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Abstract

Exchange bias properties of [FeNi/IrMn],, multilayer films with variable thickness of the
ferromagnetic layers and different repetitions n were determined by using static and dynamic
measurement techniques. The static magnetic properties were revealed through magnetometry
measurements at room temperature following major hysteresis loops and first-order reversal
curves protocols. Room temperature x-band ferromagnetic resonance (FMR) and vector
network analyser (VNA)-FMR experiments were used to determine dynamically the exchange
anisotropy in the FeNi/IrMn multilayers. From the static measurements the exchange
anisotropy was determined while dynamic measurements allowed the determination of
additional parameters including anisotropy field, saturation magnetization and rotatable
anisotropy. The differences between the values of the exchange biased obtained from each

technique are discussed.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Thin-film ferromagnetic (F) multilayer systems, where at least
one antiferromagnetic (AF) layer is intercalated between F
layers, are an important class of exchange-coupled magnetic
nanostructured materials [1-3]. The structural imperfections,
such as interface roughness, interdiffusion, grain boundaries
and reduced coordination number at the interface further
frustrate and pin the exchange-coupled F/AF layers, and new
phenomena arise in these systems which makes them ideal
candidates for technological applications such as spin-valve-
based sensors for hard disks [4—6] and microwave devices in the
gigahertz range [7-9]. For the above-mentioned applications
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as well as for fundamental studies of magnetic interactions
and magnetization reversal processes, a particularly useful
configuration is a periodic array of thin F layers where the
thickness of the F and AF components can be controlled.

In previous studies samples with variable thicknesses
of the F and/or AF layers were considered. Regarding the
thickness effect of the AF layer, Choi et al [10] examined
the dependence of magnetic anisotropies of the exchange-
biased FeNi/FeMn/CoFe films using angular dependent
ferromagnetic resonance (FMR) experiments; a misalignment
between the uniaxial and unidirectional anisotropies could
be observed which was dependent on the thickness of
the AF layer. The AF-layer thickness dependence of the
anisotropy misalignment was explained by the contributions
from thickness-dependent AF anisotropy and spin frustration

© 2014 I0P Publishing Ltd  Printed in the UK
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at F/AF interfaces due to structural imperfections. Phuoc
etal [11] performed a detailed characterization of the magnetic
and microwave properties between 1 and 4 GHz of FeNi/FeMn
multilayer films with different thicknesses of the Permalloy
layers. A multimodal FMR absorption was observed, which
was interpreted in terms of the different exchange interfacial
energies acting on each layer. Several exchange-biased
FeNi/IrMn multilayer systems with different thickness of
the F layers and layer repetition number were studied by
magnetoimpedance (MI) experiments for frequencies up to
3GHz [12,13]. The MI response and its dependence of the
variable exchange bias as provided by the varying thickness of
the F layer was explained in terms of a coherent rotation model
including an exchange bias energy term.

In spite of intense studies triggered by the technological
and fundamental importance of exchange-biased structures
a correlation between their static and dynamic magnetic
properties is still lacking. In this work we present a
comprehensive study of both the static and dynamic magnetic
response of [FeNi/IrMn], exchange-biased multilayers films
with variable thickness of the F layers. The static magnetic
properties are revealed through magnetometry measurements
at room temperature following major hysteresis loops (MHL)
and first-order reversal curves (FORC) protocols. As
shown previously [14,15] the FORC method provides
more information about magnetization reversal, including
distributions of coercive and interaction fields, than MHL
from which one can obtain only the exchange bias and
coercive field values. As we will show, the supplementary
information provided by FORC diagrams is essential in
correlating the observed exchange bias phenomena with
sample characteristics such as inherent inhomogeneities
existing at the AF/F interfaces. The dynamic response is
examined at room temperature through X-band and vector
network analyser (VNA)-FMR experiments with frequencies
up to 25GHz. Analysing the exchange bias properties
at different frequencies provides additional insight into the
interfacial properties of the AF and F layers forming the
multilayer samples. The observed decrease of the exchange
bias field with the increase of the FMR frequency is consistent
with previously reported X-band (9.65GHz) and Q-band
(34.0 GHz) FMR experiments performed at room temperature
for polycrystalline Nig; Fe 9 coupled to NiO [17].

2. Experimental

Rectangular slabs of 3 x 12mm silicon wafer thermally
oxidized with 50 nm SiO, were used as substrate. Multilayer
films of composition [FeNi (f nm)/IrMn (20 nm)] x n(¢) where
FeNi represents Ni (80at%) Fe (20at%), were deposited
at room temperature using dc-triode sputtering with a
base pressure of 3.0 x 10~ Torr and an Ar pressure of
1.0 x 1073 Torr. A 10nm thick Ti layer was used as both a
seed layer and a capping layer for the multilayers. A magnetic
field of 250 Oe was applied during deposition along the long
axis of the strips in order to induce a longitudinal magnetic
anisotropy. Thickness, ¢, and number of repetitions, n(z), are
given by t = 20nm, 60 nm, 80 nm; n = 10, 5, 4, respectively.

Table 1. Structural information of the samples Sy, S, and S;3
deposited at room temperature using dc-triode sputtering.

FeNi IrMn Repetition  Full thickness
Sample ¢ (nm) ¢(nm) number,n (nm)
N 20 20 10 400
S, 60 20 5 400
S3 80 20 4 400

The number of repetitions and thicknesses were fixed in such
a way that the total thickness of all the samples was kept the
same. As reported elsewhere [13], a linear response of the
MI at zero field can be achieved in these samples which is
advantageous for sensor applications. Due to the fabrication
process, the three samples showed strong in-plane anisotropy,
with unidirectional exchange bias field at room temperature.
A summary of the samples is presented in table 1.

The MHL and FORC measurements were conducted at
room temperature on a Princeton AGM-VSM magnetometer
using the VSM option. This instrument is able to record a
set of 100 FORC:s in less than 2h, with a typical sensitivity
of 0.5 wemu and 1 s average time per point. In all MHL and
FORC experiments the applied field was applied along the easy
axis of the samples.

The X-band FMR measurements were performed at room
temperature using a Bruker EMX FMR spectrometer operating
at 9.87 GHz (X-band). The FMR experiments were performed
with the magnetic field driven from H = 00Oe to 13kOe
in ~80s sweeping time (1630es~!). The angle-dependent
FMR experiments were carried out for each sample with an
angle step of A¢y = 3°. From the single-line absorption-
derivative FMR spectra, two characteristic parameters could
be determined, i.e. the resonant field H..s as the centre point
of the spectrum, and the peak-to-peak line width A Hy,p,.

Broadband FMR experiments were carried out at room
temperature using a VNA feeding a coplanar waveguide
(CPW) with the multilayer samples positioned on top of the
CPW. The experimental setup has been optimized to enable
frequency sweeps from 1 up to 25 GHz as the static magnetic
field varies between —3.5 and 3.5 kOe. The magnetic field was
applied parallel to the axis of the CPW. The microwave signal
propagation along the CPW produced a microwave pumping
field in-plane with the thin-film sample and perpendicular
to the direction of the waveguide. In this condition, the
microwave pumping field and the applied magnetic field were
kept perpendicular to each other such that the perpendicular
FMR pumping configuration was always conserved. For
different values of the static magnetic field, H the transmission
coefficient S;; was recorded as the frequency was swept.
Experimental data are represented as a contour plot of the
transmission coefficient S,; as a function of frequency and
external applied field. The darkest regions of the contour plots
represent the regions with the lowest transmission of the CPW
coupled with the sample, therefore the regions with the highest
microwave absorption of the samples. Similar results were
obtained with the VNA in continuous wave mode at different
fixed frequencies and sweeping the external magnetic field.
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Figure 1. MHL for samples S;, S, and S; at different orientations of
the applied magnetic field.

3. Results and discussion

3.1. Static magnetic measurements: MHL and FORC

Figure 1 shows the MHLs for all samples for three different in-
plane orientations (0°, 90° and 180°) of the applied magnetic
field, H. When the magnetic field was applied parallel
to the exchange bias field (labelled as 0° orientation), the
magnetization loop was shifted towards the negative field
axis, whereas when the magnetic field was applied antiparallel
(labelled as 180° orientation), the loop was shifted towards the
positive field values. The hysteresis loops present no coercivity
and passed through the origin for a magnetic field orientation
perpendicular to the direction of the exchange bias field (90°).

All samples displayed very similar values of low
coercivity H. (3.50e for S; and S, and 4.2 Oe for S3) but
very different exchange bias values, depending on the number
of repetitions of the AF/F layers. Thus, the exchange bias
field H, for the three samples determined from the MHL
measurements as the shift of the hysteresis loops with respect
to the origin was 76.0 Oe, 37.0 Oe and 24.8 Oe, for the Sy, S»,
Ss samples, respectively (see table 2). It is worth mentioning
that the change of H,, is related to the thickness of the F
layers in each sample. Although the total thickness of the
film was constant, the thickness of the FeNi layer changed
for each sample. Indeed, as the thickness of the FeNi layer
is reduced, the contribution of the interface coupling between
F/AF is enhanced, determining an increase of the exchange
bias field [16].

Comparing the general shape of the hysteresis loops for
the three samples one notices extra steps in the magnetization

Table 2. Parameters obtained from static magnetic measurement.

MHL FORC
Heb Hc Heb = <hu) J(hu) Hc = (hc> J(hc)
Sample (Oe) (Oe) (Oe) (Oe) (Oe) (Oe)
S 76.0 3.5 78.0 6.3 0.7 4.4
S, 37.0 35 390 34 2.8 3.0
Ss3 248 42 260 2.7 4.5 1.8

curves between positive and negative saturation. Two main
features of these extra steps can be analysed for each of the
samples: their relative magnitude with respect to the saturation
magnetization and the number of steps. Concerning the
former, one observes that for sample S; the relative change
in magnetization of the extra step is the largest while for
sample S, and S; these are proportionally smaller. Sample
Ss has four repetitions of the (FeNi)/(IrMn) layers, with
the first F layer deposited on the Ti seed layer interacting
only with one IrMn layer, while the other three FeNi films
in sample S; are sandwiched between two layers of IrMn.
Consequently, for sample S3, one F layer out of 4 (25%) will
have different magnetic properties from the others. Similarly,
one FeNi layer out of 5 (20%) for sample S, and one F
layer out of 10 (10%) for sample S; will have different
magnetic properties from the others within the same sample.
These values (25%, 20% and 10%) roughly correlate with
the magnetization kinks observed for samples S3, S, and Sy,
respectively, and can be associated with the influence of the
first F layer. Regarding the number of extra steps, for sample
S two extra steps are visible whereas for sample S, one step is
clearly marked and a second one is present as an inflection of
the magnetization curve. For sample S3 only one extra step is
noticeable. The number of extra steps observed can be related
to the different unidirectional magnetic anisotropies acting on
different interfaces of the samples determined presumably by
the microstructural defects/roughness of the F/AF interfaces
[11,17]. Sample S; composed of 10 repetitions of the
FeNi/IrMn layers is expected to show more features in its
hysteresis loop compared to samples S, and Sz containing
only 5 and 4 repetitions, respectively. A more detailed account
of the effect of the inhomogeneities from the AF/F interfaces
on the magnetization reversal is given by the FORC method
results.

FORCs, introduced first by Mayergoyz [18] as an
identification method for the Preisach model, were proposed
by Pike [19] as an improved method for studying magnetic
interactions in assemblies of magnetic fine particles. Soon
after it was proposed, the FORC method became an important
experimental approach for studying interaction and switching
mechanisms in hysteretic systems for a wide class of different
materials ranging from magnetic [14,20-23] and electric [24]
to spin transition systems [25].

The FORC measurement begins with a positive saturation
of the samples followed by a ramping down of the applied field
to a reversal field Hgr. Then the field is increased again up to
saturation and magnetization is measured at different values of
the applied field H. Thus, for different values of the reversal
field Hg a family of FORCs is obtained with M (H, Hg)
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Figure 2. FORC (top) and FORC diagram (bottom) in the
coordinates (h¢, h,) for sample S;. The top and the side insets for
bottom figure represent the coercive field and interaction field
distribution profiles obtained at the location of the horizontal and
vertical dotted lines, respectively.

representing the magnetization obtained in the applied field H
afterafield reversal at Hg. The normalized FORC distributions
are obtained by computing the mixed second order derivative
of magnetization M (H, Hy) [18, 19]:

1 8°M (H, Hy)
p (H, Hr) = — ()
2Ms OHROH

where Mg is the saturation magnetization of the sample.

The FORC distributions and diagrams (the contour plots
of the FORC distributions) were produced using FORCinel,
an algorithm using locally weighted regression smoothing
[26]. Usually a new set of coordinates in terms of local
coercivity (k) and bias (h,) are defined by h, = (H — Hg) /2
and hy, = (H + HR) /2, which rotates the FORC distribution
by 45°. As shown previously, the FORC distribution is
very sensitive to distributions of magnetic properties and
irreversible switching processes [22], which makes the FORC
method suitable for a more detailed analysis of the exchange
bias phenomenon than the MHL.

The FORC diagrams represented as 2D contour plot in
rotated coordinates (h¢, h,) for samples S;, S, and S; are
shown in figures 2, 3 and 4, respectively. In the same figures,
top panels display the M (H, Hr) coloured FORCs where in
each case the colour is related to the FORC distribution with the
legend displayed in each figure. All three samples presented a
well-defined main FORC distribution together with additional

15

5
h, (Oe)

Figure 3. FORC (top) and FORC diagram (bottom) in the
coordinates (h¢, h,) for sample S,. The top and the side insets for
bottom figure represent the coercive field and interaction field
distribution profiles obtained at the location of the horizontal and
vertical dotted lines, respectively.

satellite distributions. The secondary distributions are an
indication of the structural inhomogeneities in their respective
samples, which are more pronounced in the [FeNi/IrMn] x n
samples with higher number n of repetitions. The peak
coordinates, (A, h,) of the main FORC distributions located
at the intersection of the dotted lines in figures 2—4, provide the
coercivity H, and exchange field H,}, values for each sample.
Thus, one observes that sample S; with the highest number of
the multilayer repetitions had the highest H,, value followed
by samples S, and S;.

In order to quantitatively compare the FORC diagrams
obtained for each sample, a statistical analysis was done on
the profiles of both interaction and coercive field distributions
corresponding to the main peaks. Hence, the mean field values
of the coercive field, (h.), and interaction field, {(h,), and their
corresponding standard deviations, o (h.) and o (h,), were
obtained using a single Gaussian distribution function. The
parameters for the three samples are given in table 2.

From the values in table 2 one observes that, as layer
number 7 increased and the FeNi layer thickness decreased,
the exchange bias value H., = (h,) increased, with values
consistent with those obtained from MHL measurements.
However, FORC provides more insight in the exchange bias
phenomenon than MHL showing that as the H,p, increased the
standard deviations o (h.) and, o (hy) of the FORC diagrams
increased, confirming the existence of a higher degree of
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Figure 4. FORC (top) and FORC diagram (bottom) in the
coordinates (h., h,) for sample S;. The top and the side insets for
bottom figure represent the coercive field and interaction field
distribution profiles obtained at the location of the horizontal and
vertical dotted lines, respectively.

inhomogeneity in the samples with high number of the F/AF
interfaces. Moreover, the values of the coercive fields as
determined from FORC, H, = (h.), were slightly different
from those determined from MHL measurements, especially
for samples S| and S,.This is due to the fact that the values in
table 2 are obtained from the fit of the main FORC distributions
for each sample without taking into account the contribution
from the satellite distributions, more present in samples S;
and S,.

3.2. Dynamic measurements: X-band and broadband FMR

FMR is a dynamic perturbative measurement involving
small variations of magnetization around equilibrium and
characterizes the free energy of the system in the vicinity
of energy minima. As the free energy is dependent
on the exchange coupling, the study of the FMR line
shape and its angular variation provide useful microscopic
information about exchange bias field H,, and other internal
and demagnetization field effects [27-29]. FMR of multilayer
samples is sensitive to the magnetization at the interface
of the F layer, and therefore it is possible to deduce
information concerning the abruptness of the interface and the
magnetization profile in its vicinity as well [27].

The in-plane angular variation of the resonance field His
for all three samples is shown in figure 5. The unidirectional

1 L 1 " 1

180 270
In-plane angle, ¢, (degree)

Figure 5. In-plane X-band (9.87 GHz) FMR angular variation
spectra measured for the three samples. The superimposed
continuous lines correspond to the fit using the equation (2).

anisotropy is clearly reflected in the bell-shaped angular
variation of the resonance field. Depending on the reciprocal
orientation of the external magnetic field and exchange bias,
the resonance field varied from a minimum value, He (0°)
when the fields were parallel, to a maximum value, H. (180°)
when the applied magnetic field was antiparallel to the
direction of the exchange bias field. From the in-plane
angular variation the exchange bias field can be obtained from
the difference [Hyes (180°) — Hyes (0°)] = 2H., as shown
in figure 5. An asymmetrical fine structure of the angular
dependence of the resonance field can be observed, that can
be related to the misaligned anisotropy [10] or higher order
anisotropy terms [30]. The detailed analysis of this fine
structures is beyond the scope of this paper and in the following
we use a simple model, which provides information about the
anisotropy field, Hx of the F layer obtained from the fit of
the expression below giving the overall shift of the in-plane
resonance field, H. [27,31, 32]:

‘SHres = Iyeg — Iyes,0 — Heb cos ¢H + HK Ccos 2¢H (2)

where the first term accounts for the unidirectional anisotropy
and the second term takes into account the uniaxial anisotropy
of the F layers. The values of the exchange bias and
anisotropy fields for all three samples as obtained by fitting
the X-band FMR data using equation (2) are given in
table 3. A systematic increase of the exchange bias field
with the decrease of the thickness of the F layer is observed,
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Table 3. Parameters obtained from dynamic magnetic measurements.

X-band FMR Broadband FMR
Sample Hg, (Oe) Hyg (Oe)  Hygo(Oe) Hy (Oe) M(emucm™) Hg (Oe)  Hy (Oe)
S 78.0 10.1 1092 72.3 878 10.1 38.9
S, 43.6 8.2 1108 354 859 8.2 34.3
S;3 24.8 5.1 1109 22.4 875 5.1 37.3

as in the case of static measurements. However, the
exchange bias field values obtained from the X-band FMR
data are systematically larger than the ones obtained from
MHL and FORC measurements, with the largest difference
observed for samples S; and S,. This kind of discrepancy
between the exchange bias field values obtained from different
measurement methods was previously observed for some
systems and explained by taking into account the different
effect the degree of freedom the antiferromagnet has on
reversible and irreversible measurement techniques [33].
MHL and FORC measurements are irreversible measurements
involving the irreversible switching of magnetization of the
F layer while FMR is a reversible measurement where the
magnetization is perturbed by a small amount. From the data
presented in table 3 one observes that indeed, the smallest
difference between the MHL/FORC and FMR H,, values
occurs for sample Sz, with the smallest number of AF layers,
and therefore the least affected by the degree of freedom of the
AF.

In exchange-biased systems the FMR linewidth was
observed to carry interesting information [30]. For our
samples, the X-band FMR linewidth was found to mimic
the angular variation of the resonance field, with its
average values decreasing from sample S; to samples Ss.
This variation of the FMR linewidth among the studied
exchange-biased samples can be correlated with the FORC’s
distribution of coercive and interaction fields and ultimately
with the inhomogeneities existing at the AF/F interfaces.
A comprehensive correlation between the FORC data and
FMR results including the linewidth, could be made with
complementary experimental studies that should include
angular dependent FORC experiments.

To get a complete picture of the high frequency response
of these exchange bias samples, broadband FMR experiments
were conducted using a VNA [29,34]. Figure 6 shows the
contour plot of the transmission coefficient of the CPW coupled
with the measured sample as a function of the frequency
and applied magnetic field, for sample S;. The top and
right insets display the profiles of the transmitted microwave
signal Sp; versus H at 15 GHz and S,; versus f at 2.0kOe,
respectively. The experimental data were fitted using the Kittel
formula [34, 35]:

-
Jres = 2

x+/(Hg + Hgy + |H — Hey|) (Hg + Hyy + |H — Hep| + 47 M)
A3)

where y is the gyromagnetic factor and H,, is the rotatable
anisotropy field [28,29]. Rotatable anisotropy field was
introduced to include some of the effects of domain-wall

S,, (dB)
2 & o o
2 N = N

S,, (dB)

-I.I -}‘ T L 25 P I |
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Figure 6. The broadband FMR data plotted as a contour plot of the
microwave signal as a function of the microwave frequency and
applied magnetic field, for sample S;. The top and right insets
display the profiles of the transmitted microwave signal S,; versus
H at 15GHz and S5, versus f at 2.0kOe, respectively.

hysteresis in the antiferromagnet for the interpretation of data
obtained with perturbative methods [36]. The easy axis of
the rotatable anisotropy follows the macroscopic motion of
magnetization direction that minimizes the free energy of the
system, having as effect a decrease of the resonance field in
all directions. Thus, H;, represents an enhancement of the
anisotropy field Hk of the F layer when it is exchange-coupled
with an AF layer, and cannot be detected by static magnetic
measurement techniques [37]. The fitting procedure provides
the values for H,,, M and Hg + H.,. The values for H,, are
obtained using the values for anisotropy field Hx obtained from
the in-plane angular variation of the X-band FMR. Equation (3)
fits very well the experimental data with the fitting parameters
given in table 3, the fitting curve being represented in figure 6
with a dashed line. Similar good quality fits were obtained
for samples S, and Sz, with the fitting parameters given in
table 3. The exchange bias field values obtained are consistent
with the previous results showing the largest value for sample
S| and smallest for sample S3, and the values found for the
saturation magnetization are in the range of those accepted for
Permalloy. The largest value for the rotatable anisotropy was
found in sample S, with the largest number of F/AF interfaces,
supporting the AF origin of H,,.

Comparing the values of the exchange bias obtained from
X-band and broadband FMR one observes that the values
obtained from broadband FMR are systematically smaller. In
average, the frequency of the microwave field in the broadband
FMR experiments is larger than in the case of X-band FMR, and



J. Phys. D: Appl. Phys. 47 (2014) 255002

S Khanal et al

a similar effect of decreasing Hey, values with the frequency of
the FMR was previously observed and explained by relaxation
effects of AF grains [38]. The frequency dependent exchange
bias indicates the existence of different fractions in the AF
part of the interface, with stable and unstable grains. Sample
Ss is the least affected by the contribution of the AF layers,
reflected in the smallest difference between the exchange
bias field values H., determined from X-band and broadband
FMR. Static and dynamic magnetization experiments allow a
comprehensive understanding of the distinctive exchange bias
phenomena observed for the three considered samples with
different numbers of AF/F interfaces.

4. Conclusions

In summary, the static and dynamic properties of NiFe/IrMn
exchange-biased multilayer with different numbers of AF/F
interfaces were studied using several experimental techniques.
Each measurement method revealed different facets of the
exchange bias phenomenon in the studied samples. The shift
of the major hysteresis loops provides a simple measurement of
the exchange bias. The extra steps in the magnetization curves
between positive and negative saturation were associated
with the influence of the first ferromagnetic layer and
inhomogeneity at the F/AF interfaces. This was confirmed by
the FORC measurements where in addition to the main FORC
distribution, satellite distributions were observed. The X-band
and broadband FMR measurements allowed the investigation
of the exchange bias in the dynamic regime and evaluation of
additional parameters such as the anisotropy field, saturation
magnetization and rotatable anisotropy field.
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