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ABSTRACT

The exchange bias (EB) is a unidirectional magnetic anisotropy that is found in structures containing exchange-coupled ferromag-
netic/antiferromagnetic interfaces. The EB usually manifests as a horizontal shift of the hysteresis after cooling the system through the Néel
temperature of the antiferromagnet in the presence of an external magnetic field. A vertical shift and an asymmetry of the magnetization
loop are also possible. At present, the EB is often investigated for its effect on an application in magnetic devices in a variety of material
systems and applications. The EB bilayer systems Fe/FeF, and Fe/MnF, represent an interesting case of structural similarities. In this paper,
we show that differences between magnetic material orders and disorder contributions, found at the microscale, make them model systems
for the occurrence of specific magneto-crystalline anisotropies and specific angular dependencies of the EB with significant implications for

magneto-electronic applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0220475

I. INTRODUCTION

The unidirectional exchange bias (EB) anisotropy was discov-
ered by Meiklejohn and Bean in Co/CoO core/shell particles." The
most prominent feature of the EB is a horizontal shift of the hys-
teresis loop after field cooling (FC) an exchange-coupled ferro-/
antiferromagnetic (FM/AFM) layer system through the Néel tem-
perature of the AFM, usually opposite to the cooling field direction.?
In many cases, this horizontal shift is accompanied by a vertical shift
and/or an asymmetry of the hysteresis loop.’

Besides the aforementioned experiments on FM/AFM
core/shell particles, researchers have investigated EB systems in
other shapes, often with a focus on thin film systems or nanos-
tructured materials.” ° The materials under investigation typically
combine ferro- and antiferromagnetic layers but also include com-
binations with ferrimagnetic materials or even molecular materials
that show an EB in a single phase. Among the most frequently
investigated material combinations are Co/CoO and Co/Co0304,”"

Fe/FeF,,” Fe/MnF,," as well as more sophisticated systems, such as
Fe/LaAlO3“ or PI‘O‘67SI’()_33,N[l’lO3/SI'TiO3.12

Today, these relatively old results are still in use as the basis
for the development of new functionalities and properties in new
material combinations. Recently, the research on EB systems partly
focused on amorphous thin films in which structural magnetic dis-
order dominates, as opposed to epitaxial order. In recent studies by
Masood et al., spin glass-like behavior in Fe-B-Nb amorphous thin
films was recognized as influenced by structural anomalies and con-
firmed experimentally by magneto-thermogravimetry.'’ The level of
structural irregularities is enhanced in amorphous materials. Kedia
et al. showed that an increase in the grain diameter of the antifer-
romagnetic layer led to a positive EB in Co,FeAl/Ir;Mnos,'* similar
to the positive EB found in some Fe/FeF, bilayer systems. It should
be mentioned that the authors found positive EB only at room
temperature, while after field-cooling to 15 K, this system revealed
negative EB. A similar bilayer system, CoFeB/IrMn, was numeri-
cally studied to confirm strain-induced 1.5 times enhancement of
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the EB."”'® This study is a great example of the connection between
factors influencing a system on different scales, such as the change
of lattice parameters due to mechanical stress, which also induces
a fourfold anisotropy and modifies the spin-orbit coupling in the
material.

IrMn-based devices found applications in giant magnetoresis-
tance (GMR) sensor applications, making such EB systems attractive
for potential applications. NiFe/IrMn was recently studied by Kedia
et al., where different structural factors, such as atomic roughness
and crystalline grain sizes, were investigated.'” For polycrystalline
samples, based on Heusler alloys that are of great importance for
ultra-high-density storage devices, Tian et al. studied the influ-
ence of the martensitic phase in NispMn3sSb12—xGayx for x < 13,
where they identified the coexistence of ferromagnetic and antifer-
romagnetic phases, with the EB being tuned by composition and
temperature. Importantly, they identified a temperature-controlled
competition mechanism between the ferromagnetic orthorhombic
martensite phase and the antiferromagnetic tetragonal austenite
phase.

The underlying effects related to structural and thermodynamic
factors, revealed in these recent studies, will be analyzed in detail
in Secs. I1-V. This article gives an overview of the specific proper-
ties of Fe/FeF, and Fe/MnF, bilayers, explains the unusual angular
dependence of the EB in Fe/MnF, thin film systems, and compares
previous results in both systems with other material combinations
that were investigated recently and can be better understood on the
basis of physical effects revealed originally in Fe/FeF, and Fe/MnF,
EB systems. It should be mentioned that Fe/FeF, and Fe/MnF,
behave in many ways different from the widely studied EB system
Co/CoO, as will be described in Secs. 11-V.

Understanding these model systems and similar systems, such
as EB systems with IrMn as AFM, will support the development of
novel spintronics elements and quaternary magnetic storage devices.

>
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Il. MAGNETIC PROPERTIES AND SPIN STRUCTURE

While the Curie temperature of iron is 1043 K and, thus, far
above common temperatures reached in spintronics applications,
both Néel temperatures of the AFMs are far below room temper-
ature (RT). For FeF,, the Néel temperature is often assumed as
Tn =78 K,*° but much smaller and even slightly larger values can
be found depending on the layer thickness and strain.”"** A similar
value of 67 K is reported as the Néel temperature of Fe/MnF,.”** It
should be mentioned that the blocking temperature, i.e., the temper-
ature above which the exchange bias vanishes, can be significantly
lower than the Néel temperature but also similar to the Néel temper-
ature, e.g., in systems with polycrystalline CoO as AFM and in many
cases in systems containing FeF, or MnF, as AFM.”

In Fe/MnF, and Fe/FeF, thin film systems, the spin struc-
ture has been reported by some researchers. Sahoo prepared
Al(3 nm)/Fe(8 nm)/MnF»(52 nm)/ZnF,(16 nm)/MgO(001) sam-
ples by electron beam evaporation, where the ZnF, buffer layer was
used to relax the lattice mismatch between MnF, and MgO(100).”
The MnF, layer grew quasi-epitaxially in (110) orientation with a
pseudo-twinned lattice, i.e., with the easy axes oriented +45° to the
MgO [100] directions, which was also reported by other researchers
using similar sample preparation procedures.””** Sahoo found the
Fe spins to always lie in the sample plane and to rotate in-plane away
from the directions of the remanent magnetization toward the next
AFM easy axes during zero field cooling (ZFC), while no such rota-
tion of the Fe spins was observed between the Néel temperature and
RT. The spin rotation was reduced during FC due to the competition
between exchange coupling with Mn spins oriented along the easy
axes of MnF, and orientation along the external magnetic field.””
The reorientation of the FM spins in Fe/FeF, and Fe/MnF, was
theoretically investigated by Silva et al. who showed that this reori-
entation occurred in uniaxial FM films only for a sufficiently strong
interface field, while it always occurred in fourfold FM films.”
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FIG. 1. Spin structures of Fe, MnF5, and FeF in a typical thin-film system (left), typical exchange bias (top right), and typical temperature dependence of the exchange bias

(EB) (bottom right side).
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Sahoo also investigated the spin structure of Fe/FeF, films pre-
pared as Al(3 nm)/Fe(8 nm)/FeF,(45 nm)/MgO(100).”> The FeF,
layer was again found to be (110) pseudo-twinned with the easy axis
being oriented +45° to the MgO[100] directions, as also reported
in other studies.””" The Fe spins always lie in the sample plane, as
in the above-described Fe/MnF, samples.”” The in-plane spin struc-
ture, however, differed: In Fe/FeF; films, the FM spins were oriented
near the AFM easy axes (i.e., + 45° to the MgO[100] directions and
also +45° to the external magnetic field) even at room tempera-
ture. ZFC from 200 to 90 K led to a continuous rotation away from
the AFM easy axes, which was attributed to the high-temperature
magnetic anisotropy of FeF,, while further cooling below the Néel
temperature rotated the FM spins back to the AFM easy axis direc-
tions.”” Kiwi et al. found a canted spin configuration in the AFM
interface frozen in a metastable state near the Néel temperature,
leading to the EB energy being stored in a spring-like magnet or
incomplete domain wall.*

An overview of spin structures of the materials under investi-
gation here is shown in Fig. 1 (left part), combined with a typical
pseudo-twinned (110) AFM layer, a typical cosine-shaped angular
dependence of the EB (top right part), as well as common hysteresis
loops for different temperatures below and at the Néel temperature
(bottom right side).

It should be mentioned that other thin-film orientations can be
achieved by using different substrates and/or buffer layers. However,
these detailed investigations of the often chosen (110) pseudo-
twinned AFM layer already show that a different temperature depen-
dence and potentially different angular dependence of the EB in
Fe/FeF, and Fe/MnF, thin-film systems can be expected.

This article is structured as follows: Sec. I1I gives an overview of
the temperature dependence of Fe/FeF, and Fe/MnF, EB systems.
The cooling field dependence is discussed in Sec. I'V. The angular
dependence of the EB in these systems for varying cooling fields and
measurement angles is examined in Sec. V; finally, Sec. VI gives a
conclusion and outlook toward potential new magneto-electronics
and spintronics devices based on such EB systems.

I1l. TEMPERATURE DEPENDENCIES

While some studies compare Fe/FeF, and Fe/MnF, above and
below their respective Néel temperatures, only a few researchers
report more detailed measurements of the temperature dependence
of the EB and coercive fields. In this section, we discuss such studies.

A. Fe/FeF,

Fitzsimmons et al. investigated the temperature-dependent
properties of Fe/FeF, thin-film samples with untwinned (110) single
crystalline, twinned (110) single crystalline, or (110) polycrystalline
FeF, layers, while Fe was polycrystalline in all samples.”” They only
found an asymmetric magnetization reversal for the twinned (110)
AFM measured at a sample orientation of +45° to the AFM easy
axes, while the magnetization reversal was symmetric for the same
sample measured along 0° or 90° to the AFM easy axes as well as for
both other samples.””* The temperature dependence of the coercive
field showed a peak near the Néel temperature for the untwinned
sample measured along the hard or the easy axis,” which is well-
known from Co/CoO(110) where the 90° coupling also induces a

pubs.aip.org/aip/adv

peak in the coercivity near the Néel temperature due to an exchange
of hard and easy axes.” This 90° rotation of the ferromagnetic easy
axis due to the AFM ordering was also reported by Moran et al. who
found a peak in the coercivity only along the FeF»[100] direction of
the untwinned AFM, as shown in Fig. 2.

Nogués et al. compared FeF, thin-film samples to bulk single
crystals in different orientations, on which polycrystalline Fe films
were grown with (110) and (100) preferred orientations.”’ They
found similar blocking temperatures near the Néel temperature in
all cases, but strongly varying EB values at low temperatures between
~—180 Oe for thin-film FeF,(110)(~90 nm)/Fe(~13 nm)/Ag(~9 nm)
samples on a MgO(100) substrate and even positive values up to
~+60 Oe for Fe(~20 nm)/Ag(~20 nm) grown on a (110) FeF,
polished-annealed substrate, field-cooled along the AFM easy axis.”’

For a polycrystalline Fe film (~13 nm) with preferred (110)
and (100) orientations grown on top of twinned (110) FeF, layers
(~90 nm), Nogués et al. also found the blocking temperature to be
near the Néel temperature.’’ Depending on the cooling field, they
found an EB of ~—210 Oe (for FC in 2 kOe) or ~+240 Oe (for FC
in 70 kOe) at low temperatures, followed by a plateau up to ~40 K
for the negative EB and even a maximum at ~40 K for the positive
EB." A similar temperature dependence was reported by Widuch
et al. for a single-crystal FM (2.5 nm Fe)/polycrystalline AFM (50 nm
FeF,), where the EB starts at low temperatures around —210 Oe,
stays approximately constant up to around 30 K and then decreases
rapidly until the blocking temperature that was again quite near the
Neéel temperature.”® The coercivity, on the other hand, decreases
constantly with increasing temperature with ~1/T. The depicted
hysteresis loops measured at 17 and 85 K are mostly symmetric.”®
Using Kerr microscopy, the authors found domain patterns typical
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FIG. 2. Squareness (a) and coercivity (b) for an Ag(20 nm)/Fe(20 nm)/FeF(110)
sample. Field applied in-plane parallel to the FeF,[001] direction (filled circles) and
FeF[1, —1, 0] direction (open circles). Here, squareness is defined as remanent
magnetization divided by saturation magnetization. Reproduced from Moran et al.,
Perpendicular coupling at Fe-FeF; interfaces. Appl. Phys. Lett. 72, 617 (1998)
with the permission of AIP Publishing LLC.
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FIG. 3. Temperature-dependent exchange bias (EB) and coercive fields (Hc) for different thin film samples: (a) and (b) FeF, 100 nm, rocking curve width (defining the
roughness) 8°, Fe with (110) texture; (c) FeF; 90 nm, rocking curve width 3.3°, Fe with (100) texture; and (d) FeF, 75 nm, rocking curve width 1.5°, Fe with (100) texture.
Reprinted from Tillmanns, Magnetisierungsumkehr und -dynamik in Exchange-Bias-Systemen, Dissertation thesis, RWTH Aachen, Germany, 2005. Copyright 2005, published

open access; modified.

for cubic anisotropy at room temperature, while patch-like magnetic
domains formed below the blocking temperature.”® This is similar to
the results of Monte-Carlo simulations of Co/CoO EB systems with
diluted antiferromagnets.’”

In a Monte Carlo simulation of Fe/FeF,(100) bilayers with an
uncompensated interface, Li et al. found a slight variation of the
temperature dependences of EB and coercivity with the AFM/FM
mixing at the interface, where the blocking temperature varied with
the surface roughness.”® A small maximum of the coercivity near
the blocking temperature was visible. A small range of the inter-
face mixing parameter led to positive EB, of which the temperature
dependence was not depicted.”

For thin-film samples with twinned FeF,(110) and polycrys-
talline Fe layer with preferred (110) and (100) orientations, different
AFM thicknesses and corresponding interface roughnesses resulted
in different orientations of the Fe layer, which showed either mostly
twofold or mostly fourfold anisotropies at room temperature.*’
Figure 3 depicts exemplary temperature-dependent measurements
for different sample orientations.”” Depending on the interface
roughness (larger rocking curve widths indicate rougher interfaces),
the absolute values of coercivity and EB differ strongly. Smoother
interfaces resulted in larger coercivity [Fig. 3(d)], while the largest
EB is found for an intermediate roughness [Fig. 3(c)]. Other studies

on FeF,, but also on other systems, such as Co/CoO, showed
higher or lower sensitivity to interface roughness, with the EB either
increasing or decreasing with higher interface roughness.” The coer-
civity at low temperature, measured along 0° and 45° sample orien-
tation, differs strongest for the only sample in which Fe grew with
(110) preferred orientation [Fig. 3(a)]. This may be attributed to the
angle-dependent asymmetry of the magnetization reversal, as shown
by the transverse magnetization components [inset in Fig. 3(b)] at
15° sample orientation. However, most of the aforementioned tem-
perature dependencies of EB and coercive field can be found here,
too—a blocking temperature near the Néel temperature and a slight
increase in the EB near 40 K for measurements along the MgO[001]
orientation (here 0° orientation). Interestingly, both samples with
fourfold Fe texture [Figs. 3(c) and 3(d)] even show a broad range of
increased coercivity around the Néel temperature, which was usually
found in samples with untwinned FeF,(110) layers.

B. Fe/MnF,

For samples of MgO(001)/ZnF>(25 nm)/MnF,(50 nm)/
Fe(11 nm)/Al(3 nm), Fitzsimmons et al. reported a constantly
decreasing EB that vanished near the Néel temperature.”” Here, the
ZnF, buffer layer improved the epitaxial growth of the subsequent
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und -dynamik in Exchange-Bias-Systemen, Dissertation thesis, RWTH Aachen,
Germany, 2005. Copyright 2005, published open access; modified.

MnF, layer that was shown to grow in twinned (110) orientation,
with the easy axes oriented +45° to the MgO[100] directions, as is
often found in Fe/FeF, samples, while FC was performed along 0°,
as in most cases. The deposition temperature of the AFM was var-
ied to obtain interface roughnesses of 1.9 and 0.5 nm, respectively,
where the sample with a smoother interface showed a slightly larger
EB at intermediate temperatures.”’

An almost constant EB of ~—80 Oe up to a temperature of
50 K was reported by Macedo et al. before the EB was significantly
reduced and vanished around the Néel temperature.”’ For their
experiments, samples with 70 nm Fe on top of 52 nm MnF,(110)
on a ZnF,(110) buffer were used, where the MnF, film was again
twinned, and the Fe layer grew polycrystalline. Similarly, Sahoo
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found in the afore-described samples a constant reduction in coer-
civity with increasing temperature, while the EB was approximately
constant up to 50 K and then rapidly decreased toward the Néel
temperature.”

In samples with a wedge-shaped Fe layer [polycrystalline with
(110) texture, thickness 1.6-16 nm] on top of a twinned 65 nm
MnF(110) film, Leighton et al. found a clear dependence of the
coercivity on the Fe layer thickness, with thinner FM layers resulting
in much higher coercivities at low temperatures.*’ For the samples
with thinner Fe layers, they found the expected decrease in the coer-
civity with increasing temperature, while thicker Fe layers resulted
in approximately constant coercive fields up to 75 K or even a slight
increase of the coercivity near the Néel temperature. In addition,
they showed that for a Fe thickness of 12 nm, a sample with an
AFM thickness of 220 nm led to a steady decrease in coercivity with
increasing temperature, while a reduction of the AFM thickness to
21 nm resulted in a small peak of the coercivity at the Néel tem-
perature. At 10 K, the EB increased from ~-35 to —300 Oe with
decreasing AFM thickness; a temperature dependence of the EB was
not reported.*!

In a sample MgO(100)/ZnF,(110)/MnF,(110)/
Fe(polycrystalline)/Al(cap layer) with thicknesses 25 nm/50 nm/
12 nm/5 nm and a twinned AFM, Leighton et al. found the EB
decreasing from ~—50 Oe at 5 K to zero at the Néel temperature.*’
They also showed a clear asymmetry of the hysteresis loop with
a broad step on the left side (after field cooling in a positive field
direction), which was reduced similarly to the EB with increasing
temperature. The authors attributed this step in the loop to an
intermediate metastable state of the magnetization, oriented 90° to
the original magnetization direction, while magnetization reversal
on the right side was assumed to occur by domain wall nucleation
and propagation.*’

A more detailed examination of the step in the longitudinal
hysteresis loop and the corresponding peak in the transverse mag-
netization component can be found in Ref. 39. As Fig. 4 shows, both
the step and the peak are broadest at low temperatures, measured
for a sample Al(3 nm)/Fe(12 nm)/MnF,(65 nm)/ZnF,(25 nm)/

(b) 200 |

H (Oe)

-200

o BC_average
il 4 EB,erage ]
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L

-300 -

0 20 40 60 80
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FIG. 5. (a) Temperature dependence of the position (black open symbols), width (green squares), and height (blue triangles) of the transverse peaks of MnF;(110
twinned)/Fe[polycrystalline with preferred (110) and (100) orientation] sample; the inset describes the measured values. (b) Temperature dependence of the inner and
outer left coercivity Be; - and Be, <, the right coercivity Bcr, and the herewith calculated average coercivity Bc average @nd exchange bias EBaverage. Reprinted from Tillmanns,
Magnetisierungsumkehr und -dynamik in Exchange-Bias-Systemen, Dissertation thesis, RWTH Aachen, Germany, 2005. Copyright 2005, published open access; modified.
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MgO(001) with a twinned MnF,(110) layer, with the MnF,(110)
twins being oriented along +45° to the MgO[100] directions.
The rocking curve width for the sample surface is 2.0°, indicat-
ing a low roughness. The Fe layer had preferred (110) and (100)
orientation.”” The asymmetric peak above the Néel temperature
[Fig. 4(b)] was attributed to a slight mismatch between the sample’s
crystallographic axes and the external magnetic field.'’

Similar to Ref. 42, the temperature-dependent width of the peak
and its position and height were evaluated [Fig. 5(a)], showing a
constant decrease in the peak position with temperature, while the
peak height and width stayed approximately constant below ~50 and
30 K, respectively.” The corresponding longitudinal switching fields
on the left side (similar to the peak positions) and coercivity on the
right side of the longitudinal hysteresis loops are depicted in Fig. 5(b)
and show an EB that is mostly constant in a broad temperature
range before it vanishes at the Néel temperature.” For similar sam-
ples with rougher surfaces and mostly (100) textured Fe layers, the
measured EB values were smaller but showed a qualitatively similar
behavior.”

IV. COOLING FIELD DEPENDENCE
OF THE EXCHANGE BIAS

As mentioned before, the cooling field may influence the value
of the EB shift and in some systems even change its sign. This section
reports about the cooling field dependence of Fe/FeF, and Fe/MnF,,
which is often very different compared with other systems, such as
Co/Co0.”

Some researchers report a positive EB in Fe/FeF,, i.e., in the
direction of the cooling field, for large enough cooling fields. In
twinned FeF,(110) and polycrystalline Fe with preferred (110) and
(100) directions, Nogués et al. reported a large EB of —500 Oe at
10 K, where the FeF, was grown at 200 °C after cooling in a small
field. However, samples with FeF, layers grown at 250 or 300 °C
started with an EB of —200 Oe at 10 K for small cooling fields and
switched to positive EB at cooling fields of 10 kOe, and even reached
large positive EB values of +150-200 Oe for large cooling fields of
70 kOe.*" The positive EB was attributed to the competition between
FM-AFM exchange interaction and an external field-AFM surface
magnetic coupling interaction. In addition, they found a strong
dependence of the coercivity on the cooling field only for a sample
orientation of 0°, i.e., £45° orientation of the FeF, twin’s easy axes,
while field cooling and measuring along the twin’s easy axes resulted
in only a small variation of the coercivity with the cooling field.*

A positive EB was also reported by Nogués et al. for different
Fe/FeF, and Fe/MnF, samples.”’ They reported the dependence of
the EB on the growth temperature of the AFM for both material sys-
tems. The authors found the sign change of the EB with increasing
cooling field to be correlated with a sign change of the vertical shift of
the hysteresis loops for Fe/FeF, where the AFM was grown at 300 °C
as well as for Fe/MnF, with the AFM grown at 275 °C. They stated
that the interface coupling was responsible for the EB found for large
cooling fields, while small cooling fields resulted in a more complex
correlation between EB and coupling sign.”’

Similar to Ref. 30, Kiwi et al. discussed the possibility of a
positive exchange bias for EB systems including AFMs with strong
anisotropy, especially Fe/MnF, and Fe/FeF,, based on the inter-
face coupling.”’ Interestingly, they calculated positive EB to occur
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in Fe/MnF; (Fig. 6), while this effect was experimentally more often
reported for Fe/FeF,.

It should be mentioned that field cooling and measuring was
in most cases performed along an easy axis of the AFM, i.e., along
+45° with respect to the (110) twins in case of a twinned AFM. The
dependence of the EB on the cooling field and measuring orientation
will be discussed in Sec. V.

V. ANGULAR DEPENDENCE OF THE EXCHANGE BIAS

In this section, we differentiate between measurements where
the sample was cooled along a specific (typically easy) crystallo-
graphic axis and subsequently rotated at low temperatures, and on
the other hand, investigations where the sample was field cooled at
varying cooling field angles. Studies in which the cooling field angle
is unclear are not discussed.

A. Angular dependence of EB and coercivity
in general EB systems

First, it should be mentioned that the uniaxial EB anisotropy
is usually assumed to have a cosine angular dependence, with
the maximum EB parallel and antiparallel to the cooling field
direction, as shown in the literature for diverse EB systems,
such as FeMn/(FeNi/FeMn), multilayers, IrMn/Co, IrMn/FeNi,
FexZni_F»/Co, or Fe/MnPd.”* On the other hand, some
researchers mentioned measurements of an angular-dependent EB
or coercivity that could not fully be explained by the common
Meiklejohn and Bean model*” or Stoner-Wobhlfarth model.”*

Radu et al. used a modified Meiklejohn and Beam model
to explain measurements on CoFe/IrMn samples with twofold
anisotropy. They assumed an additional spin disorder at the
FM/AFM interface, i.e., an interlayer with zero anisotropy next
to the FM and increasing anisotropy toward the main part of
the AFM, until the AFM anisotropy constants are reached.”’ Nev-
ertheless, the cosine angular dependence remained unchanged.”
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Geshev et al. mentioned that a distribution of AFM easy axes could
modify the angular dependence of EB and coercivity so that peaks
were softened.””

For NiFe(111)/FeMn(111)/CoFeB(amorphous), Singh and
Chaudhary reported a clear cosine dependence of the EB on the
in-plane angle, but a deviation between the uniaxial and unidirec-
tional easy axes, which they attributed to the interface roughness.™*
An apparently more complex angular dependence in MgO/NiO/Co
samples was reported by Dubourg et al.”> Similarly, complex angular
dependencies of the EB can be found in simulations with four-
fold, uniaxial, and unidirectional anisotropy using the standard
mathematical descriptions.”® Dubourg et al. also showed fits with
a Stoner-Wobhlfarth coherent rotation model including these three
anisotropies, which approximated the experimental values relatively
well.” Liedke et al. showed the effect of non-collinear unidirectional
and uniaxial anisotropy in rippled Nig;Fej9/FesoMnso, without
changing the cosine term itself.”” In Co/CoO core-shell nanowire,
Gandbha et al. showed a deviation from the usual cosine-like angular
dependence of the EB that they attributed to a misalignment of the
FM and AFM spins at the core-shell interface.”

A novel mathematical approach was mentioned by Radu et al.
who simulated epitaxially grown FeNi(111)/CoO(111) bilayers.”
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While they did not show the angular dependence of the EB, they
measured the angle dependent spin flip and non-spin flip Bragg peak
integrated intensities in x-ray scattering and found a clear sixfold
anisotropy, as expected, but with sharp peaks, which they attributed
to the AFM spins being aligned with the sixfold crystallographic
axes.”” For Fe(001)/IrMn(001), Zhang and Krishnan showed inter-
esting longitudinal magnetization loops with one or two steps as
well as corresponding transverse magnetization loops with partly
very broad, nearly rectangular peaks, similar to those depicted for
Fe/MnF, in Fig. 4.° Parts of their measurements are shown in
Fig. 7.9 These measurements were performed for a field cooling
angle deviating 21° from the next Fe easy axis. Similar to the afore-
mentioned study, here the authors defined the EB to be oriented in
two orthogonal cubic easy axes, resulting in an effective field super-
imposed on the Fe easy axes. In this way, they could well explain
the magnetization reversal directions, i.e., the sign of the transverse
magnetization peaks, as well as the switching fields along the whole
angular range.”’ A very similar idea was described by Hajiri et al.
for CFN(001)/MnN(100) bilayers, which also showed broad, nearly
rectangular transverse peaks if the system was measured along other
than the field cooling direction.”' This idea will be discussed for
Fe/MnF, in Secs. V D and V E.

B. Fe/FeF,—FC at easy axis

For Fe/FeF, thin films with twinned FeF,(110) and polycrys-
talline Fe, Miltényi et al. found a clear fourfold anisotropy at room
temperature with easy axes along n - 90° with respect to the [001]
directions.”” After field cooling along a hard axis (45°), spin wave
frequencies were measured at 50 K and fitted with a cosine function
for the EB, leading to a difference of ~25% between the EB calcu-
lated from the spin wave frequencies and from static hysteresis loops,
which the authors attributed to potential higher order terms for the
unidirectional anisotropy.®

The asymmetry of the transverse peak reversal around the easy
axis was shown in FeF,(110 twinned)/Fe [polycrystalline with (110)
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FIG. 8. Transverse magnetization components: simulated (left) and measured
(right) after field cooling along the AFM easy axis at 0° to T = 20 K. Reprinted from
Tillmanns, Magnetisierungsumkehr und -dynamik in Exchange-Bias-Systemen,
Dissertation thesis, RWTH Aachen, Germany, 2005. Copyright 2005, published
open access; modified.
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texture] after field cooling along the easy axis, causing variation of
the EB in this angular range, which agreed with simulations by a
simple macrospin model assuming a cosine function for the EB.’
Measurements of the transverse magnetization component com-
pared with a macrospin simulation with a cosine-like EB can be
found in Ref. 39 for a broader angular range up to 90° from the
cooling field direction, as depicted in Fig. 8. While the shapes
of the transverse magnetization loops are modeled relatively well
with the macrospin model, i.e., under the assumption that mag-
netization reversal occurs completely by coherent rotation, the EB
values are overestimated. It may be speculated that the rotation of
the magnetization—which is apparent due to the large transverse
peaks—is not fully coherent, but contains a fanning of the FM spins,
as it can be assumed in a not perfectly homogeneous sample. How-
ever, these simulations are not sufficient to state the necessity of a
non-cosine-shaped EB term.

C. Fe/FeF,—Varying cooling field angles

In this section, different cooling field directions in Fe/FeF, are
discussed. Olamit et al. examined different EB systems, among oth-
ers a fully polycrystalline Fe/FeF, thin-film sample, for which they
reported that field cooling at varying in-plane angles resulted in
a constant EB measured at each cooling field angle, while always
measuring at 0° led to a cosine-shaped exchange bias.” This is
not unexpected for a system with polycrystalline AFM, i.e., with
arbitrarily distributed AFM easy axes.

Oppositely, in a twinned FeF»(110) film and polycrystalline Fe
layer with (110) texture, the angles of the sign change of the trans-
verse peaks were not identical with the cooling field directions but
varied around them with a fourfold plus uniaxial symmetry, as it
is expected from a fourfold AFM coupled to an FM with uniax-
ial anisotropy (Fig. 9).” This behavior could be fitted well with a
cosine-shaped EB term in a macrospin model; however, the authors

30 T
(a) simulated peak only ...
20 ——onright side AN

on leftside / \ [ 4

(9,,— 9:c)(deg)

pubs.aip.org/aip/adv

emphasized that the reproduction of the measured phase diagram
was only possible if they assumed that the direction of the EB was
not identical with the cooling field direction but was varied by the
strong fourfold anisotropy of the AFM.” More precisely, the EB
direction was assumed to be identical with the cooling field direc-
tion only along hard and easy fourfold axes, while it was slightly
moved toward the nearest easy axis for any other cooling field angle.
The calculated shift of the EB direction with respect to the cooling
field direction is depicted in Fig. 9(a) as a blue line.” A completely
different phase diagram was found in another Fe/FeF, system with
(100) textured FM and twinned (110) AFM [Fig. 9(b)].*” Here, the
angles of the sign change for the left and the right peak are approx-
imately identical. For field cooling between 0° (easy axis) and 40°,
the peak signs always change around 0°, while they change their
sign around 90° for a cooling field angle of 50°~90°. Only field cool-
ing very near to the hard axis (45°) leads to changing the signs of the
peaks at intermediate angles.”” Apparently, the crystallographic ori-
entation of the ferromagnet significantly changes the cooling field
angle dependence of the angles where the transverse peaks change
their sign: Smooth variations of the peak sign angles as well as the
EB direction around the cooling field direction can be found for a
(110) textured FM with unidirectional anisotropy; an abrupt switch
of the peak sign change angles—and potentially also the EB direc-
tion, which was not sufficiently simulated in Ref. 39—is found in the
case of a fourfold (100) textured FM.

D. Fe/MnF,—FC at easy axis

As discussed in Secs. 11-1V, the longitudinal and transverse
magnetization curves of Fe/MnF, and Fe/FeF, differ significantly
and can, thus, also be expected to differ in terms of anisotropy
energies. Arenholz and Liu showed phase diagrams for MnF,(110
twinned)/polycrystalline Fe thin-film sample fields cooled along
the easy AFM axis (0°).° They found that the measurement in
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FIG. 9. (a) Measured phase lines (full green squares and open red circles, averaged for better statistics over the two 180° intervals), EB angle ¢eg (blue line), and resulting
simulated phase lines (green and red lines). Above the upper phase line, both transverse peaks are negative, while below the lower phase line, both transverse peaks are
positive. One positive and one negative peak can be found between the field lines. AFM easy axes are located near 0° modulo 90°. Reproduced with permission from
Tillmanns et al., Angular dependence and origin of asymmetric magnetization reversal in exchange-biased Fe/FeF,(110), Phys. Rev. B 78, 012401 (2008). Copyright 2008,
American Physical Society. (b) Measured phase diagram of the peak sign change for a thin-film sample with Fe with (100) texture and twinned FeF,(110). Reprinted from
Tillmanns, Magnetisierungsumkehr und -dynamik in Exchange-Bias-Systemen, Dissertation thesis, RWTH Aachen, Germany, 2005. Copyright 2005, published open access;

modified.
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the range from —35° to +35° resulted in asymmetric magnetiza-
tion reversal with rotation of the Fe magnetic moments on the
left side and mostly domain wall processes on the right side, while
measurements near 90° revealed magnetization reversal via the
easy axis defined by the EB direction.”” For MnF,(110 twinned)/
Fe with (110) texture, very similar results were published and
explained in the same way, as depicted in Fig. 10.%

For a more detailed investigation of the magnetic anisotropy,
Pechan et al. measured spin wave frequencies by ferromagnetic
resonance (FMR) in an MnF;(110 twinned)/polycrystalline Fe sam-
ple and found a clearly fourfold anisotropy after field cooling to
40 K in different cooling fields, which was consistent with a cosine-
shaped EB term. However, the FMR linewidths show sharp peaks
in the hard directions, which could not be explained by the com-
mon model equation.”” More detailed FMR measurements of a
MnF,(110 twinned)/polycrystalline Fe sample”” and an MnF,(110
twinned)/Fe(110) sample,”” compared with simulations, revealed
that the common cosine term for the EB did not correctly reproduce
the FMR measurements. Instead, a model was suggested includ-
ing higher symmetry odd terms®” or a simpler, but not physically
deduced absolute function for the fourfold anisotropy,” which were
both able to accurately fit the FMR data. In addition, Ref. 39 sug-
gested that the EB direction could not freely vary with the cooling
field direction, as in polycrystalline Fe/ FeF>,°” but should be a super-
position of a partial EB along the fourfold easy axes nearest to the
cooling field orientation. With these assumptions, the transverse
magnetization loops depicted in Fig. 10 could well be reproduced
by a macrospin model.*

E. Fe/MnF,—Varying cooling field angles

Fe/MnF, samples were also investigated for varying cooling
field directions. Olamit et al. showed that the EB in Fe/twinned
MnF, samples was a nearly constant negative value in the angu-
lar range from —45° to +45° for FC at 0° (the easy axis), followed
by an angular range around the next easy axis (45°-135°) where
the EB was negligibly small. At angles near 180° (i.e., opposite the
cooling field direction), the EB again showed nearly constant pos-
itive values.” Shifting the cooling field to 90° shifted the whole
angular dependence of the EB also by 90°.°* FC at other angles
was not reported, while similar results were found for Ni/twinned
Man.ﬁ2

Detailed measurements of the angles where the signs of the
transverse peaks were switched for different cooling field orienta-
tions revealed a phase diagram quite different from those of Fe/FeF,
[Fig. 11(a)].*” These values could be simulated by a macrospin model
if the EB angle was set along the easy axis that was the nearest to
the cooling field direction, as shown in Fig. 11(b).”” This indicates
that, similar to the case of purely fourfold Fe/FeF, [cf. Fig. 9(b)],
the EB direction in Fe/MnF, is approximately identical to an easy
AFM axis. The difference between both samples is that the four-
fold anisotropy of Fe/FeF, is mathematically described by a common
fourfold anisotropy term, such as [cosz(cp)sinz(q))], while the four-
fold anisotropy of Fe/MnF, can be much better described by a term
like |cos(¢)sin(¢)| with the sample angle ¢.*

It should be mentioned that similar energy landscapes with
sharp peaks along the hard axes have also been found, e.g., in
fourfold NiFe/FeMn double layers.”> However, similar transverse
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TABLE I. Overview of physical properties of Fe/FeF, and Fe/MnF,.

Physical properties Fe/FeF, Fe/MnF,
AFM Néel temperature 78 K*° 67 K
Typical crystal orientation Pseudo-twinned FeF,(110); Fe Pseudo-twinned MnF,(110); Fe
spins in-plane”””"”’ spins in-plane” **
Temperature-dependent Tc Peak near Ty for untwinned (110) Constantly decreasing or constant
FeF, and for twinned (110) FeF; is up to 75 K>
possible’*>*
Temperature-dependent EB Maximum around 30-50 K is Often mostly constant up to
possible’’*? 50 K000
Blocking temperature Near Néel temperature™””’ Near Néel temperature”””’
Asymmetry Asymmetric magnetization Often strong asymmetry of the
reversal for twinned hysteresis loop, showing steps,
FeF,(110)"7" and corresponding rectangular
transverse signals’ "
Cooling-field dependence EB can be positive for large EB can be positive for large
cooling fields™**** cooling fields"**
EB dependence on in-plane angle Asymmetry of transverse peaks Asymmetry of transverse peaks
(FC at easy axis) outside cooling field axis® outside cooling field axis;”"**
FMR with sharp peaks in the hard
directions™”*"*’ leading to
higher-symmetry odd terms®” or
absolute function®
EB dependence on in-plane angle Cosine-shaped EB for EB direction similar to easy axis
(FC at varying angles) polycrystalline Fe/FeF,;** EB nearest to FC direction”*"
direction can vary around the
cooling field direction’ or can be
identical with the easy axis’ in
twinned FeF,(110) systems
magnetization loops as in Fe/MnF, were also reported for other VI. CONCLUSION AND OUTLOOK
fourfold EB systems such as Fe(001)/IrMn(001).®” This led to the This literature review compared the exchange-biased thin
assumption that the here described model can also be transferred to film model systems Fe/FeF, and Fe/MnF,, focusing on the
other EB systems. temperature dependence, cooling field dependence, and angular
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dependence of the EB. Table I gives an overview of the varying
findings.

While the EB usually shows a blocking temperature very near
to the AFM’s Néel temperature, in the case of Fe/FeF, bilayers, the
temperature dependence of the coercivity is influenced by the crys-
tallographic orientation of the iron layer. This often includes a peak
of the coercivity around the Néel temperature in the case of (100)
textured Fe. Depending on the cooling field, both material systems
may show a positive EB. In the transverse magnetization compo-
nents, Fe/MnF, shows broad peaks related to stable intermediate
states during magnetization reversal, while Fe/FeF, shows narrower,
more triangular-like peaks.

The angular dependence of EB and coercivity, combined with
measurements at different field cooling angles, suggests that the
fourfold anisotropy of Fe/FeF, exhibits the usual [cosz(t[))sinz((p)]
shape, while Fe/MnF, is better described by a |cos(¢)sin(¢)| four-
fold anisotropy. While Fe/FeF, with a (110) textured Fe layer and
a (110) twinned AFM shows smoothly varying differences between
the EB direction and the cooling field orientation, the Fe/FeF, sys-
tem with a (100) textured Fe layer and a (110) twinned AFM (as well
as Fe/MnF,) showed an EB direction parallel to an easy axis, nearly
independent from the cooling field direction.

As this article demonstrates, several questions remain open,
such as the influence of the Fe layer texture on Fe/MnF, sam-
ples, the angular dependence of EB and coercivity for samples with
untwinned antiferromagnets, or the impact of the surface roughness
on magnetization reversal processes. We hope that this overview
stimulates more researchers to further investigate these EB systems,
not only due to broadening the basic knowledge about them but also
due to their potential application in spintronics devices.

Especially the combination of fourfold and unidirectional
anisotropy in Fe/MnF, promises interesting applications in
magneto-electronics, e.g., for the development of quaternary-state
memories. While Fe/MnF, is well-suited for further basic research,
future applications should be based on material systems that exhibit
an EB around room temperature, such as the aforementioned
Fe/IrMn,””*” which have already proven to be thermally stable in
magnetic tunnel junctions and other spintronic elements.”’
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