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Local manipulation and reversal of the exchange bias field by ion irradiation
in FeNiÕFeMn double layers
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Both the direction and the strength of the exchange bias fieldHeb of an FeNi/FeMn double layer are
manipulated locally by He ion irradiation in an applied magnetic field. The magnitude ofHeb is enhanced over
its initial value in the low ion dose regime. Above a threshold irradiation dose a reduction and eventually a
suppression ofHeb is found. The direction ofHeb is initialized by the field direction during irradiation. These
observations are discussed considering the structural modifications caused by the ion bombardment. The data
are well described by a model, which is based on the competition between the enhancement of the exchange
bias field strength due to defect creation in the antiferromagnetic layer and the decrease induced by intermixing
at the ferromagnet/antiferromagnet interface.
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The exchange bias effect results from the magnetic
change interaction between two adjacent ferromagnetic~F!
and antiferromagnetic~AF! layers and expresses itself
various intriguing phenomena. For a recent review see R
1. The ferromagnetic hysteresis loop is shifted by the
called exchange bias field and exhibits an enhanced coe
ity compared to that of the respective single F layer if t
sample is either prepared in a magnetic field or cooled do
through the Ne´el temperature of the AF layer in a field. Th
exchange bias effect has been known for a long time2 and is
nowadays widely used in devices.3,4 Many authors have un
dertaken attempts to model the effect.2,5–10An enhancemen
of the exchange bias effect was found experimentally and
Monte Carlo simulations using a diluted AF layer.11

Recently, it has been demonstrated for Co
multilayers12–14 and for FePt alloys,15 that ion irradiation is
an excellent tool to modify magnetic properties locally, wit
out modifying the sample topography. Ion irradiation i
duces atomic displacements and hence causes rem
modifications of the magnetic properties. In the case of
change bias systems it was shown that ion irradiation o
sample showing exchange biasing can modify the bias fi
strength, depending on the ion dose and energy.16,17

In this communication, we report on ion irradiation e
periments on an exchange bias system in the presence
external field. We illustrate that the exchange bias field
be designed both in direction and magnitude. Its directio
adjusted by the direction of the external field during irrad
tion. Depending on the ion dose the strength of the excha
bias field can be enhanced or reduced compared to the in
strength after preparation. The results are discussed by in
ducing a phenomenological model to describe the dep
dence of the bias field on the density of defects created
bombardment in the bulk AF layer and at the F/AF interfa
Our results have implications on the understanding of
interaction between impinging ions and the spin distribut
in the exchange bias system. Moreover, from the technol
cal point of view, the effect allows to tailor the direction o
exchange biasing and thus the orientation of the pinned la
in a spin-valve, in, e.g., a magnetic sensor element.
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We chose the FeNi/FeMn exchange bias system.16,17 The
samples were prepared in an ultrahigh vacuum system w
base pressure of 5310210 mbar. A 5 nm thick Fe0.19Ni0.81

layer ~F! and a 10 nm thick Fe0.5Mn0.5 ~AF! layer were
grown onto a thermal oxidized Si substrate with a 35 n
thick Cu buffer layer. Finally, a 2 nmthick Cr layer was
deposited to prevent the samples from oxidation. All lay
were grown at room temperature. The samples are polyc
talline with a strong~111! texture. After the deposition the
samples were heated and subsequently cooled in a mag
field Hprep5500 Oe below the Ne´el temperature to initial-
ize the exchange bias field.

The magnetic properties were investigatedex situby lon-
gitudinal magneto-optical Kerr-effect~MOKE! magnetom-
etry. Initially, the samples were characterized prior to t
irradiation process. The exchange bias field,Heb , and the
coercive field,HC , were found to be homogeneous acro
each sample. Figure 1~a! shows a typical hysteresis loo
measured parallel to the preparation field direction,Hprep .
The preparation field is indicated in all figures by a bo
arrow. An initial exchange bias field,Heb,init ial , of
2190 Oe is found. The half width of the hysteresis loop
22 Oe, which is considerably enhanced over the coerc
field of the respective single FeNi film value.

After magnetic characterization the samples were inse
into an ion optical bench. He ions were produced in
Penning-type source and accelerated by 10 kV. Differ
doses on the sample were realized by adjusting the b
current (10– 100 nA) and by varying the irradiation time
(3 –120 s), covering the ion dose range (231013–
1016) ions/cm2. During the ion irradiation process an exte
nal magnetic field of'1000 Oe was applied in the film
plane either parallel (HP) or antiparallel (HAP) to Hprep ,
indicated by thin arrows, in Figs. 1–3. In order to reduce
experimental error in the results caused by the use of dif
ent samples, consecutive ion doses are prepared on diffe
areas of the same sample.

In Figs. 1~b! and 1~c! hysteresis curves are shown aft
He irradiation in an external magnetic field in the geometr
parallel (HP) and antiparallel (HAP) to Hprep , as sketched
©2001 The American Physical Society09-1
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in the figure. The numbered curves correspond to suc
sively increasing ion doses as listed in the caption. When
irradiation is performed in theHP geometry@Fig. 1~b!#, a
low ion dose of 2.531014 ions/cm2 ~1! leads to an enhance
shift of the hysteresis loop with respect to the initial one@cf.
Fig. 1~a!#, similar to the results of irradiation without an
external field.17 A further increase of the ion dose leads to
reduction~2! and finally to a full suppression~3! of the ab-
solute exchange bias field.

In the HAP geometry, as is displayed in Fig. 1~c!, the

FIG. 1. Hysteresis curves for FeNi/FeMn exchange bias sam
measured at room temperature.~a!: hysteresis curve of a sampl
prior to He irradiation. The field direction during preparation
indicated by a bold arrow.~b! and ~c!: hysteresis curves after irra
diation in an external field parallelHP and antiparallelHAP to the
preparation field directionHprep . The field directions applied dur
ing irradiation are indicated by a thin arrow. The numbers cor
spond to different doses. In~b! ~irradiation field parallel toHprep!:
1: 0.2531015 ions/cm2, 2: 1.3231015 ions/cm2, and 3: 9.5
31015 ions/cm2. In ~c! ~irradiation field antiparallel toHprep): 1:
0.2531015 ions/cm2, 2: 0.931015 ions/cm2, and 3: 9.5
31015 ions/cm2.
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hysteresis loops are remarkably shifted to the opposite
with respect to that of the as-grown sample. Note that
value of the exchange bias field is enhanced in the low d
regime~1! compared to the initial absolute value. A furth
increase of the ion dose leads to a reduction of the abso
exchange bias field value~2!. Finally, for a high ion dose the
exchange bias field is fully suppressed~3!. Irrespective of the
sign, the overall course of the exchange bias field is sim

es

-

FIG. 2. Normalized exchange bias field,Heb /Heb,init ial , as a
function of ion dose. Open~full ! symbols are extracted from th
hysteresis curves measured for samples irradiated in an ext
field parallel (HP) and antiparallel (HAP) to the preparation field,
Hprep . The solid lines are the result of a model fit as discussed
the text.

FIG. 3. Normalized exchange bias field as a function of i
dose. After completing the magnetic characterization shown in
2 the samples were annealed at 230 °C in an applied field parall
Hprep . The annealing field direction is indicated by the dash
arrows. Full~open! symbols are extracted from the correspondi
hysteresis curves after the annealing process for theHAP~a! andHP

~b! cases. For comparison the thin solid lines represent the resu
the fits from Fig. 2.
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in both irradiation configurations. Measurements at differ
elevated temperatures show that the blocking temperatu
155 °C regardless of the ion dose.

In order to analyze the experimental findings more qu
titatively the exchange bias field normalized to the field b
fore ion irradiation,Heb /Heb,init ial , is plotted as a function
of ion dose in Fig. 2. Open~full ! symbols denote theHP
(HAP) irradiation geometry. Two different regimes are ide
tified in theHP geometry:~i! in the low dose regime a pro
nounced increase by about 75% ofHeb is found. ~ii ! For
doses larger than 7.531014 ions/cm2 the evolution is re-
versed andHeb is reduced. In theHAP geometry very low
ion doses are sufficient to change the sign ofHeb . Upon
irradiation with an ion dose of 231014 ions/cm2 the initial
absolute value ofHeb is recovered with the opposite sign.
maximum of the absolute value of the exchange bias fiel
found for 3.531014 ions/cm2. A successive increase of th
ion dose leads to a similar suppression of the effect as in
HP geometry. The dependence of the coercive field~cf. Fig.
1! on the ion dose is similar to that of the exchange b
field.

The experimental observations can be understood con
ering the ion induced structural modifications. The ions loo
progressively energy along their trajectories. In the case
He ions accelerated by 10 kV along its trajectory each
only displaces a few tens of atoms by nuclear collisions
stops at about 90 nm beneath the sample surface deep i
substrate.18

Next, we model the experimental findings. In the follow
ing, nV andnI denote the normalized densities of defects
the bulk AF layer and at the interface. If all atoms of the A
volume have been displaced,nV51. We make the following
two assumptions:~i! the magnitude of the exchange bias e
fect is linearly proportional to the number of displaced ato
in the bulk of the AF layer. This is in agreement with curre
models of the exchange bias effect, which assume dom
walls in the AF layer and predict, thatHeb is proportional to
the number of domain walls.11 The domain-wall number is
proportional to the number of defects generating them.11 ~ii !
Defects created at the interface~normalized defect density
nI) are mostly exchanges of atoms across the interface~in-
terfacial mixing!, which reduce the effective exchange co
pling across the F/AF interface.16 We model this effect by an
exponential decrease of the exchange coupling as a func
of nI .19,20 Then the normalized exchange bias field can
written as:

Heb /Heb,init ial ~N!5@16anV~N!#3exp@2bnI~N!# ~1!

with N the number of impinging ions anda ~b! the efficiency
of the volume~interface! defects to modify the exchange bia
field magnitude. In the first factor the1 (2) sign corre-
sponds to irradiation in an applied field parallel~antiparallel!
to Hprep . We assume that the exchange bias originates f
the imbalance between different domains in the AF la
resulting in a net exchange field acting on the F layer,
commonly used.6–10 In the HP geometry the imbalance i
reinforced, whereas in theHAP geometry the imbalance i
progressively reversed. In the next step the correspon
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normalized defect densities have to be determined.nV is cal-
culated solving the rate equation:

dnV~N!

dN
5pt@12nV~N!# ~2!

with p the probability of displaced atom per incoming io
and per length unit calculated from TRIM simulations,18 and
t is the AF layer thickness. In the limitnV!1 we obtain:
nV'ptN. pt is evaluated from a simple integration over th
total AF thickness.18 Since each impinging ion penetrate
through the interface, the normalized interface defect den
is given by nI(N)5gN with g a proportionality factor.
Then, the normalized exchange bias field satisfies the e
tion

Heb /Heb,init ial ~N!5~16aptN!3exp~2bIN! ~3!

with bI5gb. Only two free parameters (a, bI) are needed in
a fit procedure to reproduce the two sets of data points
multaneously in theHP and in theHAP geometry. The solid
lines in Fig. 2 correspond to this model witha52.7 andbI
52.5. In the low dose regime the formation of bulk defec
in the AF layer is responsible for the increase ofHeb ,
whereas interfacial mixing is only of minor importance. Th
enhancement ofHeb is in agreement with recent studies b
Miltenyi et al.,11 which showed that the increase ofHeb is
caused by the creation of pinning sites in the AF layer g
erated by a low concentration of nonmagnetic defects
successive increase of the ion dose leads to an enha
amount of interfacial mixing that reduces the exchange c
pling and thereby reducesHeb . WhenHeb is suppressed, an
observed slight reduction of the Kerr rotation and sm
angle x-ray data are consistent with the interfacial mixi
process between the F and the AF layer.16

Finally to rule out temperature effects we address
problem of the degree of irreversibility of the irradiation in
duced modifications of the exchange bias field. The exp
mental procedure involves two steps: First the sample is
tialized and then irradiated in theHAP or theHP geometry.
Second, the sample is annealed at 230 °C in an applied
parallel toHprep to reinitialize the exchange bias field in it
original direction. The obtained normalized exchange b
field is displayed as a function of the dose in Fig. 3. F
~open! symbols correspond to theHAP (HP) geometry. For
comparison, thin solid lines represent the result of the ca
lations that reproduce the experimental data of Fig. 2.
sults for theHAP geometry are shown in Fig. 3~a!. By the
reinitialization process the exchange bias field, which w
reversed by irradiation in the first step, is again switch
back into the initial direction. The thermal annealing proce
acts as thermal magnetic initialization. Nevertheless, mos
the pinning sites in the bulk of the AF layer generated in s
one are preserved, and thus the overall dependence o
exchange bias field on the irradiation dose remains. Thi
also the case for theHP geometry@Fig. 3~b!#. However, in
both cases, in the dose regime (0.1– 1.5)31015 ions/cm2 a
reduction of the absolute normalized exchange bias fiel
9-3
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observed in comparison to the data in Fig. 2. In order to
the set of data after annealing with the above descri
model, the parametera, describing the efficiency of an im
pinging ion to modify the exchange bias field via bulk d
fects in the AF layer, is decreased toa51.7, whereas thebI
parameter, describing the interfacial mixing contribution,
preserved, as expected. The reduction ofa is attributed to a
partial removal of the pinning sites caused by the annea
process. In order to understand the intrinsic mechanism
the atomic level further investigations are required. Proba
induced local strains and magneto-elastic effects have t
considered.21
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In conclusion, we have demonstrated that the excha
bias field can be tailored both in direction and in magnitu
by He ion irradiation. The dependence of the exchange b
field as a function of ion dose is consistent with a simp
model based on a competition between defect creation in
AF layer and interfacial mixing .
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