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ABSTRACT

The present work reports the unconventional exchange bias (EB) phenomena in an exchange-coupled hard and soft magnetic bilayer
system and the tunability of EB. The EB phenomena, i.e., shifting of the hysteresis loop of the soft (Fe) layer is observed when the hard mag-
netic (L10 FePt) layer is under the remanent state indicating the development of unidirectional anisotropy. The nuclear resonant scattering
measurements clearly reveal the development of unidirectional anisotropy in the soft magnetic (Fe) layer, when the hard magnetic layer is
under the remanent state. The magnetization reversal process is investigated by measuring two in-plane orthogonal components of magneti-
zation, i.e., parallel (Mk) and perpendicular (M?) to the applied field using the magneto-optical Kerr effect (MOKE). When the magnetic
field is applied parallel (antiparallel) to the biasing field direction, (HSAT) magnetization reversal is nonuniform, and on the other hand, the
rotation of magnetization is observed when the magnetic field is applied away from the HSAT direction. In addition, the sign inversion of
the M? component is observed when the magnetic field is applied at the same angle on either side of the HSAT direction, which clearly
imply the change in handedness of the chirality of spin structure during the magnetization reversal of the soft layer. Further, it is observed
that the EB decreases with the increase of soft magnetic (Fe) layer thickness, demonstrating the tunable nature of EB phenomena even in
these unconventional systems.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108920

I. INTRODUCTION

Recent studies indicate that exchange bias (EB) phenomena
are not only restricted to ferromagnetic-antiferromagnetic

(FM-AFM) systems but can also be observed in exchange-coupled

magnetic layers with different magnitudes of coercive fields such as

exchange spring magnets.1–8 The unidirectional anisotropy can be

induced in such exchange spring magnets by approaching the rem-

anent state of the hard magnetic (HM) layer after subjecting it to a

saturating field (HSAT). The EB effect is observed in the minor loop

of the soft magnetic (SM) layer, when the HM layer is under the

remanent state. The advantages of exchange spring magnets as

compared to conventional EB systems (FM-AFM) include (i) one

does not need to field-cool the samples across TN of AFM for

obtaining the EB phenomena, (ii) the EB phenomena are func-
tional even at ambient temperatures, and (iii) the magnitude of the
EB shift (HB) can be tuned by reaching the remanent state from
different HSAT and also by varying the angle between the external
magnetic field (HEXT) and HSAT.

3,7–9 However, the role of the SM
layer thickness is not specifically addressed in the context of tuning
the HB in the literature.

Even though the shifting of SM minor loops along the field
axis when the HM layer is in remanence indicates the development
of unidirectional anisotropy, one needs to substantiate these obser-
vations with another suitable experimental method. Coherent
nuclear resonant scattering (NRS) of synchrotron radiation, the
time analog of Mössbauer spectroscopy, is one of the best methods
to study magnetic properties of surfaces and nanoscale structures.10
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The simultaneous excitation of the hyperfine-split nuclear energy
levels leads to characteristic beats in the time spectra of the nuclear
decay. The analysis of the NRS beat pattern allows not only a
precise determination of the magnitude of the internal hyperfine
fields (HINT ) but also the orientation of HINT in the sample. Unlike
the conversion electron Mössbauer spectroscopy (energy domain)
which averages out the in-plane information, the NRS measure-
ment is also sensitive to both the in-plane azimuthal and the
out-of-plane polar orientation of HINT .

10,11 It may be noted that
the formation of the magnetic spiral structure in a SM film that is
exchange-coupled to a HM layer (FePt/Fe) is imaged using NRS
measurements.11 Therefore, the measurement of HINT of the SM
layer with NRS would unambiguously give the information about
the unidirectional anisotropy in SM/HM unconventional EB
systems.

Recently, it is reported for the SM layer whose thickness is �δ

(exchange length of the HM layer), the nucleation of the SM layer
starts at a much lower field than it is proposed (which is propor-
tional to the square of the soft layer thickness).13 It is because the
magnetization reversal process occurs by the nonuniform process
via domain nucleation and propagation rather than coherent rota-
tion. It has also been reported that when the external magnetic
field is applied along the easy-axis of magnetization, the magnetiza-
tion reversal process is nonuniform for the hard/soft exchange-
coupled system, whereas when applied along the hard axis, it
occurs by coherent rotation.14 In order to study the magnetization

reversal process of the soft layer in such exchange spring magnets,
the magneto-optical Kerr effect (MOKE) can be advantageous as
it can probe both the in-plane orthogonal components of magne-
tization, i.e., the magnetization component which is parallel (Mk)
and perpendicular (M?) to the HEXT, respectively as shown sche-
matically in Fig. 1.16 Therefore, one can distinguish between non-
uniform magnetization reversal and coherent rotation by
analyzing the angular dependent Mk and M? data as the coherent
rotation of magnetization can give rise to significant M? compo-
nent. However, it is to be noted that it is difficult to separate
Mk and M? precisely in conventional MOKE setup due to the
oblique incidence of light and also second order effects.
Therefore, the signal coming from the quadratic effect as well as
from the out-of-plane component should be eliminated. The
recent advances in MOKE microscopy utilizing the light from
eight light emitting diode (LED) arrays makes it possible to esti-
mate pure Mk and M? components.17 The contribution of the
pure in-plane first order signal can be obtained by subtracting the
signal of two inverted directions of oblique light incidence taken
along the same axis.17

In view of the above mentioned aspects, we have studied the
effects of the SM layer (Fe) thickness on the EB phenomena in the
exchange spring coupled FePt/Fe bilayer system in the present
work. EB is observed when such a bilayer is kept in the remanent
condition of the bottom HM FePt layer. It is observed that the
magnitude of the EB shift (HB) decreases with the SM layer (Fe)
thickness. MOKE and NRS measurements are used to study and
confirm the induced unidirectional anisotropy at the interface of
HM FePt and SM Fe layers. The present results indicate the possi-
bility of tuning HB and also the intricate role of the SM layer thick-
ness in such bilayer exchange spring magnets.

II. EXPERIMENTAL

Three L10 FePt/Fe bilayers with the structure Si(sub)/Pt(5 nm)/
[L10 FePt(21 nm)/Fe (� nm)]/C(2 nm), x ¼ 7, 12, and 17 nm hence-
forth designated as Fe-7 nm, Fe-12 nm, and Fe-17 nm, respectively,
are deposited by the DC magnetron sputtering technique. Layers of
Pt �5 nm and carbon �2 nm thickness are used as buffer and
capping layers, respectively. Initially, the equiatomic Fe50Pt50 film is
deposited by co-sputtering Fe and Pt targets and then annealed

FIG. 2. (Left) X-ray reflectivity (XRR)
patterns of all the films. Symbols (dark
cyan) are the experimental data points,
and the solid line (black) is the best fit
to the data using the Parratt formal-
ism.15 (Right) GIXRD pattern of the
FePt layer, prior to the deposition of
soft magnetic (Fe) layer, confirming the
L10 phase formation.

FIG. 1. (a) and (b) show the schematic of the geometries used to measure the
Mk(H) and M?(H) loops. The magneto-optical (MO) sensitivity is parallel to the
plane of incidence of light.
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in situ at 600 �C to achieve the L10 phase of FePt, which is
confirmed with grazing incidence x-ray diffraction measured ex situ
as shown in Fig. 2. After optimization of conditions for the prepa-
ration of the hard magnetic L10 FePt (21 nm) layer, the deposition
of the soft magnetic (Fe) layer with different thicknesses is carried
out at ambient temperatures. A probe layer of 57Fe of �3mn is
introduced at the interface of FePt and Fe layers in order to do the
nuclear resonance scattering (NRS) measurements. The NRS mea-
surements are carried at P01 beam-line of DESY PETRA-III,
Germany. To confirm the phase formation and for determining the
thickness, grazing incidence x-ray diffraction (GIXRD) measurements
with an angle of incidence of 0:5� and the x-ray reflectivity (XRR)
measurements are carried out by using a Bruker D8-Discovery
system equipped Cu K-radiation and LynxEye detector. The XRR
patterns are analyzed by using the Parratt formalism.15 To study the
exchange bias and magnetization reversal process of the SM layer,
pure longitudinal and transverse MOKE measurements are
performed using an advanced magneto-optical Kerr microscope
(M/s Evico Magnetics, Germany) equipped with eight white LED
light arrays.17 To examine the magnetization reversal process, the
MOKE measurements are performed to obtain both Mk(H) and

M?(H) loops. It is worth to mention here that M? is sensitive
to the perpendicular component of magnetization, while Mk is
sensitive to the parallel component of magnetization (Mk) with
respect to HEXT as shown schematically in Figs. 1(a) and 1(b).
Bulk magnetization measurements are carried out using Quantum
Design SQUID-VSM.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the x-ray reflectivity (XRR) data of all the
bilayer samples. The XRR data are fitted with the Parratt15

TABLE I. The thickness and interface roughness as obtained from XRR pattern
(Fig. 2). The typical error bar is+0:5 nm.

Total Fe
thickness

Roughness
(σFe�C)

FePt
thickness

Roughness
(σFePt�Fe)

Sample (nm) (nm) (nm) (nm)

Fe-7 nm 7.1 1.9 22.4 0.9
Fe-12 nm 11.9 1.5 21.7 1
Fe-17 nm 17 1.8 21.8 1.2

FIG. 3. Bulk M-H loops measured using a SQUID-VSM magnetometer.
Nucleation field (Hn) and irreversible field (Hirr), which correspond to soft and
hard magnetic layers, respectively, are indicated.

FIG. 4. Above frames show the Mk(H)
loops measured in the unbiased condi-
tion (HSAT ¼ 0), and below frames
show the Mk(H) loops measured in the
biased condition (HSAT � 2:5 T).
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formalism to get information about the thickness and the interface
roughness, and the obtained values are shown in Table I. No sig-
nificant variation is observed in the interface roughness as shown
in Table I. Figure 2 also shows the GIXRD pattern of the 600 �C
annealed FePt layer before the deposition of Fe onto it. The
GIXRD data clearly show the L10 phase formation with (111)
texture matching with the literature.7,18,19 Figure 3 shows the room
temperature M-H loops of all the samples measured using the bulk
magnetization measurement (SQUID-VSM) method. It is well

known that if the thickness of the SM layer is more than the
exchange length (δ) of the HM layer, then the composite system is
in the decoupled condition, because the SM starts to reverse at
much lower fields by forming a spiral structure parallel to the inter-
face.12,20 Hence, it will have two distinct switching fields, i.e., one
for the SM layer which nucleates (Hn) at lower fields and another
one for the HM layer which starts to switch at much higher fields
(Hirr). While for the thinner SM layer �δ, the composite system is
in the coupled condition, because both SM and HM layers reverse
together and thus have a single switching field. One can distinguish
the nucleation field (Hn) which corresponds to the switching of the
SM layer and the irreversible field (Hirr) which corresponds to the
switching of the HM layer. The bulk magnetization data clearly
show that for all the specimens, both the layers are decoupled. This
is due to the fact that the SM layer thickness of all the bilayers is
greater than δ of the HM layer [i.e., δ(FePt) � 5 nm].26

To explore the possibility of EB phenomena, the Kerr hystere-
sis loops are measured with the bottom HM layer in both the
demagnetized and remanent states. The remanent state is achieved
by subjecting the sample to a saturating magnetic field (HSAT) and
subsequent field reduced to zero, whereas the demagnetized state is
achieved by applying an alternating field of decreasing amplitude.
The remanent state is termed as biased (HSAT ¼ 2:5 T) and the
demagnetized state as an unbiased (HSAT ¼ 0) condition in the
present work. From Fig. 4, one can clearly observe the Mk(H)
minor loops of the SM layer under the unbiased condition is sym-
metrical along the field axis for all the three samples and there is an
increase in the coercivity (HC) at a lower SM layer thickness, which
could be due to the effect of the bottom HM layer. Whereas a con-
siderable shift in the opposite direction to HSAT can be observed as
shown in Fig. 4 in the biased condition. This indicates that the HSAT

aligns the HM layer moment in one direction that induce unidirec-
tional anisotropy and, therefore, exhibits the EB phenomena similar
to that of conventional FM/AFM bilayers.1,3,7–9 These results are
similar to our previous report on the similar kind of sample,

FIG. 5. Azimuthal (f) variations of the exchange bias field (HB) extracted from
Mk data (Fig. 4) measured in the biased condition (HSAT � 2:5 T). Symbols are
experimental data points, and the solid line is the best fit to the data usingP

bncos(nα) as discussed in the text. The inset shows the variation of HB

corresponding to f ¼ 180�, demonstrating the tunability of HB with the thick-
ness of soft magnetic (Fe) layer.

FIG. 6. Nuclear resonant scattering
temporal beat patterns of the Fe-12 nm
sample in the biased condition
(HSAT � 2:5 T) for different azimuthal
orientations (fNRS). Symbols represent
the experimental data points, and the
solid line is the best fit to the data.
Corresponding images on the right
side panels indicate the schematic of
the measurement.
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however with different thicknesses of the SM layer.7 The inset of
Fig. 5 shows the variation of HB with the SM layer (Fe) thickness
and one can clearly observe that the EB decreases with increasing
thickness of the SM layer, indicating the tunable nature of EB with

the thickness of the SM layer. Further, the Mk(H) loops are measured
at different azimuthal angles with respect to HSAT, and the angular
dependence of HB is plotted in Fig. 5. Generally, in the conventional
EB system, the angular dependence of the EB field is described by
the
P

bncos(nα), where n is a positive integer, bn is a constant,
and α ¼ 0 represents the direction of field cooling, n is always
odd for the HB.

27 In the present work also, the HB behavior is
found to follow the same conventional EB angular behavior as
shown in Fig. 5.

To further confirm the development of unidirectional anisot-
ropy, NRS measurements, time domain analog of Mössbauer spec-
troscopy, are performed on the biased samples (HSAT � 2:5 T). The
NRS measurements are carried out in zero external magnetic field.
Figure 6 shows the temporal beat patterns taken for the biased
Fe-12 nm sample at the selected azimuthal orientations (fNRS, the
angle between the direction of the incident wave vector and the
direction of HSAT ) by rotating the sample in-plane manually.
Similar data are observed for the remaining two samples, i.e., Fe-7
nm and Fe-17 nm. The NRS data are fitted by using CONUSS soft-
ware,24,25 keeping the relevant parameters, viz., internal hyperfine
field (HINT ), isomer shift (IS), quadrupole shift (QS), magnetic
texture, polar angle (θ), azimuthal angle (fNRS), etc., as free vari-
ables. The structural parameters of the layers (thickness, electron

FIG. 7. (a) and (b) show the Mk(H) and M?(H) loops measured at unbiased
(HSAT ¼ 0) and biased (HSAT ¼ 2:5 T) conditions at f ¼ 90� for the Fe-12 nm
sample.

FIG. 8. Mk(H) loops (top frames) and M?(H) loops (bottom frames) measured at f ¼ 180�, 170�, 350�, and 0� for the Fe-12 nm sample measured in the biased
condition (HSAT ¼ 2:5 T). The insets of bottom frames show the schematic illustrating the angle f (angle between HEXT and HSAT).
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density, etc.) are taken from the XRR data as the input in analyzing
the NRS data. Hyperfine parameters, viz., HINT of 32:8+ 0:1 T, θ
of about 90�, zero IS, QS values are observed from the fitting. The
obtained hyperfine parameters are consistent with the polycrystal-
line iron film exhibiting in-plane magnetization, as expected.
However, the obtained values of fNRS are significantly different,
viz., 87:3+ 0:2, 34:1+ 0:1, and �1:4+ 0:1 for the three NRS
patterns as shown in Fig. 6. This clearly shows that the SM layer
(Fe) HINT at the interface of the HM layer is along the direction of
HSAT in the biased condition, indicating the development of unidi-
rectional anisotropy. Therefore, the NRS data corroborate the
MOKE data as shown in Fig. 4 and clearly confirm that the com-
posite magnetic systems consisting of HM and SM layers exhibit
unidirectional anisotropy similar to that of conventional EB
systems. Slight variations in the fNRS values could be due to the
manual alignment of the sample during the NRS measurements.

Figure 7 shows the Mk and M? data for Fe-12 nm in unbiased
(HSAT ¼ 0) and biased (HSAT � 2:5 T) conditions. If there is an
exchange spring formation of the SM layer during its reversal, it
may lead to the appearance of M?, which can be clearly dis-
tinguishable in the M?(H) loops.28 However for HSAT ¼ 0 and a
given in-plane azimuthal angle, no M? signal is observed as
shown in Fig. 7(a). No M? signal is observed over the entire
in-plane angular range (not shown). On the other hand, for the
biased (HSAT � 2:5 T) condition at f ¼ 90�, a large increment in
M? signal and emergence of two peaks may indicate the forma-
tion of exchange spring during the reversal of field. Gradual
branches of M?(H) loops indicate that the magnetization rotation
is occurring rather than nucleation of transverse or perpendicular
domains which is less likely to be possible in Fig. 7(b).

To get a more deep insight into the nature of the magnetization
reversal process, both Mk (H) and M? (H) loop measurements are
carried out at different f values for Fe-12 nm as shown in Fig. 8.
One can immediately observe that at f ¼ 0� and 180�, the M?

signal vanishes completely, indicating that the magnetization reversal
process is nonuniform. Even in our previous study for thicker Fe
layer �22 nm, it is evident that the fanning of moment and domain
wall propagation occurred during the magnetization reversal process
when the field is applied (anti) parallel to the HSAT which will cause
M? ¼ 0, whereas, if slightly moving away from HSAT, i.e., f ¼ 170�

and 350�, the increment of the M? signal can be observed. This indi-
cates that a slight misalignment in the HEXT and HSAT can lead to
changes in the reversal process into coherent rotation. Further hand-
edness of chirality of the exchange spring can be determined by
rotating the sample 180� for a given f, because of the fact that the
induced unidirectional anisotropy will be reversed which will give
rise to the opposite chirality. The M? signal measured at f ¼ 170�

and 350� as shown in Fig. 7 clearly demonstrates the change in
handedness of chirality. This result is similar to previous reports by
means of visualizing the stray magnetic fields using a magneto-optic
indicator film in SmCo/Fe bilayers.21–23

IV. CONCLUSIONS

In conclusion, the hard/soft exchange-coupled L10 FePt
(21 nm)/Fe (7–17 nm) bilayer system in the remanent state of the
hard magnetic layer (FePt) is studied with the magneto-optical

Kerr effect (MOKE) and nuclear resonant scattering (NRS). The
exchange bias (EB) effect, considered to be an unconventional one,
is observed in the minor loop of the soft magnetic layer when the
hard layer is under the remanent state. The EB decreases with
increasing soft magnetic layer thickness. The NRS measurement
clearly reveals the development of unidirectional anisotropy in the
soft layer, when the hard layer is under the remanent state. The for-
mation of the exchange spring during the magnetization reversal
process is investigated by two in-plane orthogonal components of
magnetization, i.e., parallel (Mk) and perpendicular (M?) to the
applied field using the magneto-optical Kerr effect (MOKE). In
addition, the sign inversion of the M? MOKE is observed on either
side of the biasing direction (HSAT), which clearly manifest the
change in the chirality of spin structure during the reversal of the
soft magnetic layer. The present results demonstrate that the com-
bination of MOKE and NRS measurements gives unambiguous evi-
dence for the development of unidirectional anisotropy in hard/soft
magnetic layers and, therefore, is suitable to explore such uncon-
ventional EB systems. Further, it would be interesting to extend the
NRS measurements, being sensitive to Mössbauer isotope only,11 as
a function of the external magnetic field, depth, etc., to image the
spin structure of the soft magnetic (Fe) layer in such unconven-
tional EB systems.
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