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Polycrystalline NiFe/FeMn bilayers were fabricated by DC magnetron sputtering and studied by
ferromagnetic resonance and vibrating sample magnetometer. The isotropic resonance field shift and the
rotatable anisotropy are correlated to each other because they both undergo the maximal values around
2.5 nm and then decrease with increasing the antiferromagnetic layer thickness. These results can be
explained in terms of thermally activated transition of antiferromagnetic spins.
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1. Introduction

The phenomenon of exchange bias (EB)will occur in a ferromagnetic/
antiferromagnetic (FM/AFM) bilayer when the sample is grown in a
magnetic field or cooled in a magnetic field from above to below the
Néel temperature of the AFM layer. As a fingerprint of the EB, the
hysteresis loop of the FM layer is shifted along themagnetic field axis
by the exchange field (HE). At the same time, the EB usually gives rise
to the coercivity (HC) enhancement and asymmetric magnetization
reversal process. It has received much attention because of its strong
applications in magnetic field sensor such as read heads and in
spintronic devices since it was first reported by Meiklejohn and Bean
in 1957 [1–7].

Ferromagnetic resonance (FMR) is commonly used to study
magnetic anisotropy in magnetic thin films [8]. In FMR experiments,
the interfacial interaction between the FM and AFM layers can be
measured andmanifested by an additional restoring torque on the FM
magnetization. In particular, the phenomenon of the isotropic
resonance field shift has been observed and assumed to originate
from the rotatable anisotropy in the FM layer [9–13]. Up to date,
however, no direct experimental evidence has been reported for
above assumption. In order to confirm the conjecture, in this work we
have directly measured the rotatable anisotropy and the isotropic
resonance field shift in polycrystalline Ni80Fe20(=NiFe)/Fe50Mn50

(=FeMn) bilayers. More remarkably, it is found that the isotropic
resonance field shift and the rotatable anisotropy are correlated to
each other as a function of the AFM layer thickness tAFM.
2. Experiments

A large sample of NiFe (bottom)/wedged-FeMn (top) bilayer was
prepared on a 5 mm×50 mm Si (100) substrate with natural oxide
layer using a DC magnetron sputtering system, where the FM layer is
3 nm and the AFM layer thickness changes from 0 to 6 nm. The base
pressure was 2×10−5 Pa and the Ar pressure was 0.3 Pa during
deposition. Before deposition of the NiFe/FeMn bilayer, a 15 nm Cu
buffer layer was deposited to stimulate fcc (111) preferred orientation
in the FeMn layer. Finally, a 30 nm Au layer was deposited to prevent
oxidation. The deposition rates of constituent layers were in the
region from 0.1 to 0.3 nm/s. The FeMn layer thickness takes a wedge
shape across the width of 5 cm and each location along the wedge
direction corresponds to a specific tAFM. A magnetic field of 10.4 kA/m
was applied perpendicular to the gradient direction and aligned in the
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Fig. 2. Typical curves ofmy/mS versus ϕRtn for the NiFe (3 nm)/FeMn bilayer before and
after application of the external magnetic field H0 which makes an angle of 85° with the
initial PD direction, where mS is the saturation magnetic moment of the sample.
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film plane during deposition to induce the uniaxial anisotropy and to
establish the EB. X-ray diffraction measurements show that NiFe,
FeMn, and Cu layers are polycrystalline with fcc (111) preferred
orientation. A weak α (422) diffraction peak is also observed in the
FeMn layer. No other diffraction peaks are observed. Before magnetic
measurements, the large sample was cut into small pieces along the
wedge direction and the FeMn layer is almost uniform in each small
sample. With a vector vibrating sample magnetometer of model 7407
from Lakeshore Company, the magnetic moments mx (parallel to H)
and my (perpendicular to H) were recorded. In this system, the
magnet and thus the axis of the magnetic field are fixed. During the
hysteresis loops, mx was measured as a function of the external
magnetic field. In order to identify the rotatable anisotropy, my was
recorded by rotating the sample. The details for the measurements
of the rotatable anisotropy will be given below. FMR spectra were
measured with a Bruker ER 200D-SRC electronic paramagnetic
resonance spectrometer operating at a frequency of 9.78 GHz. In
this system, the axis of the DC magnetic field is also fixed. Angular
dependence of in-plane FMR spectra was obtained by rotating the
sample, in which the angle between the DC magnetic field and the
initial pinning direction (PD) changes. In FMR and magnetometry
measurements, the external magnetic field axis is parallel to the film
plane. All measurements were performed at room temperature.

3. Results and discussion

Fig. 1 shows HE and HC as a function of tAFM for a series of NiFe
(3 nm)/FeMn bilayers. Similar to previously reported results [3], HE

and HC are both equal to zero at small tAFM, where the EB is not
established. With increasing tAFM, HC undergoes a non-monotonic
variation with a maximum of 2.24 kA/m at tAFM=3.5 nm. In contrast,
HE changes monotonically and is not saturated yet at tAFM=6 nm.

In the presence of the rotatable anisotropy [14], the orientation
of the easy axis depends on that of the magnetization, that is to say,
the former one is not fixed and will change with the latter one.
Accordingly, the rotatable anisotropy for thepresentNiFe/FeMnbilayers
can be demonstrated and determined as follows. First, the orientation of
the initial PD at the as-prepared state was identified from the angular
dependence ofmy under zero H. Afterwards, an external magnetic field
H0 of 320 kA/m was applied making an angle of 85° with respect to the
initial PD, and then switched off at the same orientation where the FM
magnetization favors to rotate. Finally, the angular dependence of my

wasmeasured again under zeroH. Apparently, the orientation change of
the PD before and after the application of H0, ΔϕPD, can be used to
Fig. 1. HE and HC as a function of tAFM for the NiFe(3 nm)/FeMn bilayers.
estimate the magnitude of the rotatable anisotropy. Fig. 2 shows the
results of the NiFe/FeMn bilayer with tAFM=2.3 nm, where ϕRtn refers
to the orientation of the initial PDwith respect to themagneticfield axis.
One has ΔϕPD=11°. Therefore, the rotatable anisotropy is observed in
theNiFe/FeMnbilayers. Similar resultswere demonstrated in hysteresis
measurements of FM/AFM bilayers [15].

For clarification, the coordinate system of the FMRmeasurements is
shown in Fig. 3. Assume the x–y plane as the film plane and the z axis
perpendicular to the film plane. The x axis is aligned along the initial
uniaxial and unidirectional axes, i.e., the initial PD orientation. The
orientations of the magnetization

→
MFM and the external magnetic field

→
H are defined by the angles θFM and ϕFM, θH and ϕH in spherical
coordinates, where ϕFM(ϕH) is the angle between

→
MFMð→H Þ and the x

axis, and θFM(θH) is the angle between
→
MFMð→H Þ and the z axis.

Fig. 4 shows typical in-plane FMR spectra of a NiFe/FeMn bilayer.
Actually, for all samples, there is only one uniform resonance peak at
high magnetic fields. Apparently, the magnetization is uniformly
distributed across the film thickness and the effect of the interfacial
Fig. 3. Coordinate system of the FMR measurements for the NiFe/FeMn bilayer.



Fig. 4. FMR spectra of the NiFe (3 nm)/FeMn (5.6 nm) bilayer at various ϕH. The inset
numbers refer to the values of ϕH.
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diffusion is negligible. With varying ϕH, the resonance peak shifts.
Fig. 5(a) shows the typical angular dependence of the resonance field
for the NiFe/FeMn bilayers with various tAFM. One can find two dis-
tinguished features. First, the curve shape of the angular dependence
changes with varying tAFM. At small tAFM, like 0 and 1.4 nm, the curves
have the symmetry of the uniaxial anisotropy as demonstrated by the
two peaks near ϕH=90° and ϕH=270°, and two valleys at ϕH=0
and 180°. At large tAFM, the curves show the symmetry of the uni-
directional anisotropy as manifested by one peak at ϕH=180°. This is
because at small tAFM, the unidirectional anisotropy is smaller,
compared with the uniaxial anisotropy, and vice versa at large tAFM.
Secondly, the curves of different tAFM are shifted along the vertical
axis. Hence, the average value of the resonance fields ――Hres first de-
creases sharply to reach a minimum and then increases slightly with
Fig. 5. Typical angular dependence of the resonance field for various tAFM (a) and the
isotropic resonance field shift HISO (b) as a function of tAFM for NiFe (3 nm)/FeMn
bilayers. The inset numbers in (a) refer to tAFM. Solid lines in (a) and (b) refer to fitted
results and serve a guide to the eye, respectively. The error bar height in (a) is the same
as that of (b).
increasing tAFM. Here, we define the isotropic resonance field shift HISO

as the difference of the average resonance field between the single NiFe
film and bilayers [9,13]. Fig. 5(b) shows the isotropic resonance field
shift as a function of tAFM for NiFe (3 nm)/FeMn bilayers. One can find
that the isotropic resonance field shift experiences a non-monotonic
variation as a function of tAFM, exhibiting a maximum at tAFM=2.8 nm.
As analyzed below, the isotropic resonance field shift is not induced
by the geometric effect of the wedge shape of the AFM layer. First, the
FMR spectra in Fig. 4 arise from the FM magnetization instead of the
AFM spins because the resonance frequency of the AFM layer is much
higher than that of the FM layer due to the antiferromagnetic
coupling of the spins in two sublattices [16]. Secondly, the demag-
netization factor of the FM layer is not influenced by thewedge shape
of the top AFM layer because the FM layer is uniform laterally in the
sample. Thirdly, the AFM layer is almost uniform in each small piece,
leading to the negligible effect on the anisotropy constant Ku al-
though it is influenced by the inhomogeneous distribution of the AFM
layer thickness. Of course, the inhomogeneous distribution of these
parameters possibly makes the broader resonance peak, compared
with the uniform FM/AFM bilayers. Finally, although the local normal
direction of the AFM layer is slightly different from that of the
underlying FM layer, its effect can be neglected because the ratio of
the AFM film thickness inhomogeneity to the sample dimension
along thewedge direction is as small as 10−6. Hence, the vertical shift
of the angular dependence of the resonance field is not induced by
the geometrical effect of the AFM layer.

In order to understand the FMR results clearly, we perform a
simulation based on the model proposed by Stiles et al. [10,17]. The
dispersion relationship is shown below [18]:

ω
γ

� �2
=

1
M2sin2θFM

∂2E
∂ϕ2
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∂2E
∂θ2FM

− ∂2E
∂ϕFM∂θFM

 !2" #
ð1Þ

where ω is the microwave driving angular frequency and γ is the gyro-
magnetic ratio. For the NiFe/FeMn bilayers, γ≃1.86×1011 rad s−1 T−1

[9]. The free energy E per unit volume can be written as follows [17]:

E = −HMFMsinθFMcosðϕH−ϕFMÞ + ðKu−2πM2
FMÞsin2θFM

−MFMHbsinθFMcosðϕFM−ϕbÞ−MFMHrotsinθFMcosðϕFM−ϕrotÞ: ð2Þ

The first term is the Zeeman energy of the bilayer in the external
magnetic field. The second term accounts for the out-of-plane demagne-
tization energy 2πMFM

2 and the uniaxial anisotropy energy Ku. The third
term is the unidirectional anisotropy energy, whereHb andϕb refer to the
unidirectional anisotropic field and the orientation of the unidirectional
anisotropic direction, respectively. In experiments, themagnitude ofHb is
close to that ofHE determined bymagnetometrymeasurements [13]. The
last term is a rotatable anisotropy, where Hrot and ϕrot refer to the
rotatable anisotropic field and the axis orientation of the rotatable
anisotropy, respectively. We define the effective demagnetizing field in
the film normal direction 4πMeff=4πMFM−HK, where the uniaxial
anisotropy field HK = 2Ku

MFM
. For the in-plane configuration, θH=θFM=π/

2. An explicit expression for the resonance field Hres can be obtained
by taking ϕFM≈ϕH when the applied magnetic field is large enough:

Hres =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ð3Þ

Thus, we can get the value of Hrot as a function of tAFM from the
measured angular dependence of Hres.

Fig. 6(a) and (b) shows the dependence of Hrot and ΔϕPD on tAFM. It
is interesting to find that ΔϕPD and Hrot both undergo non-monotonic



Fig. 6. Dependence of Hrot (a) and ΔϕPD (b) on tAFM. Solid lines serve a guide to the eye.
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variations and have their maximal values near almost the same
position of tAFM=2.5 nm. Apparently, they are correlated to each
other as a function of tAFM. In order to explain the above results, the
thermal activation model is briefly addressed. In this model, the AFM
layer is assumed to consist of exchange-decoupled AFM grains and the
probability of switching or rotation of AFM spins in individual AFM
grains is given by Arrhenius–Néel law [19] and governed by a com-
petition between the thermal energy and the intrinsic energy barrier
[20], which is equal to the product of the anisotropy energy and the
grain volume. At small tAFM, the energy barrier is smaller than the
thermal energy and most AFM grains are superparamagnetic, leading
to the vanishing EB. In this case, the rotatable anisotropy is also equal
to zero. With increasing tAFM, the energy barrier is comparable with
the thermal energy and most AFM grains are thermally stable, and
the AFM grains are classified into rotatable and non-rotatable ones
[17], in which AFM spins can and cannot be rotated at the specific
temperature, respectively. The non-rotatable AFM grains induce non-
zero HE. The rotatable AFM grains are rotated or switched through the
exchange field from the FM layer during hysteresis loops. Accordingly,
the uniaxial anisotropy is induced in the FM layer, leading to the HC

enhancement. At larger tAFM, the thermal energy is much smaller than
the energy barrier and the number of the rotatable AFM grains
decreases, leading to the reductions of HC. Meanwhile, the number of
the non-rotatable AFM grains increases, leading to the increase of HE.

Within the frame of the thermally activation model, the rotatable
anisotropy is induced by the irreversible rotation of the AFM spins
[21]. The FM magnetization is rotated from the orientation of the
initial PD to that of H0 during the application of H0. In the presence of
the rotating exchange field from the FM layer, the rotatable AFM spins
are rotated irreversibly from a meta-stable orientation to a stable one.
Therefore, the average orientation of the overall rotatable AFM spins
and thus the uniaxial anisotropy axis are rotated. Accordingly, a ro-
tatable anisotropy occurs. For small tAFM, all AFM spins are in the
thermally unstable state and thus the average orientation of the
overall AFM spins is not thermally stable either, leading to the dis-
appearance of the rotatable AFM spins and of the rotatable anisotropy.
At intermediate tAFM, the number of the AFM grains with rotatable
AFM spins reaches the maximum, leading to the maximal value of the
rotatable anisotropy. With further increasing tAFM, the number of the
rotatable AFM grains and thus the rotatable anisotropy decrease.
4. Conclusions

In polycrystalline NiFe/FeMn bilayers, the rotatable anisotropy and
the isotropic resonance field shift are simultaneously observed. In
particular, they have similar non-monotonic variation trends with
varying tAFM. These results confirm the assumption that the isotropic
resonance field shift is induced by the rotatable anisotropy. By
exploiting the thermal activation model, the crucial importance of the
AFM spins is demonstrated in the rotatable anisotropy and the
isotropic resonance field shift.
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