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Spin wave excitations in exchange-coupled [Co/Pd]-NiFe films with tunable
tilting of the magnetization
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Brillouin light scattering was applied to measure the evolution of spin waves in exchange-coupled [Co/Pd]-NiFe
films with out-of-plane/in-plane magnetic anisotropy. Tunable tilting of the magnetization has important effects
on the spin wave frequency gap: a substantial increase is observed with decreasing the soft NiFe thickness, while
seemingly insignificant tilting angles cause a strong reduction with respect to a film with only the hard [Co/Pd]
component. The spin wave frequency is reproduced also in samples, with increased thickness of the upper Pd
layer, where a sudden modification in the tilting at the hard/soft interface is caused by the weakening of interlayer
exchange.
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The recent realization of nanodevices utilizing spin-transfer
torque1–3 (STT) has demonstrated the tremendous potential it
holds for novel spintronic devices and applications. Besides
a renewed interest in understanding the transport properties
of patterned magnetic heterostructures, these demonstrations
have made clear the importance of also understanding the
fundamental magnetodynamic eigenmodes in such structures;
the switching speed of STT magnetoresistive random access
memory, the maximum data rate and optimized noise proper-
ties of hard-drive read heads, and the operating frequency of
spin-torque oscillators (STOs) all depend on the fundamental
spin wave frequencies most easily excited under each respec-
tive operating condition. In uniformly magnetized nanocontact
STOs with in-plane anisotropy,4 the two strongly nonlinear
auto-oscillatory spin wave modes, the so-called propagating
Slonczewski mode,5,6 and the localized Slavin-Tiberkevich
soliton bullet,7,8 are either shifted slightly above5,7,9,10 or
below6,8,10 the linear uniform ferromagnetic resonance (FMR)
frequency of the free layer. In uniformly magnetized free
layers with strong perpendicular magnetic anisotropy (PMA),
the auto-oscillatory mode again lies slightly below the FMR
frequency11–13 (except when a much more nonlinear and
lower-frequency magnetic droplet soliton is nucleated14).
The case when the uniformly magnetized free layer has a
tilted anisotropy has also been investigated theoretically and
experimentally.15 However, from both a theoretical and ex-
perimental viewpoint, the fundamental spin wave excitations
in strongly nonuniform magnetic systems, such as exchange
springs, offer both much richer magnetodynamic properties
as well as much higher and more tunable STO frequencies
in weak magnetic fields. While spin waves in in-plane
magnetized exchange springs have been studied in detail,16

both theory and experiments are still missing for the recently
demonstrated17 in-plane/out-of-plane exchange springs where
the entire magnetization profile can be tuned with respect to
both magnetization angle and degree of nonuniformity.

In the present work, Brillouin light scattering (BLS) has
been exploited to study the dynamical magnetic properties
of hard-soft [Co/Pd]-NiFe system as a function of both the
soft film thickness tNiFe and the intensity H of a magnetic field
applied in the sample plane. The BLS data were analyzed using
a theoretical model based on an accurate determination of the
noncollinear canted ground-state configuration via a nonlinear
map method,18–20 and the calculation of the magnetic excita-
tion frequencies via the solution of linearized dynamic Landau-
Lifshitz equations.21 We found that the magnetization orien-
tation can be continuously tuned by changing tNiFe or H . For
small values of both parameters, one has the interesting case of
composite hard-soft films with small tilting angles of the layer-
by-layer magnetization from the perpendicular orientation,
an arrangement very useful for STO applications22–24 such
as zero-field operation; another unexpected and remarkable
feature is that seemingly insignificant tilting angles (e.g., less
than 1 degree in a composite film with tNiFe = 2.2 nm and H =
0.1 kOe) cause a strong reduction of the spin wave frequency
with respect to a film with only the hard [Co/Pd] component.

As described in Ref. 17, the samples were deposited on
naturally oxidized Si(001) substrates by magnetron sputtering
and have the following nominal layer structure: Ta(5 nm)/
Pd(3 nm)/[Co(0.5 nm)/Pd(1 nm)]5/NiFe(tNiFe). The thickness
of the hard phase [the [Co(0.5 nm)/Pd(1 nm)]5 multilayer] was
kept fixed17,25 to 7.5 nm, while the thickness of the soft one (the
NiFe film) was varied between 2.2 and 7.5 nm, as calibrated
from detailed transmission electron microscopy (TEM).26 BLS
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measurements were performed in backscattering geometry
focusing about 200 mW of monochromatic light (532 nm
wavelength) onto the sample surface. The backscattered light
was analyzed by a Sandercock-type (3 + 3)-pass Fabry-Perot
interferometer.27 The external magnetic field H was applied
parallel to the film surface and perpendicular to the plane of
incidence of light. The incidence angle of light was 20o.

For data analysis, we use a one-dimensional model19 where
the ith-layer magnetization Mi forms an angle θi with z, the
normal to the film plane, and an angle φi with the in-plane
x axis. Nh and Ns are the numbers of hard and soft layers,
respectively. Letting N = Nh + Ns, the free-energy density is

E = −
N−1∑

i=1

Aex
i,i+1

d2
i,i+1

[sin θi sin θi+1 cos(φi+1 − φi)

+ cos θi cos θi+1] −
N∑

i=1

Li cos2 θi

−
N∑

i=1

HxMi sin θi cos φi. (1)

The quantity Li = Ki − 2πM2
i is the effective anisotropy

of the ith layer, with Li > 0 corresponding to out-of-plane
anisotropy; Aex

i,i+1/d
2
i,i+1 denotes the exchange coupling

between two neighboring layers, and di,i+1 denotes their
distance; a magnetic field H is applied in plane along the
x direction. The equilibrium configuration is provided by
∂E/∂θi = 0 and ∂E/∂φi = 0 (i = 1, . . . ,N). The latter N

equations are satisfied, ∀ i, by φi = 0; the former N equations
can be reformulated, following Refs. 18–20, in terms of a
two-dimensional nonlinear map

H
ex,+
i si+1 = H

ex,−
i si + H an

i sin θi cos θi − Hx cos θi,
(2)

θi+1 = θi + sin−1(si+1),

where the auxiliary variables si = sin(θi − θi−1) and the
effective magnetic fields H

ex,+
i = Aex

i,i+1/(d2
i,i+1Mi), H

ex,−
i =

Aex
i−1,i/(d2

i−1,iMi), H an
i = 2Li/Mi were introduced. With

respect to continuum micromagnetic approaches,28 the map
preserves the discrete atomic structure of the film, thus it is ap-
plicable even in the case of strong changes in the layer-by-layer
magnetization orientation (e.g., due to weakened interlayer ex-
change at the hard/soft interface). The equilibrium configura-
tions are obtained within machine precision as the trajectories,
in the (θ,s) phase space, which evolve in exactly N steps from
s1 = sin(θ1 − θ0) = 0 to sN+1 = sin(θN+1 − θN ) = 0.

The frequencies of spin wave excitations are obtained
linearizing the Landau-Lifshitz equations of motion (γ is the
gyromagnetic ratio):

dθi

dt
= − γ

Mi sin θi

∂F

∂φi

,
dφi

dt
= γ

Mi sin θi

∂F

∂θi

, (3)

and diagonalizing a square matrix of rank 2N whose eigen-
values are real and can be ordered in pairs with equal norm
and opposite sign.21 The smallest positive eigenvalue is the
frequency of the uniform mode, experimentally accessible
using BLS or FMR.

The magnetic parameters of the hard phase, Kh = 6.3 ×
106 erg/cm3 and Mh = 365 emu/cm3 were deduced from

FIG. 1. (Color online) (a) Experimental and (b) calculated spin
wave frequencies versus the intensity H of a magnetic field applied
in plane for a composite [Co/Pd]5-NiFe system with fixed thickness
of the Co/Pd multilayer (t[Co/Pd] = 7.5 nm) and variable thickness of
the NiFe film (tNiFe).

vibrating sample magnetometer measurements on a single
[Co/Pd]5 multilayer, while the hard-hard interlayer exchange
Aex

h = 0.6 × 10−6 erg/cm was obtained from a best fit of the
out-of-plane remanence of the composite hard/soft material.17

For the NiFe layer we used the parameters Ks = 0 erg/cm3,
Ms = 687 emu/cm3, and a soft-soft interlayer exchange
Aex

s = 1.3 × 10−6 erg/cm taken from the literature.29 The
hard-hard and soft-soft average interlayer distances, dh =
2.19 × 10−8 cm and ds = 2.05 × 10−8 cm, were deduced from
structural measurements of the lattice parameters in Co/Pd
multilayers30 and NiFe films,31 respectively. In the absence of
any direct experimental confirmation, at the hard/soft interface
we assume16,20 Aex

hs = (Aex
h + Aex

s )/2 and dhs = (dh + ds)/2.
Figure 1 shows a comparison between the measured (left

panel) and the calculated (right panel) frequencies as a function
of the intensity H of the applied magnetic field. To obtain a
proper quantitative agreement between theory and experiment,
the values of tNiFe used in the calculation have been reduced
by about 0.5 nm with respect to the values determined by
TEM. This slight discrepancy can be attributed to the presence
of a dead magnetic layer at the NiFe/Ta interface.32 It can
be seen that for high NiFe thickness, the system exhibits a
behavior similar to that of a magnetic film with easy-plane
magnetization, characterized by a monotonic decrease of
frequency versus field,27 and a small (or vanishing) frequency
gap as H → 0. In contrast, as tNiFe is reduced below a value of
nearly 3 nm, a substantial frequency gap is clearly observed.
The amplitude of this gap rapidly increases as the NiFe
thickness is decreased in a the range of a few nanometers.
Moreover, it should be noted that, at low field values (H �
3 kOe), the measured spin wave frequency of the composite
hard/soft system presents a nonmonotonic dependence on
tNiFe. This trend is exemplified in Fig. 2, where the measured
[Fig. 2(a)] and calculated [Fig. 2(b)] spin wave frequency is
plotted against the NiFe film thickness for three values of
the applied magnetic field. The nonmonotonic behavior of
frequency on tNiFe, calculated for H � 1 kOe, is in agreement
with the experimental results.
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FIG. 2. (Color online) Dependence of (a) measured and
(b) calculated spin wave frequency on thickness of soft phase, tNiFe.
The thickness of the hard phase is fixed to t[Co/Pd] = 7.5 nm.

To achieve a deeper comprehension of the spin wave
frequency behavior, it is very useful to consider the evolution
of the magnetic ground state as a function of tNiFe. Figure 3
shows the canting angle of the magnetization through the
film thickness with respect to the film normal, calculated at
different values of the magnetic field for three values of tNiFe.
For fixed H , the ground-state configuration strongly depends
on the thickness of the soft layer, due to the competition
between the in-plane and the out-of-plane anisotropy of the
NiFe and [Co/Pd] layers, respectively. When the number of
soft layers is large [Fig. 3(a)], the magnetization orientation
varies over a wide range of angles through the film thickness:
the magnetization gradually rotates from nearly perpendicular

FIG. 3. (Color online) Canting angle with respect to film normal
versus plane index (i = 1, . . . ,N = Nh + Ns), calculated for a
composite hard-soft system with a fixed thickness of hard phase
(t[Co/Pd] = 7.5 nm) and three NiFe thicknesses: (a) tNiFe = 7.0 nm,
(b) tNiFe = 3.3 nm, (c) tNiFe = 1.6 nm. Different symbols refer to
selected values of H . The gray- and yellow-shadowed areas mark the
Co/Pd multilayer and the NiFe film, respectively.

to the surface plane in the lowermost Co/Pd layers to nearly
parallel to the surface plane in the topmost NiFe layers.
Therefore, the frequency of spin wave excitations exhibits a
rather small gap at zero field (Fig. 1). In the limiting case of a
film with only the soft component (i.e., with a collinear parallel
ground state), the spin wave frequency would vanish at zero
field, because NiFe does not have any in-plane anisotropy. On
the contrary, at low field one observes (Fig. 2) a slight increase
in the spin wave frequency as tNiFe is increased from 3.7 to
7.5 nm. This can be explained by considering that the canting
angle of the hard layer increases with increasing number of
soft layers, as seen in the calculated profiles of Figs. 3. This
appreciable rotation of the magnetization of the hard phase
with respect to the normal causes a correspondent increase in
the anisotropy energy cost.

When the number of soft layers is reduced [Figs. 3(b)
and 3(c)], the out-of-plane anisotropy of the hard phase
becomes more pronounced, and the Co/Pd layer is able
to rotate the magnetization in the NiFe film towards the
direction perpendicular to the surface plane. This implies a
high anisotropy-energy cost and an overall increase of the
spin wave frequency. In particular, for an experimental NiFe
thickness of 2.2 nm at H = 0.1 kOe [Fig. 3(c)] the Co/Pd
underlayer is able to coherently rotate the whole NiFe layer;
in fact, the canting angles of the NiFe layer are less than
1 degree. Such seemingly insignificant canting angles in the
composite film are large enough to cause a strong reduction of
the zero-field gap, ν = 24.2 GHz, with respect to a film with
only the hard [Co/Pd] component, where the theory predicts
ν = γ

2π
H an

1 = 89.8 GHz.
As for the field dependence of the ground-state config-

uration, we note that, for all the investigated values of the
applied field, a nonuniform angle configuration through the
film thickness is found (see Fig. 3). As a consequence, the spin
wave frequency does not present a minimum at a critical value
of the magnetic field as usually observed33 in magnetically
hard films with a uniform perpendicular orientation of the
layer-by-layer magnetization.

As a final remark, let us note that the above behavior is
strongly dependent on the strength of the exchange coupling
at the hard/soft interface. To quantitatively address this topic,
we have also analyzed two more samples, both with tNiFe =
3.7 nm, but where the thickness tPd of the final Pd layer at the
interface was increased from 1 nm to 2 and 5 nm, respectively,
as shown in Figs. 4(b) and 4(c), respectively.34 This increase
causes a strong suppression of the exchange coupling between
the hard and the soft films, Aex

hs, and results in a different
dependence of the spin wave frequency on the field intensity.
This is illustrated in Fig. 4(a): when the thickness of the upper
Pd layer is 2 nm, the spin wave frequency exhibits an overall
increase which can be well reproduced by the theoretical
calculation if one assumes a reduction of the exchange
coupling to one tenth [i.e., Aex

hs = 1
10 [(Aex

h + Aex
s )/2]]. The

upward frequency shift is more apparent at high field, i.e., when
the exchange coupling is weakened, and the magnetization of
the Co/Pd multilayer is less canted with respect to the film
normal [Fig. 4(b)] because the influence of the NiFe film,
with easy-plane anisotropy, is reduced. In contrast, a further
increase of the thickness of the upper Pd layer up to 5 nm
causes a decrease of the spin wave frequency because, at such a
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FIG. 4. (Color online) (a) Measured (symbols) and calculated
(lines) spin wave frequency as a function of magnetic-field intensity
H for composite [Co/Pd]5-NiFe films with fixed thickness of the NiFe
film (tNiFe = 3.3 nm) and variable thickness tPd of the final Pd layer at
the interface. [(b) and (c)] Canting angle with respect to film normal
versus layer index, calculated for composite hard-soft film with fixed
thickness of hard (t[Co/Pd] = 7.5 nm) and soft (tNiFe = 3.3 nm) phase,
for Aex

hs = (Aex
h + Aex

s )/20 and Aex
hs = 0, respectively. The gray- and

yellow-shadowed areas mark the Co/Pd multilayer and the NiFe film,
respectively.

thickness, the hard and the soft phase are completely decoupled
(i.e., Aex

hs vanishes), thus the NiFe layer behaves [Fig. 4(c)] as
a standard in-plane-magnetized film.

In conclusion, we have applied the BLS technique to
measure the evolution of spin waves in a composite hard/soft
[Co/Pd]-NiFe system. The delicate balance between the
out-of-plane and the easy-plane anisotropy terms produces
variations in the ground state and thus measurable differences
in the spin wave excitation frequency. The theoretical approach
was able to successfully account for the crossover between
two regimes. For high NiFe thickness, the magnetization
of the layers turn towards the film plane, and the spin
wave frequency gap at zero field is rather small (a few
GHz); for low NiFe thickness, the magnetization of the
layers turns perpendicular to the film plane, and the spin
wave frequency at zero field has a substantial gap (tens of
GHz), proportional to the effective out-of-plane anisotropy.
Moreover, the introduction of a relatively thick nonmagnetic
Pd spacer results in a sudden transition of the magnetization
configuration at the hard/soft interface, due to the weakening
of the exchange coupling between the Co/Pd and the NiFe
layer. Finally, we observe that measuring the energy of spin
wave excitations definitely proves to be a more sensitive
tool, with respect to static magnetometry, to investigate the
highly nonuniform magnetic anisotropy in composite hard-soft
films.
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