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Tuning exchange bias and coercive fields in ferromagnet Õantiferromagnet
bilayers with ion irradiation

J. Juraszek, J. Fassbender,a) S. Poppe, T. Mewes, and B. Hillebrands
Fachbereich Physik and Forschungs und Entwicklungsschwerpunkt Materialwissenschaften,
Erwin-Schrödinger-Strasse 56, Universita¨t Kaiserslautern, 67663 Kaiserslautern, Germany

D. Engel, A. Kronenberger, A. Ehresmann, and H. Schmoranzer
Fachbereich Physik and Forschungs und Entwicklungsschwerpunkt Materialwissenschaften,
Erwin-Schrödinger-Strasse 46, Universita¨t Kaiserslautern, 67663 Kaiserslautern, Germany

The effect of He ion irradiation on the magnetic properties of NiFe exchange coupled to different
antiferromagnetic alloys~FeMn, CrMn, and PtMn! with the same layer thickness is investigated. All
systems exhibit an enhanced coercivity prior to irradiation. An exchange bias field is only observed
for FeMn and PtMn. Upon ion irradiation the FeMn-based system shows with increasing ion dose
an enhancement followed by a decrease and finally a full suppression of the exchange bias field. For
systems exchange coupled to PtMn only a decrease and suppression of the bias field is found. This
can be attributed to the ion induced chemical disordering of the antiferromagnetic phase in the latter
case. In the case of CrMn the antiferromagnetic layer thickness is too small to induce an exchange
bias field, but an enhanced coercivity is observed which is caused by the exchange coupling between
the antiferromagnetic and ferromagnetic layers. For all systems, this enhanced coercivity of the
exchange coupled bilayer system is modified by ion irradiation. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1447187#

I. INTRODUCTION

Using light ion irradiation the magnetic properties of
thin films can be modified on a nanometer scale and in a
controlled way without affecting the surface topography.1

This method, combined with the use of appropriate masks,
allows the fabrication of planar patterned magnetic nano-
structures down to 30 nm in size.2,3 First reports concerned a
modification of the coercivity and easy axis magnetization
direction in Co/Pt multilayers4 and chemical ordering pro-
cesses in FePt alloys.5

Recently, He ion irradiation was used to tune both mag-
nitude and direction of the exchange bias field in NiFe/FeMn
bilayers.6,7 Exchange bias in general results from the ex-
change coupling at the interface between a ferromagnetic~F!
layer and an antiferromagnetic~AF! layer.8 If the sample is
grown in a magnetic field, or field cooled from above the
Néel temperature, a unidirectional anisotropy can be in-
duced. This anisotropy acts as an internal field, the so-called
exchange bias field (Heb), shifting the magnetization curve
from H50. In addition an increase of the coercive field (Hc)
is usually found. One of the main applications of the ex-
change bias effect is to provide a pinned magnetic layer in
magnetic memory cells or magnetoresistive sensors.

In this study, the sensitivity to light ion irradiation of
different metallic Mn-based antiferromagnets is investigated.
Thin permalloy films are exchange coupled to both, structur-
ally disordered~FeMn and CrMn! and ordered~PtMn! AF
alloys. FeMn is one of the most extensively studied AF ma-
terials, but its low corrosion resistance and low thermal sta-
bility impede its application in sensor devices. Better corro-

sion resistance is obtained with CrMn, but large thicknesses
are required to induce an exchange bias field due to the weak
anisotropy.9 A small amount of metallic additives~e.g., Pt!
can be used to improve the exchange bias properties in this
system.10 Finally, PtMn has a good corrosion resistance,11 a
high Néel temperature, and a large exchange bias field for
small layer thicknesses. However, thermal processes are nec-
essary to obtain long range chemical ordering of the antifer-
romagneticg phase.12,13

II. EXPERIMENT

All samples were prepared by thermal evaporation in an
UHV system with a background pressure of 5
310210 mbar. Thermally oxidized Si~111! substrates with a
15 nm thick Cu buffer layer are used as growth templates.
The Cu buffer layer enhances the~111! texture of the films,
which was found to improve the exchange bias field in
FeMn14 and PtMn.11 On top of the Cu buffer layer, the per-
malloy Fe19Ni81 film ~5 nm! and the AF~10 nm! layer were
deposited, with AF referring to Fe50Mn50, Pt50Mn50, and
Cr50Mn50. In order to compare the effect of irradiation on
the different materials, all AF layers have the same thickness,
although this parameter may need to be optimized for appli-
cations. Permalloy was evaporated from the bulk NiFe alloy
while the AF films were coevaporated from elemental
sources. The composition of the films and the layer thick-
nesses were carefully controlled by measuring the deposition
rates~0.01 nm/s for all magnetic elements! using calibrated
quartz microbalances and controlled by Auger spectroscopy.
All films were grown at room temperature, except PtMn
which was deposited at 200 °C in order to promote the
growth of the chemically ordered AF phase.12 Finally, a 3 nm
thick Cr capping layer was deposited for protection purpose.
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After completion of growth a field annealing procedure
was performed. The FeMn, CrMn, and PtMn samples were
heated up to 200, 250, and 500 °C, respectively, above the
blocking temperature of the different systems.8 Subsequently
they were cooled in an applied field (Hprep) of 500 Oe in
order to establish the exchange bias direction. In the case of
PtMn the annealing procedure is not only to create an ex-
change bias field but also to chemically order the system. In
this case of a combination of growth and high annealing
temperature, a large amount of PtMn should be chemically
ordered.12,15

Ion irradiation experiments were performed at room
temperature using a 10 keV He1 beam produced by a Pen-
ning type source. A low current density of 6mA/cm2 was
used to avoid sample heating. The dose range
(1013– 1015 ions/cm2) was obtained by varying the irradia-
tion time. Different ion doses were applied on the same
sample by irradiating several stripes on the sample area. Dur-
ing irradiation, an external field was applied parallel (HP) or
antiparallel (HAP) to the direction ofHprep.

The magnetic properties of the samples were investi-
gated before and after irradiation by longitudinal magneto-
optical Kerr effect~MOKE! magnetometry at room tempera-
ture. The hysteresis loops were recorded with an applied
magnetic field varying between21.5 and 1.5 kOe.

III. RESULTS AND DISCUSSION

Figure 1 shows MOKE hysteresis curves of the as-
deposited and ion-irradiated samples in the (HP) geometry
for various ion doses. The Kerr rotation for the different AF
systems is normalized to that of the samples prior to ion
irradiation. First, the magnetization reversal for the nonirra-
diated samples are described. The hysteresis curve for NiFe
exchange coupled to FeMn@Fig. 1~a!#exhibits an exchange
bias field of2175 Oe and a coercive field of 30 Oe, which is
considerably enhanced compared to that of a single permal-
loy film (Hc'2 – 3 Oe). For PtMn@Fig. 1~b!# an exchange
bias field of295 Oe is found. The corresponding coercivity
~195 Oe!is much higher than in the case of FeMn. A large
coercivity for the PtMn system is often observed and is be-
lieved to be related to the magnetocrystalline anisotropy of
the AF layer.16,17 For CrMn @Fig. 1~c!#, no loop shift is ob-
served. The AF layer thickness in this case is too small to
induce an exchange bias field. However, a local exchange
coupling across the F–AF interface is evidenced by an en-
hanced coercivity ofHc526 Oe of the NiFe film covered
with CrMn compared to the single permalloy layer.

After ion irradiation, two distinct features depending on
the ion dose are observed for the FeMn system@Fig. 2~a!#,
which was studied in detail in Ref. 7. For a dose of 2.1
31014 ions/cm2, the loop is shifted towards higher negative
fields indicating an enhancement of the exchange bias effect
@cf. Fig. 1~a!#as a result of ion irradiation. A maximum en-
hancement by a factor of 1.8 is observed. For higher ion
doses the exchange bias field is decreased and finally com-
pletely suppressed. If a magnetic field during irradiation is
applied antiparallel to the preparation field direction~HAP

geometry!, the sign ofHeb can be changed. The maximum

enhancement of absoluteHeb in theHAP geometry is slightly
reduced compared to theHP configuration.

In the case of NiFe exchange coupled to PtMn, only a
reduction of the exchange bias field is observed after irradia-

FIG. 1. MOKE hysteresis loops of a NiFe layer exchange coupled to FeMn
~a!, PtMn ~b!, and CrMn~c! before and after He ion irradiation. Different
irradiation doses are indicated in the figure in units of ions/cm2.

FIG. 2. Exchange bias field (Heb) normalized to the initial value prior to ion
irradiation as a function of ion dose for irradiation in an applied field parallel
~HP , open symbols! and antiparallel~HAP , full symbols! to the preparation
field (Hprep) direction;~a! FeMn and~b! PtMn are used as the AF material,
respectively.
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tion @Fig. 2~b!#. Very low ion doses as small as 1
31014 ions/cm2 are sufficient to completely suppress the ex-
change bias field. This is the same dose which corresponds to
the maximum enhancement observed in the case of FeMn AF
layers. In addition the overall course of the exchange bias
field as a function of ion dose is not influenced by the ap-
plied field during irradiation, i.e., the exchange bias direction
cannot be modified. It is clearly demonstrated that the ex-
change bias field in the PtMn system is very sensitive to light
ion irradiation.

The origin of the different behavior in FeMn and PtMn
systems can be attributed to the required structural ordering
in the latter case. For low ion doses defects created in the AF
bulk act as pinning sites. Therefore the number of domain
walls and domains present for an irradiated sample is in-
creased compared to the nonirradiated case which results in
an enhancement of the exchange bias field according to Mal-
ozemoff’s model.18 This effect governs the low ion dose re-
gime in the case of FeMn. If the field during irradiation is
applied antiparallel to the preparation field direction, the cre-
ation of AF bulk defects is also responsible for the change of
the pinning direction.7 In the case of PtMn the situation is
different. Only the ordered phase of PtMn is
antiferromagnetic.19 Hence a structural disordering of the AF
material causes a weakening of the AF and therefore a re-
duction of the exchange bias effect. This effect is much
stronger than that observed in the case of the FeMn system.
This interpretation is further supported by the fact, that the
exchange bias field direction cannot be modified with the
field applied during irradiation. The reduction of the ex-
change bias field due to structural disordering masks the ef-
fect of domain creation.

The ion dose dependence of the coercive fields for the
different AF materials is shown in Fig. 3. In the case of the
FeMn and the PtMn system the course of the coercive field is
similar to that of the exchange bias field. For the FeMn sys-
tem an initial increase in coercivity is followed by a succes-
sive decrease. For the PtMn system the coercive field de-
creases more rapidly. As for the exchange bias effect the ion
dose required to completely suppress the effect of the AF
layer on the coercive field is largely reduced compared to the
FeMn system. For the CrMn system the as-prepared coercive
field is enlarged although no exchange bias field is observed.

This coercive field can then be reduced by ion irradiation.
The dose required to completely suppress the AF layer in-
duced coercivity enhancement is comparable to that of the
FeMn system. Since CrMn and FeMn are structurally disor-
dered alloys a similar behavior is to be expected. Neverthe-
less, an increase in coercivity in the case of CrMn has not
been observed. The magnetic behavior of the PtMn system
however is completely different since it is governed by a
crossover from a partially structurally ordered~as-prepared!
to a mostly disordered~after ion irradiation!alloy. However,
the absolute degree of structural ordering in the PtMn should
only be of minor importance.

Note also that the Kerr rotation is affected by ion irra-
diation. A slight reduction of its magnitude as a function of
the ion dose is found for FeMn and CrMn systems, but an
enhancement is observed in the case of PtMn~see Fig. 1!.
These different behaviors suggest that in the latter case in-
terdiffusion at the interfaces induces a ferromagnetic mo-
ment in PtMn.20
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