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We present an all-optical time-resolved measurement of dipole-exchange spin wave spectra in a series

of CoO capped [Co(t)=Pt(7 Å)]n-1 Co(t) multilayer systems, where the total Co moment (n� t) i

Magnetic multilayers (MLs) with perpendicular magnetic

anisotropy (PMA) have inspired technological progress within

magnetic data storage,1 spin transfer torque magnetic tunnel

junctions,2 and magnonic crystals.3,4 New applications, such

as in magnetic metamaterials with a negative refractive index

in the high GHz frequency regimes using magnetic MLs have

been theoretically predicted.5 For many of these applications,

exploration of rich spin wave bands in such MLs are desira-

ble. There have been very few experimental efforts made of

measuring the spin wave spectra in MLs with PMA by fre-

quency and wave-vector domain techniques. Exchange domi-

nated collective spin-wave excitations have been observed in

Co=Pd MLs by Brillouin light scattering.6 On the contrary,

the spectra of standing spin waves have been detected by

ferromagnetic resonance.7 Theoretical investigations of spin

waves in such MLs have been done by various methods

including effective medium formulation,8 and analytical

methods including the Ruderman–Kittel–Kasuya–Yosida

interaction9 and discrete dipole approximation.10

Time-resolved measurements of the magnetization dy-

namics of Co=Pd and Co=Pt MLs with PMA have become a

subject of recent interest.11–14 However, those studies focused

mainly upon the excitation and detection of the fundamental

spin wave mode of the whole ML stack and the time-domain

excitation and detection of the spin wave manifold remained

unexplored. Here, we report on the all-optical excitation and

detection of dipole-exchange spin waves in a series of CoO

capped [Co(t)=Pt(7 Å)]n-1Co(t) ML systems. The observed

spin wave modes are reproduced by theoretical calculations

based upon discrete dipole approximation (DDA).

A series of [Co(t)=Pt(7 Å)]n-1 Co(t) MLs with variable

Co layer thickness (t) and number of bilayer repeats (n) were

deposited by DC magnetron sputtering.15 The product,

n� t¼ 80 Å was kept constant. The thickness of the top

Co-layer was increased from t to tþ 12 Å and then exposed

to ambient air, thus yielding oxidation of the top �12 Å of

Co into �15–20 Å of CoO for optional exchange biasing

below room temperature.16 All of the experiments reported

here are performed at room temperature and the CoO layer

can be considered paramagnetic with no exchange bias

effect. However, the CoO top layer still introduces an asym-

metry between the top and bottom of the Co=Pt ML. The Co

layer thickness within the ML is varied from 0.2 nm (n¼ 40)

to 0.8 nm (n¼ 10) in this experiment. The magnetic hystere-

sis loops were measured by the polar magneto-optical Kerr

effect. The time-resolved magnetization dynamics were

measured by a home built all-optical time-resolved magneto-

optical Kerr effect (TR-MOKE) magnetometer, as described

in detail elsewhere.14 A bias magnetic field (H) is applied at

a small angle (�10�) to the surface normal of the sample

during the dynamical measurements.

Figure 1(a) shows the polar magneto-optical Kerr effect

loops for samples with n� t¼ 40� 0.2, 13� 0.6, and

10� 0.8 nm, respectively. Figure 1(b) shows the experimen-

tal x-ray reflectivity data with the theoretical fit for the sample

with t¼ 0.8 nm. The extracted layer thickness is very close to

the nominal thickness and the average interface roughness is

of the order of 0.05 nm. Figure 1(c) shows typical time-

resolved reflectivity and Kerr rotation data and the corre-

sponding fast Fourier transform (FFT) spectra from the ML

with t¼ 0.6 nm at H¼ 2.47 kOe. The precessional dynamics

appear as an oscillatory signal above the slowly decaying part

of the time-resolved Kerr rotation after a fast demagnetization

within the first 400 fs, and a fast remagnetization.

Figure 2 shows the bi-exponential background

subtracted time-resolved Kerr rotation data and thea)Electronic mail: abarman@bose.res.in.
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constant. In general, the spectra consist of two intense peaks and additional lower intensity peaks. The

observed spin wave modes are modeled by a discrete dipole approximation. The frequency of the

spin wave bands depends significantly upon the magnetic anisotropy and the lattice spacing between

planes. Both symmetric and anti-symmetric modes are observed from the calculation of the spin-wave

profiles across the multilayer in the out-of-plane direction.
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corresponding FFT spectra for the samples. In the FFT

spectra for t¼ 0.2 nm, we observe two intense peaks below

10 GHz and small amplitude peaks above 20 GHz. For

t¼ 0.6 nm, we observe a prominent peak followed by a

shoulder below 10 GHz, a band of modes between 10 and

20 GHz, and a small amplitude band at around 30 GHz. For

t¼ 0.8 nm, we observe large amplitude split modes below

10 GHz, a large amplitude broad band between 10 and 15

GHz, and two small amplitude narrow bands at around 20

and 30 GHz.

The aim of the theoretical modeling is twofold: (1) the

verification of the hypothesis that standing waves formed

across the [Co(t)=Pt(7Å)]n-1 Co(t) ML can explain the multi-

peak spectra observed in the TR-MOKE measurements,

and (2) to establish the spin pinning at the surface of the ML

introduced by the paramagnetic CoO layer on top of the ML.

In order to do that, we considered a system of magnetic

moments, lr, regularly disposed in sites, r, of a sample con-

sisting of stacks of planes with magnetic moments arranged

on the two-dimensional crystallographic lattice points of a

simple hexagonal crystal lattice (see Fig. 3(a)). Solely Co or

Pt magnetic moments (lCo or lPt) are present on each single

plane, i.e., we assume sharp interfaces in our model. The 7 Å

thick Pt layers are modeled by 3 Pt monolayers in all studied

samples. The MLs with t¼ 0.2, 0.6, and 0.8 nm were mod-

eled with 1, 3, and 4 monolayers of Co in each unit cell.

The spin-wave spectra were calculated in a linear

approximation, without damping by numerically solving the

Landau-Lifshitz equation on the discrete lattice—DDA

method.17 The analysis was limited only to the standing

waves formed across the ML.10,17 We considered the sample

in a saturated state along the direction of the effective field.

The approximate direction of the static magnetization was

found from the standard equation with the assumption of a

uniform thin film.18 In the Co planes we assumed a magnetic

moment of 1.8lB (or 1.9lB for one sample), while for the Pt

planes a smaller induced magnetic moment (lPt) due to the

close proximity to the Co atoms was used.19 All parameters

used in the calculations are summarized in Table I.

The intensities of the standing wave (SW) lines meas-

ured in the TR-MOKE were compared with the relative

intensities calculated according to the procedure described in

Ref. 20. The anisotropy constant, magnetic moment induced

on Pt, and the exchange integral between the Pt-Pt planes

were changed to obtain agreement between the experimental

and theoretical results; see Table I. Figure 3(b) shows the

spectrum calculated for the ML with n� t¼ 13� 0.6 nm at

H¼ 2.47 kOe. We found good qualitative agreement with

the experimental FFT spectrum, as shown in Fig. 2(b). A

non-zero anisotropy equal to 3.9� 105 J=m3 limited to

FIG. 1. (Color online) (a) Polar magneto-optical Kerr loops for a series of

[Co(t)=Pt(7 Å)]n-1 Co(t) samples. (b) The experimental and fitted x-ray reflec-

tivity results from the multilayer sample with t¼ 0.8 nm. (c) The time-

resolved reflectivity and Kerr rotation data and the corresponding FFT spectra

are shown for the ML with t¼ 0.6 nm at H¼ 2.47 kOe.

FIG. 2. (Color online) Time-resolved Kerr rotation data and the correspond-

ing FFT spectra for [Co(t)=Pt(7 Å)]n-1 Co(t) multilayers with (a)

n� t¼ 40� 0.2 nm, (b) 13� 0.6 nm and (c) 10� 0.8 nm at H¼ 2.47 kOe.

FIG. 3. (Color online) (a) Model structure of the Co=Pt ML film used in the

calculations. The lateral sizes of the ML film are 2000a� 2000a, where

a¼ 2.29 Å is the in-plane lattice constant. The bias magnetic field, H, is

rotated 10� from the surface normal of the film. The anisotropy constants on

the surface layers (Ku,S1, Ku,S2, and Ku,S3) and at the interfaces (Ku,i) are dif-

ferent from zero. (b) TR-MOKE relative intensities calculated with the DDA

method for the ML with t¼ 0.6 nm at H¼ 2.47 kOe. (c) The profiles of the

SWs with low frequencies from the spectra shown in (b). Mode number, m,

and the corresponding frequency of the mode are listed below.



planes at interfaces (see Fig. 3(a)) was used in the calcula-

tion. In order to separate the first mode from the frequency

band, we had to assume different anisotropy values at the

external surfaces of the ML. By surface layers we mean the

last (first) layers with a non-zero magnetic moment, i.e., last

(first) Co plane (S1) and two neighbor planes, S2 and S3 (in

Fig. 3(a) marked by dashed lines). The corresponding values

of the surface anisotropy constants are summarized in Table

I. Here, we assumed the same anisotropy on the bottom and

top surfaces of the ML.

The spectrum in Fig. 3(b) can be split into two groups

of modes according to the profiles of the SWs presented in

Fig. 3(c): (1) low frequency surface waves (antisymmetric

and symmetric, at 6.83 and 6.88 GHz, respectively), and (2)

the band of the bulk SWs (starting at 14.8 GHz). Changes of

the anisotropy on the external surfaces results only in a shift

of the surface modes.

The calculated SW spectra for the ML with n� t¼10

� 0.8 nm are shown in Figs. 4(a) and 4(b) with the fitted

parameters shown in Table I. The two low frequency modes

are almost degenerate in the calculations (5.36 GHz, Fig.

4(b)), while in the experiment two modes, at 4.6 and 6.5

GHz, are found. This is a result of the ideal symmetry

assumed in the calculations, while in the real structure

asymmetry between the top and bottom surfaces of the ML

is present due to the presence of different materials; Pt on

the bottom and CoO on the top. The introduction of the

asymmetry will result in the splitting of the symmetric and

antisymmetric modes. This is confirmed in Fig. 4(a) where

the results of the calculations with different anisotropies on

the top and bottom surfaces are shown. We assumed

Ku,S1¼Ku,S2 (Ku,S3) equal to 4.0� 105 (�0.8� 105) and

3.33� 105 (�0.89� 105) J=m3 on the top and bottom surfa-

ces of the multilayered structure, respectively.

Finally, we calculated the SW spectrum for the [Co(2 Å)

=Pt(7 Å)]n-1 Co(2 Å) ML as shown in Fig. 4(c). For such a

small thickness of the Co layers it is expected to have a clus-

ter formation at the interfaces. The first two peaks (with

degenerate frequencies) are connected with surface excita-

tions, as previously observed. The second broad peak consists

of 38 modes, with frequencies lying in the range between 7.6

and 11.8 GHz. The width of the band indicates the strength of

the interaction, i.e., narrowing of the band points to a

decrease of the interaction between the magnetic moments in

the multilayered structure. This explains the lower value of

the exchange integral assumed in the calculations.

To conclude, we found good agreement between

TR-MOKE measurements of MLs with PMA and a simple the-

oretical model used to calculate standing SW spectra in such

PMA-MLs. The PMA field found is lower compared to those

in the Co=Pd multilayers. The important aspect for modeling

the low frequency part of the spectra is to include the external

surfaces of the ML correctly. It means that this part of the spec-

tra is affected by the substrate or the overlayer, roughness, clus-

ter formation, or anisotropy distribution on the surfaces. The

lines with higher frequencies are created by bulk excitations in

the multilayered structure.
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TABLE I. Exchange integral (JPt-Pt), magnetic moments (lCo, lPt), anisotropy constants at interfaces (Ku,i), the average anisotropy field (Hani), and the anisot-

ropy constant at external surfaces (Ku,S1, Ku,S2, Ku,S3, the same values on both surfaces) used for calculations of the SW spectra in [Co(t)/Pt(7 Å)]n-1 Co(t)
MLs. The values of JCo-Co and JCo-Pt were the same in all MLs and equal to 2.4� 10�21 J.

MLs t (nm) JPt-Pt (10�21J) lCo (lB) lPt (lB) Ku,i (105 J=m3) Hani (T) Ku,S1 (105J=m3) Ku,S2 (105J=m3) Ku,S3 (105J=m3)

0.2 0.086 1.9 0.18 1.78 0.71 1.78 0.712 0.0

0.6 0.200 1.8 0.27 3.9 0.36 1.86 1.86 �0.78

0.8 0.140 1.8 0.25 4.0 0.28 3.33 3.33 �0.80

FIG. 4. (Color online) Relative intensities calculated with the DDA method

for [Co(t)=Pt(7 Å)]n-1 Co(t) ML with (a) t¼ 0.8 nm (n¼ 10) and asymmetric

magnetic anisotropies at the surfaces, (b) t¼ 0.8 nm with symmetric surfa-

ces, and (c) t¼ 0.2 nm (n¼ 40) with symmetric surfaces. The magnetic field

assumed in the calculations was H¼ 2.47 kOe.
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