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Reprogrammable magnonic band structure of layered permalloy/Cu/permalloy nanowires
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Reprogrammability of magnonic band structure in layered permalloy/Cu/permalloy nanowires is demonstrated
to depend on the relative orientation of the two layers magnetization. By using Brillouin light spectroscopy, we
show that when the layers are aligned parallel two dispersive modes, with positive and negative group velocity,
are observed while when the magnetic layers are aligned antiparallel, only one dispersive mode, with positive
group velocity, is detected. Our findings are successfully compared and interpreted in terms of a microscopic
(Hamiltonian-based) method. An explanation for the observed behavior can be attributed to mode-mixing (or
hybridization) effect when the two magnetic layers are aligned antiparallel. This work opens the path to magnetic
field-controlled reconfigurable magnonic crystals with multimodal frequency transmission characteristics.
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I. INTRODUCTION

Magnonic crystals (MCs), which are magnetic metamate-
rials designed for the control of spin-wave (SW) propagation,
are the subject of extensive investigation by the research
community in the last few years [1-5] due to advances in
lithographic techniques which enable the synthesis of highly
ordered periodic nanostructures. Spectra of SW excitations in
MCs are significantly different from those of uniform media
and exhibit features such as magnonic band gaps, where SW
propagation is entirely prohibited. Due to the wide tunability
of their properties, MCs provide an excellent experimental
testbed for the investigation of linear and nonlinear spin-wave
dynamics.

Many of the efforts focus on reprogrammable magnonic
crystals (MCs) whose dynamic response can be changed on
demand [6,7]. In one-dimension (1D) the MCs with repro-
grammable band structure typically have the form of periodic
nanowire (NW) arrays with complex unit cells where the two
subunits switch independently from one to another. Examples
are arrays of two nanowires (NWs) of different widths or thick-
nesses [8—10] and NWs with the same cross-section size but
formed using two different materials (bicomponent MCs) [11—
14]. A specific advantage of 1D over 2D MCs is the fact that
in the former case (e.g., utilizing longitudinally magnetized
NWs) the complexities associated with the inhomogeneity of
the internal magnetic field are absent.

So far, the reported SW propagation in MCs is limited
to planar single-layer periodic magnetic structures where the
band structure is controlled by dipolar coupling between the
elements. In this work, we investigate the SW band structure
in dense arrays of layered permalloy/Cu/permalloy nanowires.
The novelty of the proposed trilayer structure is that, due
to the different layer thickness, one can control the relative
magnetization orientation of the two layers in one and the same
NW being either parallel (P) or antiparallel (AP). Thus, by a

2469-9950/2018/97(13)/134428(6)

134428-1

proper magnetic field initialization, one can tune the overall
magnonic band structure. We found that the dispersive modes
are not the lowest frequency ones, as observed in dipolarly
coupled single-layer NWs. All these features, including the
field reprogrammable response, are peculiar to MCs, due to
the nonvolatile nature of magnetic materials, and do not find
any counterpart in photonic [15] and phononic [16] crystals.
A specific advantage of the proposed layered structure is that
only one fabrication step is required for creating the patterns
and that the thickness of the different layers can be controlled
in an accurate manner down to the monolayer scale.

In this work, we investigate the SW band structure in 1D
MCs constituted by dense arrays of Py/Cu/Py trilayer NWs
where the two Py (permalloy) NWs in a vertical arrangement
have different thicknesses (10 and 30 nm).

II. SAMPLE STRUCTURE AND EXPERIMENTS

Four arrays of NigoFey (permalloy, Py) NWs with trilayer
Py(d; = 10nm)/Cu(10nm)/Py(d, = 30nm) structure were
fabricated over an area of 100 x 100 xm? on an oxidized Si
wafer substrate using high-resolution electron beam lithog-
raphy, electron beam evaporation and lift-off processes. The
trilayered NWs have a fixed width, w = 280 nm, while their
in-plane separation (edge-to-edge distance) ranges from s =
80 to 280 nm. The corresponding array period (a = w + s)
and Brillouin zone (BZ) wave vector 7 /a are summarized in
the Table I. The fabricated trilayer NWs were examined by
scanning electron microscope (SEM) and exhibit (see Fig. 1
for the sample with s; = 80 nm) uniform spacing and good
edge definition.

The hysteresis (M-H) loops were measured in the longitudi-
nal configuration using magneto-optical Kerr effect (MOKE)
magnetometry. A dc magnetic field H, variable between —500
and 4500 Oe, was applied in the sample plane, being par-
allel to the NWs length (y direction) and perpendicular to
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TABLE I. Geometric parameters of the investigated nanowires
arrays.

Separation (nm) Period (nm) BZ wave vector (10" m™")
s; =80 a; =360 w/a; = 0.87
s, = 100 a, = 380 w/a; = 0.82
s3 = 150 az = 430 w/az; =0.73
s4 = 280 as = 560 w/as = 0.56

the scattering plane (x-z plane). The measured loop for the
Py/Cu/Py NW arrays with separation s; = 80 nm displays a
double-step switching behavior, as shown in Fig. 1(c). These
two steps correspond to the reversal of the thin (10nm) NW,
at a low field (=100 Oe), and the thick (30nm) NW at a high
field (160 Oe). In between, a state of anti-parallel alignment
of the magnetization in the two Py layers is realized, similarly
to what previously found in planar NW arrays with alternating
width. [17] By contrast, arrays with separation from s, to s4
exhibit almost identical square M-H loops with a coercivity of
about 240 Oe.

The frequency dispersion (frequency vs wave vector) of
thermally excited SWs was measured by Brillouin light scat-
tering (BLS) spectroscopy [18]. The sample was mounted on
a goniometer that allowed sample rotation around the field
direction, i.e., to vary the incident angle of light, 6, between 0°
(normal incidence) and 70°. The SW dispersion was mapped by
changing the amplitude of the wave vector, k = (47 /) sin(6),
parallel to the NWs width (x direction), in the range from 0 to
1.9 x 107 rad/m, both in the parallel (P) and antiparallel (AP)
configurations. To create the P state, we first saturate the NWs
along the positive y direction at +-500 Oe and then reduce to
4500 Oe following the descending branch of the M-H loop.
At this field, the magnetization within the same NW layers and
neighboring NWs is aligned along the field direction. The AP
magnetization configuration within the same NW is attained
by first saturating the array in the negative y direction, then
reducing the field to zero and finally reversing it until the
4500 Oe value is reached.

III. THEORY

The theory is based on a microscopic (or Hamiltonian-
based) method that takes account of the exchange and magnetic
dipolar interactions, as well as the magnetic anisotropy and
effects of an external magnetic field. This approach was
previously generalized from its earlier application to single
magnetic nanoelements (such as nanowire stripes) [19] to MC
arrays of simple NWs coupled by the dipolar fields across
nonmagnetic spacers [20]. An important difference in this
present work is the dipolar coupling across the spacer thickness
t in the out-of-plane (or z) direction as well as the dipolar
coupling across the in-plane (or x) direction between the
periodic elements of the MC (see Fig. 1). Extending Ref. [20],
we assume that each element of the MC (the trilayer composite
NW) is represented by spins arranged on a simple cubic lattice
with an effective lattice constant chosen to be smaller than
the exchange length of the magnetic material (which is about
5 nm for Py). The total Hamiltonian contains interaction terms
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FIG. 1. (a) SEM image of the Py(10 nm)/Cu(10 nm)/Py(30 nm)
trilayer NW arrays with width of w = 280nm and edge-to-edge
spacing of s; = 80 nm. The directions of the applied field (H) and
wave vector (k) are also displayed. (b) Schematic drawing of the
multilayer NWs shown together with the system of coordinate axes
and the magnetization configuration in the P and AP states. (c)
Measured MOKE loops for the NW arrays with s; = 80nm and
s, = 100nm. The vertical red dashed line indicates the field value
of 4150 Oe, which following either the descending or the ascending
branch of the hysteresis loop, corresponds to a parallel (P) or
antiparallel (AP) alignment between the two NW magnetizations for
sample s;.

describing the short-range exchange interactions within each
magnetic component of a NW and the long-range dipole-
dipole interactions within the stripes and across the spacers s
and 7.

The calculations are a generalization of those reported in
Ref. [20] since we now include the dipolar coupling in both
the horizontal and vertical directions. Briefly, the translational
symmetry along the NW length direction (y) and periodicity
due to the MC lattice parameter a in the x direction are utilized
to make a double Fourier transformation, thus introducing the
wave number component g and the Bloch wave number &,
respectively. We assume that each layered NW has rectangular
cross-section (in the xz plane) and it is represented by spins
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FIG. 2. (a) Measured BLS spectra as a function of the transferred wave vector k (expressed in v /a) within the first BZ for NWs with spacing
s; = 80 nm. The magnetic field H = 150 Oe is applied along the NWs length and the orientation of magnetization within the same NW is
parallel (P) and antiparallel (AP). Vertical blue and red dashed lines are guides to the eye to follow the frequency evolution of dispersive peaks.
(b) Comparison between the measured (points) and calculated (lines) frequency dispersion for array s, in the P and AP states. A typical error
bar is shown for the lowest frequency mode at k = 1.86 x 107 rad/m. Red ellipses indicate the wave vector region of mode hybridization while
we plot in blue and red only modes with significant dispersion and largest peak intensity while all the others are marked in black.

arranged on a simple cubic lattice with an effective lattice
constant a chosen to be smaller than the exchange length of
the magnetic material. The Hamiltonian can be expressed in
terms of boson creation and annihilation operators, a,i an and
ag,q.n» Where n and n'(= 1,2, ...,N) label the N spin sites in
each cross section. The linearized SW spectrum is found from
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a bilinear term, which has the form

H(z) = Z Z[An,n’(kvq)al_:q,naksqﬁ",

k.g n,n

+ (Bn,n’(kaq)ak,q,nak,q,n’ + H.C.)], (1)
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where H.c. denotes Hermitian conjugate. The A and B coeffi-
cients depend on the exchange and dipolar sums, the applied
field and the geometry, and they can be deduced as in Ref. [20].
Then, by making a canonical transformation to diagonalize
Eq. (1) with respect to the n and »n’ labels, we may obtain
the spectrum of discrete SW frequencies w¢(k,q) for the MC,
where £ labels the N branches. The calculations include a small
single-ion anisotropy (attributable to effects arising mainly at
the lateral edges of the stripes), which plays arole in stabilizing
the AP phase. As in Ref. [21] it is conveniently introduced in
terms of an average effective anisotropy field, which we have
taken as H,, = —80 Oe in the present case.

IV. RESULTS AND DISCUSSION

Figure 2(a) shows a sequence of BLS spectra measured for
the NW array with spacing s; = 80nm at H = 4+1500e in
both the P and AP states. All the spectra are characterized by
the presence of several narrow peaks and only a few of them
exhibit a sizeable frequency dependence on k. Some of them
also are characterized by a significant variation of the peak
intensity versus k. This can be explained by considering the
modes we are observing in dense layered NWs are formed by
the SW wave modes resonating through the NW width and
coupled by dipolar dynamic interaction [22]. Therefore modes
with asymmetic (symmetric) profiles with respect to the NW
center width, are barely (amply) visible close to the center of
the Brillouin zone (k = 0) while they have large (low) intensity
for k values close to the edge of the first Brillouin zone (k =
7 /a). In addition, many previous studies have shown that the
Stokes/anti-Stokes intensity ratio can be significantly affected
by the magneto-optical coupling mechanisms [23] in the ma-
terial and by the finite penetration depth of light which mainly
probes the outermost NW layer [24,25]. Arrows in Fig. 2(a)
mark those peaks which exhibit the largest frequency variation
thus indicating that collective SWs propagate through the array
due to the dynamic dipolar coupling, while other peaks, either
at lower or higher frequency with respect to this doublet of
modes, are constant in frequency. Interestingly, in the P state
the frequency difference between these two peaks, indicated
by the red and blue arrows, decreases on increasing k while in
the AP state only one dispersive mode (blue arrow) is detected.
A very good agreement between the calculated dispersion and
the experimental one has been obtained by using the following
parameters for Py obtained by fitting the dispersion of the
continuous (unpatterned) Py(10)/Cu(10 nm)/Py(30 nm) films:
namely, exchange stiffness D = 30 T nm?, the saturation mag-
netization My = 0.071T, and y /27 = 29.3GHz/T (with y
being the gyromagnetic ratio).

Important information about the dispersion of SWs existing
in the layered NW array can be derived by plotting the fre-
quency vs the wave vector (k) values. In this sample, the peaks
which exhibit the largest frequency variation show a dispersion
that follows the Bloch’s theorem with oscillating character
and the occurrence of BZs due to the artificial periodicity of
the NWs (a). These modes have a quite different width of
the magnonic band (amplitude of the frequency oscillation) of
1.9 GHz for the blue peak and 0.4 GHz for the red one and are
characterized by opposite dispersion slope atk = Qand 7 /a. It
is noteworthy, that the two dispersive modes are not the lowest
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FIG. 3. (a) Comparison between the measured and calculated
band structure for NW arrays with separations s, and s, for an applied
field H = 500 Oe. (b) Width of the magnonic band for the two most
dispersive modes (marked by the red and blue dashed areas).

frequency ones as in the case of single-layer dense NW arrays,
where only the lowest frequency mode exhibits a significant
dispersion and higher frequency modes are dispersionless [26].

It is evident from Fig. 2(a) that the behavior of dispersive
modes is quite different for the P and AP states with the same
applied field H = 4 1500e. The general appearance ex-
perimentally is characteristic of there being two dispersive
modes in the P state with opposite dispersion (i.e. positive and
negative group velocity), whereas in the AP state there seems
to be one dispersive mode with positive group velocity. From
the perspective of the theory, however, we see from Fig. 2(b) in
both cases the dispersive mode with positive group velocity is
degenerate in frequency with dispersionless modes at about
8.5 GHz and 7 GHz in the P and AP states, respectively.
The former is not detected in the measured spectra while the
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latter is visible and undergoes a large mode repulsion, due to
hybridization at around k & 0.3 x 107 rad/m. Itis important to
note that switching from the P to AP configuration corresponds
to a change in the interlayer dipolar energy and to an overall
magnonic band shift downward by about 2 GHz.

We next consider the case of NW arrays with different
separation for an applied field H = 500 Oe (i.e., NWs in the
saturated P state) to investigate the role of lateral separation on
the band structure. In Fig. 3(a), the comparison between the
measured and calculated dispersion for arrays with smaller (s;)
and larger (s4) separations are shown at H = 500 Oe where all
the NWs magnetization are aligned (P state). From inspection
of the measured MOKE loops for NW arrays with separation
s2, 83, and sy it is not possible to identify field regions of AP
configuration. First of all, with separations larger than s, the
SW dispersion can be mapped over the second BZ. The two
lowest and the highest frequency modes are dispersionless
and their frequency is independent of the NWs separation. By
contrast, modes with frequencies between 9 and 13.5 GHz
exhibit significant dispersion with a sizeable amplitude of the
magnonic band, which decreases with increasing s. For s,
array, a significant reduction of the magnonic band width,
from 2.5 to 1.9 GHz, is also observed for the most dispersive
mode (blue points) on increasing the magnetic field value from
H =500 0Oe [Fig. 2(b)] to 500 Oe [Fig. 3(a)] while it is almost
constant for the less dispersive mode (red points). This is in
agreement with previous findings where an increase of the
magnetic field causes a reduction of the spin precession ampli-
tude and consequently of the dynamic dipolar field, which is
responsible of the magnonic bandwidth [26,27]. It is important
to remark that by using the same set of magnetic parameters
for the NW arrays, the measured frequency dispersion is well
reproduced by our calculations (solid curves). Figure 3(b)

summarizes theory and experiment for the evolution of the
magnonic band width as a function of the NW separation.
We see that the magnonic band is much wider for the lowest
frequency dispersive mode than for the highest one and the
band decreases monotonically in going from s; to s4. This
reduction is due to the steady decay (as s is increased) of the
dipolar coupling between adjacent NWs in the array.

V. SUMMARY

In conclusion, we have demonstrated by experiments and
theory the vertical reprogrammable band structure in permal-
loy/Cu/permalloy nanowires where the frequency position of
stationary modes and the group velocity of the dispersive
modes can be up- or down-shifted depending on the relative
orientation of the magnetizations in the two Py layers. Ad-
ditionally, we found that the widths of the magnonic band
for two dispersive modes are controllable by the nanowires
separation. In this respect, the investigated samples resemble
spin-valve structures where the dynamic response can be
changed on demand by reversing the magnetization orientation
of one single layer. These peculiar properties go beyond the
possibilities in photonics and plasmonics due to the intrinsic
nonvolatility of magnetization ground-state configurations.
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