by Tetai.
magnetization reversal has attracted a great interest; in thand it is found that the global behavior of the bilayer can be
way, a theoretical study has been reported on the magnetizdescribed as the competition of a biaxial and an uniaxial
tion processes in antiferromagnetically coupled multilayersanisotropies acting on the average magnetization of the
when cubic and uniaxial anisotropies are preséAtso, fer-  sample. Therefore, the magnetization processes can be ana-
romagnetic coupling has been considered in equivalent sydyzed in a similar framework to the model proposed by Arrot
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for ultrathin films??> We have clarified the anisotropy condi- onto continuously transported Mylar substrates. The stray
tions and the applied field directions that result in the obserfield of the planar magnetron induces an in-plane uniaxial
vation of hysteresis loops with negative remanence in thisnisotropy along the transport direction. The anisotropy
simple systems, making a detailed comparison with the exfields of the as-grown samples are about 30 Oe. Afterwards,
perimental results. the samples are annealed at 200 °C under a transverse field,

This article is organized as follows: In Sec. Il we presentapplied in the perpendicular direction to the as-grown
the different samples used for this work together with theuniaxial anisotropy? It favors the coexistence in the samples
experimental characterization of the inverted hysteresisf different regions with orthogonal uniaxial anisotropies.
loops. Our theoretical study is included in Sec. lll, where we In general, we have analyzed the magnetic properties of
have also performed micromagnetic numerical calculationshe samples by the magneto-optical transverse Kerr effect.
to consider the width of the domain walls neglected in the
analytical model. Finally, in Sec. IV we compare theory and (a)
experiments and discuss the applicability of the model to MH/MS
other magnetically heterogeneous systems.

A

Il. EXPERIMENTAL RESULTS 057

The inverted hysteresis loops have been studied in
samples of three different magnetic heterogeneous system:
amorphous YCg/YCo, bilayers, polycrystalline FgNigg/

Fe oNigg bilayers, and, for comparison, amorphous CoNbZr
single layers annealed under an applied magnetic field.

The bilayers have been prepared on corning glass sub
strates by cosputtering of pure material targ8t3ypical
sputtering pressure is 16 mbar, with a base pressure in the
10" ° mbar range, and the thickness of each individual layer
has been varied in the 10—-100 nm interval. Due to the ge-
ometry of the system, the sputtering incidence direction
forms an angle with the substrate normal. It allows fabrica-
tion of the magnetic layers with in-plane uniaxial anisotropy,
in which the magnetic easy axis is perpendicular to the plane
defined by the sputtered atomic beams. In this way, the an
isotropy fields of the single layers can be as high as 100 Oe
in the FgoNig, layers and 200 Oe in the YG@nes®! Then,
bilayers with orthogonal individual uniaxial anisotropies are
obtained by depositing a single layer, rotating 90° the
sample, and, finally, growing a new magnetic layer on top.

On the other hand, magnetically heterogeneous CoNbZ|

single films, 0.44 um thick, were deposited by sputtering 1 of
M,/M,
1.0 1 0.5 E \.
0.5 1 O O o
0.0
g 05t ., ., >, L,
' 0 60 120 180
-1 .0 T T T é T T T rY (deg.)
20 -5 -10 -5 0 5 10 15 20 FIG. 2. (a) Kerr hysteresis loops of a YG&YCo, (80 nm/40
H (Ce) nm) bilayer with orthogonal individual uniaxial anisotropies for

FIG. 1. Inverted hysteresis loop obtained by the magneto-opticaseveral directionsA—E) of the applied magnetic field. As indicated
transverse Kerr effect in a YGoYCo, amorphous bilayer. The in (b), they correspond to different values of the in-plane angle
in-plane uniaxial anisotropies of the individual layers are orthogo-formed by the magnetic field and one of the individual easy axes.
nal. The magnetic field is applied in the sample plane, and the sensgase C is an enlarged view of loop Cb) Reduced remanent
of the field sweep is indicated by arrows. magnetization 1, /M) vs y for the same sample.
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magnitudes involved in the total energy of the modeled bilayer.
FIG. 3. Variation of the reduced remanence with the direction of

the in-plane applied magnetic field n an amorphous .COszr fllm'dence of the reduced remanence. In this case, the inverted
These samples have been magnetically annealed in a transver,

e 1 1 o
field. The directions of the magnetic fields applied in the growthﬁyStereSlS loops are observed in a 25° angular range.
and the annealing are indicated.

I1l. THEORETICAL ANALYSIS OF HETEROGENEOUS
The study reveals the interesting behavior of these magnetic MAGNETIC PLANAR SYSTEMS WITH COMPETITIVE
heterogeneous samples and, in particular, the existence of UNIAXIAL ANISOTROPIES
inverted hysteresis loops. Figure 1 illustrates one of these
inverted loops in an amorphous Y&¥Co, bilayer. As in-
dicated by arrows, when the magnetic figidis reduced
from saturation with positive values, the magnetization sign Let us consider a magnetically heterogeneous system in
is reversed at a positive coercive field {>0), presenting a which two different magnetic regions coexist. These regions
negative value M,<0) for H=0. The reciprocal depen- present uniform magnetization®, and Mg, uniaxial
dence is measured when the field is increased from negatianisotropies with energy densitiegs, and Kz, and their
saturation to positive values. The analysis of the angular demagnetic easy axes form an angge In the case of a thin
pendence witlH shows that these negative values\bf are  bilayer, it can be supposed that the magnetization and the
observed in a certain range of applied field directions. In Figanisotropies are contained in the sample plane. In our model,
2(a) we present the Kerr hysteresis loops of a ¥C06Co,  we also consider that the exchange interaction, which favors
(80 nm/40 nm) bilayer wittH applied in several directions the parallel alignment of the interacting magnetizations, is
in the sample plane, that is, for different values of the anglestrong enough to keep the angle between both magnetiza-
v betweenH and one of the individual easy axésases tions small.

A. Origin of the effective uniaxial and biaxial anisotropy
terms

A-E). It is apparent that, for some field directiofases B Other additional conditions for our description are suffi-
and Q, inverted hysteresis loops with negative remanenceiently thin individual layers and a reduced enough exchange
are observed. The reduced remanenog=M,/Mg, M, interaction in the interface. Therefore, the Bloch domain

and M4 being the magnetizations at remanence and saturavall, which may be present along the thickness of the bi-

tion, respectively presents clear negative values as low adayer, will be limited to a region at the interface with a very

m,= —0.45. Moreover, as is shown in Fig(d, the analysis small thickness and a linear profile. Defining* andA as

of the angular dependence reveals that the negativés  the exchange constants at the interface and the volume, re-

actually extended over a wide angular range of about 45°. spectively, the latter conditions can be summarized as
It is worth noting that these inverted hysteresis loops ofA*/e(AKA(B))1’2<1 (see Ref. 31 For amorphous YCpo

the bilayers with orthogonal uniaxial anisotropy are similartypical values are A=7x10 ' erglcm and K

to the loops calculated by Arrot, in the framework of a co-=10* erg/cn? (see Refs. 15 and 350 that this relation can

herent rotation model for the magnetization of thin films with be expressed a&*/e<0.1 erg/cm.

competing uniaxial and biaxial anisotropfésin fact, we Not all of these conditions are strictly present in the stud-

will show in the next section that the bilayers can be phe4ed samples; for example, in the case of the bilayer measured

nomenologically described by an analogous model, wher@n Fig. 2, the total thickness is 120 nm and an extended wall

the two orthogonal uniaxial anisotropies can be interpreteds expected, so that micromagnetic calculations are needed as

as one biaxial and one uniaxial anisotropies acting simultawill be described later. However, the behavior obtained from

neously on the average magnetization of the sample. the proposed simple model is enough to phenomenologically
Finally, the fact that the negative values of the remanenexplain the observed experiments as well as to give a clear

magnetization can be observed in magnetic systems whephysical description of the processes related with the in-

two orthogonal uniaxial anisotropies coexist is also con-verted hysteresis loops.

firmed by the analysis of the CoNbZr films, annealed under a According to the definitions for the angles given in Fig. 4,

transverse magnetic field. Figure 3 shows the angular depethe total energy of our modeled bilayers can be expressed as
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E=VAK Sir? 05+ VgKg sirf(g+ ¢)

*

+vexA—2[1—cosos—0A>]—H~V<M>, (1)
€

whereV,, Vg and V., are the volumes of the individual
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layers and the interface of thicknessrespectively. As indi-
cated, the magnetizations in each laydr, andMg, as well ®)

as the average magnetizatiod ) form, respectively, angles The first two terms of this equation can be rewritten as two
6., 65, and @ with the easy axis of the uniaxial anisotropy effective anisotropies acting on the average magnetization
corresponding td ,. The angle between both uniaxial easy and defined by the following relations:

axes is¢. Also, in this systemy(M)=V,MA+ VMg, with m
V=V,+Vg. Due to their very different dependence with v/, K , sin 26— _BVBKB sin2(6+ ¢)=VK_sin2(0+a_),
the Zeeman and anisotropy terms at the interface have been Ma

—VH(M)cogy— 0).

neglected in Eq(1) with respect to the exchange term of this (6a)
region. : ; _ ;
Considering the exchange interaction hypothesis proposed VaKasin20+VgKgsin 26+ ¢)=VK, sin2(6+ a+)(éb)

in our model, that is, a small value @,— 6g, we can in-

troduce the following change of variables in the problem: By integrating Eq.(6b), the next equation can be written:

VK4 Sir? 0+ VgKg sir?(0+ ¢)

GA: 60— 50A1 (26)
=VK, sir?(6+ a. )+ const. (60)
O =0+ 565, (2b) Note th_at the left term of Eq(6c) is the first term of the
energy in Eq.(5).
Also, from the definitions given by Eq&a) and(6b), the
Mg following relations can be found:
60= 50A:_5081 (ZC)
Ma (VK.)2=(VaKa)?+(VgKp)?+2VaVgK 4K g COS 2,

(79

wheremygy=Vai@Magg) - In this way, with these variables, 5 5 5
making a series expansion in powersas, and considering oS 2 _ (VK )"+ (VaKa) "~ (VeKs) 7b)

the lowest power terms of the anisotropy and exchange con- * 2VV, K Kp ’

tributions, the energy can be written as
Mg 2
(VK_)?=(VaKp)?+ m_VBKB)
A
E=[VaKa Sir?0+ VgKg sir?(0+ ¢)]— 86| VAK o SiN 26 o
_Z_BVAVBKAKB ({05 2¢, (7C)
Mg _ (66)2 mg\2  A* Ma
—m—VBKBsm 20+ )|+ 5 (l+ m—) Vex_2 5

A A € mB

(VK—)2+(VAKA)2_(VBKB_)
—VH(M)cog y— 6). &) cOS % — M (g

2VVAK_Ka

The canting angleS@ can be obtained as a function 6f

Finally, using expression&a) and (6c), Eq. (5) for the
from Eq. (3) by the conditiondE/3(560) =0, resulting in

effective density of energy can be written, except for an in-
tegration constant, as

VaK p SIN 20— BV/gKp sin 200+ ) VK2
aKasin20=10 VeKeSin2(6+ ¢ e=K, Si(0+a,)— . SIP2(0+ )
o0= > (4) mA A*
mg|2  A* 2 1+ 2| Voo
14 —2| Vo, — ¢
62

—H(M)cog y—#), (8

where, together with the field contribution, there are effective
uniaxial and biaxial anisotropy contributions with energy
densitiesK ;,iax aNdKpiax, given by

Therefore, by substituting this value fé® in Eqg. (3), the
energy as a function of the orientati@rof the average mag-
netization can be expressed as
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FIG. 5. Graphic method to obtai®. anda-. .

FIG. 6. Representation of the magnitudes and angles involved in

Kuniax= K+, (99 =9 (10.
B. Magnetization reversal processes by coherent rotation in
K2 v 2 magnetic systems with competitive uniaxial and
Kpiax=— TR ma 2 (9b) biaxial anisotropies
(1+m_3) Once we have established the origin of the effective

uniaxial and biaxial anisotropies that act on the average mag-

Equation(8) indicates that the direction of the easy axis of netization, we are going to analyze the magnetization rever-
the resulting effective uniaxial anisotropy is given by ; sal processes in the system, considering that they are driven
also, the directions of the effective biaxial hard axes areby coherent rotations. Although this consideration is not nec-
given bya_ . In both cases, the easy axis of the anisotropyessarily found in all systems where both anisotropies coexist,
with K4 is taken as the reference direction. Expressighis as in epitaxial F€100) thin films where the magnetization
generalize those proposed by Torekal,?® as they corre- reversal is based in nucleation and domain wall
spond to the general cadé#Vg and Mo# Mg and also  movement® 8 we will show and discuss that the deduced
allow a quantitative estimation &f,;,, from the parameters behavior is in good agreement with our experimental results.

of the system. It reveals that, actually, coherent rotations produce the mag-
It is interesting to discuss some particular cases. If the twametization reversal in our samples.
anisotropies corresponding t8, and Kg are strictly or- Using the angular definitions represented in Fig. 6, the

thogonal, withV,=Vg andK,=Kpg, the resulting uniaxial density of energy of the system, normalized by the density of
anisotropy will be given byK ,iax=|Ka—Kg| and its easy energy of the uniaxial anisotropy, can be expressed as
axis will be parallel to the dominant anisotropy, whie

=Ka+Kg and the effective biaxial easy axes will be at an E/Kuniax= SIP(0)+ 3 (Kpiax/Kuniax)
angle of 45° from the uniaxial one. On the other hand, in the .
case withK,=Kg=K but where their easy axes are not Xsirf2(6—B)—2hcog6—y), (10

strictly orthogonal[that is, ¢=(7/2—6¢)], then K niax

=26¢K, K_=2K(1—8¢?), and their magnetic easy axes
are practically coincident at an angle of 45° from the origina
uniaxial directions. As we will show later, in both these limit

whereh= H/HKuniax: HM /2K ,niax, B is the angle between

Ithe uniaxial and biaxial easy ax€@dEA and BEA, respec-
tively), y is the angle between UEA and the applied mag-

caseg(i.e., with the effective uniaxial and biaxial easy axesnEtiC ﬁeld' .ande is the _a}ngle betwegn the UEA and t.he
forming an angle with values 0° or 45°), the inverted hys_magne'uzann. The equilibrium position of the magnetiza-
teresis loops are not observable tion, given by the angl®, will be obtained by minimizing
The reason for the: notation ofK and« in Egs.(6) and e Eq.(10) for each value oH. Due to symmetry consid-
(7), initially proposed in Ref. 29, keeps a relation with a €"ations, the analysis can be restricted to the range
simple graphic representation that allows us to obtain either~4° - T0 proceed with the calculation, we initially consider
of the values ofK.. as well as thex.. directions. It can be value_s OTH h!gh enough to saturate the magnetization in a
done by adding or subtracting anisotropy pseudovectors, ag€ain direction; then the field is slowly decreased to deter-
cording to the angular convention defined in Fig. 5. NoteMine the consecutive equilibrium positions of the magneti-

that, for 6=0°, Eqs.(6a) and(6b) result from the projection égtrigr;'ol]—t?neesgg calculations have been performed with stan-
on hthe \ijerlt'cﬂi‘)\(}slff thBe\:VB ,KB 'BS,+_’ and /S* \Gcliors, First, we will discuss qualitatively the magnetization ro-
\,SVIt—\TIC() ules d_S iVAK’ T TBBY I_(Im'A rEB) B .3’ tation processes that produce the observation of inverted hys-
T T an. - T _respectl\fzy. tls taezn eﬂzent teresis loops withm,<0. In particular, they will appear
that Egs.(7) simply establish thatS,*|=|A+B|* [S-“|  when the magnetic field is applied in an angular range close

=|A+B’|? and cos 2. =(S. -A)/|S.|Al. to the uniaxial hard axi§UHA).
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0.0 1'5_. & o
05] 101 ! '. ’
1.0 i i

N 0.57
M, /M, o :
1.01 0.0 i H
0.5 — 71 r 1 1’ 1 - 1 ' 1 T 1 - 1 - 1 °
0.0 -5 0 5 10 15 20 25 30 35 40 45 50
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1 o] FIG. 8. Calculated Kpiay/Kuniax,B) phase diagram for the ob-

servation of inverted hysteresis loops. The dotted line is a guide to
the eye. Them,<0 region corresponds to that below the dotted
line.

FIG. 7. Magnetization reversal processes for field applied along ) ] ) ) ) )
the UHA with S=m/8. (@ Kpiax/Kunax=1.5 (Mm,<0), (b)  nearest to the applied field direction selects the rotation sign,

Kpiax/Kuniax=2.2 (M,>0). Left side: calculated magnetization and, second, the biaxial easy axis that is nearest to the
curves from positive to negative saturations. Right side: diagramsiniaxial easy axis makes it such that the equilibrium position
with the rotation processes. Note the intermediate positions of that the remanence is not the easy axis itself, but it is an inter-
magnetization. mediate position between both axes, so that the rotation ex-
ceeds 90° and therefore the remanent magnetization is nega-
Figure 7 shows two different hysteresis loops whtlpar-  tive. In an opposite way, if the biaxial anisotropy is strong
allel to the UHA, calculated folKp;ay/Kyniax=1.5 [Fig.  enoughM rotates from the uniaxial hard axis to the nearest
7(@)] and Kpjax/Kuniax=2.2 [Fig. 7(b)]. The sketches with biaxial easy axis, and the presence of uniaxial anisotropy
the detailed magnetization rotation processes in each case amgly produces the equilibrium position at the remanence be-
also presented. In both cases the angle between the uniaxiab slightly moved towards the uniaxial easy axis.
and biaxial easy directions 8= /8. Figure 8 shows a general vision of the ranges of
It is interesting to carefully examine thKp.x/Kuniax  Kpiax/Kuniax @nd B values that produce inverted hysteresis
=1.5 case, where a negative magnetization at the remanentmps for certain orientations of the applied magnetic field. In
is obtained. In this case, initially] is at its maximum value this graph, we present the corresponding phase diagram ob-
and the magnetization is parallel to the UHjpositionA in  tained from the systematic calculation of the hysteresis
Fig. 7(@)]. As the field is reduced, the biaxial easy axis that isloops. Again, due to symmetry considerations, only the in-
nearest toM selects the sign of the rotation, so that theterval 0<gB< /4 is analyzed. The region below the plotted
magnetization continuously rotates towards the posiffon curve with parabolic shape corresponds to the values of
while H>H,,;. At this field, H;;, M changes abruptly to Kpiax/Kuniax @nd 8 where negative remnant magnetization
the positionC between the uniaxial and biaxial easy axes; bycan be observed. It is worthwhile to note that it is not pos-
further decreasing the field down té=0, M rotates con- sible to find loops withm, <0 for Ky;ax/Kuniax>2. The B8
tinuously towards positioD. In this process, from the satu- =0 and 8= m/4 cases correspond to singular points where
ration to the remanence, the total rotation of the magnetizanverted hysteresis loops are not observable either. On the
tion is larger than 90°, so thain,<0. As the field is other hand, as will be discussed later, slight deviations from
increased with the opposite sighl, rotates continuously up these particulaB values are enough to allow the presence of
to H=Hy,, (positionE), where, again, it rotates abruptly to m,<0 values(always withKp;ay/Kniax=1.0).
positionF. For higher field values, the magnetization moves Also, note that our model predicts the existence of in-
towards the saturation. verted loops for nonzero values, arbitrarily small, of
On the other hand, in thK ;. /K niax= 2.2 case, the bi- Kpax/Kuniax- However, both the angular range of orienta-
axial anisotropy is strong enough to induce an equilibriumtions wherem, <0 is observable and the modul{is,| de-
position of M at zero field with positivan, value[see Fig. crease aXp;a/Kuniax IS reduced, and, also, inverted loops
7(b)]. are present when the applied field is near to the UHA. Then,
The behavior at the remanence when the field is applieit can be expected that in real samples, for small values of
parallel to the uniaxial hard axis can be summarized as folK;./Kyniax, the magnetization processes along the -
lows. If the biaxial anisotropy is not very large, the magne-rections are governed by magnetization ripfle., hard axis
tization rotates from the hard axis to the easy axis in a simifallback®*}. It would result in the creation of magnetic do-
lar way to the single uniaxial case. In this case, biaxialmains and, therefore, in positive valuesmof.
anisotropy plays two roles; first, the biaxial easy axis thatis For the conditions oK ;.«/K,niax @nd 8 that produce

'
N
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negative value, as at this point the net rotation of the mag-
------ netization reaches its maximum val(iee., 90°+ &; + &5).
ﬁ ; In Fig. 10 we show some particular examples, which cor-
UEA respond to representative behaviorsmf vs y curves, for

different values ofKy;.x/Kyniax @and B. Figures 10a) and
10(b) are, respectively, the cases Wi, /K niax=1.5 and
2.2, with a constanB= 7/8; that is, they correspond to the
FIG. 9. (a) Sketch of theM, /M, vs y curve of the meaning of |oops plotted in Fig. 7. To compare both graphs, note that
the angular intervals, and 5,. (b) Representation ob; and 5, s the clockwise angle between the uniaxial easy axisknd
intervals in the magnetization rotation plane. direction. Again, inverted hysteresis loops only appear for
Kpiax!Kuniax=1.5. On the other hand, a biaxial-like depen-
inverted hysteresis loops, the typical behaviornaf as a  dence (with a quasiperiodicity of 90°) is observed for
function y (the angle between the uniaxial easy axis and théKy;.«/Kyniax=2.2. The different dependence 6f and &,
H field) is sketched in Fig. &). Negative remanence appears on the parameters can be compared in Figéa)land 1dc);
when the magnetic field is applied in an angular interfal in the latter,Ky.x/Kyniax=1.0 andB=1°. Two facts are
around the UHA(i.e., y=90°), although this interval is not relevant: First, the lowest value af; corresponds to the
symmetric respect to the UHA, so théai+ 5, (see Fig. 9. smallests, in agreement with the earlier consideratién
Besides, the most negative value of the remnant magnetiza= v<<[3. Second, the interva, does not have a direct rela-
tion appears at the edge of a discontinuity in thevs y  tion with the angle3 and, in particular, it can be much larger.
curve. This is consistent with the physical interpretation about the
It is possible to give an intuitive image of the physical origin &, related to the equilibrium condition between the
meanings ofs; and &,. The former,dy, is the angler be-  torques exerted by the anisotropies and the magnetic field.
tween the UEA and the equilibrium direction of the magne- Also, the comparison of Figs. 1€ and 1Qd) reveals the
tization at zero field M y-g), as is easy to see in Fig(l9. If influence of 3 on the existence of inverted hysteresis loops.
H is applied at angles higher thanrespect to the UHA, the In both curves, the anisotropies have been kept constant at
net rotation of the magnetization will be smaller than 90°Ky;ay/Kuniax=1.0, while the angles has been varied. For
and, thereforem,>0. In this way, it is evident that the maxi- B=0 the observed behavifFig. 10(d)] is similar to a pure
mum value ofm, (that is,m,=1 for H parallel toMy_) uniaxial case; however, as proposed earlier when we pre-
will be found at 90° from the limit of the intervad; where  sented the phase diagram, a slight changegtel® is
m,=0 [see Fig. 8a)]. On the other hand, the interva,,  enough to produce regions with negative remanence.
where the remanence is also negative, is a consequence oflt is also interesting to analyze particular shapes of the
the biaxial anisotropy, which induces the same direction irhysteresis loops. Their evolution as a function of the angle
the rotation of the magnetization than in the intensl is asymmetric aroung=90°, as can be observed in Fig. 11,
[clockwise in the sketch of Fig.(B)]. In particular, the am- where several loops corresponding to differentalues are
plitude of 5, depends in a nontrivial way on the torques shown for the parameterky;,x/Kyniax=21.5 and B= /8
exerted on the magnetization by the uniaxial anisotropy, thécases A—F indicated in Fig. (#]. For y=v=&; (loop A),
biaxial one, and the applied field. It produces a sharp jump irthat is, withH parallel toM_,, the loop is very similar to
them, vs vy curves at the angle wher, presents its most those obtained in a simple uniaxial sample with the field
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FIG. 11. Hysteresis loops calculated #p;.x/Kyniax=1.5 and 0.25- B '
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increased, the loops evolve towards lower values in the re-
manence and the coercive fidlcase B up to y=90°— 6,.
Over this value, the inverted hysteresis loops are observegﬁ

(loops C and D until y reaches the valué;+ 5, (where andK ,=Kg=10" erg/cn? have been considered:; solid circles, sig-

m, =0) .thBylfurther Increc’;\smg)rf] and_ over a fﬁrtam angtl_JIart'_ nal for top side (80 nm layer sigteopen triangles, signal for bottom
range, the loops present a sharp jump in the magnetizaliof) (40 nm layer side(b) Experimental results of thel, /M vs

before the field has been reduced to its zero value, but they curves obtained by the magneto-optical transverse Kerr effect in

havem,>0. The amplitude of the jump decreases)as-  an amorphous YGO'YCo, (80 nm/40 nm bilayer. The meaning of
creases and, finally, a square-shaped loop is obtaineg for e symbols is the same as (@.

=180°+ v=180°+ §;.

Note the qualitative good agreement between the theoretigre performed by the transverse Kerr effect, it must be con-
cally deduced loopéFig. 11) and the experimental magnetic sidered that the probe depth of this technique is typically 40
behavior found in the YCa'YCo, bilayers[Fig. 2@)]; both  nm in this kind of amorphous materig&*®
the peculiar shape of the loops and the evolution with the For these reasons, we have also performed a micromag-
applied field direction are very similar. netic analysis of the behavior of bilayers that can be applied
to real YCq/YCo, samples. Our calculation method evalu-
ates the consecutive equilibrium states by decreasing the
magnetic field from an initial state with a saturated magne-
As we have shown, the proposed model is able to give gzation; in particular, in our analysis the profile of the do-

good qualitative description of the existence and behavior Ofnain wall of the bi|ayers has been approximated by a hyper-
inverted hysteresis loops in bilayers made of two individualholic tangent dependence.

uniaxial layers. On the other hand, some of the restrictions
considered to construct the analytical model do not allow an
accurate quantitative approximation to the results measured
in real samples. For example, it is not expected that in Figure 1Za) shows the results of then, vs y curves
YCo,/YCo, bilayers the domain wall is collapsed in a neg- obtained by micromagnetic calculations for a real sample. In
ligible thickness. In these samples, the direct exchange intethis case, it corresponds to a (80 nm/40 nm) YC¢Co,
action (A~6x10"" erg/cm) in amorphous YCB, together  bilayer, using as parametes=6x10"" erg/cm andK,

with the bilayer total thickness that is larger than 100 nm,=K,=10* erg/cn?, which have been previously obtained
can easily produce a Bloch wall extended along an importariby experiment? in this kind of samples. Note that the pre-
fraction of the thickness. Also, as most of the measurementdictions corresponding to the measurements by the trans-

FIG. 12. (8 Micromagnetic calculation of thé/, /Mg vs y
rves predicted for the Kerr effect signal at both sides of an amor-
ous YC@/YCo, (80 nm/40 nm bilayer. A=6X10"’ erg/cm

C. Micromagnetic calculation for real samples

IV. DISCUSSION
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FIG. 13. M, vs H hysteresis loops obtained in a YZ& Co, °
(80 nm/40 nm bilayer. They correspond to the applied field orien- M <0
tations(A, B, C, and D indicated in Fig. 18b). The arrows indicate (Hr=0)
the sense of the field sweep. 180 180

verse Kerr effect at both sides of the sample are plotted. To FIG. 14. Polar representation of the magnetization processes in
obtain these results, an average of the magnetization projes-YCa/YCo, (80 nm/40 nm bilayer, obtained from thé/ and
tion has been performed up to a thickness of 40 nm. Th&. vs H experimental loop$field directions A, B, C, and E indi-
behavior deduced by micromagnetic calculations is vengated in Fig. 12b)]. The magnetizations fad =0 and the rotation
similar to that obtained by the simple model of competingSense from the saturation are indicated. Note that the cases B and C
uniaxial and biaxial anisotropies with coherent rotation pro-correspond ton, <0 and cases A and E t,>0.
cesses. However, some interesting details must be pointed
out. First, the intervals, where hysteresis loops with nega- magnetization reversal takes place by rotation processes.
tive remanence are observed, is larger with the micromagThey correspond to foutA—D) directions ofH, indicated in
netic approach than the one based on the consideration ofane of them, vs y curves of Fig. 1b).
domain wall collapsed into a negligible thickness. Alsb, Directions A and B are approximately at symmetrigal
can be very different at the two sides of the bilayer, bothvalues with respect ton,=0; one direction(A) has a posi-
theoretically and experimentally. In the case of Fig(al2it  tive m,, while the othenB) presents a negative remanence.
is even zero at the substrate side. Actually, this behavioAlso directions C and D are symmetrical with respectyto
could be expected from a simple analysis of the rotation=70°, that is, the direction where a sharp jumpmp(y) is
processes of the average magnetization sketched in B)g. 9 observed and the sign of the remanence is reversed.
as soon as the existence of a domain wall and the depth limit Two main conclusions about the magnetization rotation
of the Kerr effect are considered, it is clear that, at one sidgrocesses can be extracted from these experimental results.
of the bilayer, the magnetization will rotate from saturationFirst, the experiments are consistent with our model for the
to the remanence a larger angle than the average magnetizgn of the rotation of the magnetizati¢see Fig. ¢a)]. In
tion, resulting in more negative values of the partial, this way, M, presents opposite sign values and, therefore,
while, at the other side, this angle will be lower amg will different rotation directions at both sides of the sharp jump in
present either positive or less negative values. m,(y) aroundm,=0 (&, edge, either increasing the field
The micromagnetic results for the Y&brCo, bilayer  from negative to positive values or decreasing it in the recip-
[Fig. 12a)] are in good agreement with the experimentalrocal way. On the other hand, the sign Mf, is constant
transverse Kerr effect measuremefig. 12b)]. In this  close to the other field direction whera,=0 (5§, edge,
case, from comparison of the experimentalvs y curves at  indicating that, in this case, the rotation sign is not changed.
both bilayer sides, it can be estimated that the angle of th&econd, for theH directions in or near the region witim,
wall is about 53°. The wall profile obtained by micromag- <0, an intermediate equilibrium position for the magnetiza-
netic calculations for this sample implies an effective walltion is observed at a direction closely perpendicular to the
thickness of 65 nm with an associated angle of about 45°. Isaturation direction. This is consistent with a model of com-
is worth noting that the existence of the wall in the bilayerspetitive biaxial and uniaxial anisotropies. To visualize this
favors magnetization rotation processes against domaifact, polar representations of the magnetization as the field is
nucleations and wall movements. To clarify this, in Fig. 13varied, deduced from projections parallel and perpendicular
we present the experimental results of the magnetization prde the field M| andM , , respectively, are plotted in Fig. 14
jection (M) along the in-plane direction perpendicular to for differentH directions[cases A, B, C, and E indicated in
the applied magnetic field. These results reveal that, actuallysig. 12b)]. Note in the polar plots A, B, and C the presence
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M,/ M, ments in the bilayers allows the analysis of the magnetic
1.0 ” structure in other heterogeneous systems, when they present
. P a similar behavior in then, vs y curves. In fact, the results
0.8 ~ of the CoNbZr films(see Fig. 3 indicate that, as suggested
0.6 earlier!® in these samples there is a coexistence of different
d regions magnetically coupled and with their uniaxial
0.41 anisotropies pointing in the directions of the applied field
0.4 J during the growth and the annealing processes. This coupling
s also results in competitive uniaxial and biaxial anisotropies.
0.0 vs¥ The localization of those magnetic coupled regions, that is, if
05 > they are distributed along the whole volume of the sample or

if they are concentrated at the interfaces, can be determined
by Kerr effect measurements at both sides of the films fol-
lowed by a comparison with the mod®l.

FIG. 15. m; vs y curve of a polycrystalline NiFe/NiF¢40 Finally, we consider some experimental results in the lit-
nm/40 nm bilayer obtained by alte_rnatlng gradler_wt magnetometry.arature related to the behavior of magnetic systems with
y=0° corresponds to the easy axis of the top NiFe layer. competitive anisotropies arranged with different symmetries.

Inverted hysteresis loops have not been observed in epitaxial
of the intermediate equilibrium positiongexperimental films and superlattices made of (B81). In these samples,
points are grouped near 90° projectipasd the existence of Uniaxial and biaxial anisotropies coexist wigh=0° (Refs.
regions with continuous rotation of the magnetization, pre37 and 338 and 5=45° (Refs. 36 and 46 the estimated
ceded and/or followed by sharp jumps, in agreement with &alues ofKy;,,/Kyniax are in the range 0.55K;,y/Kniax
model of rotation processes. In direction E, although it cor-<30 and the magnetization is contained in the sample plane
responds to the maximum value of the remanemg<(1),  during the reversal process. These results are consistent with
the magnetization reversal is also driven by rotations. the predictions of our model, as the valugs-0° and 8

As shown in Fig. 12, the extended domain wall produces=45° correspond to the limits where hysteresis loops based
m, () curves very different at both sides of the YZ¥Co,  on coherent rotations and witim, <0 are not observable,
bilayer: one with inverted hysteresis loops in a large angulaindependently of the rati,,«/Kniax (S€€ the phase dia-
range and the other with an uniaxial-like behavior. The av-gram in Fig. 8. Besides, these samples usually present mag-
erage of both dependences, corresponding to the averagetization reversal processes of one-jump and two-jump
magnetization of the bilayer, will result in an intervé@bf H types that are always associated with domain nucleation and
directions withm, <0 clearly reduced with respect to that wall sweeping, and not with coherent rotations.
obtained in one of the sides. In fact, this reduddalue is On the other hand, loops with, <0 have been measured
also in better agreement with our phenomenological modeh epitaxial F€111) films grown on Si substrates with atomic
of competitive anisotropies acting on the average magnetizsteps parallel to th¢110] direction?® These experiments
tion, as thesd=45° value experimentally observed by the have been explained with a model of competitive twofold
Kerr effect on one side is too large to be obtained in theand sixfold anisotropies and coherent rotations, which allows
model for the whole sample. the existence of an out-of-plane magnetization; in this case,

To analyze the average magnetization of the bilayers, wée existence of other energetically favorable configurations
have also performed hysteresis loops by alternating gradief M as stripe domairf§*” has not been considered.
magnetometry(AGM). The results of the remanence in a  Inverted hysteresis loops have also been observed in Fe
(40 nm/40 nm) NiFe/NiFe polycrystalline bilayer are layers grown in W(001) substrates with stepped surfaces
shown in Fig. 15. Although there are problems with the pre-along a[ 100] direction?® Unfortunately, a complete study of
cision of the applied field direction in this kind of measure- the loops as a function of the field direction has not been
ments, it is clear that the, () behavior is analogous to that reported, but in the framework of our model, the experimen-
found by the Kerr effect in YCo/YCo, bilayers, with a tal results could be explained if there is a small misalignment
smaller intervals. The experimental study of the anisotropy between the biaxial axes and the uniaxial anisotropy induced
in these samples as the thickness of the layers is varied h&y the steps and, als&niax> Kpiax (S€€ Fig. 8. This con-
also been done, and will be published elsewhere: briefly, it iglition is fulfilled when the film thickness is sméf;*?as is
interesting to mention that, as the thickness is redyced the case in Ref. 48.

20 nm/20 nm or 10 nm/10 nmthe contribution of the biax-

ial term disappears and the bilayers present an essentially
uniaxial behavior. In this case, the anisotropy constants are
much smaller than the values corresponding to each indi- Summarizing, the presence of inverted hysteresis loops
vidual layer. In the framework of our model, the absence of(with m,<0) is possible in heterogeneous magnetic systems
the biaxial contribution can be related to the almost nonexas simple as bilayers made of two individual uniaxial layers.
istence of a wall §,— 6g~0) across the small thickness of The behavior of these samples can be explained in the frame-
the bilayer. work of a model proposed here, which is based on competi-

The good agreement between the model and the experiive uniaxial and biaxial anisotropy contributions acting on

60 30 0 30 60 90 120 150
Y (deg.)

V. CONCLUSIONS
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the average magnetization of the sample. In particular, iphenomenological model as those related to the thickness of
good agreement with the experiments, it is predicted thathe domain wall. This complete analysis is suitable to study
negative remanence can be observed in a range of appligde existence of different magnetically coupled regions in the
directions close to the effective uniaxial hard axis of thesample and, also, to tailor some peculiar behaviors adequate
bilayer. We have also obtained a phase diagram for the pder applications.

rameters of the effective anisotropieX {ax/Kuniax:8),

which describe the condlthns where mverteq Iopps can be ACKNOWLEDGMENTS
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