Eur. Phys. J. B 59, 475-483 (2007)
DOI: 10.1140/epjb/e2007-00071-1

THE EUROPEAN
PHYSICAL JOURNAL B

Ferromagnetic resonance study of sputtered Co|Ni multilayers

J.-M.L. Beaujour"»®*, W. Chen', K. Krycka3, C.-C. Kao?, J.Z. Sun?, and A.D. Kent!-P

! Department of Physics, New York University - 4 Washington Place, New York, NY 10003, USA
2 IBM T. J. Watson Research Center - Yorktown Heights, NY 10598, USA
3 Brookhaven National Laboratory - Upton, New York 11973, USA

Received 1st October 2006 / Received in final form 9 February 2007
Published online 14 March 2007 — © EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2007

Abstract. We report on room temperature ferromagnetic resonance (FMR) studies of [¢ Co|2¢t Ni] x N
sputtered films, where 0.1 < ¢t < 0.6 nm. Two series of films were investigated: films with the same
number of Co|Ni bilayer repeats (N = 12), and samples in which the overall magnetic layer thickness is
kept constant at 3.6 nm (N = 1.2/¢). The FMR measurements were conducted with a high frequency
broadband coplanar waveguide up to 50 GHz using a flip-chip method. The resonance field and the full
width at half maximum were measured as a function of frequency for the field in-plane and field normal
to the plane, and as a function of angle to the plane for several frequencies. For both sets of films, we
find evidence for the presence of first and second order anisotropy constants, K1 and K2. The anisotropy
constants are strongly dependent on the thickness ¢, and to a lesser extent on the total thickness of the
magnetic multilayer. The Landé g-factor increases with decreasing t and is practically independent of the
multilayer thickness. The magnetic damping parameter «, estimated from the linear dependence of the
linewidth AH, on frequency, in the field in-plane geometry, increases with decreasing ¢t. This behaviour is
attributed to an enhancement of spin-orbit interactions with decreasing Co layer thickness and in thinner
films, to a spin-pumping contribution to the damping.

PACS. 76.50.+g Ferromagnetic, antiferromagnetic, and ferrimagnetic resonances; spin-wave resonance —
75.30.Gw Magnetic anisotropy — 75.70.Cn Magnetic properties of interfaces (multilayers, superlattices,

heterostructures)

1 Introduction

An understanding of magnetization dynamics in very thin
ferromagnetic layers is central to the physics and applica-
tion of spin-transfer, as devices are typically composed of
layers only a few nanometers thick [1]. For example, the
threshold current density for magnetic excitations is pro-
portional to the magnetic damping parameter «, which
can depend on the layer environment [2—4]. Further, in
most spin-transfer devices, current-induced excitation in-
volves precession of the magnetization out of the thin-film
plane. The easy-plane anisotropy associated with the thin
film geometry therefore plays a significant role in the re-
sulting precession and reversal. It is also predicted to set
the threshold current, since this anisotropy is often much
larger than the in-plane anisotropy [5]. It is therefore of
interest to vary the easy-plane anisotropy and experiment
with layers with perpendicular magnetic anisotropy [5,6].
In fact, very recently Co|Ni multilayers were incorpo-
rated into spin-transfer devices [7]. This magnetic mul-
tilayer system is interesting because it has a tunable
easy-plane anisotropy, and devices which incorporate such
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layers exhibit a reasonable GMR. Early on, Daalderop
et al. showed that evaporated Co|Ni multilayers exhibit
large perpendicular magnetic anisotropy (PMA) and per-
pendicular magnetization [8]. In addition, it was shown
that by varying the Co|Ni thickness ratio it is possible to
change the effective demagnetization field. While there has
been a great deal of experimental research on Co|Ni mul-
tilayers, study of the ferromagnetic resonance linewidth
and the magnetization damping of multilayers has yet to
be reported.

In this paper, we present a study of the magnetic
properties and the magnetization dynamics of sputtered
[t Co|2t Ni]xN multilayers. We discuss the sample fab-
rication, the structural characterization of the films, and
the experimental setup. Then the thickness dependence
of the effective anisotropy field and the Landée g-factor
is presented and analyzed. Finally, the magnetic damping
parameter « is estimated and its thickness dependence is
discussed.

2 Sample fabrication and experimental set-up

Two series of films with the layered structure ||Pt|Cul]
[t Co|2t Ni]xN|Cu|Pt|| were fabricated, where N is the
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Fig. 1. The diffraction pattern (a) at 0° (along the [111] di-
rection) and (b) at 54.74° (along the [200] direction) for [0.1
Col0.2 Ni] x 12 (1, 1'), [0.3 Col0.6 Ni] x4 (2, 2') and [0.3
Co|0.6 Ni] x 12 (3, 3'). The curves are shifted up for clar-
ity. The dashed lines show the q value for bulk fcc (111) Pt
(q=2.7735 A=1), Cu (q=3.0107 A=), Co (q=3.07077 A1)
and Ni (q=3.0882 A~1).

number of bilayer repeats. The Co|Ni layer thickness ratio
was kept constant at 1 to 2, and ¢ was varied between 0.1
and 0.6 nm. The Pt and Cu layers are 5 nm and 10 nm
thick respectively. For one series of multilayers, the num-
ber of Co|Ni bilayer repeats was kept constant at N = 12
with 0.1 < ¢ < 0.6 nm. Thus, the total thickness d of
the magnetic multilayer varied from 7.2 to 21.6 nm. For
the other set of samples, N was chosen so that d is con-
stant at 3.6 nm with N = 1.2/t. Note that d = 3.6 nm
is in the range of the free layer thicknesses used in spin-
transfer devices. The multilayers were prepared by DC
magnetron sputtering at room temperature on oxidized Si
wafers, with no applied magnetic field. The base pressure
in the UHV system was 2 x 107 Torr and the Ar pressure
was 1.7 x 1073 Torr. The stacking of the individual Co and
Ni layers was achieved by opening and closing shutters.

2.1 Structural characterization

Non-resonant X-ray diffraction (XRD) was carried out on
films with magnetic layer structures of [0.1 Co|0.2 Ni] x 12,
[0.3 Co[0.6 Ni] x 4, and [0.3 Co[0.6 Ni] x 12 at 1.6295 A
(7.6084 keV) at NSLS beamline X16B (Fig. 1). The wave-
length was calibrated using an Al,O3 powder sample, and
the intensity was collected with a solid state Bicron detec-
tor. In all films the Pt and Cu layers have a face centered
cubic (fce) structure evident from the (111) and (200) re-
flections present for both elements. In Figure 1a, the mea-
surements were taken with the scattering vector along the
sample normal, and here the (111) reflection dominates. In
Figure 1b the sample was rotated by 54.74° about the in-
cident beam so that the scattering vector probed along the
[200] crystal orientation as defined for the [111] orientation
aligned with the sample normal. Although both the (111)
and (200) reflections can be seen in this geometry, there
is an obvious enhancement of the (200) reflection (second
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Fig. 2. The diffraction pattern of [0.3 Co|0.6 Ni] x 12 (a) at
the Cu K-edge (8.979 keV), (b) off resonance (9.5 keV) and
(c) at the Co K-edge (7.709 keV). The solid black lines are the
resulting Gaussian multi-peaks fit.

set of peaks at higher q). These results are consistent with
a textured film whose (111) orientation aligns along the
sample normal. An unexpected finding is that while the
(111) and (200) Pt peaks are close to their nominal va-
lues at a sampling angle of 54.74° to the sample normal,
the (111) peak shifts to lower q (expanded lattice) when
measured along the sample perpendicular. This feature is
present in all the films and indicates an expanded lattice.
It is not expected that the strain could be induced from
the Cu with a smaller lattice spacing, but the effect of
in-plane strain and of the substrate with which the Pt is
also in contact with could also play a role.

In order to quantitatively separate the Co and Ni
from the Cu and to determine whether they also have
a fcc structure we obtained resonant diffraction data from
NSLS beamline X6B at both the Co and Cu K-edges,
which minimizes Co and Cu elastic scattering contribu-
tions, respectively. For these measurements we studied
the thickest sample [0.3 Co]0.6 Ni] x 12 exclusively and
focused on the out-of-plane (111) peak region where the
scattering was strongest. Figure 2 shows that there ap-
pears to be four distinct peaks in this region. Two of these
correspond well to nominal Cu (111) at 3.01 A=! and to a
mix of nominal Co and Ni (111) (which are nearly lattice
matched and are assumed to have similar structure and
texture) at 3.07 A=! to 3.09 A~1. The peak between them
can be explained by a Cu|Co+Ni intermediate region cen-
tered at 3.040 £ 0.005 A= which forms a peak distinct
from the bulk Cu and bulk Co+Ni. The fact that it is
most prominent away from both the Cu and Co absorp-
tion edges indicates it contains the scattering from both
elements. Finally, the lowest q peak at 2.98 A= clearly
decreases at the Cu K-edge (i.e. it involves Cu), does not
change relative intensity when the photon energy is tuned
to the Pt L3 edge (i.e. does not include Pt), and is un-
affected by the total thickness of the Co and Ni layers.
Thus, it is likely the result of strain on Cu by the Pt that
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Fig. 3. (a) Geometry of the FMR measurements. The Net-
work Analyzer ports are connected directly to the CPW. (b)
Direction of the applied magnetic field H and the magnetiza-
tion M. Measurements were conducted with the field in the
(z-y) plane, i.e 0 = /2.

has a slightly larger fcc lattice structure than bulk fcc
Cu. The question remains open as to whether the inter-
mediate Cu|Co|Ni peak is indeed a single lattice-matched
region, or comprised of yet more overlapping sub-peaks
of slightly different lattice spacing. With the present data
we cannot say with certainty which case is true. However,
the fact that the center of this intermediate peak does not
shift in reciprocal space when going from the Co to the
Cu K-edge is an indication that both the Co and the Cu
could be fully lattice matched here. A new, more analytical
method based on resonance scattering has been developed
to analyze just such situation, and will be reported in a
forthcoming article.

2.2 Experimental technique

FMR measurements were conducted at room temperature
employing a coplanar waveguide (CPW) as an ac magnetic
field generator and inductive sensor [9]. The CPW is made
of a 200 nm thick Au film, deposited on a semi-insulating
and polished 350 pym thick GaAs wafer. The metallic layer
was patterned using a bi-layer photolithographic process.
The microwave device was designed to have a characte-
ristic impedance of 50 €2 above 4 GHz: the signal line is
50 um wide and is separated of the ground plate by a
gap of 32 um. The CPW was placed into a brass cavity
and connected directly to the ports of a Network Ana-
lyzer. Care was taken to avoid magnetic components in
the cavity and in all contacts to the CPW. FMR spectra
were measured by placing the magnetic sample metal face
down on the CPW. For a fixed frequency (4 to 50 GHz),
the external magnetic field was swept while measuring the
S-parameters of the transmission line. The measurements
were conducted with dc fields up to 10 kG. Figure 3a shows
the geometry of the measurements. The applied field was
monitored with a Hall probe sensor, and the calibration
of the sensor was verified using electron paramagnetic res-
onance (EPR) on 2,2-diphenyl-1-picrylhydrazyl (dpph), a
spin 1/2 system. The cavity was mounted on a rotating
arm that enables FMR measurements in the parallel geom-
etry (H in the film plane), in the perpendicular geometry
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Fig. 4. Frequency dependence of the resonance field Hyes of
[IPt|Cu|50 nm Co|Cu|Pt|| and ||Pt|Cu|50 nm Ni|Cu|Pt|| sput-
tered on Si-SiO2 substrate. The frequency dependence of Hyes
is fitted to f2/Hyes = (915 /h)(Hyres + 47 Meg) where the zero
frequency intercept gives 4mMeg and the slope provides the
g-factor.

(H normal to the film plane), and as a function of the
angle of the dc field and the film plane. All measurements
were performed with the applied field perpendicular to the
ac magnetic field.

The FMR response of a 50 nm Co and of a 50 nm
Ni film sputtered on Si-SiO, substrates was measured
(Fig. 4). The magnetic layers have the same layer envi-
ronment as the Co|Ni multilayers, with a ||5 nm Pt|10 nm
Cu| base layer and a |10 nm Cu|5 nm Pt|| top layer. The
frequency dependence of the resonance field in the paral-
lel geometry is fitted to the Kittel formula [10]. For the
50 nm Co film, the estimated value of the magnetization
density ME° = 1408 + 16 emu/cm?® and the measured
g-factor g©° = 2.148 + 0.009 agrees within 0.5% with the
parameters of the bulk material, My = 1400 emu/cm?® and
g = 2.145. For the film with 50 nm Ni, the experimental
g-factor value gN' = 2.208 4 0.018 is in good agreement
with the literature value (¢ = 2.21), whereas the esti-
mated magnetization density MM = 416 + 14 emu/cm?®
is about 15% smaller than that of bulk Ni. Because fcc
Co and Ni have about same lattice constant, ac, =
3.545 A [11] and ani = 3.524 A [12] respectively and
same density (~8.91 g/cm?), the magnetization density
of [t Co|2t Ni] x N is determined from the average My =
(ME° + 2MNY) /3, hence My = 747 emu/cm®. Note that
the magnetic materials are immiscible at room tempera-
ture [13]. We assume that the magnetization density of
the individual Co and Ni layers is thickness independent.

3 Theory

The geometry of the vectors is shown in Figure 3b. M is
the magnetization, H is the applied magnetic field, and
0, ¢ and ¢y, are the angles associated with these vectors.
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The film is in the (z-z) plane. We assume that the Co and
Ni layers are strongly ferromagnetically exchange coupled,
and as a consequence the magnetization of the multilayer
can be approximated as a macrospin. The applied field is
chosen to remain in the (z-y) plane. For a polycrystalline
film all directions in the film plane are equivalent, so M
will also remain in the (z-y) plane, hence § = 7/2. The
total magnetic energy density of the system F; is given by
the expression [14]:

E, = —M H (cosgcosdy + singsingy)
+ 2rM?2sin?p — (K 4 2K5)sin®¢ + Kosing. (1)

The first and second term represent the Zeeman en-
ergy and the magnetostatic energy respectively. The last
two terms are the uniaxial anisotropy energy, where K;
and Ko are the first and second order effective uniaxial
anisotropies. K1 and K5 include the surface anisotropy
(Néel-type) energy and the magneto-elastic anisotropy en-
ergy. The surface anisotropy originates from the broken
symmetry at interfaces of the multilayer [15] and the strain
can be induced by the lattice mismatch between the layers.
With our notation, positive values of the anisotropy con-
stants favor magnetization normal to the film plane. For
a given direction of the applied magnetic field, the equi-
librium position of the magnetization is calculated from
(0E/0¢) = 0 and is given by the relation:

2H,essin(opg — ¢) = 4w Mogsin2¢, (2)

where the effective demagnetization field is defined as:
2K, 4K,
My M

If K5 is not negligible, then 47 M g is dependent on an-
gle and for K; and K, positive (47 M.g)" is larger than
(47 Mg )\l

dnMog = 4w Mg —

cos’o. (3)

3.1 Resonance field

From the Smit and Beljers formula [16], the resonance
condition is:
w =7 H1 Hg, (4)
where:
Hy, = Hcos(¢pu — ¢) — 41 Mgsin?e, (5)

and

2K
M2 sin?2¢.  (6)

S

Hy = Hcos(¢n — ¢) + dmMegcos2¢ +

~v(=gup/h) is the gyromagnetic ratio. For the the parallel
geometry (¢ = 0°) and perpendicular geometry (¢ =
90°), the resonance conditions are:

2
2K 4K,
(g) = Hres (Hres + 47TMS - ! - 2)7 (7)

Y I M M
and ol
w 1
— = Hyes — 47 Mg + ——. 8
<7>L M ®)
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Fig. 5. Typical absorption lines of [0.6 nm Co|1.2 nm Ni] x 12
(a) at 8, 12 and 16 GHz with the applied field H in the film
plane (b) at 3, 4 and 6 GHz with H normal to the plane and
(c) at 4 GHz for a selection of out-of-plane angles (¢u = 61°,
86° and 90°).

3.2 Linewidth and damping

It is common to express the frequency dependence of the
full width at half maximum in the following form [10]:

AH(f) = AHy + 4”70‘ f. (9)

A Hj describes an inhomogeneous broadening due to sam-
ple imperfections and is assumed to be independent of
the frequency. The second term, known as the intrinsic
linewidth, is proportional to the magnetic damping pa-
rameter « and scales linearly with the frequency f. By
measuring the FMR signal at several frequencies, @ can
be extracted from the slope of the curve AH(f). The in-
tercept with the zero frequency axis gives AHy.

4 Experimental data and discussion
4.1 Resonance field

Figure 5 presents typical normalized FMR peaks of a
[0.2 nm Co|0.4 nm Ni] x 12 multilayer for different field
directions. The presence of a single resonance for all the
three measurements geometries suggests that the mul-
tilayer behaves as a single magnetic film and that the
macrospin picture is appropriate to describe the FMR
response. The absorption lines were normalized by sub-
stracting the background signal and dividing by the rel-
ative change in transmission at resonance. The lineshape
of the FMR curves is typically Lorentzian. We also ob-
served asymmetric lineshapes at some frequencies, which
we attribute to the mixing of the absorptive and disper-
sive components of the susceptibility [17], due to “poor”
deembedding of the transmission line.

The frequency dependence of H,.s for in-plane and
normal to the plane field directions, and the angular de-
pendence of the resonance field are shown in Figure 6.
The effective demagnetization in the parallel geometry
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Fig. 6. The angular dependence of H,es of [0.3 nm Co|0.6 nm
Ni] x 12 multilayer at 4 GHz, where ¢pu = 0° corresponds to the
parallel geometry. The insets show the frequency dependence
of the resonance field for ¢up = 0° and ¢u = 90° , and the
corresponding effective demagnetization field (47 Mz)!! and
(47 Megt) ™.

(4 Meg)!! = 4801436 G and the g-factor g = 2.221-+0.006
are determined using equation (7) and the method de-
scribed in Section 2.2. Equation (8) is used to fit Hyes
versus f in the perpendicular geometry with (47 Meg)=*
as the only fitting parameter, and with the assumption
that the g-factor is isotropic. (4mMeg)t = 5230 £ 8 G is
about 9% larger than (47 Meg)!l. This provides evidence
for a non-negligible second order anisotropy term. Using
equations (7) and (8), the effective uniaxial anisotropy
constants K; = 1.551 x 10 erg/cm3 and K5 = 0.080 x
108 erg/cm? are calculated. The extracted parameters are
used to fit the angular dependence of Hs. As shown in
Figure 6, the fit (solid line) and the experimental data Hyes
versus ¢ at f = 4 GHz agree very well. We also found
very good agreement with measurements conducted at 8
and 12 GHz. When comparing the fit and the experimen-
tal data, chi-square increases by a factor 2 when K, is
set to zero. K1 and Ks are positive and K7 > K5 which
means that they favor the magnetization out of the film
plane. Nevertheless, it is clear from the shape of the curve
Hyos(¢n), where (Hyes)t > (Hyes)!l, that the preferential
direction for the magnetization of the multilayer is in the
film plane.

For frequencies above 25 GHz, an additional resonance
peak is observed in the absorption line of the thickest
magnetic multilayer [0.6 nm Co|1.2 nm Ni] x 12 (inset of
Fig. 7). The frequency dependence of this resonance peak
suggests that it is associated with a spin-wave resonance
mode. The high-order resonance field HSS) and its am-
plitude are smaller than that of the uniform resonance
mode. In a model proposed by Kittel [18], the field split-
ting with respect to the uniform mode is described by
H, = 2Ak?/Ms, where A is the exchange constant. If
there is no pinning of the surface spins at the bottom and
top interfaces then k = (n — 1)7/d, where n is the per-
pendicular standing spin wave number and d is the total
thickness of the magnetic film. Using a weighted value
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Fig. 7. The frequency dependence of the resonance field
of the uniform mode Hr(gs) (filled symbols) and of the spin
wave mode H/{Y (open symbols) of the multilayer [0.6 nm
Co|1.2 nm Ni] x 12 in the parallel geometry. The peak sepa-
ration is H, ~ 5.4 kOe. The insert shows the absorption line
of the high frequency resonance peak at f = 28,29,30 and
31 GHz.

for the exchange constant of the Co|Ni multilayer A =
(AC° 4+ 24N /3 with A®° = 1.3 x 107° erg/cm [19] and
AN = 0.75% 1076 erg/cm [20], we find n = 1.964-0.03 ~ 2,
which corresponds to a surface spin wave of the 1st order.
The Kittel model assumes that the magnetization den-
sity is uniform across the film thickness. Such a spin wave
mode is therefore not expected to be observed with a uni-
form ac field since > m, = 0. Using approximations for
the conductivity of the magnetic multilayer and its per-
meability at high field (off resonance), the ac field atten-
uation through the multilayer [0.6 nm Co|1.2 nm Ni] x 12
is estimated to be about 3% at 30 GHz. We suspect that
inhomogeneity of the ac field and the structural asymme-
try of our Co|Ni multilayer film, with two different outer
interfaces, Cu|Co and Ni|Cu, can lead to > m, # 0, and
excitation of spin-wave modes.

The thickness dependence of the effective anisotropy
constants of the multilayers [t Co|2t Ni] with 12 repeats
and with 1.2/t repeats is shown in Figure 8. In the thick-
ness range 0.1 < ¢t < 0.6 nm, K7 is positive and greater
than Ko, and it exhibits a maximum value of about
1.8x10% erg/cm®. K; of the multilayers with 12 repeats
increases by a factor 3 when ¢ decreases from 0.6 nm to
0.3 nm. The second order anisotropy term is negative for
t =0.6 nm (K = —0.028 x 105 erg/cm?) and changes to
positive values for smaller ¢. For 0.1 < ¢t < 0.4 nm, K;
and K of multilayers of 12 and 1.2/t Co|Ni repeats have
very similar ¢ dependence.

In Figure 9 the g-factor as a function of the thickness
t is presented. The g-factor of the films with the same
magnetic layer thickness (3.6 nm) varies with ¢ in the same
way as that of the multilayers with a constant number of
repeats. This suggests that g does not depend on the total
thickness of the multilayer, and it is the thickness of the
Co and Ni layers that induces the change in g. The dashed
line in Figure 9 shows the calculated value of the g-factor
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Fig. 8. Thickness dependence of the anisotropy constants K1
and K3 and of the quality factor Q. The solid lines are guides-
to-the-eye.
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Fig. 9. Thickness dependence of the g-factor for Co|Ni mul-
tilayers of 12 bilayer repeats (filled symbols), and multilayers
with constant layer thickness (open symbols). The inset shows
g as a function of 1/¢. The solid line is the best fit of g(1/t) for
films with N = 12 and without taking into account the data
point at 1/t = 10 nm™".

of the multilayers based on a geometric average [21]:

B ME° + 2N
Jefl = 0o JgCo 4 2MNi JgNi~

(10)

Using the values found for the 50 nm Co and 50 nm Ni
films, we find geg = 2.1701+0.058. The inset Figure 9 shows
g versus 1/t. The data points fall on a line for ¢ > 0.2 nm.
The intercept of the linear fit with the t~! = 0 axis gives
g = 2.170 + 0.012 which agrees with the value of geg.
A similar linear fit for the film with N = (1.2/t) gives
g =2.163 £ 0.024.

4.2 Discussion of resonance field

In the study of magnetic films with large PMA, the di-
mensionless quality factor @) is often used as a figure of
merit. () is defined by the ratio of the uniaxial anisotropy
to the demagnetizing energy. In the limit that the PMA

The European Physical Journal B

field overcomes the demagnetization field, the normal to
the film plane becomes the axis of easy magnetization and
@ > 1. The inset of Figure 8 shows the dependence of
Q = (Ki + Ky)/2nM2 as a function of ¢. The quality
factor of the Co|Ni sputtered multilayers does not exceed
0.7. The magnetization of the films remains preferentially
in the film plane, in contrast to what has been observed
for evaporated multilayers of the same Co:Ni thickness ra-
tio [22]. These results can be in part explained by the crys-
tallographic growth direction of the underlayer that does
not promote a highly textured (111) film. The diffraction
pattern of the multilayers exhibit a (111) Pt peak, but
also a peak that corresponds to Pt (200). Zhang et al. con-
ducted XRD and magnetometry measurements on sput-
tered Co|Ni grown on Au and Ag base layer [23]. The au-
thors found that only the multilayers grown on Au have
an easy axis normal to the film plane. The XRD study
showed that the Ag (111) peak is 10 times smaller than
that of Au (111), with the presence of a second peak cor-
responding to Ag (200).

The magneto-elastic contribution arises from the
strain induced by the lattice mismatch 1 between adja-
cent layers. The largest strain originates from the lattice
mismatch at the Cu|Co interface where |ncyjco| =~ 1.8%,
compared to |nconi| & 0.6% at the Co|Ni interface. The
anisotropy constants of the films with same multilayer
thickness depends strongly on t. Therefore, the interfaces
Cu|Co and Ni|Cu do not appear to play a significant role
in the t dependence of the anisotropy constants. Conse-
quently, the variation of the anisotropies with t is associ-
ated with the Co|Ni interfaces, as predicted by Daalderop
et al. [8]. From ab initio calculations, the authors found
that in the multilayers, the interface anisotropy is con-
trolled by d-state occupancy near the Fermi level at the
Co|Ni interface. The presence of an optimum thickness ¢
for large K value can be understood as follows. With in-
creasing ¢, the number of Co|Ni interfaces per unit volume
decreases and K decreases. In the limit of very small ¢,
the magnetic layers are not uniform. The multilayer breaks
down into an alloy-type structure and K; decreases.

The g-factor is related to the ratio of the orbital to
spin moments pp/ps by we/ps = (g — 2)/2 [24], hence one
deduces that 10/ s increases by 3.4% when t is decreased
from 0.6 nm to 0.1 nm. This enhancement depends on
the thickness of the individual Co and Ni layers. Signif-
icant increase of the ratio pg/us, up to 40%, have been
reported for ultrathin FM in contact with a NM [25]. The
enhancement was attributed to the breaking of the sym-
metry at the interface, where the orbital moment of the
surface/interface atoms is enhanced compared to that of
the bulk atoms.

4.3 Linewidth and magnetic damping

The linewidth was studied as a function of frequency in
the parallel and the perpendicular geometry. Figure 10
shows typical data for [0.2 nm Co/0.4 nm Ni] x 12 mul-
tilayer. The linewidth in the parallel geometry AH)|| and
in perpendicular geometry AH | follows similar frequency
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Fig. 10. Frequency dependence of the linewidth in the parallel
(AH))) and perpendicular (AH ;) geometry of the film [0.2 nm
Co|0.4 nm Ni] x 6. The extrinsic contribution AHy and the
intrinsic contribution dAH/df to the linewidth are extracted
from the linear best fit of AH||(f) (solid line).

dependence, and increases with frequency. AH | is slightly
larger than AH|| at low frequencies (4-6 GHz), which we
attribute to a small misalignment of the applied field with
the normal to the film plane. Exchange narrowing can also
lead to AH, > AH) [26]. AH in the parallel geometry
depends linearly on frequency, with a zero frequency offset.
The inhomogeneous broadening AHy = 143 £ 16 Oe and
the damping parameter o = 0.0343 +-0.0017 are extracted
from the best linear fit (Eq. (9)). Note that the inhomo-
geneous ac field due to the finite width of the transmis-
sion line can lead to the broadening of the linewidth [27].
The additional linewidth increases with the magnetic film
thickness and is inversely proportional to the frequency.
For the thickest magnetic multilayer (d = 21.6 nm), we es-
timate the additional linewidth at 5 GHz to be less than
1% of the measured linewidth. Spin wave contributions
to the linewidth from the CPW geometry can therefore
be neglected. The dependence of AH| versus frequency
is linear for most samples. Only the thinnest film [0.1 nm
Co|0.2 nm Ni]x12 exhibits a non linear dependence on
frequency so that a and AHy could not be determined
(Fig. 11). A linear fit of AH)| as a function of frequency
in a Logjp—Logio plot scale gives n = 2.58 + 0.30 with
AH) o f". The behaviour might originate from two-
magnon scattering contribution to the linewidth induced
by the film roughness. Indeed, Twisselmann et al. found
that a 64 nm Py film grown on a highly oriented rough-
ness shows a non linear in-plane linewidth frequency de-
pendence, when the dc field is applied perpendicular to
the scratches [28]. The magnetic damping parameter and
the extracted inhomogeneous contribution AHy to the
linewidth of the multilayers is shown in Figure 12. o and
AHy of the films with N = 12 increases monotonically
with decreasing ¢. The thickness dependence t of AH( of
the films with N = 1.2/t is not clear. The inset of Fi-
gure 12a shows AHj as a function of 1/d?, where d is the
total thickness of the magnetic multilayer. The extrinsic
contribution to the linewidth increases linearly with d—2.
The damping of the films with ¢ = 0.2 and 0.3 nm and
thickness 3.6 nm is 40% larger than that of the film with
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Fig. 11. The linewidth versus frequency for the film [0.1 nm
Co|0.2 nm Ni] x 12 in the parallel geometry. (AHp)" is the
extrapolated linewidth when f approaches zero frequency
linewidth. The inset shows the data in Logio—Logio scale, and
the linear best fit (solid line).
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Fig. 12. Dependence of the extrinsic contributions AHg and
the damping « extracted from the slope dAH /df for multilay-
ers with same number of bilayer repeats (N = 12) and for films
with same thickness (N = 1.2/t). The inset in (a) shows AHy
versus 1/d? for the multilayers with N = 12, where d is the
total multilayer thickness. The solid line is the linear best fit
of AHy versus 1/d2.

t = 0.4 nm. The largest damping values are found for
the films 3.6 nm thick, which are the thinnest magnetic
multilayers.

4.4 Discussion of enhanced damping

The enhancement of the magnetic damping constant in
thin magnetic films can originate from several mecha-
nisms. It is generally believed that the spin-orbit inter-
action in a ferromagnet, which couples the spin to the



482
6 T T T
G A N=1.2/t A
Sl N |
N A "
N . a
§ Gadd //*
-g 2' ///* T
@ L7
O/ 1 1 1
0 20 40 60

(Ag)’ (107)

Fig. 13. The Gilbert damping constant G as a function of
(Ag)? = (g — 2.0023)2. Gaqq is the additional damping from
spin pumping: the difference between the damping of the thick-
est film ([0.6 nm Co|1.2 nm Ni] X 12) and that of the films of
3.6 nm thickness. The dashed line is a guide to the eye.

lattice, plays a dominant role in the damping mechanism.
The following expression was theoretically derived [29]:

(11)

where Ag is the deviation of the Landé g-factor from the
free electron value 2.0023 and G is the Gilbert damp-
ing constant defined by G= ayMjs. Figure 13 shows the
Gilbert damping constant versus (Ag)? for the two series
of multilayers. For a given g-factor value, the damping is
largest for the film 3.6 nm thick.

A mechanism that can explain the enhanced Gilbert
damping in the 3.6 nm thick multilayer films is spin-
pumping [30]. The precessing magnetization of the Co|Ni
multilayers generates a spin current that flows through the
adjacent Cu layers and relaxes in Pt, a strong spin scat-
terer. As a consequence, the damping is enhanced. For a
symmetric structure where the FM is embedded between
[INM2|NM1| bilayers, the enhanced damping g is:

G x Ag?,

1lg-1
B IB GoS
Qeft = Q0+ 5 A=

(12)

oy is the residual damping (bulk) and the second term rep-
resents the additional damping from spin pumping where
giéfS*l is the effective spin mixing conductance. Equa-
tion (12) is valid when the NM2 is a perfect spin sink
and the thickness of the NM1 is much smaller than the
spin diffusion length of the material. Pt is known to act
as a perfect spin sink and the Cu layer of 10 nm is much
thinner than the spin diffusion length at room tempera-
ture Ags = 350 nm [31]. The additional damping induced
by spin pumping effect in the 3.6 nm film is the differ-
ence between G of the thickest multilayer film (21.6 nm)
and that of the 3.6 nm films (Fig. 13). Using an av-
erage value for the g-factor, we obtain anqq ~ 0.015.
The effective spin mixing conductance of sputtered Co
layer embedded between ||Pt|Cu| bilayer was found to be
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glES™1 = (1.63 + 0.18) x 10" cm~2 [32]. The additional
damping computed using equation (12) is aaqq =~ 0.020.
This is in the range of the value found using the experi-
mental data.

5 Conclusion

This FMR study on several sputtered [t Co|2¢ Ni] mul-
tilayers shows in-plane magnetization, and a perpendicu-
lar effective anisotropy K as large as 2.8 x 10° erg/cm?.
We have provided evidence that to understand the fre-
quency dependence and angular dependence of the res-
onance field, second order anisotropy terms have to be
considered. The Landé g-factor increases with decreasing
t and the enhancement depends on the thickness of the
individual Co and Ni layers. The thickness dependence of
g is explained in terms of the lowering of the symmetry at
the Co|Ni interface. The extrinsic and the intrinsic con-
tribution to the FMR linewidth increases with decreasing
thickness ¢ of the individual layers. AHy follows a 1/d?
dependence. The enhancement of the magnetic damping
is attributed to the increase of spin-orbit interaction and
to spin-pumping. In order to clarify this point it would be
interesting to study similar magnetic multilayers without
the Pt layers. Indeed, without adjacent layers with strong
spin-orbit scattering, the additional damping is expected
to be weak.

The possibility to tune the easy plane anisotropy by
changing the thickness of the individual magnetic layers
makes the Co|Ni multilayer an interesting magnetic struc-
ture to be integrated in spin-transfer devices. In addition,
the damping while larger than that of Permalloy is similar
to that of Co ultrathin films. It would also be interesting
to compare the high frequency dynamics of films grown
with different underlayers and deposition methods.
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