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V. O. Vas’kovskiy,2 A. Garcia Arribas,1,4 and G. V. Kurlyandskaya1,2,a

1Departamento de Electricidad y Electrónica, Universidad del Paı́s Vasco (UPV/EHU),
48080 Bilbao, Spain
2Department of Magnetism and Magnetic Nanomaterials, Ural Federal University,
620002 Ekaterinburg, Russia
3SGIker, Servicios Generales de Investigación, Universidad del Paı́s Vasco,
48080 Bilbao, Spain
4BCMaterials, Universidad del Paı́s Vasco (UPV/EHU), 48080 Bilbao, Spain

(Received 16 June 2013; accepted 28 August 2013; published online 5 September 2013)

FeNi/FeMn bilayers were grown in a magnetic field and subjected to heat treatments
at temperatures of 50 to 350 ◦C in vacuum or in a gas mixture containing oxygen.
In the as-deposited state, the hysteresis loop of 30 nm FeNi layer was shifted. Low
temperature annealing leads to a decrease of the exchange bias field. Heat treatments
at higher temperatures in gas mixture result in partial oxidation of 20 nm thick
FeMn layer leading to a nonlinear dependence of coercivity and a switching field
of FeNi layer on annealing temperature. The maximum of coercivity and switching
field were observed after annealing at 300 ◦C. C© 2013 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4821105]

I. INTRODUCTION

Spin-valve layered structures are the base for many magnetic field sensors and other magneto-
electronic devices.1 Their principle of operation is based on the phenomenon of giant magnetoresis-
tance, which can be observed as a result of a change of the relative orientation of the magnetizations
in adjacent layers.2 The simplest spin-valve structures consist of two magnetic layers. The first one
is a magnetically soft ferromagnetic layer (FM) with a magnetization easily rotating by the external
magnetic field. The second FM layer is separated from the first one by a layer of non-magnetic
metal. The magnetization of the second FM layer should remain non-affected by the external field. It
can be obtained in the case of different coercivities of adjacent magnetic layers (so-called hard-soft
systems), in the case of pinning the magnetization of FM layers by the exchange bias interaction
with the third (antiferromagnetic or ferrimagnetic) layer2 or by the exchange bias with multilayer
structures (artificial antiferromagnetic or ferrimagnetic).3, 4 The hysteresis loop of an exchange bi-
ased FM layer is shifted with respect to zero field, this enables the moment of other FM layers in a
heterostructure to be switched without affecting the magnetic state of the biased layer.

For practical applications antiferromagnetic (AFM) layers are often used,5 and the most popular
material remains FeMn.2, 3 In general, bias is often set by field cooling the bilayer through the blocking
temperature TB, but in the case of FeMn it can be achieved simply by depositing the FeMn layer onto
a FM saturated layer.5 One disadvantage of FeMn films is their increased oxidation ability, especially
for manganese.6 Strong oxidation leads to degradation of antiferromagnetic properties of FeMn layer
and disappearance of the exchange bias of adjacent FM layer. However, partial surface oxidation of
Mn results in a decrease of the effective thickness of the FeMn layer and provokes Mn migration
to the surface, creating inside the FeMn layer a region with ferromagnetic properties enriched in
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Fe.7 Although details of the process of oxidation of FeMn films have been widely discussed in the
literature,6–8 the impact of this process on the properties of exchange biased FeNi/FeMn bilayers has
been far less investigated. This problem is all the more important, because the probability of partial
oxidation FeMn layer increases with increasing temperature. The temperature increase is inevitable
for many standard processing techniques of sensor fabrication.9, 10 Although high switching fields
and post-deposition annealing treatments have already been achieved in MRAM (magnetoresistive
random-access memory) devices (see an example for ferromagnetic storage CoFe(2 nm)/FeNi(3
nm) electrode)11 and in particular on thermally assisted MRAMs, different physical processes can
be involved in the exchange bias field changes. It is also worse to mention that the thickness of FeNi
biased film is a very important parameter for a number of technological applications.

In this work, we studied magnetic properties of exchange biased FeNi(30 nm)/FeMn(20 nm)
bilayers prepared by magnetron sputtering and annealed in vacuum or in gas mixtures containing
oxygen in order to gain insight on the influence of partial oxidation of FeMn layer on the exchange
bias strength, coercivity and switching field of these bilayers.

II. METHODS

The FeNi(30 nm)/FeMn(20 nm) samples were deposited by magnetron sputtering at room
temperature onto glass substrates with a 5-nm-thick Ta underlayer. The background pressure was 3
× 10−7 mbar. Deposition was performed in an Ar atmosphere with 2 × 10−3 mbar pressure.
Permalloy was sputtered using a Fe19Ni81 target and an antiferromagnetic layer using Fe50Mn50

target. The tantalum underlayer was incorporated in order to promote a (111) texture in FeNi and
FeMn layers. One part of the samples was capped by a 10-nm-thick Ta layer aiming to reduce the
possibility of oxidation of the magnetic layers. The other part of the samples was prepared without
Ta capping layer. The deposition rates were previously calibrated as 8 nm/min for FeNi layers, 5
nm/min for FeMn layers and 2 nm/min for Ta layers. A magnetic field of about 250 Oe was applied
during the sample preparation parallel to the substrate surface to induce a uniaxial anisotropy and the
exchange bias. Annealing was carried out at temperatures of 50 to 350 ◦C in vacuum or in a mixture of
N2 + 0.5% O2 for exposure time up to 1 h in a magnetic field of 300 Oe applied along the same
direction as during the film deposition. The heating and cooling rates were set to 20 K/min. The
samples with a tantalum protective layer were subjected to heat treatment in vacuum (samples type I).
This was done in order to further insure protection against possible FeMn layer oxidation. On the
contrary, the samples without a protective layer were annealed in the gas mixture (samples type II).
The microstructure was studied by X-ray diffraction (XRD) using Cu-Kα radiation. The hysteresis
loops were measured using a vibrating-sample magnetometer (VSM).

The samples of both types on the as-deposited state revealed an antiferromagnetic FeMn γ -
phase with (111) preferred orientation. The Ta underlayer enhanced the (111) orientation of the FeNi
film which resulted in the growth of the FeMn layer into well oriented (111) γ -phase.

III. RESULTS AND DISCUSSION

For all as-deposited sample the VSM loop was characterized by a bias field, HE = 30 Oe, a
coercive field, Hc = 3 Oe. A blocking temperature, Tb ≈ 140 ◦C. The annealing (post-deposition
heat treatment) up to 200 ◦C of both types of samples leads to a double reduction HE and a twofold
increase in Hc (Fig. 1). Such a reduction in HE in low-temperature annealing is a fairly common
phenomenon.12–15 The cause of this reduction might be a strain relief in the crystal structure or
movement of impurities from the interior of grains to the grain boundaries. Both phenomena have an
impact on the state of inter-layer interface, which, in turn, determines an exchange coupling across
the interface between the FeNi and FeMn spins. Note also that in order to create the requested HE

one can heat the sample above Tb and then cool it in a magnetic field.5 In our case such a procedure
did not result in the obtaining of the HE values above the HE corresponding to as-deposited state.
Perhaps it is a confirmation of the previously expressed hypothesis that the deposition of the films
in applied field and post-deposition heating/cooling of the samples in magnetic field have a different
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FIG. 1. M(H) loops of the type I (a) and type II (b) samples measured for as-deposited state and after annealing at different
temperatures. Annealing time is 5 min.

effect on the exchange bias fields due to different responsible physical processes16, 17 like thermal
activation energies and diffusion rates.

Annealing at higher temperatures does not appreciably alter the magnetic properties of the type
I samples. The magnetic moment of these samples is determined by the FeNi layer. The estimation of
the magnetization of the FeNi layer gives us the expected value of 800 emu/cm3. For type II samples,
on the contrary, annealing at temperatures above 250 ◦C leads to a sharp increase in Hc with a peak
roughly around 300 ◦C. Afterwards there is a drastic decline in Hc. With regard to HE, it varies
slightly. Fig. 2 summarizes the change in the HE and Hc of type I and type II samples with different
annealing temperatures. In addition, the same figure shows the dependence of the switching field
in the direction opposite to the pinned direction, Hsw. For samples type I, characterized by squire
shape of the hysteresis loop, Hsw = HE + Hc. For samples type II the high temperature annealing
leads to a change of the shape of the hysteresis loop: it becomes tilted. Therefore we have taken the
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FIG. 2. Exchange bias, coercivity and switching field for type I (a) and type II (b) samples as a function of the annealing
temperature. Annealing time is 5 min.

Hsw value as the field in the second quadrant of the loop from which the decrease of the magnetic
moment began (indicated by asterisks, Fig. 1(b)).

In addition, the high temperature annealing of type II samples resulted in a growth of the
magnetic moment of the samples (Fig. 1(b)). It is logical to suppose that the increase of the magnetic
moment is due to partial oxidation of Mn in the layer and the formation inside the FeMn layer of a
region which is Fe rich and Mn depleted as compared to the initial composition of the film. Most
probably it happens near the grain boundaries. It is known that the preferential oxidation of Mn at
the surface leads to the formation a surface oxide layer, which is Mn-rich, and drives Mn migration
from deeper film region, leaving it Fe-rich.7, 18 The magnetization for Fe-rich phase7 can reach
1200–1400 emu/cm3.

Fig. 3 shows the X-ray diffraction patterns of type II samples in the as-deposited state and after
annealing at 300 ◦C (5 min). Annealing barely affects the intensity of FeNi (111) peak, but results in
the disappearance of the γ -FeMn peak. At the same time MnO (111) peak appears (inset Fig. 3), in
this case it does not appear in the diffraction patterns for type I samples. The absence of other lines
corresponding to the oxide of manganese seems logical because (111) texture of the FeMn layer
may specify a similar texture and in MnO. Strictly speaking, the diffraction peak at about 35.5 ◦ may
be caused by the presence of iron oxides. The lines of Mn and Fe oxides are very close to each other
and they cannot be identified precisely in this case. However, in the initial stage of the oxidation,
competition for O2 will favour formation of MnO over FeO because of the higher heat of formation
of the MnO.8 A significant increase of the magnetic moment of the sample (up to 30% after the heat
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FIG. 3. XRD diffraction patterns of type II sample on the as-deposited state (1) and after annealing at 300 ◦C (5 min). Inset
shows the part of the same graph in a smaller scale.

treatment at 300 ◦C) speaks in favour of the low degree of oxidation of Fe, if one keeps in mind that
magnetization of ferrimagnetic iron oxides is much lower (∼400 emu/cm3), compared to Fe-rich
FeMn phase.

Disappearance of FeMn γ -phase peak does not mean the disappearance of the antiferromagnetic
FeMn phase. On the one hand, heat treatment and migration of the Mn atoms can facilitate adjustment
of the lattice parameters of FeMn γ -phase to the lattice parameters of FeNi, that leads to a formation
of the overlapped diffraction peak, corresponding to FeMn and FeNi lines, as it was observed
previously.19 On the other hand, it is known, that there is not a strong correlation between the
amount of the γ -FeMn phase and the exchange bias field HE.11, 19

Noticeable VSM-signal from Fe-rich FeMn phase (let us denote it as f-FeMn) appears to alter
the heat treatment at 250 ◦C. It increases with the annealing temperature, reaches the maximum at
300 ◦C, and afterwards decreases. Growth of a signal is accompanied by a decrease of the coercivity
of the f-FeMn phase. The hysteresis loop of f-FeMn is shifted with respect to zero field, as well as
the loop of FeNi layer. Fig. 4(a) shows the loop for type II sample after annealing at 350 ◦C (10 min),
the measurement was done at 180 ◦C (above the Tb). The FeNi layer is characterized by a narrow
loop while the f-FeMn phase shows a wide loop with Hc ∼ 12 Oe with a slope. Inclination of the
loop indicates the volume heterogeneity of f-FeMn phase. It is also possible that the formation of
more nucleation centres for magnetic reversal after the oxidation of the FeNi/FeMn interface plays
an important role. There exists a small plateau near |H| = 7 Oe at which the magnetizations of FeNi
and f-FeMn are opposite.

There are detailed and thorough studies of chemical composition throughout the film thickness
for FeMn films in the course of gradual oxidation.7, 8 Based on the results of these studies we can
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FIG. 4. M(H) loops of the type II sample after annealing at 350 ◦C (10 min): (a) measurements at T = 180 ◦C, (b) measurements
at room temperature for field-cooled sample at H = 300 Oe, (c) measurements at room temperature for field-cooled sample
at H = −7 Oe.

assume with a high degree of probability that in our samples the f-FeMn phase begins to form near
the surface of the sample, so that the FeNi layer and a layer of f-FeMn are separated by the left FeMn
antiferromagnetic layer. The cooling of the sample from 180 ◦C to room temperature, at H = 300 Oe,
as it is usually done in our work, or at H = −7 Oe should lead to different results. In the first case,
it is seen that the hysteresis loops of the FeNi and f-FeMn shifted in the same direction (Fig. 4(b)).
In the second case, the FeNi and f-FeMn layers acquire exchange bias with opposite anisotropy axis
(Fig. 4(c)), because the FeNi and f-FeMn layers were field cooled with their magnetizations in
opposite directions. A similar effect was observed for FeNi/FeMn/Co three layered structure.20

Thus, we can conclude that the emerging f-FeMn phase is separated from the FeNi layer by the
antiferromagnetic layer. This, however, does not exclude a possible interaction between the two
ferromagnetic phases.

Therefore, the cause of change of properties of the FeNi layer is the change of the properties of
the adjacent antiferromagnetic FeMn layer and/or interaction between the FeNi and f-FeMn layers
through the FeMn layer. Migration of the Mn atoms under the influence of surface oxidation can
both change the ratio Fe:Mn in the FeMn layer adjacent to the FeNi, and promote the diffusion of Ni
atoms from the FeNi layer to FeMn layer. Both processes contribute to changing the configuration
of spins on the interface FeNi/FeMn, which in turn determines the HE and Hc of the FeNi layer.

Reference data on the effect of an additional ferromagnetic layer are not unambiguous. There
is an opinion, that it does not affect the properties of the base (bottom) ferromagnetic layer,21 but
there are data, supporting its active influence.22–24 It can not be ruled out, that under the influence
of oxidation not only planar, but also more complex chemical and magnetic structures are formed.
Taking into account the enhanced oxidation rate of Mn near the grain boundaries,6 and also the
columnar structure formation in the films prepared by the magnetron sputtering,25, 26 we can not
exclude the formation of bridges between the ferromagnetic FeNi and f-FeMn layers through the
FeMn layer. These issues require further detailed study.

Increase of the annealing time does not make drastic changes in Hc and Hsw dependences on the
annealing temperature, it shifts their maxima only slightly towards lower temperatures. As a result
for an annealing time of 1 h maxima were observed at Tann ≈ 280 ◦C, and the maximum values of
Hc and Hsw were almost unchanged.

As the annealing temperature increases above 300 ◦C, the values of Hc and Hsw decrease abruptly
(Fig. 2(b)). Hc may decrease due to atomic interdiffusion at the interface between FeNi and FeMn
layers.14, 19 However, the same heat treatment of type I samples leaves magnetic properties of FeNi
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layer practically unchanged. Thus, for type II samples, the decrease of Hc can be related to the
decrease of the effective thickness of the antiferromagnetic FeMn layer.27, 28 Changes in the FeMn
layer parameters can also cause a change in the regime of coercive behaviour. In some cases the
losses on sweeping out a hysteresis loop are primarily in the FeNi layer. In other cases they are
confined to the FeNi layer.29 The decrease of HE for thin enough AFM layers can be caused by
several connected factors.5 The high temperature annealing results in the change of the hysteresis
loops shape which become flatter (Fig. 1(b)). This leads to the Hsw reduction.

IV. CONCLUDING REMARKS

In conclusion, heat treatment and partial oxidation of FeMn layer are effective for tuning
HE and Hsw parameters in exchange biased FeNi/FeMn bilayers. Low temperature annealing
(Tann < 200 ◦C) decreases HE, that can be useful, for example, for the increase of the magnetic
field detectors’ sensitivity.30, 31 Partial oxidation of FeMn layer by the controlled heating in the
oxygen containing atmosphere may lead to a significant increase of the Hsw of FeNi layer. Fabrica-
tion process of the microelectronic devises includes heating and causes the HE decrease. Therefore,
an additional post-fabrication treatment for FeMn partial oxidation can be useful for recovering
of the high Hsw value. Controlled changes of the thickness of FeMn layer will provide additional
opportunities for varying of the value of the annealing temperature and annealing time to reach the
maximum switching field parameters.
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