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The interlayer exchange coupling �IEC� and the magnetic anisotropy of Co/Ru�0002� hcp superlattices,
produced by magnetron sputtering, were studied by ferromagnetic resonance �FMR�. The main mode and a
secondary mode, with a higher resonance field, were identified in the perpendicular FMR spectra. The second-
ary mode is attributed to the resonance of the bulk of Co magnetic layers while the main mode is associated
with the Co/Ru interfacial phase. The linewidth dependence of the main FMR mode on the Ru thickness
clearly reproduces the oscillations of the IEC between Co layers. These oscillations are attributed to the effects
of lateral inhomogeneities of the IEC strength and have a period of about 12 Å. Moreover, they are in good
agreement with magnetoresistance and magnetization measurements performed in the same samples. The
dependence of the effective anisotropy constants on the Co layer thickness leads to the volume and surface
anisotropy constants of KV=−1.10�107 erg /cm3 and 2Ks=0.95 erg /cm2, respectively, and also to a critical
Co thickness of approximately 9 Å below which the magnetization is oriented perpendicular to the plane of
the film.

DOI: 10.1103/PhysRevB.78.134417 PACS number�s�: 75.30.Gw, 73.21.Cd, 73.21.Ac, 75.30.Ds

I. INTRODUCTION

Magnetic multilayers are a subject of intense research due
to their rich magnetic properties and potential applications in
magnetoresistive and spintronics devices. The giant magnet-
oresistance,1 the interlayer exchange coupling, and the mag-
netic anisotropy are some of the most important features of
magnetic multilayers. The discovery of the interlayer ex-
change coupling �IEC�, which oscillates between ferromag-
netic �FM� and antiferromagnetic �AF� as a function of the
spacer layer thickness,2 has led to an increased interest in the
topic of magnetic multilayers. The most prominent ap-
proaches to explain the oscillatory behavior of the IEC in-
clude the Ruderman-Kittel-Kasuya-Yosida3–5 and the quant-
um-well models,6–8 which are based on the response of the
conduction electrons of the spacer material separating the
magnetic layers. On the other hand, the magnetic anisotropy
is due to various mechanisms, including shape and magneto-
crystalline anisotropies, magnetostriction, and the reduced
symmetries at the interfaces. The interface-induced aniso-
tropy is strongly dependent on the preparation techniques
and conditions. A recent review of IEC and magnetic aniso-
tropy in thin films can be found in a recent book by Burstein
et al.9

Co/Ru multilayers particularly are good prototypes to in-
vestigate the magnetism of thin films. The IEC in this system
has been observed and investigated by several groups with
different techniques.2,10–13 However, there are no reports fo-
cusing on the oscillations of the IEC from the point of view
of the ferromagnetic resonance �FMR� linewidth in the
Co/Ru system. The linewidth is one of the most sensitive
parameters in FMR and it can be affected by the exchange
interaction. In the FMR of exchange-coupled multilayers, the

interlayer exchange is considered as an additional torque act-
ing on the surface spins of each magnetic layer and it can be
represented by an effective field and included in the Landau-
Lifshitz-Gilbert equation of motion. This exchange field
leads to an inhomogeneous broadening of the line as the
spacer thickness increases.14,15 Variations in the spacer thick-
ness are also accompanied by roughness changes, leading to
small lateral variations of the exchange field.14 These lateral
variations can be understood as a lateral inhomogeneity of
the IEC strength, which affects the linewidth in FMR. This
effect scales with the IEC and thus, oscillations of the line-
width as a function of the spacer thickness may be under-
stood as oscillations of the IEC.14,16,17 Here, the FMR mea-
surements in Co/Ru superlattices show that the dependence
of the FMR linewidth of the main mode on the thickness of
the Ru spacer reflects the oscillations of the IEC.

In the FMR spectra of several Co-based multilayers, an
additional resonance mode, which is not due to the exchange
interaction and whose origin is still unclear, has been ob-
served. As examples we have the Co/Pt,18 Co/Au,19 and
Co/Pd �Refs. 20 and 21� multilayers. In the studies reported
here, an additional mode was also observed, with a reso-
nance field higher than the resonance field of the main mode
in the perpendicular configuration of the applied external
field. The origin of this mode in Co/Ru multilayers has not
been discussed before and here an interpretation based on
x-ray diffraction results is proposed. A study of the magnetic
anisotropy of the Co/Ru superlattices was also performed,
giving the interface and volume contributions to the mag-
netic anisotropy energy and the critical Co layer thickness
below which the magnetization is preferentially oriented per-
pendicular to the film plane.
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II. PHENOMENOLOGICAL DESCRIPTION OF FMR
AND CONTRIBUTIONS TO THE LINEWIDTH

For a description of FMR in thin films, the following
coordinate system was considered: The film surface is in the

x-y plane, the external magnetic-field vector �H� � forms the
�H angle with respect to the normal to the film plane �z axis�,
and the direction of the magnetization �M� � of the film is
defined by the azimuthal � and polar � angles. The external

microwave field is perpendicular to the applied field H� .

When the film is in the presence of H� , M� interacts with an

effective magnetic field, given by H� eff=H� +H� int, where H� int
represents the internal fields of the sample. The precession of

M� is around H� eff and it is described by the Landau-Lifshitz-
Gilbert equation of motion:22

dM�

dt
= − �M� � H� eff +

G

�Ms
2 M� �

�M�

�t
, �1�

where �=g�B /� is the gyromagnetic ratio, g is the Landé
factor, �B is the Bohr magneton, G is the Gilbert-damping
parameter, and Ms is the saturation magnetization of the film.
Neglecting the damping effect in Eq. �1�, the equilibrium and
resonance conditions can be written, respectively, as

Hr cos�� − �H� = 4�Meff sin � cos � �2�

and

��/��2 = �Hr cos�� − �H� − 4�Meff cos2 ��

��Hr cos�� − �H� − 4�Meff cos 2�� . �3�

Here an effective magnetization is defined as 4�Meff
=4�Ms−Hk, where Hk is the perpendicular anisotropy field.
The contributions to the free energy of the films considered
here are the Zeeman energy, demagnetizing energy, and first-
order anisotropy energy. Equations �2� and �3� were used to
calculate the anisotropy constants of the Co/Ru superlattices.

The enhancement of the magnetization damping which is
due to the inhomogeneity of the IEC and its effect upon the
FMR linewidth, takes into account of the fact that the basic
contributions to the FMR linewidth can be written as23

	H = 	Hhom + 	Hinhom, �4�

where 	Hhom describes the intrinsic mechanism of relaxation
in terms of the Gilbert-damping parameter and the saturation
magnetization, and 	Hinhom describes an inhomogeneous
broadening due to sample defects. This inhomogeneous
broadening is due to the spread in the orientation of the
crystallographic axes and variations of the internal magnetic
fields 	Hint throughout the sample. 	Hint makes its most
significant contribution to the linewidth as the magnetization
approaches the orientation normal to the film. Since 	Hint is
related to the interlayer exchange by an effective exchange
field, the total linewidth may be affected by an inhomoge-
neous broadening coming from variations in the spacer
roughnesses, which consequently produce a small lateral
variation in the coupling field. Another mechanism which
can also contribute to the 	Hinhom term in multilayers is the
two-magnon scattering of defects on the film surfaces.23,24

However, this mechanism becomes inactive when the mag-
netization approaches the normal to the film plane.

III. EXPERIMENTAL DETAILS

The Co/Ru superlattices studied in this work were pre-
pared at room temperature with a dc-magnetron sputtering
system. They were deposited onto a Ru�50 Å� buffer layer
over Si�100� single-crystal substrates and covered by a pro-
tective Ta�50 Å� cap layer. The base pressure of the deposi-
tion chamber was less than 5�10−8 Torr and the Ar pres-
sure �working pressure� was kept constant at 2�10−3 Torr.
The deposition rates of both Co and Ru were of the order of
1 Å /s. The samples were prepared with Ru thicknesses
varying between 9 and 33 Å and Co thicknesses between 10
and 50 Å, which implies that the total thickness of the
samples varied between approximately 880 and 1100 Å.

The structural properties of the samples were analyzed by
x-ray reflectivity and x-ray diffraction. The data were taken
with a standard �−2� diffractometer, using the K
 radiation
of Cu. Magnetoresistance versus magnetic-field measure-
ments were performed using the four point method, with the
current in-plane �CIP� geometry, where the current is applied
in the plane of the films with the magnetic field also in the
film plane, but perpendicular to the current. Magnetization
measurements were obtained with a superconducting quan-
tum interference device magnetometer, with the magnetic
field applied parallel to the sample plane.

The FMR experiments were performed using a high sen-
sitive Bruker ESP-300 spectrometer operating at the X-band
microwave frequency �9.79 GHz� and swept static magnetic
field. The FMR spectra were taken using standard modula-
tion and phase-sensitive detection techniques with the film at
the center of a high-Q rectangular resonant cavity. All the
experiments, i.e., structural characterization, magnetoresis-
tance, magnetization, and FMR were performed at room
temperature.

IV. RESULTS AND DISCUSSION

A. Structural characterization

Representative x-ray reflectivity and x-ray diffraction re-
sults are shown in Fig. 1 for a �Co�50 Å� /Ru�15 Å��20 su-
perlattice. In the reflectivity pattern �Fig. 1�a��, up to six
Bragg peaks, due to the chemical modulation, are clearly
visible, confirming the periodic layered structure of our
samples. The period calculated from the positions of the
peaks ��=63 Å� is very close to the nominal value ��
=65 Å�, i.e., there is a difference of about 3% between the
nominal and calculated values. The combination of sharp
diffraction features with up to sixth order reflections indi-
cates that the layers are smooth and have well-formed inter-
faces. The interfacial roughness was estimated to be about
7 Å �mean-square roughness� by fitting the x-ray reflectivity
curves using the Phillips WINGIXA refinement program.
The high-angle diffractogram is shown in Fig. 1�b�, with the
main Bragg peak located at 2�=43.7° which corresponds to
a Co/Ru �0002� hcp structure. Several satellite peaks are also
present, which is a signature of a well-defined multilayered
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structure, indicating a good stacking of the layers and con-
firming the good quality of the samples. The grain size, cal-
culated from the linewidth at the half-height of the main
peak by using the Scherrer formula,25 is around 225 Å, i.e.,
four bilayers are coherent in the growth direction. The
Si�400� peak of the substrate and the Ta�110� peak of the
capping layer can also be identified.

The x-ray diffraction results for samples with different Co
layer thicknesses and 20 Å of Ru are shown in Fig. 2. It can
be seen that the crystalline quality is gradually reduced when
the Co layer thickness decreases. The grain sizes ���, calcu-
lated with Scherrer formula, are summarized in Table I,
where an increment of � with the Co layer thickness can be
observed. For samples with the same Co layer thickness
�50 Å� and different Ru thicknesses �varying from 9 to
33 Å�, grain sizes between 210 and 225 Å were found.

B. Magnetization and magnetoresistance measurements

To show evidences of an oscillatory IEC in our Co/Ru
samples, measurements of magnetization and magnetoresis-
tance as a function of the applied magnetic field were per-
formed in multilayers with different Ru thicknesses. Results
and comments are presented below.

Normalized hysteresis loops of �Co�50 Å� /Ru�tRu��20 su-
perlattices with tRu=11, 15, 17, and 20 Å are shown in Fig.
3�a�. The loops were measured along the plane of the films
and the magnetization per unit volume, as expected, is inde-
pendent of the Ru thickness. However, the shape of the
curves depends on the thickness of the Ru spacer, which
determines the magnetic coupling between Co layers. The
saturation fields for samples with tRu=15 and 17 Å are much
larger than those with tRu=11 and 20 Å. The dependence of

the saturation field on the Ru thickness is shown in Fig. 3�b�,
where two oscillations can be seen with a period of approxi-
mately 12 Å. The two maxima observed in Fig. 3�b� occur at
tRu=17 and 30 Å with saturation fields of 1470 and 800 Oe,
respectively, and are in good agreement with those reported
by Parkin et al.2 for Co/Ru superlattices produced by sput-
tering on Si�111� wafers. The dependence of the maximum
magnetoresistance �MR� on the Ru thickness of the same
multilayer system is shown in Fig. 3�c�. The MR values are
low, but the oscillatory dependence with tRu can be clearly
observed and the oscillations have the same period of 12 Å
as found in the analysis of the magnetization curves. The
maxima also occur at tRu=17 and 30 Å with MR values of
1.14 and 0.8%, respectively. The oscillations of the satura-
tion field and of the magnetoresistance as a function of the
Ru spacer thickness show clear changes in the sign of the
IEC of the Co/Ru multilayers. The Co layers are antiparallel
coupled in the ranges of 15–17 Å and 29–31 Å of Ru
thickness. The Hs and MR values in the first antiferromag-
netic range are larger than those of the second one, providing

FIG. 1. �Color online� �a� X-ray reflectivity and �b� x-ray dif-
fraction patterns of the �Co�50 Å� /Ru�15 Å��20 sample.

FIG. 2. �Color online� X-ray diffraction patterns of Co/Ru su-
perlattices with a constant �20 Å� Ru layer thickness and several
Co layer thicknesses.

TABLE I. Grain sizes ��� of Co/Ru superlattices with different
Co layer thicknesses, obtained from the x-ray diffraction analysis.

Sample
Grain size �

�Å�

�Co�10 Å� /Ru�20 Å��26 85

�Co�20 Å� /Ru�20 Å��24 184

�Co�30 Å� /Ru�20 Å��22 208

�Co�40 Å� /Ru�20 Å��20 225

�Co�50 Å� /Ru�20 Å��20 225
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additional evidence that the coupling strength decreases with
the Ru thickness.

C. Analysis by ferromagnetic resonance

Representative FMR spectra for Co/Ru superlattices are
shown in Fig. 4. They correspond to the �Co�50 Å� /
Ru�17 Å��20 sample, giving evidence of a main mode and a
secondary higher field mode in the perpendicular configura-
tion ��H=0° between the applied magnetic field and the nor-
mal to the film plane�. With increasing �H, the resonance
field for both modes decreases. At a specific angle �H of
approximately 9°, the two modes cross each other. With a
further increase of �H, the two modes separate again and in
the parallel configuration ��H=90°�, the resonance field of
the main mode is larger than that of the secondary mode. The
out-of-plane angular dependence of the absorption fields for
both main and secondary FMR modes of the
�Co�50 Å� /Ru�17 Å��20 superlattice is shown in Fig. 5.
Open triangles represent the experimental data and the
dashed lines are results from fits performed with the equilib-
rium and resonance conditions, given by Eqs. �2� and �3�.
The inset in Fig. 5 shows the calculated slope of the Hr
versus �H curve for the main mode. These fits give 4�Meff
=13.07 kOe and g=2.0 for the main mode and 4�Meff
=14.25 kOe and g=2.1 for the secondary mode. These val-

ues are lower than the known values26 of 4�Meff
=17.80 kOe and g=2.22 of bulk Co. This may imply that
both magnetic phases could be Co-Ru alloys with different
Ru content, as it was also observed in magnetron sputtered
Co/V multilayers27 with two uniform FMR absorption modes
attributed to bulk and interfacial phases. Two uniform FMR
modes observed in the spectra of pure Co monolayer films
deposited by evaporation on Si and glass substrates28 were
also attributed to different magnetic phases in the samples.
The first one was attributed to the region of the Co layer near
the substrate, and the second one, to the free region of the Co
layer. The second FMR mode, with a higher resonance field,
increases in amplitude and becomes more intense than the
first one, with a lower resonance field, as the thickness of the
Co layer is increased.

The FMR spectra measured with �H=0° in samples with
different Co layer thicknesses and a constant �20 Å� thick-
ness of Ru layers are shown in Fig. 6. For tCo=10 and 20 Å,

FIG. 3. �Color online� �a� Normalized hysteresis loops of the
�Co�50 Å� /Ru�tRu��20 superlattices for tRu=11, 15, 17, and 20 Å,
measured at room temperature and with magnetic field along the
film plane. �b� Dependence of the in-plane saturation field on the Ru
thickness. �c� Dependence of the CIP magnetoresistance on the Ru
thickness.

FIG. 4. �Color online� FMR spectra of the �Co�50 Å� /
Ru�17 Å��20 sample for some orientations between the external
magnetic field and the normal to the film plane. �⇑� Main uniform
mode, �⇓� secondary mode.

FIG. 5. �Color online� Out-of-plane angular dependence of
the resonance field of the two FMR modes of the
�Co�50 Å� /Ru�17 Å��20 sample. Open triangles are the experi-
mental results and dashed lines are fits performed with Eqs. �2� and
�3�. The inset is the calculated slope of the Hr versus �H curve for
the main mode.
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only the main mode was excited by the microwave field; the
spectrum for tCo=10 Å is wider and it is not shown here.
The observation of two well-defined resonance modes, in the
spectra shown in Figs. 5 and 6, suggests the presence of two
magnetic regions in the samples. For tCo=10 and 20 Å only
one mode is observed due to only one magnetic phase
present. As tCo increases to 30 Å the secondary mode ap-
pears and becomes more intense with increasing tCo, suggest-
ing the formation of a second magnetic phase that increases
in volume with tCo �the intensity of the mode is proportional
to the magnetization times the volume of the region�. We
believe that the first magnetic phase, giving the main FMR
mode, excited by the microwave field in all samples, corre-
sponds to Co/Ru interfacial regions with a lower effective
magnetization. The second magnetic phase, giving the sec-
ondary FMR mode, is believed to be associated with the bulk
of the Co layers with a higher effective magnetization. FMR
measurements in the parallel geometry of the applied field
support this conclusion. The spectra showed two absorption
modes �clearly separated for samples with thick Co layers�
and give evidence of hard and easy magnetization axes in the
plane of the films, 90° apart and with an anisotropy field of
up to 40 Oe. The reduced 4�Meff value of the main FMR
mode, attributed to the Co/Ru interfacial regions, could also
be due to an induced spin polarization of Ru. It is known in
the literature29 that Ru polarizes when in contact with Co.
This spin polarization can lead to a reduction of Co magnetic
moments at the Co/Ru interfaces and consequently of the
effective magnetization, forming a region with a lower effec-
tive magnetization as a distinct phase in the sample. How-
ever, the possibility of the Ru polarization and the reduction
of Co magnetic moments, as well as other interface effects,
need to be analyzed in more detail with element-selective
techniques.

The reduction of the resonance fields of both the reso-
nance modes in Fig. 6, as the Co layer thickness is de-
creased, is an indication of a decrease of the local effective

magnetization. This can be better understood if we consider
the resonance condition for a magnetic field applied perpen-
dicular to the plane of the film, given by14 � /�=Hr
−4�Meff. In the FMR experiments performed here, the mi-
crowave angular frequency � was kept constant and the �
factor is considered as a constant of the material. Thus, a
reduction of the local effective magnetization 4�Meff results
in a decrease of the resonance field Hr in the perpendicular
FMR spectra. This reduction of 4�Meff is due to surface and
interface effects. For the Co layer thicknesses in the ranges
used here �50−10 Å�, the surface and interface effects
strongly affect the effective local magnetization, since the
contribution of the spin-orbit interaction to the free energy
starts to overcome the contribution of the dipole-dipole in-
teraction. For larger Co thicknesses, variations of Hr are neg-
ligible since at these thicknesses the bulk effects overcome
the surface and interface effects.

In order to see an inhomogeneous broadening of the line-
width, the total peak to peak linewidth was measured as a
function of the out-of-plane angle. The inhomogeneous con-
tribution to the total linewidth arises from the broadening
induced by magnetic inhomogeneities, such as the internal
static magnetic fields and the orientation of the crystallo-
graphic axis or anisotropy axis. This contribution should al-
ways be considered in magnetic multilayers, since all
multilayer samples have defects that can give rise to mag-
netic inhomogeneities. Figure 7 shows the 	H versus �H
curves of the main FMR mode of the �Co�50 Å� /Ru�tRu��20
superlattices for tRu=11, 17, 23, and 27 Å. The shape of the
curves implies that the linewidth is composed of a homoge-
neous and an inhomogeneous parts. The homogeneous part is
due to an intrinsic damping mechanism that is always present
in the samples, whereas the inhomogeneous part is usually
written as23

FIG. 6. �Color online� Perpendicular FMR spectra of Co/Ru
superlattices with different Co layer thicknesses. �⇑� Main uniform
mode, �⇓� secondary mode.

FIG. 7. Out-of-plane angular dependence of the linewidth of the
main FMR mode of the �Co�50 Å� /Ru�tRu��20 superlattices for
tRu=11, 17, 23, and 27 Å. Solid lines are just guides for the eyes.
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	Hinhom = � �Hr

��H
�	�H + � �Hr

�H
�	H + � �Hr

�Hint
�	Hint,

�5�

where 	�H and 	H represent the spread in the orientation
of the crystallographic axes and 	Hint represents the varia-
tions of the internal magnetic fields throughout the sample.
The sharp peaks of the curves in Fig. 7 are given by the slope
of the respective Hr versus �H curves and it is described by
the ��Hr /��H�	�H term in Eq. �5�, as shown by the inset of
Fig. 5 for the main mode of the �Co�50 Å� /Ru�17 Å��20
superlattice. In this work, no simulations of the linewidth
were performed. The experimental results just give evidence
that the linewidth of the main FMR mode in the perpendicu-
lar configuration of the applied field has an oscillatory de-
pendence with the Ru layer thickness, following the same
behavior of the IEC. In Fig. 8, this dependence is shown for
the �Co�50 Å� /Ru�tRu��20 superlattices, which were also
analyzed by magnetoresistance and magnetization measure-
ments. The period of the oscillations is also 12 Å and the
two maxima occur in the same ranges of Ru thicknesses
deduced from the dependence of the Hs and MR values on
the Ru thickness, shown in Figs. 3�b� and 3�c�, respectively.
Furthermore, a broadening of the linewidth of about 400 Oe
can be seen from the ferromagnetic to the antiferromagnetic
phase. This suggests that the damping process of the magne-
tization is influenced by contributions coming from the inho-
mogeneity of the IEC strength. If we assume an ideal case
where the Co/Ru interfaces are perfectly flat and the effect of
interface roughness is negligible, the separation between Co
layers would be homogeneous, i.e., the Ru layer thickness
would be the same in different parts of the sample, leading to
a homogeneous distribution of the IEC strength throughout
the whole sample. But in our case, where interfacial rough-
nesses are present and play an important role, the separation
between Co layers is inhomogeneous in the whole sample.
This leads to an inhomogeneous distribution of the IEC
strength between magnetic layers. These inhomogeneities of
the IEC strength can be treated as variations of the coupling
field and consequently of the internal fields and lead to
slightly different resonance fields which influence the inho-
mogeneous part of the linewidth and consequently the total

linewidth. This results in a broadening of the total linewidth
due to the overlap of the signals coming from different re-
gions of the sample. Indeed, as evidenced by the x-ray dif-
fraction and x-ray reflectivity results, the Co/Ru samples
analyzed in this work have good stacking of the layers but
the interfaces present roughnesses whose mean-square value
was estimated by fitting the reflectivity patterns. These
roughnesses are believed to be responsible for the inhomo-
geneous interlayer exchange coupling. The inhomogeneity of
the internal fields is described by the ��Hr /�Hint�	Hint term in
Eq. �5� and represents contributions to the linewidth coming
from variations of the resonance field with respect to the
internal fields. Moreover, as Fig. 8 reveals, the inhomogene-
ity of the IEC strength scales with the coupling between Co
layers on the Ru thickness, leading to oscillations of the line-
width as a function of tRu. Oscillations and broadening of the
FMR linewidth due to inhomogeneities were also reported in
Co/Cu multilayers,15 Co/Cu superlattices,16 and NiFe/Ru/
NiFe trilayers.17

Magnetic anisotropy

The interface and volume contributions to the anisotropy
energy of Co/Ru superlattices can be obtained by using the
anisotropy constant values of samples with different Co layer
thicknesses. The effective anisotropy is defined as Keff=Ku
−2�Ms

2, where Ms is the saturation magnetization and Ku is
the anisotropy constant which contains the magnetocrystal-
line and magnetoelastic contributions. The Keff values can be
deduced using 4�Meff=4Ms−2Ku /Ms, with the effective
magnetization values obtained by fitting the out-of-plane an-
gular dependence of the resonance field, as was performed
for the �Co�50 Å� /Ru�17 Å��20 sample. According to the
well-known phenomenological model, which relates the ef-
fective anisotropy constant to the thickness t of the magnetic
layer and the volume KV and interface Ks anisotropy con-
stants, given by30

Keff = KV + 2Ks/tCo, �6�

the KV and Ks values can be obtained by fitting Keff as a
function of 1 / tCo. The plot of Keff versus 1 / tCo of the Co/Ru
superlattices is shown in Fig. 9. Open squares represent the
experimental data and the dashed line is the result of a fit

FIG. 8. �Color online� Dependence of the linewidth of the main
mode of the perpendicular FMR spectra on the Ru layer thickness
of the �Co�50 Å� /Ru�tRu��20 superlattices. The dashed line is just a
guide for the eyes.

FIG. 9. �Color online� Plot of Keff versus 1 / tCo for the
�Co�tCo� /Ru�20 Å��N superlattices. Open squares are the experi-
mental values and the dashed line is the fit performed with Eq. �6�.
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performed using Eq. �6�. The fit yields KV=−1.10�107

erg /cm3, which includes the demagnetization energy and the
magnetocrystalline energy, and 2Ks=0.95 erg /cm2, which is
associated with the Néel anisotropy. Furthermore, we can
estimate a critical Co layer thickness �tc�, below which the
magnetization should be preferentially oriented perpendicu-
lar to the film plane by using tc=2Ks /KV. The value of tc is
approximately 9 Å. The anisotropy constant values and the
critical Co thickness are very close to the known experimen-
tal values given in the literature31 for evaporated Co/
Ru�0001� superlattices.

V. SUMMARY AND CONCLUSIONS

In summary, Co/Ru superlattices were grown over Si�100�
wafers by dc-magnetron sputtering at room temperature and
characterized by x-ray reflectivity, x-ray diffraction, magne-
tization, magnetoresistance, and ferromagnetic resonance
measurements. The samples analyzed in this work have good
structural quality and smooth interfaces as evidenced by the
x-ray diffraction and x-ray reflectivity analyses. The FMR
spectra show two absorption modes, the main mode and a
secondary mode with a higher resonance field when the ex-
ternal magnetic field is applied perpendicular to the film
plane. These modes were attributed to the presence of two

magnetic phases in the samples. The first one, which is lo-
cated in the main mode and has a lower effective magneti-
zation, is found in the interfacial Co/Ru regions, while the
second mode, with a higher effective magnetization, is the
bulk of the Co layers. The interfacial roughness leads to an
inhomogeneous distribution of the IEC strength. This inho-
mogeneity leads to a broadening and oscillations of the FMR
linewidth as a function of the Ru thickness, reflecting the
oscillations of the exchange coupling between Co layers with
a period of about 12 Å, between ferromagnetic and antifer-
romagnetic couplings, also observed with magnetoresistance
and magnetization measurements. The values of the effective
anisotropy constant �Keff�, obtained by fitting the out-of-
plane angular dependence of the resonance field of the main
mode in samples with different Co layer thicknesses, imply
the volume and surface anisotropy constants of KV=−1.10
�107 erg /cm3 and 2Ks=0.95 erg /cm2, respectively. They
also imply a critical Co thickness of approximately 9 Å be-
low which the magnetization is oriented perpendicular to the
film plane.
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