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Abstract  

The nonreciprocal propagation of spin waves in magnonic waveguides is 

investigated using micromagnetic simulations. The magnonic waveguides are in the 

form of ferromagnet/normal metal bilayers inducing interfacial Dzyaloshinskii-

Moriya interaction (DMI). The presence of the interfacial DMI is demonstrated to 

induce the nonreciprocity of spin waves, i.e. different frequencies, amplitudes, and 

mode profiles for propagating in the opposite directions. In addition our simulation 

reveals the existence of unidirectional propagation of spin wave which travels only 

along one direction, either forward or backward. Our results therefore show the 

potential of using magnonic waveguides with the presence of DMI as building blocks 

for a new class of compact nonreciprocal magnonic devices including one-way 

waveguides (isolators) and circulators.  
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The Dzyaloshinskii-Moriya interaction (DMI), [1, 2] a novel antisymmetric 

exchange coupling, has recently attracted great interest. The DMI arises from spin-

orbit scattering of electrons in an inversion asymmetric crystal field, and it exists in 

systems with broken inversion symmetry [3-7] and at the surface or interface of 

magnetic multi-layers. [8-10] The existence of DMI can induce chiral spin structures 

such as skyrmion, [3-10] unconventional transport phenomena, [11-13] and exotic 

dynamic properties, [14-16] many of which stimulated interest in fundamental 

magnetism studies and provided new possibilities for the development of future 

spintronic devices. Existence of DMI in systems such as Pt/Co with perpendicular 

magnetic anisotropy (PMA) has been demonstrated from measuring the static profiles 

of domain walls and their dynamics. [17-20] It has been theoretically predicted that 

the presence of DMI will result in asymmetry of magnon (the quanta of spin wave) 

energies propagating in the counter-propagation directions in ultrathin films. [21-24] 

This nonreciprocity has also been experimentally demonstrated in ultrathin Fe film 

grown on W(110). [25, 26] Recently, Moon et al. have numerically shown that 

introducing a DMI term into the energy terms will lead to the nonreciprocity of spin 

wave (SW) that propagates along the positive and negative axis directions, i.e. f(+k) ≠ 

f(-k) for an uniformly magnetized infinite planar film. [27] Nonreciprocal propagation 

of spin waves is of great interest to both fundamental science and engineering 

applications, since it can be exploited for functionality enhancement or development. 

For instance, logic devices based on nonreciprocal properties of SWs can be designed 

with the amplitude modulation for logic operations. [28]  

The recent development of nanotechnology together with the advances in 

nanomagnetics has made it possible for the investigation of spin waves in artificial 

magnonic crystals (MCs). MCs are magnetic materials with periodic modulated 

magnetic properties. Their potential application in functional devices has ignited a 

novel research field, magnonics, aiming to use SWs propagation in a magnetic 

medium for signal transmission and processing. [29-31] Due to their potential 

integration with semiconductor technology, magnonics has attracted widespread 

interest for numerous fields of nanoscience and nanotechnology. [32] Similar to 

plasmonics which uses metallic nanostructures to confine and guide optical frequency 

plasmon-polaritons, [33, 34] magnonics utilizes nanoscale magnonic waveguides to 

control the propagation of SWs. [35] Although the SW propagation in magnonic 
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waveguides has been widely investigated, [36, 37] the effect of DMI on SWs in such 

waveguides has not been studied yet.  

In this work, we present the effect of interfacial DMI on the spin dynamics and in 

particular on the spin wave dispersion relation in magnonic waveguide. 

Micromagnetic simulations are carried out to investigate the interfacial DMI induced 

nonreciprocal propagation of spin waves in single-component and bi-component 

magnonic waveguides. Here, an ultrathin ferromagnetic nanostrip providing a well-

defined magnonic waveguide is used to study the propagation properties of spin wave 

in the Damon–Eshbach (DE) geometry. [38] In this geometry, the external magnetic 

field H is applied in the plane of the thin film and the wave vector of the propagating 

SW is perpendicular to this field.  

The schematic of the investigated magnonic waveguides are shown in Figs. 1(a) 

and (b) for the single-component and bi-component waveguides, respectively. The 

waveguides are assumed to be in the form of an ultrathin ferromagnetic layer on a 

metallic substrate inducing DMI. The length of the waveguide is 2000 nm, the width 

is 400 nm, and the thickness of the ferromagnetic layer is 1 nm. For the single-

component magnonic waveguide (SMW) as shown in Fig. 1(a), the ferromagnetic 

layer is the cobalt (Co) film of 1 nm thickness. While for the bi-component magnonic 

waveguide (BMW) as shown in Fig. 1(b), the 1nm thick ferromagnetic layer 

comprises of an alternating array of Co and Permalloy (Py) stripes with a period a = 

a1 + a2 = 24 nm (a1 = a2 = 12 nm). The dispersion relation of SW in terms of the 

frequency versus wavevector is numerically investigated. 

The effect of the DMI on the SW propagation property is simulated using the 

public object-oriented micromagnetic framework (OOMMF) code including the 

extension module of the Dzyaloshinskii-Moriya interaction. [39, 40] The code 

performs a time integration of the Landau-Lifshitz-Gilbert equation of motion for the 

magnetization dynamics,  

(1) 

where m is the unit vector along the local magnetization, γ0 is the gyromagnetic 

ratio, α is the Gilbert damping constant, and Heff is the local effective magnetic field 

including the exchange, anisotropy, magnetostatic, Zeeman, and Dzyaloshinskii-
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Moriya fields. The Dzyaloshinskii-Moriya field caused by the interfacial DMI is 

given in a continuous form. [40, 41]  

(2) 

where E is the total energy of the system is given by  

(3) 

where Eani, Ems, Eex, EZee, and EDM are magneto crystalline anisotropy energy, 

magnetostatic energy, exchange energy, Zeeman energy, and Dzyaloshinskii-Moriya 

energy, respectively. The detailed expressions of the total energy are 

 

 

where D is the continuous effective DMI constant in mJ/m
2
, u is a unit vector along 

the anisotropy axis, Kj is the magnetic anisotropy constant, Hdem is the 

demagnetization field, Hex is the external magnetic field, µ0 is the magnetic 

permeability, and Ms is the saturation magnetization.  

Parameters used in the simulations are listed as follows: the saturation 

magnetization Ms = 1.752 × 10
6
 A/m, the exchange stiffness A = 2.1 × 10

-11
 J/m, and 

perpendicular magnetic anisotropy K = 0.8 MJ/m
3
 for Co, and Ms = 1.94 × 10

5
 A/m, A 

= 4.0 × 10
-12

 J/m and K = 0 for Py. The intensity of the DMI is presented by D in the 

unit of mJ/m
2
. In this work, the DMI constant D = 3 mJ/m

2
, the damping constant α = 

0.01, and the gyromagnetic ratio γ = 2.211 × 10
5
 m/As. The cell size used in the 

simulation is 1 × 1 × 1 nm
3
, which is well below the characteristic wall length of these 

materials. A static in-plane magnetic field H = 100 mT is applied to magnetize the 

waveguide along the y-direction which is large enough to make the magnetization 

uniform and minimize the edge effects. The propagation of the SW along the length 

of the waveguide (x-direction) corresponds to the DE geometry. [38] In order to excite 

SWs, a cardinal sin function, Hy(t) = H0sin(2πωHt)/(2πωHt), with H0 = 10 mT and 

field frequency ωH = 60 GHz, was applied locally to a 2 × 400 × 1 nm
3 

central section 

of the magnonic waveguides. In this case, the wavevector k of SWs on the right part is 

positive whereas k is negative on the left part. SWs with frequencies ranging from 0 to 

60 GHz were thus excited and propagated along the waveguide. The dispersion curves 

are obtained by performing the Fourier transformation of the out-of-plane 
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magnetization component mz in space and time with contributions from all the 

discretized cells. The mode profile of each SW is then obtained by plotting the 

spectral amplitude at a specific frequency for each cell. Although the micromagnetic 

simulations were carried out at room temperature, the presented results are valid even 

with the presence of minor temperature fluctuation. As the effect from the 

temperature fluctuation is relatively weak in comparison to the magnetization 

dynamics induced by the locally applied microwave field. 

The numerically calculated dispersion relations of SWs in terms of the frequency f 

versus wavevector k for SMWs and BMWs under a bias field H = 100 mT with and 

without the presence of interfacial DMI are shown in Fig. 2. The equilibrium 

magnetization in the positive and negative y direction is represented by P = +1 and -1, 

respectively. Without the presence of DMI, the dispersion relations of SWs are 

symmetric about zero wavevector indicating a reciprocal propagation property of SWs 

along the two opposite direction as shown in Figs. 2(a) and (b) for SMW and BMW, 

respectively. The frequencies and amplitudes of SWs with positive wavevector +k and 

negative wavevector -k are symmetric about the zero wavevector. For the SMW, there 

is a continuous quadratic dispersion and no forbidden band for frequencies above 10.5 

GHz, which is the normal property of the DE SWs. For the BMW, the dispersion 

shows a periodic character of the two dispersion branches up to the second Brillouin 

zone (BZ), which is evident from Fig. 2(b). The dispersion curves are observed to be 

folded and feature bandgap with width of 13.6 GHz from 26.2 to 39.8 GHz at the BZ 

boundaries kx = π/a, due to the periodic modulation of the magnetic properties along 

the SW propagation direction. This periodic character is typical of periodic systems 

such as magnonic band structure for the widely reported magnonic crystals. [28-30] 

When considering the presence of the interfacial DMI, neither the continuous 

dispersion for SMW nor the magnonic dispersion for BMW is symmetrical about the 

zero wavevector indicating a nonreciprocal propagation property of SWs along the 

two opposite direction as shown in Figs. 2(c) and (e) for SMW and in Figs. 2(d) and (f) 

for BMW, respectively. The dispersion of SWs is shifted to the +k side for the 

magnetization P = +1. In contrast, the dispersion of SWs is shifted to the -k side when 

the magnetization P is reversed from +1 to -1. The shift of dispersion is equal for the 

same DMI constant with P = +1 and -1, similar to the reported results for an 

uniformly magnetized infinite planar film with the presence of interfacial DMI. [27] 
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The interfacial DMI induced nonreciprocal dispersion depends not only on the 

wavevector direction but also on the magnetization direction. This DMI effect on the 

spin wave dispersion is similar to the Rashba spin-orbit coupling effect on electron 

dispersion since the interfacial DMI arises from the Rashba spin-orbit coupling at 

magnetic interfaces. [27, 42-45]   

To better understand the dynamical properties of SWs i.e. frequencies, amplitudes, 

and mode profiles, we calculate the mode profiles of SWs at specific frequencies. The 

calculated mode profiles of SWs in magnonic waveguides without the presence of 

DMI are shown in Fig. 3 for two specific frequencies of 22 and 33 GHz, which are 

selected within the first allowed band and first bandgap of the BMW at H = 100 mT. 

As shown in Fig. 3, for the two SWs in the SMW, the wavevector magnitudes and the 

amplitudes of the rightward (+x) propagating waves are the same as that of the 

leftward (-x) propagating waves. Therefore, the propagation of SWs are symmetrical 

or reciprocal in the rightward (with wavevector +k) and leftward (–k) directions. 

While the BMW only permits the propagation of the 22 GHz SW located in the first 

transmission band. For SW of 33 GHz located in the first bandgap of BMW is 

prohibited from propagation in the waveguide. Similar to the mode profiles of SWs in 

the SMW, the SWs in the BMW are also reciprocal. 

The dispersion relations of the propagating SWs in the SMW with the presence 

of interfacial DMI are shown in Fig. 4(a), which clear shows the nonreciprocity of the 

SWs. To examine this nonreciprocal propagation in detail, we also calculate the 

associated nonreciprocity strength defined as the frequency difference between SWs 

propagating in rightward (+k) and leftward (-k) direction: ∆f(k) = f(+k) - f(-k), and the 

mode profiles of SWs with specific frequencies. The nonreciprocity strength is shown 

in Fig. 4(b), and it increases with the wavevector amplitudes, and reaches the maximal 

value of 18 GHz at k ≈ 0.204 nm
-1

. 

The calculated mode profiles of SWs in SMW with the presence of DMI are 

shown in Fig. 4 insets for four specific frequencies of 12, 19, 26, and 40 GHz. The 

wavevector and frequency of the SW are referred to (k, f). As shown in Fig. 4, for the 

four SWs in the SMW, the wavevector magnitudes and the amplitudes of the 

rightward propagating waves are quite different from that of the leftward propagating 

waves, which is a clear signature of nonreciprocal SW propagation. As an instance, 

the rightward propagating 40 GHz SW has a wavevector magnitude of 1.27π/a, which 
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is larger than that of the leftward propagating 40 GHz SW 0.94π/a. The SWs of the 

same wavevector magnitude propagating on the opposite directions have different 

frequencies by comparing the (-0.94, 40) and (0.94, 26) modes. Hence, the opposite 

propagating SWs in the SMW exhibit an obvious nonreciprocity property. In addition 

there exists unidirectional SW modes, which is only allowed to propagate only one 

direction, say rightward (+k), and is prohibited to propagate along the opposite (-k) 

direction, e.g., the mode profile of 12 GHz SW. 

Fig. 5 shows the calculated dispersions and mode profiles of SWs in the BMW 

with the presence of interfacial DMI. This nonreciprocal magnonic band structure 

indicates the nonreciprocity property of propagating SWs in such waveguide. The 

calculated nonreciprocity strength ∆f(k) is shown in Fig. 5(b), and the mode profiles 

of SWs with specific frequencies are shown in the insets of Fig. 5. In contrast to that 

for SMW, the nonreciprocity strength does not continuously increase with the 

wavevector amplitudes. A band structure like dispersion of nonreciprocity is observed, 

and it is enhanced when the rightward and leftward propagating SWs are located in 

the different frequency bands. For instance, the rightward propagating SW with +k = 

π/a is located in the first band, while the leftward propagating SW with -k = π/a is 

located in the second band. The nonreciprocity is enhanced as compared to the SWs 

in SMW with the same wavevector magnitude. The nonreciprocity can be as large as 

37 GHz in the investigated range. 

The calculated mode profiles of SWs in BMW with the presence of DMI are 

shown in Fig. 5 as insets for four specific frequencies of 14, 22, 33, and 41 GHz, 

which are selected within the first allowed band, first bandgap, and second allowed 

band of the BMW, respectively. The SW of 33 GHz is located in the first bandgap of 

the magnonic waveguide, so neither the rightward (-, 33) nor the leftward (+, 33) SW 

can propagate as shown in the mode profiles. For SWs with frequencies in the 

allowed bands, the wavevector magnitudes and the amplitudes of the rightward 

propagating waves are quite different from that of the leftward propagating waves 

indicating a nonreciprocal SW propagation. For instance, the rightward propagating 

22 GHz SW has a wavevector magnitude of 1.15π/a, which is larger than that of the 

leftward propagating 22 GHz SW 0.35π/a. For the SWs of the same wavevector 

magnitude, (-0.74, 41) and (0.74, 14), they have different frequencies when they 

propagate in opposite directions. Hence, the SWs propagating along opposite 
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direction in the BMW exhibit an obvious nonreciprocity property. Additionally, a 

narrow frequency range of unidirectional SW propagation is also observed from 10.2 

to 14.8 GHz, in which the SWs propagate in the rightward and leftward directions are 

significantly different: the waveguide is transparent in the rightward direction and 

almost opaque in the leftwards direction, e.g., the mode profile of 14 GHz SW. This 

unidirectional property is reversible by reversing the magnetization direction to allow 

the leftward propagating SWs. 

In summary, we demonstrate the nonreciprocity of spin waves in the nanostripe 

magnonic waveguides induced by the presence of the interfacial Dzyaloshinskii-

Moriya interaction by micromagnetic simulations. The observed nonreciprocal 

magnonic dispersion is attributed to the degeneracy breaking of the SWs propagating 

along the two opposite directions with the presence of the interfacial DMI. This 

nonreciprocal property of SWs with respect to the sign of the wavevector is 

demonstrated by calculating the spectra in both the positive and negative directions 

and by reversing the magnetization of the waveguides. Additionally, our simulation 

reveals the possibility of unidirectional spin wave propagation in a narrow frequency 

band of the magnonic dispersion where the propagation of SWs in the forward 

direction and backward direction is significantly different, i.e. the waveguide is 

transparent in the forward direction and opaque in the backward direction. Hence, our 

findings could inspire a new class of compact nonreciprocal magnonic devices 

releasing the isolation and dynamic control of spin wave propagation for future 

magnon-spintronic applications. 
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Figures captions  

 
 

 

Fig. 1. (Color online) Schematic of the investigated magnonic waveguides: (a) single-

component and (b) bi-component waveguide. The inset is the unit cell of the bi-

component magnonic waveguide with the period a = a1 + a2 along the x-axis. 

 

 

Fig. 2. (Color online) Dispersion relations of spin wave propagation in the single-

component (left column) and bi-component (right column) magnonic waveguides 

under a magnetic field H = 100 mT for (a)-(b) D = 0, (c)-(d) D = 3 mJ/m
2
 & P = +1, 

and (e)-(f) D = 3 mJ/m
2
 & P = -1. The dotted lines indicate the Brillouin zone 

boundaries kx = nπ/a. The intensities of the spin waves are represented by the color 

scale. 

 

 

Fig. 3. (Color online) Fitted dispersion relations of spin wave propagation in the 

single-component (solid line) and bi-component (dotted line) magnonic waveguides 

under a magnetic field H = 100 mT for D = 0. The insets are the plane-view color-

code images of the spin wave mode profiles obtained from a Fourier transform of the 

spatial distributions of the temporal evolution of the out-of-plane magnetization for 

various frequencies as labeled in the figure. 

 

 

Fig. 4. (Color online) (a) Fitted dispersion relations of spin wave propagation in the 

single-component magnonic waveguides with D = 3 mJ/m
2
 for the positive and 

negative magnetization. (b) The nonreciprocity strength defined as ∆f = f(k) – f(-k). 

The insets are the plane-view color-code images of the spin wave mode profiles 

obtained from a Fourier transform of the spatial distributions of the temporal 

evolution of the out-of-plane magnetization for various frequencies as labeled in the 

Fig. 4(a). 
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Fig. 5. (Color online) (a) Fitted dispersion relations of spin wave propagation in the 

bi-component magnonic waveguides with D = 3 mJ/m
2
 for the positive and negative 

magnetization. (b) The nonreciprocity strength defined as ∆f = f(k) – f(-k). The insets 

are the plane-view color-code images of the spin wave mode profiles obtained from a 

Fourier transform of the spatial distributions of the temporal evolution of the out-of-

plane magnetization for various frequencies as labeled in the Fig. 5(a). 
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