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Abstract. Structural investigations of the ion irradiated polycrystalline NiFe/FeMn exchange bias bilayer
system were carried out by means of transmission electron microscopy. Key structural parameters like
average grain size, lattice constant, and texture, as well as their dependence upon ion irradiation were
determined. This information was extracted from a detailed analysis of a series of bright field images, dark
field images, and diffraction patterns. Furthermore a previously established model was tested which ascribes
changes in the magnetic properties upon irradiation with 5 keV He™ ions to the creation of point defects
within the antiferromagnetic layer and to the intermixing between the ferromagnetic and antiferromagnetic
layers. The obtained results indirectly support this model by excluding a change of the aforementioned
structural parameters as a possible source of the observed modifications of the magnetic properties.

PACS. 61.80.Jh Ion radiation effects — 68.37.Lp Transmission electron microscopy (TEM) (including
STEM, HRTEM, etc.) — 75.70.Cn Magnetic properties of interfaces (multilayers, superlattices,

heterostructures)

1 Introduction

The investigation of ion irradiated thin magnetic films
and multilayers is an area of great interest. It has been
demonstrated that properties such as magnetic anisotropy
(in CoPt multilayers or FePt alloys) [1-3] and the shift
field of exchange biased bilayers, referred to as the ex-
change bias field [4], can be modified by means of ion
irradiation [5-8]. As the respective irradiation techniques
have a high spatial resolution and do not affect the sur-
face topography of the bombarded samples, they promise
a considerable potential for the fabrication of magnetic
nanostructures. Therefore these techniques are of funda-
mental importance for the construction of magnetic data
storage and sensor elements [9]. Within this context, it
is of particular importance to discern the basic physical
mechanisms underlying the observed irradiation-induced
magnetic changes in the systems of interest. Although a
model has been proposed that ascribes the modification
of the shift field in exchange bias systems, consisting
of a ferromagnetic (F) and an adjacent antiferromag-
netic (AF) layer, to the creation of defects and inter-
mixing between these layers [5], no experimental data
concerning the structural nature of the origin of these
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modifications had been provided so far. For this rea-
son, a series of experiments was conducted to inves-
tigate the structural properties of the polycrystalline
Nig1Fe1g/FesoMnjso exchange bias bilayer system, irradi-
ated with either 5 keV He™ or 30 keV Ga™ ions. The
dependence of key structural parameters such as lattice
constant, texture, and average grain size on the applied
ion dose was determined within a fluence regime of up
to 1 x 10'7 jons/cm? for Het and 5 x 10' ions/cm?
for Ga™ ions, respectively. The results obtained from
these experiments support the aforementioned model of
irradiation-induced control of the exchange bias field in-
directly by excluding a relation between these parameters
and the observed modifications of magnetic properties of
the investigated system.

2 Experiments

The system of interest consists of a NigiFejg/FesoMnsg
(5 nm/10 nm) exchange bias bilayer which is covered by
a 2 nm thick Cr cap layer to protect the sample from ox-
idation. All samples were prepared at room temperature
using a molecular beam epitaxy system at a base pressure
of 5 x 1072 mbar. An electron-transparent SisN, mem-
brane covered by a 15 nm thick Cu buffer layer was used
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Fig. 1. (a) Normalized hysteresis loops measured by Kerr magnetometry from the four simultaneously grown samples before
irradiation. All samples exhibit virtually identical magnetic properties, including a shift field of 205 £ 5 Oe and an easy axis
coercivity of 55 + 5 Oe. (b) Measured values of shift field H¢, and coercivity H. for three of the samples after irradiation with
fluences of 2 x 10'®, 1 x 10, and 1 x 107 jons/cm? of 5 keV He™ ions. The lines mark the initial values of Hep (solid line) and
H. (dashed line) for comparison. At a fluence of 2 x 10'® ions/cm?, the shift field is increased by about 75%. For the highest
fluence, both shift field and coercivity are decreased below their initial values.

as a growth template, and exchange bias was initialized
after deposition by means of a magnetic field cooling pro-
cedure. The latter involves the samples being heated up
to 230 °C for 5 minutes and then cooled down below the
blocking temperature 1, = 155 °C of the system in the
presence of an external field of 500 Oe.

The irradiation with 5 keV He™ ions was carried out
with a modified VG Microtech EX05 ion source which is
integrated into the UHV system used for the preparation
process. Four samples, grown simultaneously to ensure the
comparability of the obtained results, were irradiated with
different fluences of 5 keV He™ ions, ranging from 0 to
1 x 10'7 ions/cm?. Each sample was magnetically char-
acterized by means of longitudinal Kerr magnetometry
before and after irradiation. Before irradiation, all four
samples exhibit virtually identical magnetic properties, as
shown in Figure la. After irradiation, the respective val-
ues for both the easy axis coercivity H. and the exchange
bias field H., were found to be in accordance with the
fluence dependence of these parameters derived from pre-
vious experiments [5,10]. Although the experiments de-
scribed in [5] were carried out in an external field, it was
found that it is not necessary to apply such a field dur-
ing irradiation in order to modify H.,. If one does not
apply an external field, the dependence of H.;, on the ap-
plied ion fluence is identical to the case where the external
field is parallel to the field applied during the procedure
to initialize the exchange bias (see also, for example, [10]).
This can be explained due to the fact that for our mate-
rial system we have the situation that H., > H., thus
the exchange bias field acts as an internal field which is
sufficient to saturate the sample even when no external
field is applied. The fluence dependence of H., and H,.
derived from the Kerr measurements after irradiation is
shown in Figure 1b. All Kerr measurements were carried

out in easy axis geometry, using the second harmonic of
a mode-locked Nd:YVO, laser (wave length A = 532 nm,
angle of incidence 6 = 55°) as a light source.

For the irradiation with 30 keV Ga™ ions, an FEI
Strata 200XP Focused Ion Beam system was used. In
this case, a specific test pattern which consists of nine
adjacent-lying rectangles, 10 x 400 um? in dimension, was
written onto an additional sample of the same composi-
tion. Each of these rectangles was irradiated with a dif-
ferent ion fluence ranging from 0 to 5 x 10'® ions/cm?,
using a beam current of 1000 pA. Thus it was possible to
study the effects of the irradiation with different fluences
of 30 keV Ga™ ions on a single sample. The long axis of
the aforementioned rectangles was chosen to be parallel to
the bias field direction.

The structural analysis of the irradiated samples was
carried out by means of transmission electron microscopy,
using a JEOL 2000FX system. Bright field images, dark
field images, and diffraction patterns were taken from the
irradiated specimen (or regions, in the case of the irra-
diation with Ga™ ions) which had been exposed to dif-
ferent ion fluences. Typical examples of such images are
shown in Figure 2. Both bright field (Fig. 2a) and dark
field images (Fig. 2b) were then analyzed to determine
grain sizes within the multilayer stack, while the diffrac-
tion patterns (Fig. 2c) allowed us to discern the crystal-
lographic structure of the material system. In particular,
lattice type, degree of texture, and an averaged value for
the lattice constant could be extracted in this way. For the
analysis of the bright field images the software package
“Height-Height-Correlation v.1.10” [11] was used, which
determines the correlation length [ from a given grayscale
image. This parameter describes the length scale of cor-
related features and was taken as a rough measure of the
average grain size within the images. Mean particle sizes
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Fig. 2. (a) Typical bright field image taken from a non-
irradiated sample by means of transmission electron mi-
croscopy. The granular microstructure of the investigated sam-
ple is clearly visible. One of the cracks observable in the image
is encircled and highlighted. (b) Typical TEM dark field image.
The image shows the same sample and area as in panel (a). A
section of the (111) and (200) diffraction rings was selected to
form the image. The image displayed here is a negative. In-
dividual grains become clearly visible in this imaging mode.
(¢) Typical diffraction pattern taken from a non-irradiated
sample.
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Fig. 3. Intensity correlation of a typical bright field image. The
solid line is a fit according to equation (1), which in this case
yields a value of [ = 10.3 £ 0.1 nm for the correlation length.
The fit model used can reproduce the experimental data very
well.

were also determined from dark field images by direct
measurements of a large number of individual grains. In
order to investigate the degree of texture within the in-
vestigated system, diffraction patterns were taken from
the samples after tilting them within the electron optical
column of the transmission electron microscope.

3 Results

First, the obtained bright field images were analyzed.
Within these images, the granular microstructure of the
investigated samples is clearly visible. Multiple structural
“cracks” on the nanometer scale were observed in every
image (see Fig. 2a). Studies of a test sample which con-
sisted only of the copper buffer allowed us to locate these
cracks in that part of the multilayer stack. They contribute
to a deterioration of the magnetic contrast in Fresnel im-
ages taken from the investigated samples during another
series of experiments described elsewhere [8]. The cracks
indicate that copper exhibits a very irregular growth be-
havior on top of the Si3gN4 membrane substrates that were
used for the preparation process under the growth condi-
tions mentioned in Section 2.

Figure 3 shows a typical result derived from the anal-
ysis of a bright field image that was taken from a non-
irradiated sample. The data displayed represents the in-
tensity correlation as a function of the lateral distance
within the given grayscale image. The solid line is a fit
according to the model

I(r) = 2w*(1 — exp(—(r/1)*")), (1)

where r is the lateral distance and I(r) describes the in-
tensity correlation as a function of r. Equation (1) is a
standard model which is normally used for the analysis
of STM images [12] and which includes three parameters,
denoted by w (RMS roughness), « (roughness exponent),
and [ (correlation length). However, since the image inves-
tigated here is a TEM image, which contains information
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Fig. 4. Average particle sizes from irradiated specimen as a function of the fluence applied during the irradiation with a) 30 keV
Ga' ions and b) 5 keV He" ions. An average value of [ = 10.5 nm is found (marked by a line in each graph), which does not

change significantly with increasing ion fluence in both cases.
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Fig. 5. (a) Line profile taken from a diffraction pattern as shown in Figure 2c. Background intensity has been reduced from
the image, and the central peak has been removed. The pattern displayed shows an fcc-structure with a lattice constant of
a = 3.57 4+ 0.03 A. The Miller indices of each diffraction ring are indicated in the right half of the diagram. (b) Fit of the line
profile using a lattice constant of a = 3.57 +0.03 A. The fit is normalized to the height and the radial position of the left (220)
peak. The width of the peaks has been fitted (assuming Gaussian profiles), while their relative intensities have been calculated,
using a relativistic Mott scattering cross-section [22]. The intensities of the innermost experimental peaks are significantly lower
than their theoretical counterparts because the film which was used to record the diffraction pattern is already saturated in this

area.

from a multilayer stack and not from a surface with a
given roughness, both w and « do not contain informa-
tion on the roughness of our samples. These parameters
are a measure of the variation of grayscale values within a
given image, which in this case is inherently related to the
variation of the crystallographic orientation of the grains
within the multilayer stack. However, this information is
not relevant for our studies, as we pursue an alternative,
much more convenient approach to determine the texture
of the investigated samples, by tilting the specimen within
the electron optical column of the JEOL 2000FX. On the
other hand, [ still describes the length scale of correlated
features within the image and is taken as a rough measure
for the average grain size within the investigated system.

This method of analysis was applied to a series of im-
ages that were taken from specimens which were exposed
to different fluences of 5 keV Het or 30 keV Ga™ ions.
The results of this analysis are depicted in Figure 4. An
average particle size of [ = 10.5 + 2 nm is found, which
does not significantly change with increasing ion fluence

for both types of irradiation. The obtained value of about
10 nm for the average grain size is in good accordance
with results from investigations of other polycrystalline
exchange bias systems.

In order to check these results for consistency, individ-
ual grain sizes were also measured directly from the dark
field images, using a commercial graphics package. An av-
erage value of about 9 nm for the mean particle size was
found in this way, which is in good agreement with the
value of 10.5 £ 2 nm obtained through the analysis of the
bright field images. Furthermore dark field image analysis
also confirmed no change in average grain size with dose.

Figure 5a shows a line profile of a typical diffraction
pattern for a reduced background intensity. A fit to this
profile, displayed by Figure 5b, yields an fcc-structure with
a lattice constant of @ = 3.57 + 0.03 A. This measured
lattice constant is in good accordance with the lattice
constant values for the bulk materials of the elements
(or alloys, respectively) present in the multilayer stack
(acu = 3.61 A, apevin = 3.62 A, anipe = 3.54 A). As
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Fig. 6. Line profiles taken from the four simultaneously grown

samples which were irradiated with different fluences of 5 keV
He™" ions as indicated in the inset.

each layer has slightly different structural properties, this
value is in fact an average taken from a narrow distri-
bution of lattice constant values. This is indicated by a
broadening of the peaks, as well as by a slight deviation
of the radial position of some peaks from their theoreti-
cally predicted location. As can be seen from Figure 5b,
the innermost experimental peaks are shifted slightly out-
ward from their predicted position, while the outermost
experimental peaks are closer to the center of the pattern
than their theoretical counterparts. However, this method
is not accurate enough to provide any reliable quantitative
information about stress-induced effects on the lattice.

Line profiles obtained from diffraction patterns taken
from specimens which were irradiated with different flu-
ences of 5 keV He™ ions are shown in Figure 6. A similar
result is obtained for the irradiation with Ga™ ions (not
shown here). It is evident that the crystallographic and
crystalline structure of the analyzed multilayer system do
not change with increasing ion fluence.

Moreover, our investigations yield that there is no tex-
ture present in the system, i.e., it is a 3D randomly ori-
ented polycrystalline system, as the obtained diffraction
patterns do not change with variation of direction of the
incident electron beam on the sample. As an example,
Figure 7 compares a diffraction pattern taken from a non-
irradiated sample under an angle of 52.5° to the direction
of the electron beam to the standard pattern which is
taken under an angle of 90°. A detailed line profile analysis
yields that both patterns are identical within experimental
error. Furthermore, it was found that the irradiation pro-
cess does not induce any texture within the investigated
system.

4 Discussion and outlook

The work presented here suggests that transmission elec-
tron microscopy is a powerful tool to determine the struc-
tural properties of magnetic materials. Additional studies
(not shown here) were conducted to investigate the mag-
netic properties of the studied exchange bias system upon
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Fig. 7. Diffraction patterns taken from a sample under an
angle of a) 90° or b) 52.5° to the direction of the electron
beam. The patterns are identical within experimental error.

irradiation with 5 keV Het and 30 keV Ga™ ions by means
of the Fresnel mode of Lorentz microscopy [8].

For the chemically disordered, untextured NiFe/FeMn
system investigated here, the results presented above indi-
cate that neither granular growth nor structural ordering
processes take place upon ion irradiation. Moreover, the
observed independence of the average grain size on the
applied ion fluence suggests that the previously observed
magnetic modifications within the system of interest cor-
respond to structural changes of a different nature. Studies
of Poppe et al. [6] have shown that at least two separate
mechanisms are responsible for the modification of the ex-
change bias effect upon irradiation with 5 keV HeT ions.
One of these mechanisms was found to be an interfacial ef-
fect and is believed to be a result of interfacial intermixing,
while the other effect was demonstrated to originate from
the bulk of the irradiated samples. Stopping and Range
of Tons in matter (SRIM) simulations concerning the ir-
radiation of our material system with either 5 keV He™
or 30 keV Ga™ ions indicate that interfacial intermixing
processes, i.e., the dislocation of Ni atoms into the anti-
ferromagnet and the disclocation of Mn atoms into the
ferromagnet, are indeed triggered by the ion bombard-
ment [13,14].

It is known that interfacial intermixing in multilayer
systems can lead to the formation of alloys, which con-
sist of the elements of two originally adjacent, but sepa-
rate layers. Investigations by Spenato et al. [15] and by
Ben Youssef et al. [16] revealed that such a formation
takes place for sputtered NiFe/Mn and NiFe/NiMn bi-
layers, which are composed of the same elements as the
NiFe/FeMn system studied here. However, in their case
the interfacial intermixing was found to occur upon an-
nealing of the respective systems, not upon irradiation
with keV ions.

The formation of an interfacial alloy results in a non-
magnetic spacer layer which separates the layers that con-
tributed to its creation process. Experiments performed
by Gokemeijer et al. [17] and by Mewes et al. [18] yielded
that such an interfacial spacer leads to an exponential de-
crease of the exchange bias field, which is indeed observed
for the irradiation with 30 keV Ga™ ions [8] and for the
irradiation with high fluences of He™ ions [5].

The experimental situation concerning the bulk
contribution, which leads to an enhancement of the
exchange bias field, is less clear. A model proposed by
Mougin et al. [5] attributes this enhancement, observed
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in the case of irradiation with fluences of the order of
2 x 10" ions/cm? of 5 keV He' ions, to the creation
of point defects within the antiferromagnetic layer, which
act as pinning sites for the formation of domain walls (on
such pinning sites, see also [19-21]). No direct experimen-
tal proof that such point defects are created and are in-
deed correlated to the enhancement of the shift field has
been reported in the literature. However, with the work
presented here we can exclude several alternative mecha-
nisms which might be the origin of the obtained magnetic
modifications. In particular, we have demonstrated that
neither grain growth nor a large-scale change in the crys-
tallographic structure of our system can be responsible for
the observed irradiation-induced effects. Thus, our work
indirectly supports the aforementioned model.

Possible future experiments in this direction might
include a HRTEM analysis of cross-sectional specimens
which are taken from the interface region between fer-
romagnetic and antiferromagnetic layer, in combination
with element-sensitive nanoanalytical methods. Within
this context it is of particular interest to determine
whether a relationship between intermixing effects and
the magnetic properties of the investigated samples can
indeed be proven experimentally.

In summary, a detailed structural analysis of the ion-
irradiated NiFe/FeMn exchange bias system by means
of transmission electron microscopy has shown that key
structural parameters like average grain size, lattice con-
stant, and texture remain unchanged upon ion irradiation.
By excluding a change of these parameters as a possible
source for the observed irradiation-induced modifications
of the exchange bias field, these results indirectly sup-
port a previously established model, which ascribes the
observed magnetic modifications of the investigated sys-
tem to the creation of point defects and intermixing of the
ferromagnetic and antiferromagnetic layer.
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