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Abstract

The magnetization dynamics of exchange biased IrMn/CoFe bilayers have been investigated
using broadband and in-plane angle dependent ferromagnetic resonance spectroscopy. The
interface energy of the exchange bias effect in these bilayers exceeds values previously
reported for metallic antiferromagnets. A strong perpendicular magnetic anisotropy and a small
in-plane uniaxial anisotropy are also observed in these films. The magnetization relaxation of
the bilayers has a strong unidirectional contribution, which is in part caused by two-magnon
scattering. However, a detailed analysis of in-plane angle and thickness dependent linewidth
data strongly suggests the presence of a previously undescribed unidirectional relaxation
mechanism.



l. Introduction

Since the discovery of the exchange bias effect by Meiklejohn and Bean in 1956 [1,2] this topic
has remained a very active research area. This is due in part to the many practical applications
of this effect in data storage devices. In recent years the exchange bias effect has been of
particular importance for pinning the reference layer in spin valve structures [3] which are used
for example in read heads and spin transfer torque magnetic random access memories [4,5].
Another reason for the continued interest in this topic is the inherent complexity of the
competing interactions at the interface between a ferromagnet and an antiferromagnet [6]
which leads to very rich physics [7]. Particularly interesting, not only for future applications but
also for obtaining new insights into the underlying physics, is the influence of the exchange bias
effect on the magnetization dynamics of the ferromagnet [8,9]. One of the most prominent
features of the exchange bias effect is that it leads to a preferred direction of the magnetization
(unidirectional anisotropy) of the bilayer system. This easy direction of the unidirectional
anisotropy is typically established during annealing and subsequent cooling in an applied
magnetic field. The unidirectional anisotropy manifests itself in a shift or “bias” of the
magnetization reversal curve on the magnetic field axis. However, magnetization reversal
measurements can be difficult to analyze quantitatively, in particular due to the complex phase
diagrams [10,11] and the formation of complicated domain structures [12-15]. Here
measurements of the magnetization dynamics, for example using ferromagnetic resonance
[8,16-18] or Brillouin Light Scattering [17-19], offer the advantage that they can be carried out
at external magnetic fields sufficient to saturate the system. While most of the early work on
magnetization dynamics of exchange bias systems focused on the determination of the
unidirectional anisotropy to provide input to model development, it was also noted early on
that the exchange bias effect has a profound influence on the magnetization relaxation in these
systems [16,18]. Two magnon scattering at the ferromagnet/antiferromagnet interface is one
of the major contributions to the relaxation in these systems [9,17,20]. However, it was only
after the development of broadband ferromagnetic resonance capabilities that a unidirectional
contribution to the relaxation in these systems was observed [21].

In the present paper we utilize broadband ferromagnetic resonance to investigate the
magnetization dynamics in the IrMn/CoFe exchange biased system to precisely determine
anisotropies. By investigating the CoFe thickness and in-plane dependencies we are able to
show that this system has a strong interfacial perpendicular anisotropy in addition to the very
strong interfacial exchange coupling. We further show that the magnetization relaxation in this
system has a very strong unidirectional contribution which is in part caused by two-magnon
scattering. However, we also present evidence that the strong unidirectional relaxation in this
system deviates from the expected thickness dependence of a strictly interfacial two-magnon
scattering contribution. Our analysis therefore suggests the presence of a previously
undescribed unidirectional relaxation mechanism in this system.

The paper is organized as follows. In section Il we describe the experimental procedures used to
characterize the samples. In section Il we summarize the models commonly used to describe
ferromagnetic resonance in exchange bias systems. Section IV describes the results regarding
the magnetic anisotropies present in the IrMn/CoFe exchange bias system. In section V we
describe in detail the results regarding the strong unidirectional magnetization relaxation



observed in this system. The paper concludes with a summary in section VI and
acknowledgements in section VII.

Il.  Experimental procedures

The samples were prepared with an Anelva sputter deposition system onto Si0O, substrates
with the following layer sequence SiO,/Ta(2nm)/Ru(3nm)/IrMn(énm)/CoFe(t)/
Ru(3nm)/Ta(2nm)/Ru(5nm). The CoFe layer thickness t ranged from 2 to 20 nm. In order
to set the exchange bias direction the samples were annealed at 285 °C for 5 hours in an
applied field of 5T. The IrMn thickness of 6 nm is significantly larger than the critical thickness of
this antiferromagnet, thereby ensuring saturation of the exchange bias effect [22].

The quasi-static magnetic properties of the samples were determined using magneto-optical
Kerr effect (MOKE) measurements, whereas the dynamic properties were determined using
broadband ferromagnetic resonance spectroscopy (FMR) covering a frequency range from
(2 — 64 GHZz). In both cases the samples were measured at room temperature.

For broadband FMR measurements the external field was oriented parallel and antiparallel to
the exchange bias direction. In addition we have also carried out in-plane angle dependent
measurements at selected frequencies to obtain additional information about the magnetic
anisotropies and the relaxation mechanisms of the samples. The raw spectroscopy data was
analyzed by fitting a Lorentzian peak profile including both dispersive and absorptive
components in order to extract the resonance field, H,.s, and the peak-to-peak linewidth, 4H,
at each frequency [23,24].

lll.  Ferromagnetic resonance in exchange bias system

In ferromagnetic resonance measurements the resonance condition can be derived using the
Smit and Beljers relation [25]:
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where w = 2mf is the angular frequency of the microwave field, M, is the saturation
magnetization, y the gyromagnetic ratio, 8 the polar angle of the magnetization with respect to
the normal of the film, and ¢ the azimuthal angle of the magnetization, for which we choose
the exchange bias direction as a reference, i.e.
¢ep = 0. The free energy F of the ferromagnet
in the exchange bias system includes Zeeman,
demagnetizing, exchange bias, and uniaxial
anisotropy terms. The last two contributions

are characterized by the exchange bias field

H,, and the uniaxial anisotropy field H,, = 21::”

N

Equation (1) is evaluated at the equilibrium
(69, ) of the magnetization for which
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a6 6o o¢ o Figure 1: Sketch of the geometry, the exchange bias field

H,p, serves as a reference direction. The static external
magnetic field His applied in the film plane at an angle
¢y with the microwave field Hmw also applied in the film
3 plane, but perpendicular to H. Also shown is the
magnetization M with equilibrium orientation (8, ¢o)
and the easy axis of the (in-plane) uniaxial anisotropy field

ﬁu, which is shown at an angle ¢, relative to the
exchange bias direction.



In its most general form equation (3) does not have an analytical solution, but can be readily
solved numerically. To obtain further insights, analytical solutions are frequently obtained by
assuming that the equilibrium direction of the magnetization coincides with the direction
(64, o) of the external magnetic field, i.e.
0o =0y ,and ¢y = ¢y (3)

However, it is important to point out that while this assumption may be valid along high
symmetry directions it is generally not a good approximation even for large external fields
when the external magnetic field is applied at an arbitrary angle (see the discussion in section
B.1). If one further assumes that the external magnetic field is applied in the plane of the film
(6 = 90°) and that the easy axis of the uniaxial anisotropy coincides with the easy direction of
the exchange bias effect (¢, = ¢, = 0) one has for the dispersion relation (cp. for example
reference [26]):

w

(2) = [4mMeyy + Hy OS> (f) + Hres + Hep cos()] - [Hi, C0S(2h) + Hres + Hep cos()] (4)

In which 4mM,sf is the effective magnetization (the sum of demagnetizing field and the
perpendicular interfacial anisotropy field), H,.s is the resonance field, and ¢y is the azimuthal
angle of the applied static magnetic field with respect to the exchange bias direction.

When the external magnetic field is applied parallel (¢ = 0°) and antiparallel (¢ = 180°) to
the exchange bias direction equation (4) results in:

Y
f= Z\/[Ll-nMeff + Hy + Hees + Heb] *[Hy + Hyes £ Hep] (5)

where the positive (negative) sign corresponds to the parallel (antiparallel) orientation. For
these two configurations the external magnetic field is applied along high symmetry directions
of the system and thus for sufficiently large fields the magnetization will be aligned with the
field direction. Therefore this equation can be used to fit broadband FMR data to extract the
exchange bias field, the uniaxial anisotropy field, the effective magnetization and the
gyromagnetic ratio.
Similarly one can obtain an approximation for the in-plane angular dependence, which for
exchange biased systems with a uniaxial anisotropy in the in-plane configuration is commonly
given as [8,27]:

Hyes = Hy + Hep, cos(o,,) + Hy,'cos(2¢,,) (6)
where H,, is the resonance field for the measurement microwave frequency in the absence of a
unidirectional and uniaxial anisotropy. The use of an analytic function to describe the angular
dependence of the resonance field can simplify the data analysis significantly. However, as will
be shown below, this approximation can cause systematic variations of the residuals of the fit
to experimental in-plane rotation data. In particular we will show that the underlying
approximations that were used to derive equation (6) will lead to the appearance of an
unphysical three-fold symmetry in the residuals of the fit to H,.svs. ¢, data. We further would
like to point out that the parameter H,' used in equation (6) to describe the uniaxial
component of the resonance field should not be confused with the uniaxial anisotropy field H,,
[28,29].



V.

A. Broadband ferromagnetic
resonance characterization

For the exchange biased thin films, broadband
FMR measurements were performed with the
static external magnetic field applied parallel
and antiparallel to the exchange bias direction.
As shown in figure 2 for a 6 nm CoFe layer the
field dependence of the resonance frequency is
well described by equation (5). In this figure we
have fitted both data sets simultaneously to
obtain a consistent set of fitting parameters
that minimize the sum of the squared residuals.
By using this  approach broadband
ferromagnetic resonance data can provide
precise values for the effective magnetization,
Mcsr, and the gyromagnetic ratio, y [30]. As
shown in figure 3 the effective magnetization
for the samples in this series shows an inverse
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Figure 2: Microwave frequency f versus resonance field
H,.s (Kittel plot) for a 6 nm CoFe exchange biased layer.
Black (red) symbols show broadband FMR data with the
external magnetic field applied parallel (antiparallel) to
the exchange bias direction. The corresponding solid lines
are the result of a simulataneous fit to the Kittel equation
(6) for both orientations.

CoFe thickness dependence with a negative slope, indicative of an interfacial perpendicular
anisotropy. Assuming that there is no bulk perpendicular anisotropy present in CoFe one can
determine the saturation magnetization from this graph as Mg = 1625 + 25 [emu/cm?], this
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Figure 3: Effective magnetization M., determined using
broadband ferromagnetic resonance data, as a function of

the inverse CoFe film thickness t;,pe. The red line is a linear
fit of the experimental data.
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value is consistent with results obtained using
vibrating sample magnetometry. The slope is
proportional to the interfacial perpendicular
anisotropy, which in this sample series is
K; =194+ 0.14 [erg/cm?]. This interfacial
perpendicular anisotropy is comparable to
those reported for CoFeB/MgO systems
[31,32], for the samples investigated in this
work we cannot distinguish between the
perpendicular anisotropy contribution from the
IrMn interface and the Ru interface. However,
given the large interfacial anisotropy present in
the films it is likely that both interfaces
contribute significantly.

It is worth noting that carrying out broadband
ferromagnetic resonance measurements only

for two in-plane orientations will limit the accuracy of extracting anisotropy field values. In
particular, any misalignment of the exchange bias field direction of the sample relative to the
applied field during measurement will result in inaccurate values for the exchange bias field H,,,



and the uniaxial anisotropy field H,. Furthermore, even if the external magnetic field is
perfectly aligned with the exchange bias field direction but the easy axis of the uniaxial
anisotropy does not coincide with the exchange bias direction, i.e. ¢, # 0, the uniaxial
anisotropy field will be systematically underestimated, as one is only sensitive to the
component along the exchange bias field direction. We also find that the fitting parameters are
highly correlated and thus the fit is not very sensitive to the value of the uniaxial anisotropy.
With these limitations in mind, it is clear that a more exhaustive method is needed to extract
precise values of the involved anisotropies. Ferromagnetic resonance measurements as a
function of the in-plane angle of the applied magnetic field not only provide a way to extract
the magnitude of the anisotropies, but also enable us to test the underlying assumption of our
analysis, that the easy axis of the uniaxial anisotropy is aligned along the exchange bias
direction.



B. In-plane angle dependent characterization

B.1. Ferromagnetic resonance

We have carried out ferromagnetic resonance measurements as a function of the in-plane
angle of the applied field ¢, with respect to the exchange bias direction. As an example in
figure 4 a) the in-plane dependence of the resonance field measured at a microwave frequency
of 20 GHz for a sample with a CoFe thickness of 6 nm is shown. In this figure a fit of the
experimental data using the analytic model of equation (6) is shown as a green line. The full
model based on equation (1) and minimizing the free energy to obtain the equilibrium
orientation of the magnetization is shown as a red line. At first glance both fits appear to
reasonably describe the experimental data, as on the scale of figure 4 a) both models are
difficult to distinguish. However, closer inspection of the residuals for both fits, as shown in
figure 4 b), reveals that the use of equation (6)
leads to systematic deviations that show a
threefold symmetry. While there have been prior
reports of a threefold anisotropy contribution in 2500
exchange bias systems [33], for the systems
investigated in the current study the threefold
symmetry of the residuals is a result of the
assumptions made to arrive at equation (6), in
particular the assumption that the magnetization
is aligned with the direction of the applied field.
In figure 4 c) the difference of the magnetization
angle ¢, and the applied field angle ¢, calculated
using the full model is shown, revealing
misalignments as large as 15 degrees. As can be
seen in figure 4 b) using the full model results in
residuals that do not show any clear angular
dependence.

In order to verify that the threefold symmetry in
the residuals is solely an artifact of the analytical
model we have simulated the in-plane angular
dependence of the resonance field using the full ol
model and subsequently trying to fit this data 5L
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using equation (6). These simulations also reveal 0 60 120 180 240 300 380
that it is the presence of both the exchange bias oy, [°]
field and the uniaxial anisotropy that lead to this Figure 4: Dependence on the in-plane angle of the

Sl applied field ¢y of a) the resonance field H,.; of a
apparent threefold symmetry. In the limiting case 6nm CoFe exchange biased laver. The figure
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determination of the latter value, for a system
without exchange bias field, can be obtained by
measuring the resonance field along the easy and
hard direction and using equation (6) in reference
[29]. In the limiting case with no uniaxial
anisotropy but with an exchange bias field one
can use equation (6) to fit the full model data with
reasonable accuracy, in this case the residuals
again show a fourfold symmetry. A simulation and
fit using equation (6) for the case of primary
interest, where both an exchange bias field and a
uniaxial anisotropy are present in the sample, is
shown in figure 5. Here the exchange bias field
was chosen to be H,, =500 [0Oe] and the
uniaxial anisotropy field was set to H, =
200 [Oe]. By using a relatively large uniaxial
anisotropy field the limitations of the simplified
model become more obvious. This can be seen by
comparing figure 5a with figure 4a. Due to the
strong uniaxial anisotropy in figure 5a a clear
minimum exists for the resonance around
¢y = 180° for the full model whereas for a
smaller uniaxial anisotropy the deviations of the
resonance field from a simple cos (¢p)
dependence are more subtle, see figure 4a. As
pointed out earlier the simplified model does not
take into account the deviation of the equilibrium
direction of the magnetization ¢, from the
direction of the applied field ¢, which is shown in
figure 5 c) and can reach 15 degrees, similar to the
experimental case depicted in figure 4. A fit of the
analytical model of equation (6) to the simulated
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Figure 5: Dependence on the in-plane angle of the
applied field ¢ of a) the resonance field H,..s. The red
line is the result of the full model for H,, = 500 [Oe]
and H, = 200 [Oe], the green line is a fit of this data
using equation (6), b) the residuals of the fit and c) the
misalignment of the equilibrium direction of the
magnetization ¢, from the direction of the applied field

bu-

data of the full model can therefore not capture the observed angular dependence. Because
the fit attempts to minimize the sum of squares of the deviations this leads to an
underestimation of the resonance field parallel to the exchange bias direction and an
overestimation of the resonance field antiparallel to the exchange bias direction. As can be
seen in figure 5 a) and b) over a full 360 degree rotation there will be six points for which the fit
and the full simulation intersect (dashed lines), which explains that to first order the symmetry
of the residual is threefold. However, as the full model did not contain a threefold contribution
to the free energy this apparent threefold symmetry is an artifact of the assumptions made to
derive equation (6), most notably the assumption that the magnetization is aligned with the
external magnetic field. Thus while at first glance it may be tempting to add a threefold term to
equation (6) similar to a Fourier series, our analysis shows that there is no physical significance
to such a term and one should instead use the full model to arrive at meaningful parameters.
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By fitting the full model to the in-plane angle dependence of the resonance field for all samples,
we were able to extract the exchange bias field (see figure 7) and the uniaxial anisotropy
field . Furthermore, the angle of the easy axis of the uniaxial anisotropy was treated as a
free fitting parameter. However, within the error margins the easy axis of the uniaxial
anisotropy is indeed parallel to the easy direction of the unidirectional anisotropy, which
justifies our analysis of the broadband FMR data for which this was the assumption.

B.2. Quasistatic magnetometry

We have also carried out in-plane 500
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can be seen in figure 6 for a 6 nm thick CoFe film the angular dependence of the shift of the
magnetization reversal curves is well described by a cosine dependence, i.e. ,
which is consistent with the unidirectional anisotropy in the films due to the exchange bias
effect. While additional in-plane anisotropies in exchange bias films can lead to complex phase
diagrams [10,11,34] and thereby to deviations from such a simple behavior, we find for the
samples of this study that the additional in-plane uniaxial anisotropy is too small to have a
significant influence on the angular

dependence of the shift of the hysteresis v '
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the CoFe thickness as determined from ferromagnetic

resonance data (black solid symbols) and MOKE data (blue open
symbols). The red line shows a linear fit of the data. The inset
shows the in-plane uniaxial anisotropy field as determined from
ferromagnetic resonance data as a function of the CoFe
thickness.



determined from ferromagnetic resonance data, see figure 7. Due to the interfacial nature of
the exchange bias effect the exchange bias field is expected to scale with the inverse of the
thickness of the ferromagnetic layer [7,18,35], which is confirmed in figure 7. From the slope of
this figure and the saturation magnetization determined earlier, one can determine the
interface energy per unit area [7,36,37], also called interfacial exchange coupling, Ac = Mg -
tcore * Hep, Which enables a comparison with other exchange bias systems. For the interfacial
exchange coupling we obtain a value of Ac = 0.53 + 0.02 [erg/cm?], which exceeds the
values for all metallic antiferromagnets listed in Table 3 of reference [7] and is almost five times
as big as the value reported in reference [38] for perpendicular CoFe/IrMn bilayers, which
confirms the strong interfacial exchange coupling in our film series.

V.  Magnetization relaxation

The linewidth of the ferromagnetic resonance contains information about the magnetization
relaxation and inhomogeneities in the samples. Using Suhl’s approach [39] one can obtain an
approximate expression for the peak-to-peak linewidth contribution due to Gilbert-type
damping [25,40-42]:
iaeff w (7)

V3 v cos(¢o—on)

where @,y is the effective Gilbert-type damping parameter and ¢, — ¢y is the misalignment
between the magnetization and the external magnetic field. Under the assumption that the
magnetization is perfectly aligned with the magnetic field and by including a zero frequency
offset AH, that takes into account sample inhomogeneities one has for the peak-to-peak
linewidth [40,41,43] :

— 2 Cefy
AH = Ao + =~ w (8)

However, in thin films two-magnon scattering can contribute significantly to the ferromagnetic
resonance linewidth measured with the magnetic field applied in the film plane. While the
calculation of the two-magnon contribution AH,_,,,, to the linewidth requires a quantitative
model of the interfacial roughness, which is difficult to determine experimentally, under the
assumptions for the roughness made by Arias and Mills one can obtain the following expression
[44-46]:

AHgipert =

2 (9)

AHy_nqg = T'(w) arcsin

with wy = y4nM,ss and I'(w) is the strength of the two-magnon scattering, which depends on
the details of the interfacial roughness. If the two-magnon is strictly interfacial the scattering
strength should scale like the inverse ferromagnetic film thickness squared [9,17]. Furthermore
the scattering strength depends only weakly on the microwave frequency [44].

Thus one expects the ferromagnetic linewidth to be the sum of the contributions due to sample
inhomogeneities, Gilbert-type damping and two-magnon scattering:

AH = AHy + AHgjpere + AHz-mag (10)
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In figure 8 a) the ferromagnetic resonance
linewidth for a 4 nm thick exchange biased
CoFe film is shown. For the measurements
that were carried out with the external
magnetic field applied antiparallel to the
exchange bias direction (red symbols) the
frequency dependence of the linewidth is
clearly nonlinear. The experimental data in
this case can be fitted using the model for
two-magnon scattering described by
equation (9) with a frequency independent
scattering strength (dashed red line in
figure 8 a)). However, we note that the
nonlinearity of the two-magnon scattering
is weak and according to equation (9) for
w K wy the two-magnon contribution is
to a good approximation linear in
frequency. This property of the two-
magnon scattering prevents fitting of the
experimental data including all three
contributions of the linewidth, as the
fitting parameters in this case are highly
correlated and not unique. Because the
two-magnon scattering scales with t;2,
its relative contribution to the overall
ferromagnetic resonance linewidth
decreases quickly with increasing film
thickness, as can be seen in figure 8 b). In
this figure the ferromagnetic resonance

70
60
— 50 &
3 S
o) 40 $
5 30 5
20
= antiparallel configuration
100 +7 m  parallel configuration 110
ot 0
0 5 10152025 30 35 40 45 50 55 60 65
f [GHZz]
= E
O]
S 3
T T
< <
s antiparallel configuration
wu parallel configuration

or——————10
0 5 10152025 30 35 40 45 50 55 60 65
f[GHZz]
Figure 8: Ferromagnetic resonance linewidth AH as a function of
the microwave frequency f for a CoFe sample with a thickness of
a) tcope =4 [nm] and b) teope = 6 [nm]. The black (red)
symbols represent broadband FMR data measured with the field
parallel (antiparallel) to the exchange bias direction. The solid
lines show a fit of the data assuming Gilbert-type damping,
equation (8), and the dashed line in a) shows a fit of the data
assuming two-magnon scattering as described by equation (9).

linewidth for a 6 nm thick exchange biased CoFe film is shown as a function of the microwave
frequency. In this case the nonlinearity of the frequency dependence of the linewidth caused by
the two-magnon scattering, while still noticeable, is not very pronounced. Because of the
difficulties to separate the Gilbert-type damping contribution and the two-magnon scattering
contribution to the linewidth we therefore analyze the data by neglecting the nonlinearity of
the two-magnon contribution to the linewidth and instead fitting the data using only the zero
frequency offset AH, due to inhomogeneities and an effective Gilbert-type damping .y,
which in this approach also includes the two-magnon contribution.
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Accordingly, as shown in figure 9, the
effective damping parameter scales
approximately with the inverse
ferromagnetic film thickness squared,
indicating that two-magnon scattering is
the dominant relaxation mechanism for
the thinnest films of the series. This figure
also shows clearly that the relaxation in
these exchange biased films is anisotropic
and in particular is significantly larger
when the magnetic field is applied
antiparallel to the exchange bias direction
compared to the parallel case. This
suggests  that  the relaxation is
unidirectional in nature as had been
reported previously for NiFe/FeMn
exchange bias structures [21].

To further investigate the unidirectional nature of the relaxation we have carried out in-plane
angle dependent measurements of the ferromagnetic resonance linewidth at a fixed frequency,
as shown in figure 10. Because the scattering strength of two-magnon scattering in thin films is
determined by the perturbations at the interface it will reflect the in-plane angular dependence
of these perturbations [42,44,47-51]. In the case of exchange bias systems one therefore
expects the linewidth to show a unidirectional anisotropy as a function of the magnetization

direction ¢y, i.e.:
AH(¢,) = AH,,, + AHZ‘”’ (1 —cos¢,) (11)

Figure 9: Effective Gilbert-type damping parameter a.rr as a
function of the square of the inverse CoFe thickness t;ope. The
black (red) symbols represent damping parameters determined
from broadband FMR data measured with the field parallel
(antiparallel) to the exchange bias direction. The solid lines show
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Here AH,, represents the minimal

linewidth, measured parallel to the 3001 a) {24
exchange bias direction. This term includes log
the Gilbert-type damping and isotropic 5 E
contributions to the linewidth at the %250’ 1% é
. < lig T
measurement frequency. The magnitude <
of the unidirectional contribution to the 200~ " data {16
linewidth is characterized by the unid. relaxation, full model 14
parameter AH,,. Through the 150 —— unid. relaxation, ¢,=¢,, 1
magnetization direction ¢, the linewidth b) 110
depends on the direction of the external 10r
05

residuals [Oe]
o
o
o
residuals [kA/m]

S
o

magnetic field ¢,, which is varied in the 58,

experiment. If one assumes that the -
magnetization is aligned with the external '“)i%/

magnetic field equation (11) results in a - 5L

simple cosine dependence of the linewidth W

with respect to the applied field direction. -10r "'3::3' ;Z::i::;g:’ﬂqjmwel "
H H 1 +| ) L \, D_ H‘ 1
However, as discussed earlier, for the 0 S0 0 T80 240 300 360
samples of the current study this 6. ]
H

assumption is not a good approximation,

. the | isali t b Figure 10: a) Peak-to-peak ferromagnetic resonance linewidth AH
given the large misalignments We ODSEIVe .o 5 function of the in-plane angle ¢y of the applied field
(compare figure 4 c)). Correspondingly an  measured for a 6nm thick exchange biased CoFe film at a
attempt to fit the experimental data with a microwave frequency of f = 20 [GHz]. Experimental data is

. | . d d lts i shown as blue symbols, the red and green lines represent fits
simple cosine aependence resuits Iin a using a unidirectional relaxation described by equation (11) using

systematic two-fold symmetry of the the full model and assuming ¢, = ¢ respectively. b) Residuals
residuals (figure 10 b), which could lead to  ©f the two different fits.

the erroneous introduction of an

additional relaxation mechanism with this symmetry. In contrast using the full model discussed
earlier, which minimized the free energy of the system to obtain the magnetization direction,
results in an excellent description of the experimental data using only two fitting parameters.

In figure 11 a) the magnitude of the unidirectional contribution to the linewidth AH,,
determined for all samples by fitting the experimental data using equation (11) is shown as a
function of the inverse square of the CoFe thickness t;,r.. If the unidirectional linewidth
contribution was solely caused by a strictly interfacial two-magnon scattering one would expect
it to be proportional to 1/t2,z.. This is because in this case the two-magnon scattering scales
with the square of the scattering potential, which is proportional to the inverse of the
ferromagnetic film thickness [9,17,18,21]. However, the blue fit curve in figure 11 a), which
uses this relationship, results in a poor description of the data. In figure 11 b) we have therefore
included an additional unidirectional contribution to the linewidth that scales with the inverse
film thickness to fit the data. As can be seen in the figure this results in a better description of
the data. The fit also indicates that for films thinner than approximately 5 nm the two magnon
contribution is stronger than the contribution that scales with the inverse CoFe film thickness,
whereas for thicker films the situation is reversed. Besides its scaling with the inverse square of
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the CoFe film thickness, the two-magnon scattering contribution is also expected to lead to a
non-linear frequency dependence of the linewidth which as previously discussed was observed
to be significantly stronger for thinner films (figure 8). We therefore conclude that the samples
investigated in this study show strong evidence for the presence of a unidirectional
contribution to the relaxation in exchange biased films that is not caused by strictly interfacial
two-magnon scattering.

While the possibility of unidirectional relaxation mechanisms involving conduction electrons at
the interface with the antiferromagnet has been discussed in reference [21], more theoretical

work is needed to obtain a quantitative description.

VI.  Summary

We have carried out broadband
ferromagnetic resonance characterization
of a series of IrMn/CoFe exchange biased
bilayers. In addition to a strong exchange
bias effect our results show a significant
reduction of the effective magnetization of
the CoFe films with decreasing film
thickness, caused by the presence of a
strong interfacial perpendicular
anisotropy. For in-plane angle dependent
ferromagnetic resonance measurements
we have shown that an analytical model
that is commonly used to describe this
kind of data has limitations regarding the
extraction of anisotropies and introduces
artifacts that could be misinterpreted as
an additional threefold anisotropy.
However, using the full model, which
properly minimizes the free energy of the
system, enables a precise determination of
the exchange bias field and a small in-
plane uniaxial anisotropy that is also
present in these bilayers. The results of
our ferromagnetic resonance
characterization are in good agreement
with results obtained using quasistatic
magnetization reversal curves. The
interface energy of the exchange bias
effect in our sample series exceeds values
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Figure 11: Unidirectional linewidth contribution AH,;, determined
from in-plane angle dependent FMR measurements. In a) this
contribution is plotted as a function of 1/t2,p., the blue line is a
linear fit of the data with a vanishing unidirectional linewidth
contribution for the bulk. In part b) the same data is shown as a
function of the inverse CoFe thickness tc,re. The red line is a fit
including a contribution linear (dashed green line) and quadratic
(dashed blue line) in the inverse film thickness. The red shaded
area indicates the 95% confidence bands of the fit.
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previously reported for metallic antiferromagnets.

Our frequency and in-plane angle dependent measurements of the ferromagnetic resonance
linewidth indicate a strong unidirectional contribution to the relaxation in the films. Part of this
unidirectional relaxation can be attributed to two-magnon scattering at the CoFe interface to
the antiferromagnet. However, the thickness dependence of the unidirectional linewidth
contribution extracted from in-plane angle dependent measurements strongly suggests the
presence of an additional unidirectional relaxation mechanism, i.e. a unidirectional relaxation
not caused by strictly interfacial two-magnon scattering.
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