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Two-Stage Magnetization Reversal in Exchange Biased Bilayers
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MnF, /Fe bilayers exhibit asymmetric magnetization reversal that occurs by coherent rotation on one
side of the loop and by nucleation and propagation of domain walls on the other side of the loop. Here,
we show by polarized neutron reflectometry, magnetization, and magnetotransport measurements that for
samples with good crystalline “quality” the rotation is a two-stage process, due to coherent rotation to a
stable state perpendicular to the cooling field direction. The result is remarkably asymmetrically shaped

hysteresis loops.
DOI: 10.1103/PhysRevLett.86.4394

Despite recently renewed interest in the phenomenon of
exchange anisotropy [1] at the interface between antiferro-
magnets (AF) and ferromagnets (F), a full understanding
is elusive [2]. A complete description of exchange aniso-
tropy would incorporate an explanation of the mechanism
for exchange biasing [2-8], the effects of interface dis-
order [9-11], the relationship between the exchange bias
(Hg) and the coercivity (H¢) [6,12,13], as well as an
understanding of the magnetization reversal mechanisms
[14—-16]. In an attempt to address these issues, we have
focused on a model thin film system TMF,/Fe (TM =
transition metal), with which we have been able to eluci-
date perpendicular coupling [17], effects of compensation
[18] and interfacial disorder [9,10], and the relationship
between Hg and H¢ [12].

A recent thrust has been to understand the mechanisms
by which the magnetization reverses in such systems [15].
This is a fundamental point, clearly related to the behavior
of H¢ (zero moment half-width of the hysteresis loop),
which is considered important [6]. Although there are few
more fundamental questions about the nature of a hystere-
sis loop than the issue of the magnetization reversal mecha-
nism, it has largely escaped investigation in exchange
biased systems. Recent papers [14,15] have contributed to
the realization that the magnetization reversal is intrinsi-
cally asymmetric under certain conditions. This naturally
explains the often observed [1,18—20] and discussed [16]
asymmetrically shaped loops, which have evaded expla-
nation for over 40 years. Moreover, it appears that this
is a general phenomenon after observation in FeMn/Py
(Permalloy) [14], MnF,/Fe, FeF,/Fe [15], NiO/Co [21],
and even spin-valve-type materials [22]. In summary, it is
clear that reversal asymmetry in exchange biased systems
is a general phenomenon requiring immediate attention.

In the MnF,/Fe and FeF,/Fe systems, we have shown
that for certain cooling field orientations the magnetization
reverses by coherent rotation on the high field side of the
loop (i.e., where the coercive field is |Hg| + Hc¢) and by
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domain wall nucleation and propagation on the low field
side of the loop (i.e., where the coercive field is He —
|Hgl|), a very clear asymmetry [15]. The magnetization
hysteresis loops show very slight shape asymmetry, which
must be associated with this effect [23]. The asymmetry is
easily understood on consideration of the twinned nature
of the AF films (Fig. 1). When the cooling field bisects
the twin anisotropy axes (as shown), the frustration of the
coupling between the individual AF twins and the ferro-
magnetic overlayer leads to an effective “45° coupling,”
resulting in the easy axes shown in the figure. Note that
the unidirectional anisotropy (UA) axis provides a global
energy minimum, while the other three axes represent local
easy axes. When the field is reduced from positive satu-
ration (H || Hrc), the magnetization rotates to the easy
axis at 90° and eventually is fully reversed. At this point,
as the field is reduced from negative saturation, the unidi-
rectional anisotropy stimulates nucleation of domains with
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FIG. 1. Schematic showing the two MnF, twins, the unidi-
rectional anisotropy direction (UA) and the cooling field (Hpgc)
orientation. Solid arrows represent easy axes.
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magnetization parallel to Hp¢ and rotation is suppressed,
i.e., the reversal processes are different.

Here, we use the complementary techniques of magne-
tometry, polarized neutron reflectometry (PNR), and aniso-
tropic magnetoresistance (AMR) to show that the rotation
can occur in two stages where the magnetization vector
falls into a potential minimum at 90° to Hgc. This leads
to a remarkably asymmetric “kinked” hysteresis loop never
previously observed. The requirement to observe this is a
low mosaicity measured by the width of the x-ray diffrac-
tion rocking curve through MnF, reflections.

Details of the sample preparation and characterization
were given in previous publications [10,12]. The layer
structure is  MgO(100)/ZnF,(110)/MnF,(110)/Fe/Al
(cap layer), with thicknesses 250/500/120/50 A, respec-
tively. High angle x-ray diffraction (with the scattering
vector both in the sample plane and perpendicular to it),
grazing incidence reflectivity, and reflection high energy
electron diffraction revealed twinned AF layers, polycrys-
talline Fe overlayers, and a controllable interface rough-
ness [10]. The twinning is critical to the understanding
of the exchange biasing. An important parameter when
assessing structural data is the full width at half maximum
(FWHM) of the transverse scan through the MnF,(110)
reflection, A6. This is extremely sensitive to the substrate
temperature during deposition, even more so than the
roughness. We find that observation of the “kink” feature
discussed below is strongly correlated with low values
of A6.

The measurements consist of SQUID magnetometry and
AMR from 100 to 4.2 K in fields up to 70 kOe, and PNR
[24] at 36 K in low magnetic fields. The PNR measure-
ments were made using the NG1 reflectometer at the Na-
tional Institute for Standards and Technology. Briefly,
a polarized neutron beam is specularly reflected by the
sample onto a polarization analyzer and detector. Two non-
spin-flip cross sections (i.e., polarizations unchanged by
the sample) were measured in addition to the spin-flip scat-
tering intensity. The spin-flip scattering intensity arises
from a component of the sample magnetization vector
perpendicular to the applied field which flips the neutron
polarization from up to down or vice versa. The measure-
ments presented here were made by saturating the film in
one direction then increasing the field in the opposite di-
rection to the coercive point.

A magnetization hysteresis loop for a sample with Ag =
1.9° is shown in Fig. 2 at 10 K after field cooling in a
234 Oe field applied as in Fig. 1. The asymmetric shape,
with a distinct kink on the left side of the loop, is strik-
ing. The width of this kink is a strong function of A6, as
shown in the inset of Fig. 2. Clearly, only the samples with
the lowest FWHM of the high angle MnF, x-ray rocking
curves display this effect. Note that AH is uncorrelated
with other structural parameters such as interface rough-
ness and correlation length. Another important point is
that the kink occurs very close to m = 0, where m is the
magnitude of the sample magnetic moment projected onto

7 May 2001
8x10* , . ' . ' |
T = 10K AH
H., =234 Oe 4_,|
a0 @Wm@nﬂmm@ooooogo-_ss
o)
=) |
0 C
GE'> }@W 60
? O o 40
E | / Q, 30
-4x10™ o Toelelelsls olelelelsletelele o] T l
<G 10 o
s 21 W 2T %%
-8x10™ . . : _ ' BUSE
-400 -200 0 200 400

H [Oe]

FIG. 2. A hysteresis loop at 7 = 10 K and Hpc = 234 Oe.
Inset: AH vs A6. Solid line is a guide to the eye.

the field direction. Since the magnetization reversal on the
high field side of the loop is accomplished by rotation (as
observed with PNR), and given that an easy axis is present
at 90° to the field cooling direction, it is natural to pro-
pose that this kink feature is due to rotation to this easy
axis. In other words, the magnetization reversal occurs in
two distinct stages: first, by coherent rotation through 90°
at which point the system falls into a stable configuration,
followed by further rotation to 180° after increasing the
field by AH. Hence, the “shelflike” feature near m = 0
corresponds to the range of fields for which the magneti-
zation vector is in a metastable state at 90° to the original
magnetization direction. The absence of the kink on the
right-hand side of the loop is due to the fact that reversal
here occurs by domain wall nucleation and propagation.

An important observation is that the minor loops are
reversible on the high field side; i.e., if we sweep from
positive saturation to the kink and then reverse the field
and move back up the loop, we observe fully reversible
behavior. This is in contrast to the other side of the loop
where clear irreversibility is evident. This must be seen
as strong evidence for our model: The coherent rotation
process is reversible while the domain processes are not.
In particular, this rules out any possibility of a metastable
domain state which is achieved near m = 0 on the high
field side.

The Hpce dependence of this effect is shown in Fig. 3,
with the usual positive bias at high cooling fields [10,12].
The three hysteresis loops in this figure correspond to low
Hpe (234 Oe) where He < 0, intermediate Hpc (10 kOe)
where Hg = 0, and high Hpc (70 kOe) where Hg > 0.
The kink, which originally occurs on the left side of the
loop at low Hp¢, disappears when the net Hg vanishes and
occurs on the right side of the loop for positive Hg. The
appearance of the anomaly on the right side of the loop for
Hg > 0is expected as this is the side of the loop for which
we believe coherent rotation now takes place (i.e., the high
field side [15]), while domain wall processes account for
the reversal on the other side. The absence of a kink feature
for a sample cooled such that Hy = 0 is consistent with
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FIG. 3.

The Hpc dependence of Hy and the kink feature. (d) shows the Hrc dependence of Hg. The solid line is a guide to the

eye. The upper three figures are loops taken at fields such that Hg is negative (a), zero (b), and positive (c), respectively.

PNR observation of domain wall processes on both sides
of the loop. In essence, the kink always occurs on the high
field side of the loop, disappearing when the left and right
sides cross m = 0 at the same field magnitude, i.e., when
Hp(Hpe) = 0.

The kink width AH is further examined in Fig. 4 where
AH and Hp, are plotted against 7" after the same field cool-
ing procedure. The identical temperature dependencies of
Hg and AH are further evidence that the kink is intimately
related to the unidirectional anisotropy. This temperature
dependence has been discussed previously [10] and has
been investigated as a function of interface disorder [25].

As discussed in a previous publication [23], the reversal
asymmetry in this system can also be probed by AMR. The
inset of Fig. 4 shows AMR at 10 K under identical condi-
tions to those of Fig. 2, with the sample current, I || H.
The sensitivity of the resistance to the angle between M
and I usually results in a symmetric AMR response with
two minima of identical magnitude at =Hc. Here, the
striking asymmetry in the sizes of the magnetoresistive re-
sponse on the left- and right-hand sides of the loop is again
due to the rotation on the left side (where a large AMR re-
sponse is observed) and domain wall nucleation and propa-
gation on the right (where the AMR response is a factor of
6 smaller). The asymmetry disappears at T > Ty [26] and
does not exist at all in ZnF,/Fe bilayers with comparable
high angle rocking curve widths. Close inspection of the
AMR on the coherent rotation side of the loop reveals a
“flat-bottomed” shape, as shown in Fig. 5(a), which cor-
relates with the kink in the magnetization hysteresis loop.
This is the field region where the magnetization vector is
in a potential minimum at 90° to Hpc¢, and the vector mag-
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netization is constant; i.e., the angle between M and 1, is
not varying in this region. Absolute proof of this hypothe-
sis is shown in Fig. 5(b) where the intensity of the neu-
tron spin-flip scattering cross section, Igr, is plotted in the
same figure as the AMR response. This scattering is due
to the existence of some component of the film magnetiza-
tion perpendicular to Hrc. Hence, the region of constant
Isp corresponds to a static net magnetization vector. The
spin-flip scatter is observed to be strong over the whole
high field side of the loop, and essentially zero on the low
field side of the loops.
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FIG. 4. The T dependencies of Hr and AH at Hpc = 234 Oe.
Note that to determine Hg we explicitly assume that the coercive
fields on either side of the loop are identical; i.e., we define
Hp as the field displacement of the loop center. Inset: AMR at
T = 10 Kand Hrc = 234 Oe. Note: AR/Ry = (R — Ry)/Ro,
where R is the resistance at 500 Oe.
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FIG. 5. “Close-up” of the AMR (a) and normalized neutron
spin-flip scattering intensity (b) near the kink feature. Igp is
normalized to the maximum intensity I/sro. Note that the slight
field discrepancy between the two curves is due to the difficulty
in accurately determining the field during the neutron scattering
measurements, and a slightly different measuring temperature.
Note also the slight discrepancy in cooling field values compared
to Fig. 2.

In summary, we have provided conclusive evidence
that the magnetization reversal by coherent rotation in
MnF, /Fe bilayers can occur via a two-stage process. This
process produces a strikingly asymmetric, kinked hystere-
sis loop which can be naturally explained by the previously
inferred magnetic anisotropy [27]. Clearly, asymmetry in
the magnetization reversal process in exchange biased sys-
tems is of great importance in terms of dictating the nature
of the hysteresis and should be considered in thorough
investigation of new systems.
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