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a b s t r a c t

The structural properties and relaxation processes of magnetization in [Ni81Fe19(t1)/Ru(t2)]N superlattices
(N¼number of bilayers) were analyzed by ferromagnetic resonance (FMR) with a fixed microwave
frequency. One series of samples was deposited with constant NiFe layer thickness (t1) and variable Ru
layer thickness (t2); the other series, with constant t2 and variable t1. A single FMR mode was observed
for t2o15 Å and t1475 Å and it has been attributed to the resonance of the exchange-coupled NiFe
layers across the Ru interlayers. For the other values of t1 and t2, several FMR modes appeared and they
were associated to non-coupled magnetic phases with different effective magnetization formed during
the multilayer growth. The FMR linewidths were analyzed as a function of the magnetic layer thickness
and a strong dependence on t1

�2 was observed. It was attributed to the contribution of the two-magnon
scattering mechanism for the linewidth.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The properties of metallic multilayer films have been widely
investigated in last three decades because they present an ample
variety of physical phenomena originated by interactions between
materials in the form of thin layers. In particular, magnetic layers
separated by non-magnetic spacers, which allowed so many
technological applications for spintronic devices [1,2]. Nowadays,
the development of sophisticated equipments for both preparation
and analysis of structure and magnetic properties in ultra high
vacuum increased the interest in the experimental and theoretical
research of physics and technology of thin films. In this context,
there are still many questions about the behavior of magnetic
multilayers, whose understanding will allow a control of its
properties and further technological applications. Among these
questions we have the role of the relaxation processes of magne-
tization of the film in the presence of an external magnetic field
[3,4] and of the magnetic microstructure on the macroscopic
response of multilayers [5]. Thin films based in permalloy
(Ni81Fe19) layers, here denoted as NiFe, are very good systems for
analyzing crystalline quality, interfacial and surface structural
disorder induced during the deposition processes, which strongly

influence on the magnetic behavior. These films, combined with
other magnetic, non-magnetic and/or antiferromagnetic layers, has
been intensively studied for analyzing exchange coupling [6–8],
magnetic relaxation [9,10], exchange bias [11–13] and spin valve
effects [14–16], among many other phenomena.

For the analysis of the above phenomena, the ferromagnetic
resonance is one of the main and most used techniques; it is very
sensitive to variations of magnetic anisotropies and to the energy
of exchange interactions [17,18]. In the FMR spectra of [FM/NM]N
like structures, where FM and NM are magnetic and a non-
magnetic layers, respectively and N is the number of FM/NM
bilayers, several resonance modes are usually observed and they
were attributed to distinct magnetic phases in the samples [19–22].
However, the major attention has been provided to the behavior of
these modes in Co-based multilayers. In this paper, we analyzed
the [NiFe/Ru]N multilayer system, which samples having different
NiFe and Ru thicknesses, by the FMR technique. The behavior of
the several modes observed in the spectra was interpreted in
terms of the structure of the samples and the interlayer exchange
coupling between NiFe layers. On the other hand, the magnetiza-
tion relaxation of thin films has been also widely studied in
diverse systems, mainly in single ultrathin layers. The mechanisms
of relaxation of thin films are principally due to the Gilbert or
intrinsic damping, inhomogeneous damping and the two-magnon
scattering mechanism. Here, the linewidth of the main mode of
the FMR spectra as a function of the out of the film plane angle and
of the ferromagnetic layer thickness is used for characterizing the
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contributions to the relaxation processes of magnetization. The
presented analysis about the structural and magnetic properties in
[NiFe/Ru] superlattices by FMR has not been reported before.

2. Experiment

The Ni81Fe19/Ru superlattices were deposited onto a Ru(50 Å)
buffer layer on Si(100) substrates at room temperature in a magnetron
sputtering system. The multilayer structure is denoted by [NiFe(t1)/
Ru(t2)]N, where t1 and t2 denote the thickness of the NiFe and Ru
layers, respectively and N, the number of bilayers. In one series of
samples, the thickness of the NiFe layer was varied between 10 and
200 Å and the Ru layer thickness was kept constant at 25 Å,
whereas in the other series, the NiFe layer thickness is 50 Å and
the Ru layer was varied between 7 and 40 Å. The multilayer samples
were capped with a 50 Å thick Ta or Cr layer.

The base pressure inside the deposition chamber was of the
order of 5�10�8 Torr and the films were grown in an Ar ambient,
with a working pressure of 2�10�3 Torr. The deposition rates
were 1.1 Å/s for NiFe and 0.8 Å/s for Ru, and they have been
estimated by determining the thickness of pure calibration films
for each material by X-ray reflectivity.

The structure of the samples was studied by X-ray reflectivisty
and X-ray diffraction at room temperature in a conventional θ�2θ
diffractometer using the Kα radiation of Cu. The FMR experiments
were performed at room temperature, using a high sensitive
Bruker ESP-3000 spectrometer, operating at the X-band micro-
wave frequency (9.79 GHz) and swept static magnetic field. The
FMR spectra were taken using standard modulation and phase
sensitive detection techniques, with the film at the center of a
high-Q cylindrical resonant cavity.

3. Results and discussion

3.1. Structural characterization

X-Ray reflectivity and high angle x-ray diffraction measurements
were performed in all samples. In Fig. 1 are shown the representative
reflectivity and diffraction patterns corresponding to the [NiFe(30 Å)/
Ru(25 Å)]20 multilayer. Here, the layer thicknesses in parenthesis
are nominal values estimated with the deposition rates obtained
with calibration films for each material. In the reflectivity pattern

(inset of Fig. 1), the Bragg peaks and the Kiessing fringes are
observed. The Bragg peaks are originated from interferences of
beams reflected at the NiFe/Ru interfaces and up to four peaks can
be distinguished. The presence of Bragg peaks indicates a multi-
layered structure with defined interfaces; the separation between
these peaks provides the thickness of a NiFe/Ru bilayer, that is, the
multilayer period. The presence of Kiessing fringes is also a signature
of well defined interfaces and the separation between the peaks of
these fringes provides the total thickness of the multilayer. The layer
thicknesses have been calculated by fitting, to the experimental data,
a theoretical curve calculated with a refinement program based on
Parrat formalism [23]. The fitting curve is also shown in the inset of
Fig. 1, superposed to the experimental data, and the layer thicknesses
obtained for this sample are 36.8 Å for NiFe and 27.7 Å for Ru, which
are close to the values estimated with the deposition rates.

The mean square interface roughness (s) was also obtained
from this fit; it is estimated by the root mean-square deviation of
the position of an interface atom in a perfectly smooth interface.
The s values obtained from the fit are around 4.0 Å and 2.1 Å for
the NiFe/Ru and Ru/NiFe interfaces, respectively. For the protective
layer, the calculated thickness is 46.9 Å and the surface roughness
is about 4.3 Å. An oxide layer in the sample surface has not been
considered for calculations. The specular reflectivity measure-
ments provide good information about the stacking of the layers
in a superlattice structure, mainly the multilayer period and
interfacial roughness. However, it is not sensitive to the crystalline
properties (lattice spacing, strain, etc.) of the layers and atomic
diffusion between them, which results in a fluctuation of the layer
thicknesses and plays a very important role in the magnetic
properties of the whole structure. This additional information
about short length scale disorder can be obtained from high-
angle X-ray diffraction measurements. The high-angle XRD
measurements for all samples have been performed around the
vicinity of the bulk hcp Ru(0002) and fcc NiFe (111) diffraction
peaks. In Fig. 1, the spheres represent the experimental data and
the solid line is a fit obtained by calculations using SUPREX [24].
For this fitting, several parameters were taken into account: lattice
spacing, thicknesses and strain of the layers, interfacial roughness
and diffusion. The layer thickness (37.6 Å for NiFe and 26.7 Å for
Ru) and interfacial roughness, obtained from the fit, are very close
to that obtained from the fit of the reflectivity profile.

In Fig. 2 are shown some of the high angle X-ray diffraction
profiles of the [NiFe(t1)/Ru(25 Å)]N and [NiFe(50 Å)/Ru(t2)]20 super-
lattices with different NiFe(t1) and Ru(t2) layer thicknesses. In all
diffractograms, the main Bragg peak is indicated by (0) and, around it,
we can observe several satellite peaks, which are indicated by an
index (n¼71, 72,..). The quality of the films is confirmed by the
presence of these satellite peaks, which appears when the struc-
tural coherence length (ξ) perpendicular to film is bigger than the
multilayer period. So, the presence of these peaks is a signature of
well-defined multilayered structures, indicating a good stacking
of the layers. In both series of samples, we can see that the number
of satellites increases for increasing NiFe or Ru layer thicknesses.
This reflects a well defined repeat distance of the [NiFe/Ru]
bilayers for increasing layer thicknesses, assuming coherence
between successive layers. We can also observe that the sharpness
of the satellites changes with the layer thickness. This indicates
also a short amount of step disorder for samples with thicker layer
thicknesses. The structural coherence length or grain size, in the film
growth direction, has been calculated with the Scherrer formula, given
by ξ¼0.89 λ/(B cos θ), where λ is the wavelength (1.5418 Å), B is the
full width at half maximum of the peak and θ is the angle at the
maximum of the peak. In samples with different NiFe layer thick-
nesses from 10 Å to 100 Å, with the Ru layer thickness constant (25 Å)
we observed an increase of ξ between 150 Å and 260 Å with
increasing t, whereas for samples with different Ru layer thickness
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Fig. 1. High angle X-ray diffraction pattern of the [NiFe(30 Å)/Ru(25 Å)]20 super-
lattice. The solid line is a fit calculated with SUPREX. The satellite peaks are
indicated by an index 7n and the dashed lines points the position of the diffraction
peaks for the bulk Ru and NiFe. The inset shows the X-ray reflectivity of the same
sample.
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from 7 Å to 40 Å and the NiFe layer thickness kept constant (50 Å), the
ξ values varied between 215 Å and 225 Å. According to the grain size
values, the samples are polycrystalline, and at least two bilayers are
coherent in the growth direction.

All diffractograms were refined with SUPREX. In Fig. 2, the solid
lines represent the fitting curves superposed to the respective
experimental data and the parameters used are summarized in
Table 1. Here, din is the interfacial disorder, s1 and s2 are the
roughness for NiFe and Ru layers, respectively, N1 (for NiFe) and N2

(for Ru) are the layer thicknesses in monolayers (ML). The zero
order peak is slightly shifted for the different NiFe and Ru
thicknesses, as indicated by the dashed line, following a change
of the average lattice spacing (dav) of multilayers, given by [24]:

2 sin θ

λ
¼ 1
dav

7
n
Λ

were dav ¼ Λ=ðNþNRuÞ, with the period Λ¼ t1þt2þti, in which, ti
is the interfacial distance. In Table 1, it is also shown the average
lattice spacing for the NiFe (d1) and Ru (d2) layers. It is also shown
the difference between the average lattice spacing (δd1 and δd2)
with respect do the bulk values for NiFe and Ru. These bulk values

are c¼4.2816 Å for hcp Ru and d111¼2.0438 Å for fcc NiFe, where
the last one has been calculated from the standard lattice constant
a¼3.5400 Å for fcc NiFe. This difference between the average
lattice spacing provides a measure of the lattice strain in multi-
layers, which results in an interfacial disorder and layer thickness
fluctuations. According to the model of Fullerton et al. [24], the
lattice spacing (d) normal to the layers of three monolayers near
the interface, in a superlattice, can be expanded or contracted a
quantity of ðΔdÞe�mα , where m indicates the position of the
monolayer away from the interface (m¼1, 2,3) and α is a constant
decay exponent of the strain. Furthermore, in all experimental
data, an interdiffusion term of about 0.3 Å was necessary for
refinement. Thus, this structural analysis clearly shows that in all
samples there is lattice strain, interfacial disorder and interdiffu-
sion and fluctuation of the layer thickness, which become very
important for understanding the magnetic properties.

3.2. Ferromagnetic resonance study

The FMR measurements were performed in all samples with a
fixed microwave frequency and sweep magnetic field. The applied
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Fig. 2. High angle X-ray diffraction patterns for some of the [NiFe(t1)/Ru(25 Å)]N (left hand) and [NiFe(50 Å)/Ru(t2)]20 (right hand) superlattices. The solid lines are fits
calculated with SUPREX. The dashed lines help to observe the shift of the zero order satellite peaks.

Table 1
Structural parameters obtained from fits of the X-ray diffraction data of the NiFe/Ru supelattices. The values in parentheses of the sample column are the nominal layer
thickness values. The meaning of each parameter is detailed in the text.

Sample t1(Å) t2(Å) din(Å) N1(ML) N2(ML) d1(Å) d2(Å) δd1(%) δd2(%)

[NiFe(50 Å)/Ru(40 Å)]20 63.33 37.80 0.15 31.42 9.58 2.0588 4.3233 0.73 0.97
[NiFe(50 Å)/Ru(35 Å)]20 63.28 36.00 0.20 31.33 9.26 2.0632 4.3154 0.94 0.78
[NiFe(50Å)/Ru(25 Å)]20 62.14 26.00 0.18 30.79 6.84 2.0605 4.3253 0.81 1.02
[NiFe(50 Å)/Ru(20Å)]20 62.29 20.14 0.16 30.89 5.46 2.0607 4.3583 0.82 1.79
[NiFe(50Å)/Ru(15 Å)]20 59.00 16.50 0.15 29.30 4.61 2.0572 4.3714 0.65 2.09
[NiFe(75 Å)/Ru(25 Å)]14 99.60 25.62 0.19 48.45 7.08 2.0934 4.1683 2.42 2.64
[NiFe(40 Å)/Ru(25 Å)]20 52.05 26.56 0.15 26.03 6.90 2.0886 4.2369 2.19 1.04
[NiFe(30Å)/Ru(25 Å)]20 37.62 26.71 0.17 18.52 7.13 2.0859 4.1790 2.05 2.39
[NiFe(20 Å)/Ru(25 Å)]22 25.34 26.15 0.17 12.43 7.03 2.1070 4.1246 3.09 3.66
[NiFe(15 Å)/Ru(25 Å)]22 20.45 25.66 0.16 10.10 6.87 2.1134 4.1643 3.40 2.73
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magnetic field direction (θH) was varied from 90 to 01 with respect
to the film normal.

3.2.1. Resonance modes and absorption fields
The FMR spectra of the NiFe/Ru superlattices analyzed here

presented one resonance mode in the parallel configuration
(θH¼901), when the magnetic field is applied parallel to the film
plane. However, the asymmetric shape of the spectra suggests the
superposition of two or more resonance modes. This can be
confirmed in the perpendicular configuration (θH¼01), in which
the magnetic field is applied perpendicular to the film plane. In this
orientation, the FMR spectra exhibited several resonance modes for
some of the [NiFe(50 Å)/Ru(t2)]20 and [NiFe(t1)/Ru(25 Å)]N super-
lattices. In the first system, for θH¼01, we observed multimodes
FMR spectra for the Ru thicknesses of t2¼40, 35, 30, 25 and 20 Å,
while for t2¼15, 13, 11, 9 Å and 5 Å, a single FMR mode has been
observed. In Fig. 3, the FMR spectra for some samples of the [NiFe
(50 Å)/Ru(t2)]20 system are presented. The main mode has the
highest resonance field and the other modes (secondary modes)
have a resonance field lower than the main one.

In the other system, we also observed a single mode FMR
spectra (for θH¼01), but only for samples with NiFe thicknesses of
t1¼200, 150 and 100 Å, whereas for samples with t1¼75, 40, 30,
20, 15 and 10 Å, multimodes FMR spectra were observed. In Fig. 4,
the FMR spectra of some samples of the [NiFe(t1)/Ru(25 Å)]N
system are shown. As in the first case, the main mode has the
highest resonance field and the other modes (secondary modes)
have a resonance field lower than the main one.

The FMR spectra for the samples of the [NiFe(50 Å)/Ru(t2)]20
system with t2 bellow 15 Å and for the samples of the [NiFe(t1)/Ru
(25 Å)]N system with t1 above 75 Å presented a single resonance
mode for all orientations of the applied field with respect to the
film plane. From the point of view of the magnetic microstructure,
a magnetic layer in a film with in-plane magnetic anisotropy has
several magnetic domains separated by the so-called Neel
domains walls. Each domain has a magnetization orientation that
changes in order to align with the applied field direction.

Furthermore, the structural disorder, like roughness and diffusion,
at the NiFe/Ru and Ru/NiFe interfaces lead to the formation of
magnetic regions with an effective magnetization less than the
value for bulk NiFe. The single FMR mode, observed for the
samples above, indicates that the magnetic domains and regions
of the NiFe layers are coupled trough an exchange interaction
across the non-magnetic Ru layer and rotates as a single domain
with magnetization M. For confirming the magnetic coupling
between NiFe layers, magnetization measurements at room tem-
perature were performed with a SQUID magnetometer in samples
with different Ru thickness. The data are shown in Fig. 5, in which
we can observe that the saturation field oscillates and decreases as
a function of the Ru thickness, which is an indication of oscillatory
interlayer coupling. For Ru thicknesses larger than 15 Å, the
hysteresis loops (not shown here) has the typical shape of a single
NiFe ferromagnetic layer. This suggests that the exchange coupling
energy reduces and lies to zero for these range of interlayer Ru
thicknesses. This is in agreement with studies of M. Belmeguenai et.
al. [6], where it was shown that for Ru thicknesses larger than 15 Å,
in NiFe/Ru/NiFe trilayers deposited by dc magnetron sputtering at
room temperature, the exchange coupling constant reduces and lies
to zero.

Thus, the single mode observed in the FMR spectra of the [NiFe
(50 Å)/Ru(t2)]20 system for t2o15 Å can be understood as the
resonance of the exchange-coupled domains and interfacial regions
of NiFe layers across the Ru interlayers. For t2415 Å, the coupling
strength becomes weak and for larger t2 lies to zero. This result in
the resonance of the non-coupled NiFe layers in FMR measure-
ments, which gives origin to the multi-modes spectra observed in
the perpendicular configuration. These phases can be associated to
the non uniform NiFe layers thicknesses and interfacial regions,
which can be explained by the structural disorder: The thickness of
the layers grown on the same deposition conditions can vary due to
the lattice strain and/or an increase of the bilayer number, resulting
in non uniform layer thicknesses throughout the same sample. The
X-ray diffraction analysis point out for fluctuations of the layer
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Fig. 3. FMR spectra for some of the [NiFe(50 Å)/Ru(t2)]20 superlattices measured
with the parallel (||) and perpendicular (?) orientation of the applied magnetic
field with respect to the film plane.

Fig. 4. FMR spectra for some of the [NiFe(t1)/Ru(25 Å)]N superlattices measured
with the parallel (||) and perpendicular (?) orientation of the applied magnetic
field with respect to the film plane.
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thicknesses. This results in magnetic phases with different effective
magnetizations giving rise to the additional peaks. The high
sensitivity of the FMR technique to small variations of magnetic
anisotropies and the low FMR linewidth of NiFe allow for the
observation of well resolved FMR lines at the perpendicular
orientation. All these modes have a resonance field lower than
the main mode in the perpendicular configuration, indicating
an effective magnetization lower than that for the pure NiFe.
Additional and strong FMR peaks has been also attributed to non
homogeneous layers in [Co/Cu] multilayers grown on Si/SiO2

substrates by magnetron sputtering [25]
On the other hand, for the FMR spectra of [NiFe(t1)/Ru(25 Å)]N

multilayers with variable t1, the single mode observed for
t1¼100 Å, 150 Å and 200 Å indicates that the samples behaves as
exchange-coupled systems, also mediated by an exchange inter-
action across Ru layers. According to the model of Bruno [26], the
strength of the exchange coupling between ferromagnetic layers,
decays with t1

�2, for a fixed non-magnetic spacer layer. This can
explain observation of a single mode for thick NiFe (t1475 Å) and
several modes observed for t1r75 Å, which must be associated to
the non-coupled NiFe layers. Thus, the origin of these secondary
modes can be also understood in terms of fluctuations of the
thicknesses, which lead to non-uniform layers. In both systems,
[NiFe(50 Å)/Ru(t2)]20 and [NiFe(t1)/Ru(25 Å)]N, the single reso-
nance mode observed in the parallel orientation of the applied
magnetic field, for all samples, is due to the proximity of the
resonance fields of the main and secondary modes at these
orientation, and then a superposition of the modes is observed.

In order to analyze the angular dependence of the resonance
fields of the main resonance mode, we used the dispersion relation
and the equilibrium condition, given the well known equations [17]

Hr cos ðθM�θHÞ ¼ 4πMef f sin θM cos θM ð1Þ

and

ðω=γÞ2 ¼ ½Hr cos ðθM�θHÞ�4πMef f cos 2θM �
�½Hr cos ðθM�θHÞ�4πMef f cos 2θM � ð2Þ

where, 4πMeff is the effective magnetization; it is defined as
4πMeff¼4πMs�Hk, where Hk is the perpendicular anisotropy field
and Ms is the saturation magnetization. ω is the angular microwave
frequency, γ(–gμB/ħ) is the electronic gyromagnetic ratio, where g is
the Landé-factor. The angles θM and θH are the equilibrium orienta-
tions of magnetization and applied magnetic field, respectively, with
respect to the film normal.

By fitting the out-of-plane angular dependence of the reso-
nance field for the main mode, using Eqs. (1) and (2), the effective
magnetization could be calculated for all samples. In Fig. 6 is
presented the Hr vs. θH curve for the [NiFe(50 Å)/Ru(25 Å)]20
superlattice, where open triangles represent the experimental
data and the dotted line is a fit obtained with Eqs. (1) and (2)
using 4πMeff¼9.49 kOe and g¼2.12. For samples with different
NiFe thicknesses, the 4πMeff values present a systematic decrease
for decreasing NiFe thickness. This behavior is attributed to the
interface and surface effects and it can be described with the
following equation [27]:

4πMef f ¼ 4πMef f ð1Þ 1�2Δd
t1

� �
ð3Þ

where 4πMeff(1) correspond to the effective magnetization of bulk
NiFe and the offset from the origin, Δd, is attributed to nonmag-
netic layers at the NiFe/Ru interfaces. This parameter gives the
thickness of magnetically inactive layers at interfaces. Eq. (3)
describes the effect of the reduced magnetization between the
NiFe/Ru and Ru/NiFe interfaces. In the inset of Fig. 6 are shown the
4πMeff values as a function the NiFe thickness of the [NiFe(t1)/Ru
(25 Å)]N samples, where the spheres represent the values obtained

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

Fig. 5. Magnetic hysteresis loops measured at room temperature with the applied magnetic field in the sample plane for some of the [NiFe(50 Å)/Ru(t2)]20 superlattices.
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from the FMR spectra and the solid line is a fit of Eq. (3) to the
data. This fit gives 4πMeff(1)¼10.23 kOe and 2Δd¼3.74 Å, which
are close to the values obtained for [NiFe/Cu]100 multilayers
deposited on Si(100) by magnetron sputtering [27].

3.2.2. Analysis of the linewidth: magnetic relaxation
The FMR linewidth is one of the most sensitive parameters of

ferromagnetic resonance in thin films. It can provide information
about relaxation processes of magnetization, which can be influ-
enced by structural and magnetic inhomogeneities. The basic
contributions to the peak to peak FMR linewidth can be written as

ΔH ¼ΔHhomþΔHinhomþΔHext ð4Þ
where ΔHhom is the homogeneous or intrinsic linewidth, which
describes an intrinsic mechanism of relaxation in terms of the
Gilbert-damping parameter (G) and the saturation magnetization
(Ms) of the ferromagnetic material. For out-of-plane angles, it is
written as [31]:

ΔHhom ¼ 2ffiffiffi
3

p G
γ2Ms

ω

DðθH ; θMÞ
ð5Þ

where D(θH,θM) is a function which describes the magnetization
dragging. However, for the purposes of this work, no explicit
expression of this function is needed; the explicit formula can be
found in reference [31].

The ΔHinhom term in Eq. (4) is the inhomogeneous linewidth
and it represents a broadening of ΔH due to sample defects. The
mechanism for the inhomogeneous part is described in terms of
spreads of crystallographic axes and variations of the internal
magnetic fields. For angular spread of crystallographic axes, we
have [4,31].

ΔHinhom ¼ ∂Hr

∂θH

����
����ΔθH ð6Þ

where ΔθH represent the spreads in the orientation of the
crystallographic axes.

Furthermore, there is another mechanismwhich contributes toΔH.
This is the two-magnon scattering of defects on film surfaces. The
scattering of the precession of the uniform mode into non uniform
ones is mediated by sample defects and results in this extrinsic

contribution to ΔH. The two magnon scattering mechanism is,
in general, dependent of the out-of-plane angle of the film´s
magnetization direction (θM), and consequently, of the out-of-
plane angle of the applied magnetic field direction (θH). However,
this mechanism remains active only up to a given angle θH, which
decreases with the microwave frequency. For 9,8 GHz, this value of
θH is approximately 821 and the magnetization angle θM is around
451, both with respect to the film plane [31]. An explicit expression
for the out-of-plane angular dependence of the linewidth due to
the two-magnon scattering is found in [31]. In this work, we only
report the contribution the two-magnon scattering mechanism to
the FMR linewidth in NiFe/Ru superlattices by analyzing the
magnetic layer thickness dependence of the peak to peak line-
width measured with the magnetic field applied parallel to the
film plane. The extrinsic linewidth, for in-plane angles, can be
written in a simplified form as [9,28]:

ΔHext ¼
1ffiffiffi
3

p 16sH2
k

πD

ffiffiffiffiffiffi
Hr

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hrþ4πMef f

p ð7Þ

where Hk is the perpendicular anisotropy field, D is the exchange
stiffness constant and s is a geometrical factor of the surface
roughness. Since the perpendicular anisotropy field is proportional
to t1

�1, then the extrinsic contribution to the linewidth varies
proportionally to t1

�2, which has been observed experimentally.
In order to see the contributions to the linewidth, measure-

ments of ΔH as a function of the out-of-plane angle, θH, were
performed. In Fig. 7(a) is shown the representative ΔH vs. θH curve
and it corresponds to the [NiFe(40 Å)/Ru(25 Å)]20 superlattice. In
parallel configuration (θH¼901), ΔH¼41 Oe, for perpendicular
configuration (θH¼01), ΔH¼57 Oe and at an intermediate angle
of θHE9.01, the linewidth has a maximum value of ΔH¼241 Oe.
The sharp peak of the ΔH vs. θH curve indicates that the linewidth
is composed by a homogeneous and inhomogeneous part. The
major contribution to the maximum value of ΔH, giving this peak,
comes from the orientation distribution of independent grains
with respect to the applied magnetic field direction, described by
the Eq. (6). In the inset of Fig. 7(a) is shown the calculated curve
for the angular dependence of the inhomogeneous linewidth for
the same sample, using Eq. (6) and considering an angular spread
of ΔθH¼0.321. As it is observed, the inhomogeneous broadening
has its major contribution for θHE9.01 and it becomes inactive for
the parallel and perpendicular configuration of the applied field.
Thus, when the applied magnetic field is parallel to the film plane,
the contribution of the inhomogeneous damping can be neglected
and the linewidth is well described by the Gilbert damping and
the extrinsic two-magnon contribution [28].

In Fig. 7(b) is shown the NiFe thickness dependence of the peak
to peak linewidth measured for the parallel configuration of the
applied field. Very small variations of the resonance field and
linewidth values for in-plane angles were observed, due to the in-
plane magnetic anisotropy of NiFe. So, average values have been
considered for the ΔH vs. t1 curve. Furthermore, the t1 values
obtained from fits of the X-ray diffraction data has been consid-
ered. From the fit of these data we can obtain the intrinsic and
extrinsic contributions to ΔH. Due to the dependence of the
extrinsic linewidth on the surface anisotropy field as Hs

2 (therefore
on t1

�2), the equation ΔH¼ΔHhomþΔhextt�2
1 can be used for fitting

the data, in which ΔHhom is the Gilbert damping contribution and
ΔHext ¼Δhextt�2

1 is the extrinsic contribution. We obtained ΔHhom¼
(40.172.0) Oe and Δhext¼(18.271.0) kOe Å2. This dependence of
the linewidth on t1

�2 indicates, as proposed by Arias and Mills [29],
that the extrinsic damping processes of magnetization are influ-
enced by the two-magnon scattering mechanism. These values are
close to the obtained ones for pure NiFe layers deposited on Si(100)
by magnetron sputtering [30].
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Fig. 6. Out-of-plane angular dependence of the resonance fields extracted from the
spectra of the [NiFe(50 Å)/Ru(25 Å)]20 superlattice. The dashed line is a fit obtained
with Eqs. (1) and (2) using 4πMeff¼9.49 kOe and g¼2.12. The inset shows the NiFe
layer thickness dependence of the effective magnetization obtained from the fit of
the Hr vs θH curves of the [NiFe(t1)/Ru(25 Å)]N samples. The solid line is a fit
obtained with Eq. (3).
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4. Summary and conclusions

The structural and magnetic properties of the Ni81Fe19/Ru super-
lattices were investigated using samples with different NiFe or Ru
thicknesses. The analysis by X-ray reflectivity provided the layer
thickness and interfacial main-square-roughness. The high angle
X-ray diffraction patterns revealed layer thicknesses close to that
obtained by reflectivity, interfacial diffusion and lattice strain. This
structural disorder leads to the formation of non uniform layer
thicknesses, giving rise to magnetic regions with different effective
magnetizations. In the FMR spectra of some samples, several reso-
nance modes were identified and attributed distinct magnetic phases
of samples. These modes were evident in samples with very low or
zero interlayer exchange coupling between NiFe layers across Ru. For
samples with strong exchange coupling, only a single FMR mode has

been observed and attributed to the resonance of the exchange
coupled NiFe layers. In the analysis of the linewidth, the dependence
of ΔH on t1

�2, where t1 is the NiFe layer thickness, indicates clearly a
contribution of the two-magnon scattering mechanism.
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Fig. 7. (a) Representative out-of-plane angular dependence of the peak to peak
linewidth, corresponding to the [NiFe(40 Å)/Ru(25 Å)]20 sample, in which the solid
line is a guide to eyes. In the inset is shown the inhomogeneous linewidth for the
same sample, calculated with Eq. (6), using ΔθH¼0.321. (b) NiFe layer thickness
dependence of ΔH for the [NiFe(t1)/Ru(25 Å)]N superlattices, where the open
squares are the experimental data and the solid line is a fit calculated with
ΔH¼ΔHhomþΔhext t�2
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