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The magnon dispersion relations of the ferromagnetic and antiferromagnetic phases in a

dipole-exchange coupled one-dimensional magnonic crystal comprising alternating cobalt and

Permalloy nanostripes have been mapped by Brillouin spectroscopy. To elucidate the magnetization

dynamics at the interfaces between stripes, the experimental data are analyzed based on a

macroscopic theory under Hoffmann-type boundary conditions. Good agreement is obtained between

theory and experiment for both the ferromagnetic and antiferromagnetic phases. Results suggest the

existence of strong exchange coupling across the cobalt-Permalloy interfaces, comparable with the

exchange coupling within each component material. VC 2011 American Institute of Physics.

[doi:10.1063/1.3647952]

In recent years, the magnetic counterpart of photonic

crystals, namely, magnonic crystals (MCs) in which spin

waves (SWs) serve as information carriers, have garnered

considerable interest. They exhibit magnon band structures

comprising allowed and forbidden frequency bands that can

be exploited for the control and manipulation of SWs. The

nanoscale wavelength of SWs, in the gigahertz range, is an

attribute that should facilitate the miniaturization of MC

devices. Hence, these nanostructured materials hold great

promise in diverse applications such as magnonic wave-

guides and filters for microwave communication.1–6

The majority of the MCs studied thus far are artificial

crystals in the form of one-dimensional (1D) periodic arrays

of permalloy (Ni80Fe20, Py) nanowires separated by air

gaps,1,7–10 or 1D arrays of micron-size grooves etched on yt-

trium iron garnet films.11 Dipolar interaction between ele-

ments in these single-material MCs results in collective

magnetostatic spin-wave modes propagating through them.

Recently, studies of SWs in 1D magnonic arrays composed

of alternating, contacting elements of two different ferro-

magnetic materials were initiated.12–14 A salient feature of

these bi-component crystals is the role of exchange coupling

at the interfaces between neighboring elements. Hence, the

collective mode behavior is mediated by interfacial exchange

coupling as well as the modified dipolar coupling. Conse-

quently, the coupling between neighboring stripes is poten-

tially enhanced, thus reducing energy loss of SW

propagation through the crystal,15 which would be a highly

desirable feature in the functioning of MC-based devices.

While the ferromagnetic (FM) order of MCs, where the mag-

netization M of neighboring stripes are parallel, has been

intensively studied,1,5,7–17 their antiferromagnetic (AFM)

order, where M of adjacent stripes are antiparallel, has not

been much explored theoretically and experimentally.

Indeed, the few studies of AFM spin-wave dispersion in

MCs reported to date are mainly based on dipole-coupled

arrays of Py stripes separated by air gaps.1,18 The expected

different behavior of the FM and AFM states in our bi-

component MC may offer promising perspectives for reprog-

rammable dynamic response.1,18

In this letter, we report on a theoretical and experimental

study of dipole-exchange SWs in the FM and AFM phases of

a 1D magnonic array of alternating, contacting cobalt and Py

nanostripes. Such a 1D bi-component sample represents a

simple system for investigating the magnetization dynamics

at the interfaces between elements in the FM and AFM

phases of an MC. Specifically, the dispersion curves of the

spin excitations, in both phases and under the same applied

field strength, are mapped by Brillouin light scattering (BLS)

which is a powerful technique particularly suited for this pur-

pose. Numerical calculations, based on the finite element

method, for the dispersion relations are performed using phe-

nomenological interfacial boundary conditions. Our findings

imply the presence of strong direct exchange coupling across

the Co-Py interfaces.

The MC was synthesized on an oxidized Si(001) sub-

strate using e-beam lithography, deposition, and lift-off proc-

esses.13 The 100 lm� 100 lm patterned structure is a 30

nm-thick 1D periodic array of alternating, contacting 200

nm-wide Co and 300 nm-wide Py stripes (the 200Co/300Py

MC for brevity).

The M-H hysteresis loop of the sample was measured by

magneto-optic Kerr effect in the longitudinal configuration

with the magnetic field applied along the length of the stripes

(Fig. 1). The loop features a distinct two-step switching cor-

responding to the magnetization reversals of Py stripes at a

low field and Co stripes at a high field. Starting from positive

saturation field (þz direction in inset), the magnetizations of

all stripes are aligned along the field direction (FM phase).
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When the reverse field is larger than the switching field of

the Py stripes, but less than that of the Co stripes, a state of

antiparallel alignment of the magnetizations of neighboring

stripes (AFM phase) is attained, which persists until the

reverse field is larger than the switching field of the Co

stripes.

Brillouin measurements were performed in a 180�-
backscattering geometry (inset of Fig. 1) using 80 mW of the

k¼ 514.5 nm radiation of an argon-ion laser and a six-pass

tandem Fabry-Perot interferometer equipped with a silicon

avalanche diode detector. Dispersion curves were mapped up

to the fourth Brillouin zone (BZ), i.e., a magnon wavevector

range q (¼4p sin h/k) of 0 to 4p/a (lattice constant a¼ 500

nm), by varying the light incidence angle h. Prior to the BLS

experiments, the sample was saturated with an applied field

H¼ 400 mT/l0 along the stripes (þz direction in Fig. 1). H
was then decreased to 37 mT/l0 (FM phase), followed by the

mapping of the FM magnonic dispersion with H maintained

at this value. For the AFM phase, the sample was first satu-

rated along the �z direction, after which a reverse field of 37

mT/l0 was applied and BLS measurements performed.

Brillouin spectra at the various BZ boundaries of the MC

in both phases are displayed in Fig. 2. The measured disper-

sion curves of the four observed SW modes, plotted over four

BZs in Fig. 3, exhibit distinct periodic variations. No extra

modes, that were reported for an MC comprising Py nano-

stripes and attributed to magnetic disorder,18 were observed.

Of note is the large width (3 GHz) of the lowest branch of the

AFM dispersion curves relative to those (�1 GHz) of

dipolar-coupled magnonic arrays of Py stripes.1,18

SW dispersion curves in both the FM and AFM states

were calculated based on a macroscopic theory using the

Hoffmann boundary conditions (BCs) at the Co-Py interfa-

ces. The spin dynamics are governed by the linearized

Landau-Lifshitz equation and Maxwell’s equations without

retardation. Our approach is similar to that of Wang et al.,12

except that in the AFM state the saturation magnetization MS

in the Co stripes was replaced by �MS in Eqs. (1) and (2) of

Ref. 12. Denoting the dynamical magnetizations by

mi¼ [mix, miy, 0], with i¼ 1, 2 representing the respective Py

and Co stripes, the Hoffmann BCs (Ref. 19) for m1 in the

FM state can be expressed as

FIG. 1. (Color online) M-H loop of the 200Co/300Py magnonic crystal with

the field H applied along the stripes. (Inset) Schematics of Brillouin light

scattering geometry showing the laser light incident angle h, incident and

scattered photon wavevectors ki and ks, magnon wavevector q, and applied

magnetic field H.

FIG. 2. (Color online) Brillouin spectra of 200Co/300Py magnonic crystal,

with lattice constant a¼ 500 nm, in (a) FM state and (b) AFM state,

recorded at various Brillioun zone boundaries (q¼ np/a), under an applied

field H¼ 37 mT/l0 field. All spectra were fitted with Lorentzian functions

(blue curves), and the resultant fitted spectra are shown as red curves. The

shaded regions represent frequency bandgaps.

FIG. 3. (Color online) Dispersion curves of the 200Co/300Py magnonic

crystal (lattice constant a¼ 500 nm), under H¼ 37 mT/l0 field, in (a) FM

state and (b) AFM state. Measured and calculated data are represented by

symbols and lines respectively. The shaded regions represent measured

bandgaps. The Brillouin zone boundaries (q¼ np/a) are denoted by dashed

lines.

143118-2 Zhang et al. Appl. Phys. Lett. 99, 143118 (2011)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



A1

MS;1

@m1a

@n1

����
x¼0�
þ A12

MS;1
m1aðx ¼ 0�Þ � A12

MS;2
m2aðx ¼ 0þÞ

� da

2

A12

MS;1

@m1a

@n1

����
x¼0�
� A12

MS;2

@m2a

@n2

����
x¼0þ

� �
¼ 0;

(1)

where a¼ x, y, and n1 and n2 represent the outward normals

of the Py and Co stripes at the Co-Py interface. A1 denotes

the exchange stiffness constant of Py, and MS,1 and MS,2 are

the saturation magnetizations of Py and Co, respectively.

The spacing da between neighboring Py and Co atoms across

the Co-Py interfaces is expected to be of the same order as

the lattice parameters (�0.2 to 0.4 nm) of Co and Py, and

A12 is a parameter indicating the strength of the interfacial

exchange coupling at the Co-Py interfaces. The correspond-

ing equations for m2 are obtained by interchanging m1a with

m2a, A1 with A2 (the exchange stiffness constant for Co),

MS,1 with MS,2, n1 with n2 and 0� with 0þ in Eq. (1). In the

AFM state, the Hoffmann BCs for m1 are
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The corresponding equations for m2 are obtained by making

the same interchanges as before.

The linearized Landau-Lifshitz equations, together with

Maxwell’s equations, were solved within the framework of

the finite element approach using the COMSOL MULTIPHYSICS

software20 with the Bloch theorem applied along the perio-

dicity (x�) direction. Magnetic parameters used in the calcu-

lations are MS,1¼ 7.22� 105 A/m, A1¼ 1.08� 10�11 J/m,

gyromagnetic ratio c1¼ 186 GHz/T for Py, and MS,2

¼ 1.17� 106 A/m, A2¼ 2.54� 10�11 J/m, c2¼ 201 GHz/T

for Co. They were derived from Brillouin measurements of

30 nm-thick Py and Co reference films.

In the above equations, da, which is much smaller than

the dimensions of the MC, depends on the fabrication pro-

cess and sample quality. Fitting the FM experimental data

with Eq. (1), over a reasonable range 0.2 nm < da< 1 nm,

yielded A12¼ 0.088 J/m2 and da¼ 0.35 nm (see Fig. 3(a)). It

is interesting to note that the value daA12� 3� 10�11 J/m is

of the same order of magnitude as A1 and A2, implying the

existence of strong interfacial exchange coupling, as

expected for direct contact. AFM dispersion curves were

then calculated, using Eq. (2), based on the fitted values of

A12 and da obtained from the FM data. Figure 3(b) reveals

that the measured AFM dispersion is well reproduced, thus

justifying our analysis.

In summary, the FM and AFM magnon dispersions in

our 1D bi-component MC have been mapped by Brillouin

light scattering. Detailed and comprehensive dispersion data,

measured over four BZs, afforded the determination of the

interfacial exchange coupling strength. Our results suggest

that there is strong direct exchange coupling across the Co-

Py interface, comparable with the magnitude of the exchange

coupling within each component material. As strong interfa-

cial magnetic interactions in dipole-exchange coupled bi-

component MCs would potentially result in the reduction in

the energy loss of SW propagation through them, our find-

ings would be of use in the development of devices based on

such MCs.
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