
I. Introduction

The potential impact in the flourishing areas of spintronic 
devices such as spin valves [1], spin transfer torque devices  
[2, 3], magnetic random access memory [4] and magnonics 
[4–7] has stimulated considerable interest in the magnetiza-
tion dynamics in ferromagnetic multilayers. Such systems 
have been found to display characteristic features in their 
magnetic properties, which are different from their con-
stituent layers due to (i) interlayer interactions, (ii) interface 
anisotropies and (iii) different magnetic properties across the 
layers. In the last decade, there have been intense research 
activities in studying the magnetization dynamics in mag-
netic/non-magnetic multilayers [8–12], motivated by the fast 
evolution of high-density magnetic recording technology. 
Investigations of several structural and magnetic properties 
have been reported where magnetic interactions between the 
layers have been tuned by varying the layer thickness [10], 
the number of repetitions [9, 13] and also by changing the 

deposition conditions [14]. Practical magnetic devices require 
a combination of sensitivity to magnetic fields as well as an 
ability to control the magnetic state of the device precisely. 
However, these materials, in general, are plagued by large 
saturation fields and a magnetic structure that is very difficult 
to control in miniaturized devices. Therefore, the structures 
that are being developed for applications tend to be simple 
devices with metallic magnetic multilayers. Here the absence 
of a non-magnetic spacer leads to a strong interlayer coupling 
and thus the surface anisotropies at the interfaces are substan-
tially affected by direct contact [15, 16].

Due to its growing interest, ferromagnetic multilayers 
including exchange spring systems [17–20] have been widely 
investigated in recent years. In this article we will focus on 
ferromagnetic multilayers in general, where the interlayer 
exchange coupling leads to intriguing spin wave properties. In 
the literature, there are several studies on ferromagnetic mul-
tilayers with perpendicular magnetic anisotropy (PMA) [21–
26], where different static and dynamic magnetic properties 
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have been reported including magnetic domain structure [24], 
damping [21, 23] and magnetic anisotropy [22, 24–26] which 
were studied using conventional magnetometry [24, 27], 
time-resolved magneto-optical Kerr effect (TR-MOKE) [21], 
ferromagnetic resonance (FMR) [22] and Brillouin light scat-
tering (BLS) spectroscopy [24]. However, to the best of our 
knowledge, only a few experimental reports on ferromagnetic 
multilayers with in-plane anisotropy are present [28–31] in 
the literature. Most of the existing studies in these systems 
are mainly concerned with Fe/Ni [30, 31] and Co/Fe [28, 29] 
multilayers where the spin wave excitations show a strong 
dependence on the interlayer exchange coupling [31] and 
interface anisotropy [29], which can be varied by varying the 
layer thickness [31]. Nevertheless, a thorough study of the 
magnetic properties and their dependence on different struc-
tural and fabrication parameters is yet to be carried out.

Here, we present a comprehensive study of collective 
spin-wave excitations in [Co/Ni80Fe20(Py)]r multilayers as 
a function of the number of bilayer repetition r. The effect 
of number of bilayer repetition on the evolution of dynamic 
magnetic properties has been studied earlier in Ni/Co multi-
layers with perpendicular magnetic anisotropy [23]. However, 
no such reports exist on the investigation of magnetization 
dynamics in all-ferromagnetic multilayers with in plane ani-
sotropy. Here vibrating sample magnetometry (VSM) and 
BLS spectroscopy have been simultaneously exploited as 
complementary techniques to make a comparative study 
between the static and the dynamic magnetic properties of the 
studied structures. In the BLS spectra, a number of spin wave 
modes have been observed, which varied with the number of 
bilayer repetition. We have explained these multiple modes 
to be originated from surface and volume contributions with 
the aid of macrospin modelling. We have also calculated the 
dependence of the scattering intensity of the volume modes on 
the associated thickness.

II. Experimental details

[Co(10 nm)/Py(10 nm)]r multilayered films with r  =  1, 2, 3 
and 4 were grown onto self-oxidized Si [1 0 0] substrates (of 

dimensions about 1 cm  ×  1 cm) at room temperature at a base 
pressure of 2   ×   10−7 Torr, Ar pressure of 5 m Torr and applied 
dc voltages of 400 V for Co and 350 V for Py. Uniformity in 
the thickness of the layers was ensured by rotating the sub-
strate at 10 rpm during deposition. The thicknesses of the Co 
and Py layers were so chosen to have in-plane magnetization 
of the films. The films were covered with a 5 nm SiO2 cap-
ping layer to prevent oxidation. The topography and surface 
roughness of the films were measured by atomic force micros-
copy (AFM). The magnetization curves were measured using 
VSM at room temperature. Thermal magnons in the samples 
were investigated using BLS spectroscopy in the backscat-
tered geometry [32, 33]. The main advantage of BLS is the 
possibility to observe spin waves with varying magnitude and 
orientation of their wave-vectors. The measurements were 
performed at room temperature in the magnetostatic surface 
wave geometry (i.e., MSSW or Damon Esbach geometry) 
using a single-mode solid state laser operated at 532 nm and a 
Sandercock-type six-pass tandem Fabry–Perot interferometer 
(FPI) [34]. Here the incident light undergoes inelastic scat-
tering from the magnons owing to the conservation of energy 
and momentum. Cross polarizations between the incident and 
the scattered beams were adopted in order to minimize the 
phonon contribution to the scattered light. The magnetic field 
H was applied in the plane of the sample and perpendicular to 

Figure 1. AFM images of the [Co (10 nm)/Py (10 nm)]r multilayers for (a) r  =  1 and (b) r  =  4.

Figure 2. Magnetic hysteresis loops of [Co (10 nm)/Py (10 nm)]r 
multilayers, measured for the magnetic field applied parallel to the 
film plane. Different cycles refer to samples with different numbers 
of repetition (r).
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the plane of light incidence. The BLS spectra were recorded 
for different values of the wave-vector by changing the angle 
of incidence (θ) of the laser beam. Therefore the orientation 
of the magnetization is perpendicular to the direction of the 
transferred wave-vector q|| of the detected magnons (MSSW 
geometry). At wave-vectors accessible by light-scattering 
experiments both exchange and dipolar interactions may con-
tribute to the spin-wave excitations, and their interplay can be 
studied.

III. Results and discussions

The AFM images of [Co/Ni80Fe20(Py)]r multilayers are shown 
in figure 1 for r  =  1 and r  =  4. The results reveal the pres-
ence of well inter-connected grains in both cases. However, a 
marked increase in the average grain size from 13 nm (r  =  1) 
to 24 nm (r  =  4) is observed with increasing r. This indicates 
improved crystalline structure for higher r, which eventually 
determines the magnetic properties as will be discussed later 
in this article. The magnetization curves of the multilayers, 
measured at room temperature by VSM, for magnetic field 
applied parallel to the film plane, is shown in figure 2.

The results show nearly square shape of the VSM loops, 
which confirms that the in-plane direction is the easy direc-
tion. Here, the increase in coercive field, from 113 to 205 Oe 
upon increasing r, signals the increase in the in-plane anisot-
ropy, stabilizing the in-plane orientation of the magnetization.

Figure 3(a) shows the BLS spectra (normalized to the ref-
erence beam intensity) for all the samples taken for spin-wave 
wave-vector q||  =  1.1   ×   105 rad cm−1 (angle of incidence 
θ  =  28°). The measurement geometry is shown in the inset. 
In BLS technique, the magnetic excitations within the sample 
interact with the incident light resulting in a frequency shifted 

scattered beam. From the conservation of in-plane wave-
vector, spin-wave wave-vector is given by ∥ θ=q q2 sinin . A 
bias magnetic field (H) of 1000 Oe was applied in the plane 
of the sample and the free spectral range (which is the scan-
ning range as well) was chosen as 50 GHz by fixing the mirror 
spacing of FP1 as 3 mm. Therefore, the frequency resolu-
tion of the BLS setup, which is limited by the instrumental 
linewidth, is found to be 0.4 GHz from the width of the elastic 
peak. The applied field of 1000 Oe is large enough to satu-
rate the sample magnetization within the plane of the sample 
as evident from figure 1(a). The BLS spectra reveal two dis-
tinct peaks for r  =  1, whereas for r  =  2 and 3, three peaks 
are found. In contrary, the number of modes for the sample 
with r  =  4 appears to be five. Figure 3(b) shows similar BLS 
spectra taken at zero wave-vector (normal incidence), which 
corresponds to the Kittel mode. The significance of the Kittel 
mode lies in the fact that the spin wave spectra are not affected 
by the dispersion of the individual mode. Here, the spectra 
are similar to those in figure 2(a) except for r  =  3, where one 
additional mode has appeared in the spectra. To understand 
the nature of these modes, wave-vector resolved measure-
ments were performed by changing the angle of incidence (θ) 
of the laser beam w.r.t. the sample plane.

In figures 4(a)–(d), the spin-wave frequencies are plotted 
as a function of the spin-wave wave-vector for the samples 
with r  =  1, 2, 3 and 4. Depending on the evolution of mode 
frequencies with respect to the in-plane wave-vector, the 
detected modes are identified and labeled. The dispersion 
curves of the modes reveal that the lower frequency mode has 
a pronounced dispersion with the in-plane wave-vector (q||) 
and it corresponds to the magnetostatic surface wave, which 
propagates in the film plane (Damon–Eshbach (DE) mode). 
This mode can also be identified by its typical non reciprocal 

Figure 3. BLS spectra for [Co (10 nm)/Py (10 nm)]r multilayers with r  =  1–4 taken for (a) q||  =  1.1   ×   105 rad cm−1 and (b) q||  =  0. The 
measurement geometry is shown at the inset of (a) where the parameters are the same as described in the text. The arrows indicate the spin-
wave peak frequencies.
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nature in figure 3(a). On the other hand, negligible dispersion 
with wave-vector are observed for the higher frequency modes 
and they are identified as the volume modes, also known as the 
perpendicular standing spin waves (PSSW). Similar results 
were also found in other works on ferromagnetic multilayers 
[29, 30]. Note here, that in the BLS spectra (figure 3(a)), some 
of the PSSW modes also show asymmetry in the BLS inten-
sity of Stokes and anti-Stokes sides. This behavior for PSSW 
mode is found in other BLS reports as well [11, 29]. However, 
the detailed understanding of this asymmetry in the PSSW 
mode is still missing in the literature.

The nature of the spin-wave excitations in these samples 
can be understood as follows. When two or more ferromag-
netic layers are placed in direct contact, a strong coupling 
between the layers (including dipolar and exchange) is to 
be expected which affects the dynamic magnetization. This 
coupling results in a magnetostatic stack surface wave mode, 
which is localized at the outermost surfaces of the multilayer 
stack and can be recognized by its typical non reciprocal 

nature. This mode is affected by the interface anisotropy [29] 
and its amplitude decreases exponentially away from the sur-
face. On the other hand, the spectrum of the spin-wave propa-
gating perpendicular to the film plane is modified due to the 
broken translational invariance in the vicinity of the film sur-
faces. Thus, a quantization effect appears and the wave-vector 
is given by:

π
=⊥q

n

d
 (1)

where d is the thickness of the film and n  =  1, 2, 3…., denoting 
one or more nodes along the perpendicular axis (the number 
of nodes can be used to label the PSSW). The profile of the 
dynamic part of the magnetization m in the nth mode can be 
written as follows:

( ) ⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠
⎤
⎦⎥= + − < <m z a q z

d d
z

d
. cos

2
,

2 2
n n z n, (2)

Equation (2) describes a standing mode consisting of two 
counter propagating waves with quantized wave-vectors. We 
note here that due to the truncation of the cosine function at 
the film surfaces, qz, n is not a true wave-vector.

To explore the origin of the observed modes for r  =  1 and 
to extract the magnetic parameters, we performed a quantita-
tive analysis using an effective medium approach, where the 
whole multilayer stack is assumed to be an effective single 
medium with a characteristic effective exchange constant (A) 
and a saturation magnetization (MS). In earlier studies on fer-
romagnetic multilayers, the spin wave modes were analyzed 
considering the magnetic properties of each layer [29, 35, 36]. 
To apply this model, bulk and interfacial properties of each 
layer as well as appropriate boundary conditions are required. 
Furthermore, detailed theoretical calculation is needed to iden-
tify the origin of modes. The use of this approach is beyond 
the scope of this paper. The effective medium approach, on 

Figure 4. Measured spin-wave frequencies (symbols) as a function of in-plane wave-vector for the [Co(10 nm)/Py(10 nm)]r multilayers 
with (a) r  =  1, (b) r  =  2, (c) r  =  3 and (d) r  =  4, respectively. The solid lines are calculated frequencies.

Figure 5. Dependence of effective magnetization on the number of 
repeats (r). The line is a guide to the eyes.
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the other hand, was used in earlier investigations on ferro-
magnetic bilayers [24, 25]. Although, the exact estimation of 
interlayer exchange constant and interface anisotropy is not 
possible, this approach explains the magnetization dynamics 
in all-ferromagnetic multilayers reasonably well as will be 
discussed later in this article. Here, the DE mode was ana-
lyzed by using the following expression:
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2
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2
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1/2 

(3)

where γ, H, MS, A, d and ϕ are the gyromagnetic ratio, applied 
magnetic field, saturation magnetization, exchange stiffness 
constant, thickness of the film and the angle of magnon wave-
vector in the film plane, respectively. Gyromagnetic ratio is 
connected to magnetomechanical ratio g by �γ µ= g /B  where 
µB is the Bohr magneton and � is the reduced Planck’s con-
stant. Surface anisotropy field (HS) is included in the effec-
tive magnetization (Meff) as π π= −M M H4 4eff S S.The data in 
figure 4(a) was fitted with equation (3) using = × −A 1.7 10 6 
erg cm−1 and MS  =  1000 emu cc−1 while leaving d, Meff, g and 
ϕ as fitting parameters. The fitting yields ϕ  = 71°, Meff  =  540 
emu cc−1, d  =  20 nm and g  =  1.86.

On the other hand, the frequency for the PSSW mode is 
given by
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Here, the wave-vector is perpendicular to the surface of the 
film defined by equation  (1). Using the same parameters 
as above yields d  =  20 nm and n  =  1. This implies that the 
PSSW mode is confined across the first bilayer thickness. We 
label these modes as PSSW1 owing to its confinement in a 
single bilayer. To further justify the validity of our approach, 
we calculated the frequency of PSSW1 for n  =  2 using the 
same magnetic parameters as shown in figure 3(a). The calcu-
lated frequency comes out to be larger than 80 GHz, which is 
beyond our scan range. Therefore, this mode is not expected 
to be observed, which is in good agreement with our experi-
mental finding. We tried to access higher frequency range by 
reducing the mirror spacing, but as the amplitude of these 
modes decreases with the increase in the mode number, this 
mode could not be detected.

Figure 4(b) demonstrates the dispersion curves for r  =  2. 
Here also the lowest mode is identified as the DE mode, 
which after fitting with equation (3) yields g  =  2.1, ϕ  = 56°, 
Meff  =  560 emu/cc and d  =  23 nm. The other parameters are 
kept same as r  =  1. This indicates that the surface mode is still 
confined in the first (top) bilayer. The other two modes show 
dispersionless behavior and are identified as PSSW modes. 
Interestingly, the mode near 15 GHz shows some intensity 
asymmetry in the Stokes and Anti-Stokes peaks (figure 3(a)), 
which is reversed when the bias field is reversed. This non-
reciprocity is not well understood yet and can be a topic of 

future study. We fitted the PSSW modes with equation  (4) 
using the same parameters applied for DE mode. The fitting 
yields that the mode near 15 GHz is PSSW2 (confined within 
two bilayers) with n  =  1, whereas the mode near 30 GHz is 
PSSW2 with n  =  2. It is worth mentioning here, that the latter 
mode (near 30 GHz) may correspond to PSSW1 with n  =  1 as 
well, similar to the case with r  =  1. Therefore this mode may 
belong to different harmonics of PSSW1 and PSSW2. As a 
second step of our investigation, we further calculated the fre-
quency of PSSW2 with n  =  3. The calculations yield that the 
frequency of PSSW2 with n  =  3 lies near 50 GHz. Therefore 
this mode was not observed due to their low amplitude and 
consequently the poor signal to noise ratio. The above expla-
nation gives another proof that the assumptions are in support 
to our observed behavior.

The spectrum for r  =  3 is similar to that for r  =  2 as pre-
sented in figure 4(c). Here also the lowest mode is DE mode, 
which after fitting with equation (3) gives g  =  2.14, ϕ  = 46°, 
Meff  =  650 emu/cc and d  =  23 nm. The fitting parameters 
reveal that here also the DE mode is confined primarily in 
the first bilayer. One discernible difference between r  =  2 and 
r  =  3 is that the value of Meff increases with the number of 
bilayer repeat. Here also, one PSSW mode is observed near 
30 GHz, which is identified as PSSW3 (mode confined in 
three bilayers) with n  =  3. Note here that this mode may be a 
superposition of three harmonics, namely, PSSW1 with n  =  1, 
PSSW2 with n  =  2 and PSSW3 with n  =  3. The mode near 
20 GHz is PSSW3 with n  =  2. Further calculations reveal that 
PSSW3 with n  =  1 lies near 12 GHz. Therefore this mode was 
observed for low wave-vectors (figure 2(b)), but not for higher 
wave-vectors where it lies within the tail of the DE mode. 
Again, the mode PSSW3 with n  =  4 (near 47 GHz) was not 
observed due to similar reason as for r  =  2.

In case of the sample with r  =  4, the number of modes 
changes to five as shown in figure  4(d). Here, the lowest 
mode is no longer the DE mode and shows a dispersionless 
behavior. Rather, the higher frequency mode characterizes 
the DE mode with the magnetic parameters given by g  =  1.8, 
ϕ  = 53°, Meff  =  828 emu/cc and d  =  40 nm as obtained from 
fitting with equation (3). Therefore, here the DE mode pen-
etrates down to almost two bilayers. By fitting the recorded 
frequency values for the other peaks (PSSW modes) we find 
that the frequencies near 10 GHz and 15 GHz are PSSW4 
with n  =  1 and n  =  2, respectively. The other two modes 
observed near 21 GHz and 30 GHz are identified as PSSW4 
with n  =  3 and n  =  4, respectively. Here also PSSW4 with 
n  =  2 is observed for lower wave-vectors only when it is 
not suppressed by the DE mode (figure 2(b)). In addition, 
the frequency of PSSW4 with n  =  1 lies very close to that 
of PSSW1 with n  =  1, PSSW2 with n  =  2 and PSSW3 with 
n  =  3. Similarly, PSSW4 with n  =  2 corresponds to PSSW2 
with n  =  2.

The above modeling of the frequency versus wave-vector 
dispersion using an effective medium approach shows that 
there is an enhancement of the in-plane anisotropy (reflected 
in the effective magnetization Meff) with increasing r. This 
is also apparent from the BLS spectra of both the DE mode 
(figure 2(a)) and Kittel mode (figure 2(b)) which showed 
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increase in frequency with increasing r. The variation in Meff 
is shown in figure 5, which is also in qualitative agreement 
with the VSM results. The reason for this enhancement can 
probably be attributed to an overall improvement of mul-
tilayer quality with increasing r as is also supported by the 
AFM results, which in turn improves the in-plane anisotropy. 
Therefore a detailed study of such systems with higher repeat 
numbers will be of future interest.

It may further be noted that in case of the PSSW modes with 
the same mode number, a larger BLS intensity is observed for 
the modes which are confined in larger number of bilayers 
and vice versa. This is evident in the BLS spectra of Kittel 
mode (figure 2(b)) where PSSW3 with n  =  1 and PSSW4 
with n  =  1 are also observed. Consequently, for PSSW1, only 
the mode with n  =  1 is observed whereas for PSSW4, upto 
n  =  3 is observed. In order to interpret this, we have explored 
the dependence of BLS intensity I(d) of a PSSW mode on the 
corresponding thickness d following the approach of Jorzick 
et al [37]. As mentioned earlier, the profile of the dynamic 
part of the magnetization m in the nth mode has a cosinelike 
shape (see equation  (2)). Therefore, the intensity, which is 
essentially determined by the scattering cross-section, can be 
obtained from

( ) ( ) ( )∫∞ = −
−

I d m m z qz z. exp i dq
d

d2

/2

/2 2

 (5)

Substituting equations (1) and (2) in the above equation and 
performing some analytical calculations, we find that I(d) is 
proportional to d 2 which agrees well with our experimental 
observations.

IV. Conclusions

In conclusion, we have investigated the quasistatic and 
dynamic magnetic properties of [Co/Py]r multilayers with a 
varying number of bilayer repetition r using VSM and BLS 
techniques. The VSM results reveal a systematic increase 
of in-plane anisotropy with increasing repeat number. The 
BLS results show rich spectra of spin wave modes, which 
depend strongly on bilayer repeat. The origin of the modes 
were analyzed in detail using an effective medium approach, 
which reveals that for each film there is one mode showing a 
pronounced dispersion with respect to the transferred wave-
vector, which corresponds to the magnetostatic surface wave 
(DE) mode confined in upper surface of the stack. The modes 
showing no noticeable dispersion are interpreted as PSSW 
modes with different mode numbers. The frequencies of the 
other PSSW modes with higher mode numbers are calculated 
and compared with the experimental results. The extracted 
values of effective magnetization in different samples also 
mirrors the trend found in VSM results. It is observed that the 
intensity of the PSSW mode depends on the corresponding 
thickness and the relation between them has been established. 
Finally, the tunability of in-plane magnetic anisotropy of these 
simple ferromagnetic multilayer structures is important for 
various spintronic and magnonic devices.
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