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Experimental evidence for an unidirectional Gilbert damping parameter
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In magnetization dynamics, the relaxation is driven by the damping. Here, we demonstrate that damping in
exchange-coupled systems is not only anisotropic but also unidirectional evidenced by an asymmetry in the
damping by inversion of the magnetic field polarity. Our study reveals that this asymmetry in the damping is
enhanced by the increase in the exchange bias field. Finally, we introduce a modified relaxation term in the

equation of motion.
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Among the huge variety of scientific fields involving dy-
namical processes, spin dynamics is one of the most popular
because of its key role in high volume information-storage or
processing devices based on metallic, insulators, or semicon-
ductors materials.! In magnetic storage devices, the key point
is the speed at which magnetic data-storage elements can be
manipulated with either a magnetic field, a spin-polarized
electric current’ or with an electric field.? In these research
fields, commonly accepted theoretical approaches are based
on a well-known phenomenological model applied to mag-
netic field-induced precession motion of the magnetization*
or current-induced motion.’ In this vast amount of research,
the relaxation mechanism is introduced through the use of
the so-called damping parameter, «. Thus, it governs the re-
laxation of the magnetization toward equilibrium. Despite
the general and widespread use of these equations of motion,
the physics concerning the phenomenological damping pa-
rameter is a matter of controversy. Indeed, the experimental
results are offen interpreted in terms of a scalar isotropic
damping parameter® whereas some authors claim that it
should be of a more complicated form that would rely on a
damping matrix. This matrix description would then imple-
ment the breathing Fermi-surface model” or crystalline sym-
metry considerations.® Then, the damping scalar « should be
replaced by an anisotropic term that depends on the orienta-
tion of the magnetization. Up to now, the experimental stud-
ies that demonstrate the anisotropy of the damping, focus on
the role of the magnetocristalline anisotropy’ and have not
focused on exchange-coupled systems despite the fact that
they seem to be promising for high-frequency applications.'”
In this Rapid Communication, experimental evidence for an
unidirectional damping parameter is provided for exchange-
coupled ferromagnetic (F)/antiferromagnetic (AF) bilayers.
The exchange coupling induces a strong anisotropic relax-
ation process which depends on the direction of magnetiza-
tion. A frequency-dependent study of the relaxation demon-
strates the anisotropic nature of the intrinsic part of the
relaxation, i.e., of the damping. The anisotropy of the damp-
ing parameter is found to be unidirectional and directly re-
lated to the exchange field amplitude. Finally, a modified
relaxation term in the equation of motion is implemented to
reproduce these experimental evidences.

The investigated NiO(z,p)/Py(20 nm) (where Py denotes
Nig,Fe, o) bilayers have been grown on Si(100) substrate by
conventional 1f diode sputtering, under a static magnetic field
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(Hp) of 300 Oe to induce an uniaxial anisotropy in the Py
layer. The base pressure prior to the film deposition was
typically 1077 mbar. The NiO thicknesses were f5p=0, 20,
30, 50, 67.5, and 75 nm. A shifted hysteresis loop, at room
temperature, along the depositing field axis, is observed for
tar higher than 20 nm. In order to precisely determine the
relaxation parameters, the frequency dependence of the fer-
romagnetic resonance (FMR) spectra was investigated within
a range of microwave frequencies between 6 and 12.5 GHz
using a wideband resonance spectrometer with a nonresonant
microstrip line.!" The FMR is measured via the derivative of
the microwave power absorption (dP/dH) using a small rf
exciting field. Resonance spectra were recorded with the ap-
plied static magnetic field oriented in plane at an angle ¢
relative to the depositing field. Moreover our experimental
device allows the use of positive and negative polarities of
field sweeps, (H*,H"). Static magnetic properties were mea-
sured at room temperature by vibrating sample magnetome-
ter (VSM).

Figure 1 shows the FMR absorption derivative and ab-
sorption profiles for the Py thin film and the NiO(67.5
nm)/Py bilayer measured at 9 and 5 GHz. The presence of
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FIG. 1. (Color online) An example of (a) FMR absorption de-
rivative spectrum and (b) integrated spectrum for a Si(100)/Py
(20nm) film [green (light) line] and a Si(100)/NiO(67.5 nm)/Py (20
nm) bilayer [blue (dark) line]. Measurements are performed with
positive (H*) and negative (H™) electromagnet polarity.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.100415

LE GRAET et al.

[ +,1 —(arb.units) 4H__ (Oe)

AS

0.8+
0.4+
0.0

AS

_0_8< 4
0 45 90 135 180 225 270 315 360

¢ (degree)

FIG. 2. (Color online) Azimuthal angular dependencies for posi-
tive (red open circles) and negative (black open squares) applied
field polarity of (a) the experimental and simulated (solid line) FMR
resonance field (b) the measured FMR linewidth and (c) the mea-
sured magnitude of the resonance curve with the integer form, at
9.5 GHz for sample Si(100)/NiO(67.5 nm)/Py. (d) Experimental
measurements of the asymmetry ratio, AS, defined in Eq. (1) for a
Si(100)/NiO(67.5 nm)/Py bilayer (open triangles). Solid line simu-
lation of AS with é=0.18 [Eq. (2)] (e) Simulation of the asymmetry
ration AS for ¢é=0 (dash line) and £+ 0 (solid line).

the unidirectional anisotropy induces displacement of the
resonance field (H,,,) and an enhancement of the linewidth
(AH,,,), as expected in exchange-coupled systems.'> What is
more unusual is that the width and intensity of the bilayer
resonance spectra depend on the field polarity, i.e., there is a
strong asymmetry of the resonance line with respect to H
=0 Oe. Such an asymmetry with respect to the field sweep-
ing polarity has previously been reported but not discussed.'?
To achieve an understanding of this pronounced asymmetry,
we have systematically measured the FMR spectra for differ-
ent applied field directions (¢). For each angular position
within the plane and for positive and negative field polarities,
the following fundamental FMR quantities were extracted:
H,., AH,, and the maximum of the absorption intensity, /,
as shown in [Figs. 2(a)-2(c)]. The H,,, angular dependence
reflects the symmetry of our exchange bias system. For each
polarity, the shapes are symmetric with respect to the ex-
change bias field direction (i.e., ¢=180°) with two minima
and two maxima, as previously expected in unidirectional
systems'# [Fig. 2(a)]. They present a similar angular depen-
dence, i.e., symmetry axes along the exchange bias field di-

rection. In order to understand / and AH,,, properties, one
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should consider the origin of the absorbed microwave power
in a RFM experiment. For a given azimuthal angle, the ab-
sorbed microwave power is proportional to the imaginary
part of the susceptibility tensor component along the exciting
field: P~ x,."> We quantitatively examine the asymmetry
with respect to the field polarity using an asymmetry param-
eter (AS) defined as follow:
I+ _ I— I+ _ =

_ Xh max Xfi_max’ (1)

= -7 o+
I'+1 Xhmax+Xhmax

AS

where I and I~ are the microwave power absorption maxi-
mal values at resonance fields for positive and negative val-
ues of resonance fields as shown in Fig. 1. For a single Py
film and for all azimuthal angles, the FMR spectra are sym-
metric with respect to the applied field polarity, i.e., I'=I"
and AS=0 (not shown in Fig. 2). In the presence of the
exchange bias, the angular dependence of AS presents a
complex behavior as shown in Fig. 2(d). In the following, we
study this behavior considering the magnetic susceptibility
which may be calculated with Landau-Lifshitz-Gilbert
(LLG) equation [Eq. (5.3) in Ref. 6] where the effective field
is defined as H,;=dF/JM. The free-energy functional F(M)
consists, in our case, of the Zeeman energy, the unidirec-
tional anisotropy of the AF layer, the demagnetizing field
energy, the saturation magnetization, and the uniaxial aniso-
tropy of the F layer.'* In addition one can assume that the
precession around the H, is of small amplitude so the LLG
equation may be linearized.'® This allows us to calculate the
theoretical FMR spectra and thus the theoretical AS param-
eter. In a first step we have fitted the resonance field angular
dependence as shown in Fig. 2(a), it allows us to determine
the values of the exchange field (H,), F anisotropy field
(Hg), and the saturation magnetization (M) (i.e., H,
=30 Oe, Hg=34 Oe, M3=10900 G, and the gyromagnetic
ratio y=1.843x 107 s! Oe™!). The value of H, obtained
from the fit is about 30% lower than the one obtained by
VSM for all our exchange biased samples as previously ob-
served in such systems.'* In second step, we have simulated
the angular dependence of AS directly by supposing that the
Gilbert damping coefficient « has a constant value and does
not depend on the angle between the magnetization and the
exciting field as generally admitted in azimuthal
measurements.'” The simulated curves reproduce the general
shape of AS [Fig. 2(e)] but not the experimental features
along the exchange bias field axis, i.e., for ¢=0° and ¢
=180°. Following the linearized LLG model including an
isotropic damping, the asymmetry should not be present
along this axis. Therefore, we have considered a nonisotropic
damping for reproducing the AS in the following manner.
According to Steiauf and Féhnle,” in the presence of spin-
orbit interaction the damping parameter is described by a
matrix and will depend on the direction of the magnetization.
Thus, the spin-orbit coupling makes the spin degree of free-
dom respond to its orbital environment. The authors show
that there are at most two eigenvalues for the damping ma-
trix: (M), which depends rather sensitively on the orienta-
tion of M in the crystal. In our case the exchange bias breaks
the symmetry of uniaxial anisotropy with respect to the an-
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FIG. 3. Evolution of the peak-to-peak linewidth AH,,, as a func-
tion of frequency for sample NiO(67.5 nm)/Py with the static field
is applied with angle ¢=90° (circles) and 0° (squares) with positive
(full symbols) and negative polarity (open symbols).

isotropy axis, and therefore our measurements show different
damping in directions of ¢=0° and ¢=180° thus supporting
the theoretical prediction of the authors mentioned above. To
reproduce the experimental features of the resonance absorp-
tion, we modify the LLG equation by assuming a magneti-
zation direction-dependent damping parameter that lies be-
tween two eigenvalues of damping parameter given by «*
=a(l1-¢) and o =a(l+§). Thus,

—=—vy(M X H, )+iM>< r— (2)
a7 T m “ar
where
= {1 ¢ HeM} ()
a =o HeM .

The first term on the right-hand side of Eq. (2) describes the
precession of M around H,g and the second term represents
the damping torque and is the key parameter that governs the
relaxation toward equilibrium. The term «" represents the
anisotropic damping that depends on the direction of the
magnetization retained (withheld) by AF spins via exchange
coupling (H,). In Eq. (3) « is the mean Gilbert phenomeno-
logical damping parameter and the term ¢ is the difference
between the measured damping parameters along the unidi-
rectional anisotropy for the positive (a*) and negative (")
polarities [i.e., é&=(a™—a*)/(a~+a*)]. The best fit to the ex-
perimental data was obtained for £€=0.18. The good agree-
ment between theoretical and experimental values [Fig. 2(d)]
confirms our assumption, given by Eq. (3), reflecting the
damping parameter dependence on the magnetization direc-
tion.

As relaxation mechanisms may include intrinsic and ex-
trinsic contributions,'® one needs to separate these effects to
show unambiguously that the origin of the AS is intrinsic. In
the parallel FMR configuration, with the magnetization par-
allel to the applied field, the time derivative dM/dr Gilbert
term in the equation of motion produces a FMR linewidth
linear with the microwave frequency f. However, in many
magnetic systems, while a linear behavior is observed, the
linewidth fails to extrapolate to zero with vanishing fre-
quency. This zero-frequency contribution AH,, to the line-
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FIG. 4. (Color online) Exchange bias dependence, in
Si(100)/NiO(1,)/Py(20 nm) with 7,£=20, 30, 50, 67.5, and 75
nm, of (a) the asymmetry AS of the susceptibility intensity (b) the
zero-frequency peak-to-peak linewidth AH, with negative (full
black squares) and positive (red open circles) polarity (c) the pa-
rameter ¢ [see text and Eq. (3)]. All the parameters were measured
along the F easy axis (¢=0°)

width is related to extrinsic mechanism and reflects the effect
of inhomogeneity on the linewidth. Thus, frequency-
dependent studies provide intrinsic and extrinsic contribu-
tions to the relaxation. The field-swept linewidth, in a given
direction, may be written as®

2 a
AHPP=AH0+ ?—27Tf, (4)
N3y

where AH, is the inhomogeneous broadening and f is the
microwave frequency. The second term is the Gilbert contri-
bution that represents intrinsic contribution. In our study, it
should be noted the damping parameter « should be replaced
by " in Eq. (4).

Figure 3 shows the dependence of AH,, on the micro-
wave frequency for both angle ¢ values 0° and 90° with
positive and negative polarities. The FMR linewidth is lin-
early dependent on the microwave frequency for both orien-
tations, as previously observed in such systems'® and as ex-
pected from Eq. (4). The inversion of the field polarity along
the exchange field axis (¢=0°) induces a change in the slope
of the FMR linewidth. It confirms the dependence of the
intrinsic contribution toward the field polarity as well as the
intrinsic origin of the AS. Furthermore, the intercept at the
origin of the FMR linewidth slopes, i.e., AH,, give the same
value by inversion of the polarity for ¢=0°. This shows un-
ambiguously that the polarity inversion of the applied mag-
netic field only modifies the intrinsic contribution to the line-
width. It should also be noted that the AH,, frequency
dependence does not depend on the polarity along ¢=90°.

To illuminate the influence of the exchange coupling on
the anisotropic nature of the damping, Py films were depos-
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ited on NiO underlayers with different thicknesses resulting
in a large variety of exchange bias field values from 0 to 60
Oe. Figure 4(a) shows the influence of the exchange field
value on the asymmetry of the linewidth measured along the
F easy axis. It shows clearly that the condition for the ap-
pearance of AS requires a NiO film thicker than a critical
thickness, above which H, # 0.2° The asymmetry is then pro-
portional to H,. To confirm the intrinsic origin of AS, intrin-
sic and extrinsic contributions were obtained for each
samples. Figure 4(b) shows the dependence of AH,, on the H,
and for both polarities. The presence of a thin NiO layer
increases AH,, relatively to the value obtained for the Py
single layer. However, AH|, shows no significant dependence
on H, and does not depend on field polarity. Therefore, the
extrinsic contribution does not contribute to the AS mecha-
nism. The influence of H, on the intrinsic damping aniso-
tropy is depicted in Fig. 4(c). Under the critical thickness, the
value of « (i.e., §=0) remains unchanged by inversion of the
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polarity. However, ¢ increases with H,, for a greater NiO
thickness. It shows unambiguously that the anisotropy in the
intrinsic Gilbert damping originates from the pinned AF
spins and is proportional to H,.

In conclusion, we report on experimental evidence for an
anisotropic unidirectional intrinsic Gilbert damping term in
exchange-coupled systems. A modified damping term in the
LLG equation of motion is introduced to reproduce this an-
isotropy. It depends on the direction between the magnetiza-
tion and the unidirectional anisotropy. We also show that the
magnitude of the damping anisotropy is directly related to
the H, magnitude. This anisotropy should be considered in
the fundamental understanding of the dynamic of exchange-
coupled systems and would be great importance in low-
energy storage applications or high-frequencies applications.
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