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Inverted hysteresis loops in magnetically coupled bilayers with uniaxial competing anisotropies:
Theory and experiments

S. M. Valvidares, L. M. Álvarez-Prado, J. I. Martı´n, and J. M. Alameda
Laboratorio de Magnetoo´ptica, Departamento de Fı´sica, Universidad de Oviedo c/ Calvo Sotelo, s/n, E-33007 Oviedo, Spain

~Received 5 October 2000; published 13 September 2001!

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 magnetization (Mr). Kerr effect measurements in amorphous YCo2 /YCo2

bilayers and alternating gradient magnetometry in polycrystalline FeNi/FeNi samples reveal thatMr,0 can 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 biaxial~with Kbiax) and one uniaxial~with Kuniax). In particular, a
phase diagram has been deduced for the conditions onKbiax andKuniax 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
YCo2 /YCo2 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.

DOI: 10.1103/PhysRevB.64.134423 PACS number~s!: 75.30.Gw, 75.70.2i, 75.60.Ej
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I. INTRODUCTION

The study of magnetization processes in magnetically
erogeneous systems, where regions with different magn
anisotropies are magnetically coupled, is nowadays a
search field of great interest. Important examples of th
systems are magnetic multilayers,1 spin valves,2 or nano-
structured systems where two magnetic phases coexist.3 De-
pending on the particular configuration of the magnetic c
pling, a variety of magnetization behaviors can be pres
even in simple systems.

An important case, interesting from the fundamental a
applied points of view, is the study of magnetic bilaye
where the presence of an intermediate nonmagnetic layer
produce an effective coupling between magnetizations of
~ferromagnetic!, 180° ~antiferromagnetic!, or 90° ~biqua-
dratic!, due to the oscillatory behavior of the bilinear indire
exchange as a function of the intermediate la
thickness.4–8 Also, in magnetic bilayers without any kind o
separating layers, effective couplings either of 0° or 18
can be found.9,10 Several important factors must be cons
ered to understand the properties of these systems; the
metry, magnitude, and orientation of the anisotropy in e
layer are fundamental to analyze the magnetization proce
and the torque magnetometry measurements,11,12 and, fur-
thermore, the global magnetostatic coupling13–15 and the
coupling between domain walls16–18 must be taken into ac
count for the study of bilayers without exchange coupling

In fact, the role played by anisotropies of the layers in
magnetization reversal has attracted a great interest; in
way, a theoretical study has been reported on the magne
tion processes in antiferromagnetically coupled multilay
when cubic and uniaxial anisotropies are present.11 Also, fer-
romagnetic coupling has been considered in equivalent
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tems to analyze magnetization equilibrium states at zero
plied field.19 Experimentally, systems of coupled bilaye
with orthogonal uniaxial anisotropies have been conside
either in the case of two planar anisotropies20 or when one of
them is perpendicular to bilayer plane.21

One of the most suggestive behaviors of magnetically h
erogeneous systems is the possible presence of inverted
teresis loops, that is, with a negative remanence. These lo
have been theoretically predicted for ultrathin films wi
competing uniaxial and biaxial anisotropies.22 Also, they
have been observed in several systems, but their partic
interpretations are based on different origins; inverted lo
are found in Co-O-based compounds,23 where they are justi-
fied by the exchange anisotropy,24 in Ag/Ni multilayers25 and
~Ni,Fe!-SiO2 granular films,26 interpreted by the magneto
static interactions,26,27 and in epitaxial Fe~111! films, where
they have been related to the component of the magne
tion that is perpendicular to film plane.28 On the other hand,
to our knowledge, the existence of inverted hysteresis lo
in one of the most simple magnetic systems, such as a
layer coupled by ferromagnetic direct exchange, has not b
analyzed.

In this work, we report, experimentally and theoretical
the presence of inverted loops in magnetic bilayers where
two ferromagnetic coupled layers have individual uniax
anisotropies in the sample plane. The general case
anisotropies with different magnitudes in each layer and
ferent relative orientations has been considered. Our theo
ical approach generalizes a model proposed by Toroket al.,29

and it is found that the global behavior of the bilayer can
described as the competition of a biaxial and an uniax
anisotropies acting on the average magnetization of
sample. Therefore, the magnetization processes can be
lyzed in a similar framework to the model proposed by Arr
©2001 The American Physical Society23-1
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for ultrathin films.22 We have clarified the anisotropy cond
tions and the applied field directions that result in the obs
vation of hysteresis loops with negative remanence in
simple systems, making a detailed comparison with the
perimental results.

This article is organized as follows: In Sec. II we prese
the different samples used for this work together with
experimental characterization of the inverted hystere
loops. Our theoretical study is included in Sec. III, where
have also performed micromagnetic numerical calculati
to consider the width of the domain walls neglected in
analytical model. Finally, in Sec. IV we compare theory a
experiments and discuss the applicability of the model
other magnetically heterogeneous systems.

II. EXPERIMENTAL RESULTS

The inverted hysteresis loops have been studied
samples of three different magnetic heterogeneous syst
amorphous YCo2 /YCo2 bilayers, polycrystalline Fe10Ni90/
Fe10Ni90 bilayers, and, for comparison, amorphous CoNb
single layers annealed under an applied magnetic field.

The bilayers have been prepared on corning glass
strates by cosputtering of pure material targets.30 Typical
sputtering pressure is 1023 mbar, with a base pressure in th
1029 mbar range, and the thickness of each individual la
has been varied in the 10–100 nm interval. Due to the
ometry of the system, the sputtering incidence direct
forms an angle with the substrate normal. It allows fabri
tion of the magnetic layers with in-plane uniaxial anisotrop
in which the magnetic easy axis is perpendicular to the pl
defined by the sputtered atomic beams. In this way, the
isotropy fields of the single layers can be as high as 100
in the Fe10Ni90 layers and 200 Oe in the YCo2 ones.31 Then,
bilayers with orthogonal individual uniaxial anisotropies a
obtained by depositing a single layer, rotating 90° t
sample, and, finally, growing a new magnetic layer on to

On the other hand, magnetically heterogeneous CoN
single films, 0.44mm thick, were deposited by sputterin

FIG. 1. Inverted hysteresis loop obtained by the magneto-op
transverse Kerr effect in a YCo2 /YCo2 amorphous bilayer. The
in-plane uniaxial anisotropies of the individual layers are ortho
nal. The magnetic field is applied in the sample plane, and the s
of the field sweep is indicated by arrows.
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onto continuously transported Mylar substrates. The st
field of the planar magnetron induces an in-plane uniax
anisotropy along the transport direction. The anisotro
fields of the as-grown samples are about 30 Oe. Afterwa
the samples are annealed at 200 °C under a transverse
applied in the perpendicular direction to the as-gro
uniaxial anisotropy.32 It favors the coexistence in the sampl
of different regions with orthogonal uniaxial anisotropies.

In general, we have analyzed the magnetic properties
the samples by the magneto-optical transverse Kerr effe33
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-
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FIG. 2. ~a! Kerr hysteresis loops of a YCo2 /YCo2 ~80 nm/40
nm! bilayer with orthogonal individual uniaxial anisotropies fo
several directions~A–E! of the applied magnetic field. As indicate
in ~b!, they correspond to different values of the in-plane angleg
formed by the magnetic field and one of the individual easy ax
Case C8 is an enlarged view of loop C.~b! Reduced remanen
magnetization (Mr /Ms) vs g for the same sample.
3-2
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INVERTED HYSTERESIS LOOPS IN MAGNETICALLY . . . PHYSICAL REVIEW B64 134423
The study reveals the interesting behavior of these magn
heterogeneous samples and, in particular, the existenc
inverted hysteresis loops. Figure 1 illustrates one of th
inverted loops in an amorphous YCo2 /YCo2 bilayer. As in-
dicated by arrows, when the magnetic fieldH is reduced
from saturation with positive values, the magnetization s
is reversed at a positive coercive field (HC.0), presenting a
negative value (Mr,0) for H50. The reciprocal depen
dence is measured when the field is increased from nega
saturation to positive values. The analysis of the angular
pendence withH shows that these negative values ofMr are
observed in a certain range of applied field directions. In F
2~a! we present the Kerr hysteresis loops of a YCo2 /YCo2
(80 nm/40 nm) bilayer withH applied in several direction
in the sample plane, that is, for different values of the an
g betweenH and one of the individual easy axes~cases
A–E!. It is apparent that, for some field directions~cases B
and C!, inverted hysteresis loops with negative remane
are observed. The reduced remanence (mr5Mr /Ms , Mr
and Ms being the magnetizations at remanence and sat
tion, respectively! presents clear negative values as low
mr520.45. Moreover, as is shown in Fig. 2~b!, the analysis
of the angular dependence reveals that the negativemr is
actually extended over a wide angular range of about 45

It is worth noting that these inverted hysteresis loops
the bilayers with orthogonal uniaxial anisotropy are simi
to the loops calculated by Arrot, in the framework of a c
herent rotation model for the magnetization of thin films w
competing uniaxial and biaxial anisotropies.22 In fact, we
will show in the next section that the bilayers can be p
nomenologically described by an analogous model, wh
the two orthogonal uniaxial anisotropies can be interpre
as one biaxial and one uniaxial anisotropies acting simu
neously on the average magnetization of the sample.

Finally, the fact that the negative values of the reman
magnetization can be observed in magnetic systems w
two orthogonal uniaxial anisotropies coexist is also co
firmed by the analysis of the CoNbZr films, annealed unde
transverse magnetic field. Figure 3 shows the angular de

FIG. 3. Variation of the reduced remanence with the direction
the in-plane applied magnetic field in an amorphous CoNbZr fi
These samples have been magnetically annealed in a trans
field. The directions of the magnetic fields applied in the grow
and the annealing are indicated.
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dence of the reduced remanence. In this case, the inve
hysteresis loops are observed in a 25° angular range.

III. THEORETICAL ANALYSIS OF HETEROGENEOUS
MAGNETIC PLANAR SYSTEMS WITH COMPETITIVE

UNIAXIAL ANISOTROPIES

A. Origin of the effective uniaxial and biaxial anisotropy
terms

Let us consider a magnetically heterogeneous system
which two different magnetic regions coexist. These regio
present uniform magnetizationsMA and MB , uniaxial
anisotropies with energy densitiesKA and KB , and their
magnetic easy axes form an anglef. In the case of a thin
bilayer, it can be supposed that the magnetization and
anisotropies are contained in the sample plane. In our mo
we also consider that the exchange interaction, which fav
the parallel alignment of the interacting magnetizations,
strong enough to keep the angle between both magne
tions small.

Other additional conditions for our description are suf
ciently thin individual layers and a reduced enough excha
interaction in the interface. Therefore, the Bloch doma
wall, which may be present along the thickness of the
layer, will be limited to a region at the interface with a ve
small thicknesse and a linear profile. DefiningA* andA as
the exchange constants at the interface and the volume
spectively, the latter conditions can be summarized
A* /e(AKA(B))

1/2,1 ~see Ref. 34!. For amorphous YCo2
typical values are A5731027 erg/cm and K
5104 erg/cm3 ~see Refs. 15 and 35!, so that this relation can
be expressed asA* /e,0.1 erg/cm2.

Not all of these conditions are strictly present in the stu
ied samples; for example, in the case of the bilayer measu
in Fig. 2, the total thickness is 120 nm and an extended w
is expected, so that micromagnetic calculations are neede
will be described later. However, the behavior obtained fr
the proposed simple model is enough to phenomenologic
explain the observed experiments as well as to give a c
physical description of the processes related with the
verted hysteresis loops.

According to the definitions for the angles given in Fig.
the total energy of our modeled bilayers can be expresse

f
.
rse

FIG. 4. Sketch with the definitions of the angles between
magnitudes involved in the total energy of the modeled bilayer.
3-3
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E5VAKA sin2 uA1VBKB sin2~uB1f!

1Vex

A*

e2
@12 cos~uB2uA!#2HW •V^MW &, ~1!

where VA , VB and Vex are the volumes of the individua
layers and the interface of thicknesse, respectively. As indi-
cated, the magnetizations in each layer,MA

W andMB
W , as well

as the average magnetization^MW & form, respectively, angles
uA , uB , andu with the easy axis of the uniaxial anisotrop
corresponding toKA . The angle between both uniaxial ea
axes isf. Also, in this system,V^MW &5VAMA

W1VBMB
W , with

V.VA1VB . Due to their very different dependence withe,
the Zeeman and anisotropy terms at the interface have
neglected in Eq.~1! with respect to the exchange term of th
region.

Considering the exchange interaction hypothesis propo
in our model, that is, a small value ofuA2uB , we can in-
troduce the following change of variables in the problem

uA5u2duA , ~2a!

uB5u1duB , ~2b!

du[duA.
mB

mA
duB , ~2c!

wheremA(B)5VA(B)MA(B) . In this way, with these variables
making a series expansion in powers ofdu, and considering
the lowest power terms of the anisotropy and exchange c
tributions, the energy can be written as

E5@VAKA sin2u1VBKB sin2~u1f!#2duFVAKA sin 2u

2
mB

mA
VBKB sin 2~u1f!G1

~du!2

2 S 11
mB

mA
D 2

Vex

A*

e2

2VH^M &cos~g2u!. ~3!

The canting angledu can be obtained as a function ofu
from Eq. ~3! by the condition]E/](du)50, resulting in

du5

VAKA sin 2u2
mB

mA
VBKB sin 2~u1f!

S 11
mB

mA
D 2

Vex

A*

e2

. ~4!

Therefore, by substituting this value fordu in Eq. ~3!, the
energy as a function of the orientationu of the average mag
netization can be expressed as
13442
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E5@VAKA sin2 u1VBKB sin2~u1f!#

2
1

2

FVAKA sin 2u2
mB

mA
VBKB sin 2~u1f!G2

S 11
mB

mA
D 2

Vex

A*

e2

2VH^M &cos~g2u!. ~5!

The first two terms of this equation can be rewritten as t
effective anisotropies acting on the average magnetiza
and defined by the following relations:

VAKA sin 2u2
mB

mA
VBKB sin 2~u1f!5VK2 sin 2~u1a2!,

~6a!

VAKA sin 2u1VBKB sin 2~u1f!5VK1 sin 2~u1a1!.
~6b!

By integrating Eq.~6b!, the next equation can be written:

VAKA sin2 u1VBKB sin2~u1f!

5VK1 sin2~u1a1!1const. ~6c!

Note that the left term of Eq.~6c! is the first term of the
energy in Eq.~5!.

Also, from the definitions given by Eqs.~6a! and~6b!, the
following relations can be found:

~VK1!25~VAKA!21~VBKB!212VAVBKAKB cos 2f,
~7a!

cos 2a15
~VK1!21~VAKA!22~VBKB!2

2VVAK1KA
, ~7b!

~VK2!25~VAKA!21S mB

mA
VBKBD 2

22
mB

mA
VAVBKAKB cos 2f, ~7c!

cos 2a25

~VK2!21~VAKA!22S VBKB

mB

mA
D 2

2VVAK2KA
. ~7d!

Finally, using expressions~6a! and ~6c!, Eq. ~5! for the
effective density of energy can be written, except for an
tegration constant, as

«5K1 sin2~u1a1!2
VK2

2

2S 11
mA

mB
D 2

Vex

A*

e2

sin2 2~u1a2!

2H^M &cos~g2u!, ~8!

where, together with the field contribution, there are effect
uniaxial and biaxial anisotropy contributions with ener
densitiesKuniax andKbiax , given by
3-4
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Kuniax5K1 , ~9a!

Kbiax52
K2

2

A* /e2

V

Vex

2

S 11
mA

mB
D 2 . ~9b!

Equation~8! indicates that the direction of the easy axis
the resulting effective uniaxial anisotropy is given bya1 ;
also, the directions of the effective biaxial hard axes
given bya2 . In both cases, the easy axis of the anisotro
with KA is taken as the reference direction. Expressions~7!
generalize those proposed by Toroket al.,29 as they corre-
spond to the general caseVAÞVB and MAÞMB and also
allow a quantitative estimation ofKbiax from the parameters
of the system.

It is interesting to discuss some particular cases. If the
anisotropies corresponding toKA and KB are strictly or-
thogonal, withVA5VB and KA5KB , the resulting uniaxial
anisotropy will be given byKuniax5uKA2KBu and its easy
axis will be parallel to the dominant anisotropy, whileK2

5KA1KB and the effective biaxial easy axes will be at
angle of 45° from the uniaxial one. On the other hand, in
case withKA5KB5K but where their easy axes are n
strictly orthogonal @that is, f5(p/22df)], then Kuniax
52dfK, K252K(12df2), and their magnetic easy axe
are practically coincident at an angle of 45° from the origin
uniaxial directions. As we will show later, in both these lim
cases~i.e., with the effective uniaxial and biaxial easy ax
forming an angle with values 0° or 45°), the inverted hy
teresis loops are not observable.

The reason for the6 notation ofK anda in Eqs.~6! and
~7!, initially proposed in Ref. 29, keeps a relation with
simple graphic representation that allows us to obtain ei
of the values ofK6 as well as thea6 directions. It can be
done by adding or subtracting anisotropy pseudovectors
cording to the angular convention defined in Fig. 5. No
that, foru50°, Eqs.~6a! and~6b! result from the projection
on the vertical axis of theAW , BW , B8W , S1

W , and S2
W vectors,

with modulesA5VAKA , B5VBKB , B85(mA /mB)VBKB ,
S15VK1 , and S25VK2 , respectively. It is then eviden
that Eqs.~7! simply establish thatuS1

W 2u5uAW 1BW u2, uS2
W 2u

5uAW 1B8W u2 and cos 2a65(S6
W

•AW )/uS6
WuuAW u.

FIG. 5. Graphic method to obtainS6 anda6 .
13442
f

e
y

o

e

l

-

er

c-

B. Magnetization reversal processes by coherent rotation in
magnetic systems with competitive uniaxial and

biaxial anisotropies

Once we have established the origin of the effect
uniaxial and biaxial anisotropies that act on the average m
netization, we are going to analyze the magnetization re
sal processes in the system, considering that they are dr
by coherent rotations. Although this consideration is not n
essarily found in all systems where both anisotropies coex
as in epitaxial Fe~100! thin films where the magnetizatio
reversal is based in nucleation and domain w
movement,36–38 we will show and discuss that the deduc
behavior is in good agreement with our experimental resu
It reveals that, actually, coherent rotations produce the m
netization reversal in our samples.

Using the angular definitions represented in Fig. 6,
density of energy of the system, normalized by the density
energy of the uniaxial anisotropy, can be expressed as

E/Kuniax5 sin2~u!1 1
4 ~Kbiax /Kuniax!

3sin2 2~u2b!22h cos~u2g!, ~10!

whereh5H/HKuniax
5HMs/2Kuniax , b is the angle between

the uniaxial and biaxial easy axes~UEA and BEA, respec-
tively!, g is the angle between UEA and the applied ma
netic field, andu is the angle between the UEA and th
magnetization. The equilibrium position of the magnetiz
tion, given by the angleu, will be obtained by minimizing
the Eq.~10! for each value ofH. Due to symmetry consid-
erations, the analysis can be restricted to the range 0°,b
,45°. To proceed with the calculation, we initially consid
values ofH high enough to saturate the magnetization in
certain direction; then the field is slowly decreased to de
mine the consecutive equilibrium positions of the magne
zation. These calculations have been performed with s
dard routines.39

First, we will discuss qualitatively the magnetization r
tation processes that produce the observation of inverted
teresis loops withmr,0. In particular, they will appear
when the magnetic field is applied in an angular range cl
to the uniaxial hard axis~UHA!.

FIG. 6. Representation of the magnitudes and angles involve
Eq. ~10!.
3-5
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Figure 7 shows two different hysteresis loops withH par-
allel to the UHA, calculated forKbiax /Kuniax51.5 @Fig.
7~a!# and Kbiax /Kuniax52.2 @Fig. 7~b!#. The sketches with
the detailed magnetization rotation processes in each cas
also presented. In both cases the angle between the uni
and biaxial easy directions isb5p/8.

It is interesting to carefully examine theKbiax /Kuniax
51.5 case, where a negative magnetization at the reman
is obtained. In this case, initially,H is at its maximum value
and the magnetization is parallel to the UHA@positionA in
Fig. 7~a!#. As the field is reduced, the biaxial easy axis tha
nearest toM selects the sign of the rotation, so that t
magnetization continuously rotates towards the positionB
while H.Htr1. At this field, Htr1 , M changes abruptly to
the positionC between the uniaxial and biaxial easy axes;
further decreasing the field down toH50, M rotates con-
tinuously towards positionD. In this process, from the satu
ration to the remanence, the total rotation of the magnet
tion is larger than 90°, so thatmr,0. As the field is
increased with the opposite sign,M rotates continuously up
to H5Htr2 ~positionE), where, again, it rotates abruptly t
positionF. For higher field values, the magnetization mov
towards the saturation.

On the other hand, in theKbiax /Kuniax52.2 case, the bi-
axial anisotropy is strong enough to induce an equilibri
position ofM at zero field with positivemr value @see Fig.
7~b!#.

The behavior at the remanence when the field is app
parallel to the uniaxial hard axis can be summarized as
lows. If the biaxial anisotropy is not very large, the magn
tization rotates from the hard axis to the easy axis in a si
lar way to the single uniaxial case. In this case, biax
anisotropy plays two roles; first, the biaxial easy axis tha

FIG. 7. Magnetization reversal processes for field applied al
the UHA with b5p/8. ~a! Kbiax /Kuniax51.5 (mr,0), ~b!
Kbiax /Kuniax52.2 (mr.0). Left side: calculated magnetizatio
curves from positive to negative saturations. Right side: diagra
with the rotation processes. Note the intermediate positions of
magnetization.
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nearest to the applied field direction selects the rotation s
and, second, the biaxial easy axis that is nearest to
uniaxial easy axis makes it such that the equilibrium posit
at the remanence is not the easy axis itself, but it is an in
mediate position between both axes, so that the rotation
ceeds 90° and therefore the remanent magnetization is n
tive. In an opposite way, if the biaxial anisotropy is stro
enough,M rotates from the uniaxial hard axis to the near
biaxial easy axis, and the presence of uniaxial anisotr
only produces the equilibrium position at the remanence
ing slightly moved towards the uniaxial easy axis.

Figure 8 shows a general vision of the ranges
Kbiax /Kuniax and b values that produce inverted hysteres
loops for certain orientations of the applied magnetic field.
this graph, we present the corresponding phase diagram
tained from the systematic calculation of the hystere
loops. Again, due to symmetry considerations, only the
terval 0,b,p/4 is analyzed. The region below the plotte
curve with parabolic shape corresponds to the values
Kbiax /Kuniax and b where negative remnant magnetizatio
can be observed. It is worthwhile to note that it is not po
sible to find loops withmr,0 for Kbiax /Kuniax.2. Theb
50 andb5p/4 cases correspond to singular points whe
inverted hysteresis loops are not observable either. On
other hand, as will be discussed later, slight deviations fr
these particularb values are enough to allow the presence
mr,0 values~always withKbiax /Kuniax.1.0).

Also, note that our model predicts the existence of
verted loops for nonzero values, arbitrarily small,
Kbiax /Kuniax . However, both the angular range of orient
tions wheremr,0 is observable and the modulusumr u de-
crease asKbiax /Kuniax is reduced, and, also, inverted loop
are present when the applied field is near to the UHA. Th
it can be expected that in real samples, for small values
Kbiax /Kuniax , the magnetization processes along theseH di-
rections are governed by magnetization ripple~i.e., hard axis
fallback40,41!. It would result in the creation of magnetic do
mains and, therefore, in positive values ofmr .

For the conditions ofKbiax /Kuniax and b that produce

g

s
e

FIG. 8. Calculated (Kbiax /Kuniax ,b) phase diagram for the ob
servation of inverted hysteresis loops. The dotted line is a guid
the eye. Themr,0 region corresponds to that below the dott
line.
3-6
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INVERTED HYSTERESIS LOOPS IN MAGNETICALLY . . . PHYSICAL REVIEW B64 134423
inverted hysteresis loops, the typical behavior ofmr as a
functiong ~the angle between the uniaxial easy axis and
H field! is sketched in Fig. 9~a!. Negative remanence appea
when the magnetic field is applied in an angular intervad
around the UHA~i.e., g590°), although this interval is no
symmetric respect to the UHA, so thatd1Þd2 ~see Fig. 9!.
Besides, the most negative value of the remnant magne
tion appears at the edge of a discontinuity in themr vs g
curve.

It is possible to give an intuitive image of the physic
meanings ofd1 and d2. The former,d1, is the anglen be-
tween the UEA and the equilibrium direction of the magn
tization at zero field (MH50), as is easy to see in Fig. 9~b!. If
H is applied at angles higher thann respect to the UHA, the
net rotation of the magnetization will be smaller than 9
and, therefore,mr.0. In this way, it is evident that the max
mum value ofmr ~that is, mr51 for H parallel toMH50)
will be found at 90° from the limit of the intervald1 where
mr50 @see Fig. 9~a!#. On the other hand, the intervald2,
where the remanence is also negative, is a consequen
the biaxial anisotropy, which induces the same direction
the rotation of the magnetization than in the intervald1
@clockwise in the sketch of Fig. 9~b!#. In particular, the am-
plitude of d2 depends in a nontrivial way on the torqu
exerted on the magnetization by the uniaxial anisotropy,
biaxial one, and the applied field. It produces a sharp jum
the mr vs g curves at the angle wheremr presents its mos

FIG. 9. ~a! Sketch of theMr /Ms vs g curve of the meaning of
the angular intervalsd1 and d2. ~b! Representation ofd1 and d2

intervals in the magnetization rotation plane.
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negative value, as at this point the net rotation of the m
netization reaches its maximum value~i.e., 90°1d11d2).

In Fig. 10 we show some particular examples, which c
respond to representative behaviors ofmr vs g curves, for
different values ofKbiax /Kuniax and b. Figures 10~a! and
10~b! are, respectively, the cases withKbiax /Kuniax51.5 and
2.2, with a constantb5p/8; that is, they correspond to th
loops plotted in Fig. 7. To compare both graphs, note thag
is the clockwise angle between the uniaxial easy axis anH
direction. Again, inverted hysteresis loops only appear
Kbiax /Kuniax51.5. On the other hand, a biaxial-like depe
dence ~with a quasiperiodicity of 90°) is observed fo
Kbiax /Kuniax52.2. The different dependence ofd1 and d2
on the parameters can be compared in Figs. 10~a! and 10~c!;
in the latter,Kbiax /Kuniax51.0 andb51°. Two facts are
relevant: First, the lowest value ofd1 corresponds to the
smallestb, in agreement with the earlier considerationd1
5n,b. Second, the intervald2 does not have a direct rela
tion with the angleb and, in particular, it can be much large
This is consistent with the physical interpretation about
origin d2, related to the equilibrium condition between th
torques exerted by the anisotropies and the magnetic fie

Also, the comparison of Figs. 10~c! and 10~d! reveals the
influence ofb on the existence of inverted hysteresis loop
In both curves, the anisotropies have been kept constan
Kbiax /Kuniax51.0, while the angleb has been varied. Fo
b50 the observed behavior@Fig. 10~d!# is similar to a pure
uniaxial case; however, as proposed earlier when we
sented the phase diagram, a slight change tob51° is
enough to produce regions with negative remanence.

It is also interesting to analyze particular shapes of
hysteresis loops. Their evolution as a function of the anglg
is asymmetric aroundg590°, as can be observed in Fig. 1
where several loops corresponding to differentg values are
shown for the parametersKbiax /Kuniax51.5 and b5p/8
@cases A–F indicated in Fig. 10~a!#. For g5n5d1 ~loop A!,
that is, withH parallel toMH50, the loop is very similar to
those obtained in a simple uniaxial sample with the fie

FIG. 10. Mr /Ms vs g curves calculated for different values o
Kbiax /Kuniax and b. ~a! Kbiax /Kuniax51.5, b5p/8; ~b!
Kbiax /Kuniax52.2, b5p/8; ~c! Kbiax /Kuniax51, b51°; ~d!
Kbiax /Kuniax51, b50.
3-7



r

rv

r
ti

th

or

re
ic

th

e
r o
ua
on
a

ur
i

g-
te

m
ta
en

on-
40

ag-
lied
u-
the

ne-
o-
er-

. In

d
-
ns-

ec

or-

g-

t in
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applied along its easy axis and, therefore,mr51. As g is
increased, the loops evolve towards lower values in the
manence and the coercive field~case B! up to g590°2d2.
Over this value, the inverted hysteresis loops are obse
~loops C and D! until g reaches the valued11d2 ~where
mr50). By further increasingg and over a certain angula
range, the loops present a sharp jump in the magnetiza
before the field has been reduced to its zero value, but
havemr.0. The amplitude of the jump decreases asg in-
creases and, finally, a square-shaped loop is obtained fg
5180°1n5180°1d1.

Note the qualitative good agreement between the theo
cally deduced loops~Fig. 11! and the experimental magnet
behavior found in the YCo2 /YCo2 bilayers@Fig. 2~a!#; both
the peculiar shape of the loops and the evolution with
applied field direction are very similar.

C. Micromagnetic calculation for real samples

As we have shown, the proposed model is able to giv
good qualitative description of the existence and behavio
inverted hysteresis loops in bilayers made of two individ
uniaxial layers. On the other hand, some of the restricti
considered to construct the analytical model do not allow
accurate quantitative approximation to the results meas
in real samples. For example, it is not expected that
YCo2 /YCo2 bilayers the domain wall is collapsed in a ne
ligible thickness. In these samples, the direct exchange in
action (A'631027 erg/cm) in amorphous YCo,10 together
with the bilayer total thickness that is larger than 100 n
can easily produce a Bloch wall extended along an impor
fraction of the thickness. Also, as most of the measurem

FIG. 11. Hysteresis loops calculated forKbiax /Kuniax51.5 and
b5p/8. The A–F notation corresponds to the applied field dir
tions (g values! indicated in Fig. 10~a!.
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are performed by the transverse Kerr effect, it must be c
sidered that the probe depth of this technique is typically
nm in this kind of amorphous materials.42,43

For these reasons, we have also performed a microm
netic analysis of the behavior of bilayers that can be app
to real YCo2 /YCo2 samples. Our calculation method eval
ates the consecutive equilibrium states by decreasing
magnetic field from an initial state with a saturated mag
tization; in particular, in our analysis the profile of the d
main wall of the bilayers has been approximated by a hyp
bolic tangent dependence.

IV. DISCUSSION

Figure 12~a! shows the results of themr vs g curves
obtained by micromagnetic calculations for a real sample
this case, it corresponds to a (80 nm/40 nm) YCo2 /YCo2
bilayer, using as parametersA5631027 erg/cm andK1
5K25104 erg/cm3, which have been previously obtaine
by experiments10 in this kind of samples. Note that the pre
dictions corresponding to the measurements by the tra

-

FIG. 12. ~a! Micromagnetic calculation of theMr /Ms vs g
curves predicted for the Kerr effect signal at both sides of an am
phous YCo2 /YCo2 ~80 nm/40 nm! bilayer. A5631027 erg/cm
andKA5KB5104 erg/cm3 have been considered; solid circles, si
nal for top side (80 nm layer side!; open triangles, signal for bottom
side (40 nm layer side!. ~b! Experimental results of theMr /Ms vs
g curves obtained by the magneto-optical transverse Kerr effec
an amorphous YCo2 /YCo2 ~80 nm/40 nm! bilayer. The meaning of
the symbols is the same as in~a!.
3-8
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INVERTED HYSTERESIS LOOPS IN MAGNETICALLY . . . PHYSICAL REVIEW B64 134423
verse Kerr effect at both sides of the sample are plotted
obtain these results, an average of the magnetization pro
tion has been performed up to a thickness of 40 nm. T
behavior deduced by micromagnetic calculations is v
similar to that obtained by the simple model of competi
uniaxial and biaxial anisotropies with coherent rotation p
cesses. However, some interesting details must be poi
out. First, the intervald, where hysteresis loops with neg
tive remanence are observed, is larger with the microm
netic approach than the one based on the consideration
domain wall collapsed into a negligible thickness. Also,d
can be very different at the two sides of the bilayer, bo
theoretically and experimentally. In the case of Fig. 12~a!, it
is even zero at the substrate side. Actually, this beha
could be expected from a simple analysis of the rotat
processes of the average magnetization sketched in Fig.~b!;
as soon as the existence of a domain wall and the depth
of the Kerr effect are considered, it is clear that, at one s
of the bilayer, the magnetization will rotate from saturati
to the remanence a larger angle than the average magne
tion, resulting in more negative values of the partialmr ,
while, at the other side, this angle will be lower andmr will
present either positive or less negative values.

The micromagnetic results for the YCo2 /YCo2 bilayer
@Fig. 12~a!# are in good agreement with the experimen
transverse Kerr effect measurements@Fig. 12~b!#. In this
case, from comparison of the experimentalmr vs g curves at
both bilayer sides, it can be estimated that the angle of
wall is about 53°. The wall profile obtained by microma
netic calculations for this sample implies an effective w
thickness of 65 nm with an associated angle of about 45
is worth noting that the existence of the wall in the bilaye
favors magnetization rotation processes against dom
nucleations and wall movements. To clarify this, in Fig.
we present the experimental results of the magnetization
jection (M') along the in-plane direction perpendicular
the applied magnetic field. These results reveal that, actu

FIG. 13. M' vs H hysteresis loops obtained in a YCo2 /YCo2

~80 nm/40 nm! bilayer. They correspond to the applied field orie
tations~A, B, C, and D! indicated in Fig. 12~b!. The arrows indicate
the sense of the field sweep.
13442
o
c-
e
y

-
ed

g-
f a

h

r
n

it
e

iza-

l

e

l
It

in

o-

ly,

magnetization reversal takes place by rotation proces
They correspond to four~A–D! directions ofH, indicated in
one of themr vs g curves of Fig. 12~b!.

Directions A and B are approximately at symmetricalg
values with respect tomr50; one direction~A! has a posi-
tive mr , while the other~B! presents a negative remanenc
Also directions C and D are symmetrical with respect tog
570°, that is, the direction where a sharp jump inmr(g) is
observed and the sign of the remanence is reversed.

Two main conclusions about the magnetization rotat
processes can be extracted from these experimental res
First, the experiments are consistent with our model for
sign of the rotation of the magnetization@see Fig. 9~a!#. In
this way, M' presents opposite sign values and, therefo
different rotation directions at both sides of the sharp jump
mr(g) aroundmr50 (d2 edge!, either increasing the field
from negative to positive values or decreasing it in the rec
rocal way. On the other hand, the sign ofM' is constant
close to the other field direction wheremr50 (d1 edge!,
indicating that, in this case, the rotation sign is not chang
Second, for theH directions in or near the region withmr
,0, an intermediate equilibrium position for the magnetiz
tion is observed at a direction closely perpendicular to
saturation direction. This is consistent with a model of co
petitive biaxial and uniaxial anisotropies. To visualize th
fact, polar representations of the magnetization as the fie
varied, deduced from projections parallel and perpendicu
to the field (M i andM' , respectively!, are plotted in Fig. 14
for different H directions@cases A, B, C, and E indicated i
Fig. 12~b!#. Note in the polar plots A, B, and C the presen

FIG. 14. Polar representation of the magnetization processe
a YCo2 /YCo2 ~80 nm/40 nm! bilayer, obtained from theM i and
M' vs H experimental loops@field directions A, B, C, and E indi-
cated in Fig. 12~b!#. The magnetizations forH50 and the rotation
sense from the saturation are indicated. Note that the cases B a
correspond tomr,0 and cases A and E tomr.0.
3-9
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VALVIDARES, ÁLVAREZ-PRADO, MARTÍN, AND ALAMEDA PHYSICAL REVIEW B 64 134423
of the intermediate equilibrium positions~experimental
points are grouped near 90° projections! and the existence o
regions with continuous rotation of the magnetization, p
ceded and/or followed by sharp jumps, in agreement wit
model of rotation processes. In direction E, although it c
responds to the maximum value of the remanence (mr'1),
the magnetization reversal is also driven by rotations.

As shown in Fig. 12, the extended domain wall produc
mr(g) curves very different at both sides of the YCo2 /YCo2
bilayer: one with inverted hysteresis loops in a large angu
range and the other with an uniaxial-like behavior. The
erage of both dependences, corresponding to the ave
magnetization of the bilayer, will result in an intervald of H
directions withmr,0 clearly reduced with respect to th
obtained in one of the sides. In fact, this reducedd value is
also in better agreement with our phenomenological mo
of competitive anisotropies acting on the average magne
tion, as thed.45° value experimentally observed by th
Kerr effect on one side is too large to be obtained in
model for the whole sample.

To analyze the average magnetization of the bilayers,
have also performed hysteresis loops by alternating grad
magnetometry~AGM!. The results of the remanence in
(40 nm/40 nm) NiFe/NiFe polycrystalline bilayer a
shown in Fig. 15. Although there are problems with the p
cision of the applied field direction in this kind of measur
ments, it is clear that themr(g) behavior is analogous to tha
found by the Kerr effect in YCo2 /YCo2 bilayers, with a
smaller intervald. The experimental study of the anisotrop
in these samples as the thickness of the layers is varied
also been done, and will be published elsewhere; briefly,
interesting to mention that, as the thickness is reduced~i.e.,
20 nm/20 nm or 10 nm/10 nm!, the contribution of the biax-
ial term disappears and the bilayers present an essen
uniaxial behavior. In this case, the anisotropy constants
much smaller than the values corresponding to each i
vidual layer. In the framework of our model, the absence
the biaxial contribution can be related to the almost non
istence of a wall (uA2uB'0) across the small thickness o
the bilayer.

The good agreement between the model and the exp

FIG. 15. mr vs g curve of a polycrystalline NiFe/NiFe~40
nm/40 nm! bilayer obtained by alternating gradient magnetome
g50° corresponds to the easy axis of the top NiFe layer.
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ments in the bilayers allows the analysis of the magne
structure in other heterogeneous systems, when they pre
a similar behavior in themr vs g curves. In fact, the results
of the CoNbZr films~see Fig. 3! indicate that, as suggeste
earlier,44 in these samples there is a coexistence of differ
regions magnetically coupled and with their uniax
anisotropies pointing in the directions of the applied fie
during the growth and the annealing processes. This coup
also results in competitive uniaxial and biaxial anisotropi
The localization of those magnetic coupled regions, that is
they are distributed along the whole volume of the sample
if they are concentrated at the interfaces, can be determ
by Kerr effect measurements at both sides of the films
lowed by a comparison with the model.45

Finally, we consider some experimental results in the
erature related to the behavior of magnetic systems w
competitive anisotropies arranged with different symmetri
Inverted hysteresis loops have not been observed in epita
films and superlattices made of Fe~001!. In these samples
uniaxial and biaxial anisotropies coexist withb50° ~Refs.
37 and 38! and b545° ~Refs. 36 and 46!; the estimated
values ofKbiax /Kuniax are in the range 0.55,Kbiax /Kuniax
,30 and the magnetization is contained in the sample pl
during the reversal process. These results are consistent
the predictions of our model, as the valuesb50° and b
545° correspond to the limits where hysteresis loops ba
on coherent rotations and withmr,0 are not observable
independently of the ratioKbiax /Kuniax ~see the phase dia
gram in Fig. 8!. Besides, these samples usually present m
netization reversal processes of one-jump and two-ju
types that are always associated with domain nucleation
wall sweeping, and not with coherent rotations.

On the other hand, loops withmr,0 have been measure
in epitaxial Fe~111! films grown on Si substrates with atom
steps parallel to the@110# direction.28 These experiments
have been explained with a model of competitive twofo
and sixfold anisotropies and coherent rotations, which allo
the existence of an out-of-plane magnetization; in this ca
the existence of other energetically favorable configurati
of M as stripe domains30,47 has not been considered.

Inverted hysteresis loops have also been observed in
layers grown in W(001) substrates with stepped surfa
along a@100# direction.48 Unfortunately, a complete study o
the loops as a function of the field direction has not be
reported, but in the framework of our model, the experime
tal results could be explained if there is a small misalignm
between the biaxial axes and the uniaxial anisotropy indu
by the steps and, also,Kuniax.Kbiax ~see Fig. 8!. This con-
dition is fulfilled when the film thickness is small,49–52 as is
the case in Ref. 48.

V. CONCLUSIONS

Summarizing, the presence of inverted hysteresis lo
~with mr,0) is possible in heterogeneous magnetic syste
as simple as bilayers made of two individual uniaxial laye
The behavior of these samples can be explained in the fra
work of a model proposed here, which is based on comp
tive uniaxial and biaxial anisotropy contributions acting

.
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the average magnetization of the sample. In particular
good agreement with the experiments, it is predicted t
negative remanence can be observed in a range of ap
directions close to the effective uniaxial hard axis of t
bilayer. We have also obtained a phase diagram for the
rameters of the effective anisotropies (Kbiax /Kuniax ,b),
which describe the conditions where inverted loops can
observed. The understanding of the magnetization reve
processes in our samples has been further improved by
cromagnetic calculations, to consider some limitations of
.
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phenomenological model as those related to the thicknes
the domain wall. This complete analysis is suitable to stu
the existence of different magnetically coupled regions in
sample and, also, to tailor some peculiar behaviors adeq
for applications.
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31L. M. Á lvarez-Prado, R. Morales, and J. M. Alameda, J. Allo

Compd.323-324, 504 ~2001!.
32Samples supplied by G. Suran~L. Néel Lab-CNRS, Grenoble!
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