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A B S T R A C T

We demonstrate magnetization reversal features in NiFe/IrMn/NiFe thin-film structures with 40% and 75%
relative content of Ni in Permalloy in the temperature range from 80 K to 300 K. The magnetization reversal
sequence of the two ferromagnetic layers is found to depend on the type of NiFe alloy. In the samples
with 75% relative content of Ni, the bottom ferromagnetic layer reverses prior to the top one. On the contrary, in
the samples with 40% of Ni, the top ferromagnetic layer reverses prior to the bottom one. These tendencies of
magnetization reversal are preserved in the entire range of temperatures. These distinctions can be
explained by the morphological and structural differences of interfaces in the samples based on two types of
Permalloy.

1. Introduction

The exchange bias phenomenon can be observed in a system of
adjacent antiferromagnetic (AFM) and ferromagnetic (FM) layers
under the condition of an induced uniaxial magnetic anisotropy [1].
It leads to a shift of the hysteresis loop along the field axis. Along a
fixed direction, the ferromagnetic layer becomes harder for magne-
tization reversal due to the exchange coupling interaction with the
antiferromagnetic layer. As a result, the FM-layer is considered as a
pinned layer, which is widely used in spin valves [2–5], magnetic
sensors [6], and MRAM [7]. Depending on an application, the most
important features of magnetization reversal process can be either the
magnitude of the exchange bias [8,9] or sequence of ferromagnetic
layers magnetization switching [10,11], reflected in peculiarities of
hysteresis loops shape. The material parameters and characteristic

properties of the exchange-coupled systems influence the aforemen-
tioned features.

The exchange bias phenomenon has been confirmed to have a
strong dependence on the types of FM and AFM materials. Commonly
used in exchange bias systems ferromagnetic materials are Ni [12–14],
Co [15,16], Fe [17,18], their alloys [19–21], and the alloys doped with
impurities of elements, such as Pt [22,23]. Depending on magnetization
and magnetic anisotropy of these FM materials [18,24–26], one can
find different exchange bias and coercivity values for a required ap-
plication [27–29]. In comparison with other ferromagnetic materials,
NiFe alloys have small coercivity, high initial and maximum magnetic
permeabilities, as well as corrosion resistance that can be useful for
digital memory devices [30,31]. On the phase diagram of NiFe alloys
one can distinguish two types of Permalloy depending on the Ni con-
tent, ‘low-nickel’ (40–50%) and ‘high-nickel’ (72–80%) [31,32]. The

https://doi.org/10.1016/j.jmmm.2019.03.044
Received 19 October 2018; Received in revised form 7 March 2019; Accepted 7 March 2019

⁎ Corresponding author.
E-mail address: christina.byrka@gmail.com (C. Gritsenko).

Journal of Magnetism and Magnetic Materials 482 (2019) 370–375

Available online 08 March 2019
0304-8853/ © 2019 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2019.03.044
https://doi.org/10.1016/j.jmmm.2019.03.044
mailto:christina.byrka@gmail.com
https://doi.org/10.1016/j.jmmm.2019.03.044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2019.03.044&domain=pdf


‘High-nickel’ Permalloy has a small crystalline anisotropy, large initial
permeability, and is usually used in traditional exchange bias systems
[33–35]. The ‘Low-nickel’ Permalloy has higher crystalline anisotropy
and larger saturation magnetization in comparison with the ‘high-
nickel’ Permalloy. The ‘Low-nickel’ one is usually used in hard drives
[31,36].

One of the ways to change the required properties of the exchange
coupled systems is to use the trilayer structures instead of bilayers
[37,38], where two ferromagnetic layers are separated by the anti-
ferromagnetic one. Such structures can provide the step-wise hysteresis
loops [39] due to two exchange-coupled interfaces with different en-
ergies. In this case the sequence of magnetization reversal of two FM
layers is not obvious [27,40], and depends on a wide range of factors:
technological parameters, materials, layer thicknesses etc.

Both the FM- and AFM-layer thicknesses play a crucial role for the
exchange bias effect. As it was observed experimentally, at a constant
FM-layer thickness the blocking temperature of exchange bias (the
temperature at which the exchange bias becomes nonzero) decreases
with decreasing antiferromagnetic layer thickness in both NiFe/IrMn
and IrMn/NiFe structures [41]. Such a tendency is common and can
be explained by usually used theoretical condition [37,42] for the
existence of the exchange bias >K t J Eq( . (1))AFM AFM EX , where KAFM is
the anisotropy energy of an antiferromagnetic, tAFM stands for an
AFM-layer thickness, and JEX is the interfacial exchange coupling
energy.

The temperature dependence of the exchange bias is also affected by
the ferromagnetic and antiferromagnetic layer thicknesses [43,44].
Generally, with decreasing the temperature in the region below
blocking temperature the exchange bias increases [39,41], but the
peak-like behavior depending on the layers thicknesses can be observed
[45].

In this work, the FM/AFM/FM trilayer compositions with either
low- or high- nickel Permalloy have been studied. In particular, the
sequence of magnetization reversal of FM layers has been found to
differ for the samples based on low- and high-nickel Permalloy in the
temperature range from 80 K to 300 K.

2. Experimental details

The NiFe/IrMn/NiFe thin-film structures were fabricated by mag-
netron sputtering at an ambient temperature in Ar atmosphere with
pressure of 3mTorr. Magnetic field of 500 Oe was applied in plane of
the substrate during the deposition process to induce the unidirectional
anisotropy in samples. The substrate was Si/SiO2 (1 0 0). The buffer Ta
layer with a thickness of 30 nm was deposited onto the substrate to
improve the growth of further layers. For each structure, the FM-layer
that was deposited prior to the other one (i.e. onto the Ta buffer layer)
is denoted as “bottom”. Accordingly, the FM layer that was deposited
on top of the IrMn layer is denoted as “top”. The last layer of 30 nm of
Ta was deposited on top of each sample to prevent them from the
oxidation. We prepared two series of samples, one using ‘low-nickel’
Permalloy that is Ni40Fe60 (LNiPy), and the other using ‘high-nickel’
Permalloy that is Ni75Fe25 (HNiPy). Two targets of separated Ni and Fe
were used for co-deposition of NiFe alloys. The target Ir45Mn55 alloy
was used for deposition of an antiferromagnetic layer. The layers
thicknesses were set by the deposition time with the deposition rates

estimated from the measurements of the thickness of the calibration
samples by the Rutherford backscattering method. The NiFe layers were
fabricated to have thickness of 10 nm, while the thickness of IrMn
layers was varied to be 2, 4 or 10 nm.

The study of the samples structural properties was carried out using
transmission electron microscopy (TEM) using Hitachi HT7700 micro-
scope at the accelerating voltage of 100 kV. Cross-section pieces of
samples were prepared using a Hitachi FB2100 (FIB) single-beam fo-
cused ion beam system. The magnetic properties of the samples were
investigated using a Vibrating Sample Magnetometer (VSM, Lake Shore,
Model 7400). The hysteresis loops for each sample were measured for
in-plane geometry with the magnetic field of the VSM oriented along
the induced unidirectional anisotropy, in the temperature range from
80 K to 300 K.

3. Results and discussion

The TEM cross-sectional images, presented in Fig. 1, show that the
interfaces between the NiFe layers and IrMn are smooth except the one
between the bottom LNiPy and IrMn. In the case of the LNiPy/IrMn
interface, the partial intermixing of layers is observed (marked as da-
shed lines). It can occur because the LNiPy grows with a large grain size
[46,47]. The large grain size of LNiPy causes the enhanced roughness of
the LNiPy layer surface. Assuming the IrMn layer grains to be smaller
than LNiPy grains [48–50], it can possibly fill the gaps between the
LNiPy grains. Meanwhile, a characteristic size of the HNiPy grains is
comparable to that of the IrMn grains [50].

Fig. 1. TEM cross-sectional images for the samples LNiPy(10 nm)/IrMn
(10 nm)/LNiPy(10 nm) and HNiPy(10 nm)/IrMn(5 nm)/HNiPy(10 nm).
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Fig. 2(a) shows the hysteresis loops for the samples NiFe/IrMn
(10 nm)/NiFe with LNiPy (red curve) and HNiPy (black curve). As it
can be seen, the loops exhibit the step-like shape. The steps in the black
hysteresis loop are of equal height because the two FM layers of HNiPy
are of the same 10 nm thickness, as it was confirmed by the TEM.
However, the red hysteresis loop has non-equal heights of the steps in
the descending branch: the bottom step is of smaller height than the top
one. This may be caused by the decrease of the thickness of the bottom
FM layer due to its partial intermixing with the IrMn layer, which was
demonstrated earlier [46,50], and is shown in Fig. 1. It can be con-
cluded that the top FM layer reverses prior to the bottom one.

The fact that the bottom FM layer reverses prior to the top one in the
HNiPy sample with the equal heights of the subloops can be confirmed
by the coercivities and exchange bias fields for the top and bottom
subloops that correlate perfectly with the coercivities and exchange bias
fields of the separate HNiPy/IrMn and IrMn/HNiPy structures [51].
Thus, the difference in magnetization reversal sequence for the HNiPy
and LNiPy samples is observed under changing the magnetic field from
HS to –HS (descending branch).

To trace the sequence of magnetization reversal of ferromagnetic
layers under changing the magnetic field from –HS to HS, in Fig. 2(b),

(c) the differential susceptibility for the descending and ascending
branches of the hysteresis loops for the aforementioned samples is de-
picted. The magnetization reversal of the different ferromagnetic
phases corresponds to the various peak heights [52]. The sequence of
magnetization reversal is found to be different for descending and as-
cending branches for the HNiPy sample: bottom-top-top-bottom. For
the LNiPy sample at the descending branch two ferromagnetic layers
reverse one by one while at the ascending branch two ferromagnetic
layers reverse in one magnetic field: top-bottom-both (in one direction
top layer then bottom one and in the opposite direction both layers
switch simultaneously). It may be associated with additional pinning
mechanism in reversed magnetic field.

This dependence of magnetization reversal sequence on Permalloy
type persists for the thinner AFM layer systems. To observe this ten-
dency, the samples magnetic properties were investigated at the tem-
peratures down to 80 K. The typical hysteresis loops for the LNiPy and
HNiPy NiFe/IrMn/NiFe samples with thicknesses of AFM-layer of 2 nm
and 4 nm, at temperatures of 90 K, 200 K, and 300 K, are presented in
Fig. 3.

For all samples the exchange bias is zero at room temperature. At
4 nm of IrMn layer in the HNiPy sample two ferromagnetic layers re-
verse together, while in the LNiPy sample they reverse in different fields
keeping the order of the layers magnetization reversal the same as it
was observed at the descending branch (Fig. 2(a)) for the LNiPy sample
with 10 nm-AFM-layer. It happens because the two FM layers have
different coercivities due to the different morphology of their surfaces,
whereas the exchange bias is also zero. The confirmation of this sug-
gested explanation can be found in Fig. 4, where the differential sus-
ceptibility is depicted. The sequence of the ferromagnetic layer mag-
netization reversal is top-bottom-top-bottom (Fig. 4(c)).

When the AFM layer thickness decreases from the 4 nm to 2 nm, the
slope of hysteresis loops decreases (Fig. 3), as well as the width of the
differential susceptibility peaks decreases (Fig. 4). This means that the
contribution of the reversible switching (i.e. magnetic moments rota-
tion) to the magnetization reversal decreases with increasing the AFM-
layer thickness [52].

For all samples, when the temperature decreases, the coercive force
and the exchange bias increases. The kinks in the hysteresis loops ap-
pear, indicating the separation of the two ferromagnetic phases, i.e. the
two FM layers, due to the exchange bias effect, which has different
influence on top and bottom layers as it was observed for 10 nm-AFM-
layer samples. It can be more visible in the differential susceptibility vs
H plotted in Fig. 4. The decrease of the temperature entails the peaks
broadening, as well as the slope of hysteresis loops becomes bigger.
According to [52], it can indicate that the contribution of the magnetic
moment rotation into the magnetization reversal process increases
compared to the domain wall motion. This can be explained in terms of
thermal fluctuations model [53], from which it follows that the spin
structure at the interfaces becomes more stable, because when tem-
perature is decreased it reduces the thermal-fluctuations energy of AFM
and FM atoms.

Magnetization reversal of the different ferromagnetic layers sepa-
rated by the antiferromagnetic layer can be attributed to the differential
susceptibility peaks with different heights. In other words, by the order
in which the lower and higher peaks appear at the ascending and
descending branches, one can judge the sequence of the magnetization
reversal of the layers. Thus, at 90 K and 200 K the sequence of the
magnetization reversal for two LNiPy layers of 2 nm and 4 nm-AFM-
layer samples is the same as for 10 nm of AFM-layer thickness at room
temperature (Fig. 2), i.e. top-bottom-both (in one direction top layer
then bottom one and in the opposite direction both layers switch si-
multaneously). For the HNiPy samples with 4 nm of AFM-layer at 90 K
and 200 K, the magnetization reversal sequence of the top and bottom
FM-layers is the same as found for the HNiPy/IrMn/HNiPy sample with
10 nm of AFM layer at room temperature (Fig. 2(a)): bottom-top-top-
bottom.

Fig. 2. (a) Hysteresis loops for LNiPy (red lines) and HNiPy (black lines) NiFe/
IrMn(10 nm)/NiFe samples, obtained along the unidirectional anisotropy axis;
differential susceptibility vs magnetic field for the HNiPy (b) and LNiPy (c)
samples.
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The dependences of the exchange bias and coercivity on the tem-
perature are presented in Fig. 5. For the samples with IrMn layer
thickness of 2 nm, the blocking temperatures were found to be 250 K for
the LNiPy and 200 K for the HNiPy samples. For the samples with the
antiferromagnetic layer thickness of 4 nm, the exchange bias was

observed at temperatures below 290 K. Thus, with the increase of the
AFM-layer thickness the blocking temperature rises. Besides, the in-
crease of AFM-layer thickness affects the exchange bias and coercivity
curves vs temperature (Fig. 5) making them more convex. According to
[54,55] the last two phenomena can indicate the change of interfacial

Fig. 3. Hysteresis loops obtained along the unidirectional anisotropy axis at different temperatures for NiFe/IrMn(t)/NiFe samples with LNiPy (a), (c) and HNiPy (b), (d).

Fig. 4. The differential susceptibility vs magnetic field for NiFe/IrMn(t)/NiFe samples with LNiPy (a), (c) and HNiPy(b), (d) at different temperatures.
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spin structure of the AFM and hence of interfacial exchange coupling
type due to the increase of antiferromagnetic anisotropy constant. This
hypothesis seems to be promising but requires further studies.

4. Conclusions

The studies of magnetic properties performed in the temperature
range from 80 K to 300 K allowed us to determine the blocking tem-
peratures of NiFe/IrMn/NiFe thin-film structures with the anti-
ferromagnetic layer thicknesses of 2 nm and 4 nm, which do not exhibit
the exchange bias effect at room temperature. The sequence of mag-
netization reversal for the two ferromagnetic layers has been de-
termined to depend on the type of Permalloy. Thus, for the LNiPy
samples the top FM-layer reverses prior to the bottom one. On the
contrary, for the HNiPy samples the bottom FM-layer reverses prior to
the top one. The aforementioned differences are supposedly caused by
the morphological features at the interfaces between FM and AFM of
the systems based on the LNiPy and HNiPy.
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