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Nanoscale spin wave valve and phase shifter
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(Received 15 February 2012; accepted 4 April 2012; published online 24 April 2012)

We have used micromagnetic simulations to demonstrate a method for controlling the amplitude

and phase of spin waves propagating inside a magnonic waveguide. The method employs a

nanomagnet formed on top of a magnonic waveguide. The function of the proposed device is

controlled by defining the static magnetization direction of the nanomagnet. The result is a valve or

phase shifter for spin waves, acting as the carrier of information for computation or data processing

within the emerging spin wave logic architectures of magnonics. The proposed concept offers such

technically important benefits as energy efficiency, non-volatility, and miniaturization. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4705289]

The short wavelength of spin waves propagating in

nanoscale magnonic waveguides at microwave frequencies

coinciding with nowadays communication standards could

potentially provide a device miniaturization opportunity via

accomplishing certain tasks in a more efficient manner when

compared to semiconductor circuitry.1,2 For example, spin

waves have been proposed to be utilized in GHz filters,3

logic devices,4,5 amplifiers,6–8 mixers,9 etc. The utilization

of spin waves, within the paradigm of so called

“magnonics,” is also strongly relevant to exciting such phe-

nomena recently observed in adjacent disciplines as spin

transfer torque oscillations,10,11 current induced domain wall

motion,12 spin Hall effect,13 spin Seebeck effects,14 etc. In

light of the burgeoning research in magnonics and related

topics, the spin wave technologies are expected to provide a

competitive alternative route for performing tasks that are

currently accomplished by semiconductor electronics. How-

ever, one of the important challenges on the way to fulfill-

ment of this promise of magnonics is to learn to manipulate

the spin wave phase and perhaps even magnitude, with this

manipulation itself being highly relevant to data encoding

and logical operation.

Historically, several spin wave phase shifting mecha-

nisms have been proposed. These include the use of domain

walls,15 magnetic material nonuniformity,16 local electrical

voltage,2 and flow of electrical current.5,17 However, the

flow of electrical current produces Joule heating and con-

sumes electrical power. The feasibility of use of piezoelec-

tric elements to control spin waves is yet to be demonstrated

while the nucleation of domain wall inside a uniformly mag-

netized waveguide is energetically costly. At the same time,

we have recently demonstrated efficient conversion of a

global spatially uniform microwave field into a spin wave

propagating in a magnonic waveguide by a reservoir contin-

uous film18 and then by a stripe transducer element placed

on top of the waveguide.19 In this Letter, we demonstrate

that a mechanism that is reciprocal to the latter method of

spin wave emission19 can be used to provide controllable

spin wave absorption or phase shift. In particular, a spin

wave travelling inside the waveguide resonantly excites the

nanomagnet (passive in this case). The excited nanomagnet

provides a back action on the incident spin wave, either

absorbing its energy or shifting its phase. The action depends

upon the static magnetization of the nanomagnet. In particu-

lar, the absorption or phase shifting behavior disappears as

soon as the static magnetization direction is flipped. We

argue that the observed effects could allow one to build a

spin wave valve or a spin wave phase shifter, with the static

magnetization of the nanomagnet used as an on and off

switch for the valve or phase shifter function.

Fig. 1(a) shows the ground state at zero applied mag-

netic field of a nanomagnet (“resonator”) placed on the top

of a magnonic waveguide, both made of Permalloy.20 The

simulations are performed using object oriented micromag-

netic framework (OOMMF) (Ref. 21) with the cell size of

5� 5� 5 nm3. The waveguide is 2200 nm long, 100 nm

wide, and 10 nm thick, while the resonator is 150 nm long,

50 nm wide, and 30 nm thick. Damping factor a is set to

0.005 for both the waveguide and resonator. The ground

state is prepared by relaxing the system under zero applied

field (Hext¼ 0 Oe) from a state at which the waveguide and

resonator are uniformly magnetized in positive x and y direc-

tions, respectively. The gray area on the right hand side of

the waveguide depicts the part of the waveguide

(50� 100� 10 nm3 in x, y, z directions, respectively) sub-

jected to a rf magnetic field oscillating at 11.5 GHz, with am-

plitude of 1 Oe and polarized in y direction. The field excites

two spin waves with wavelength of about 100 nm propagat-

ing in the waveguide away from the excitation source

towards positive and negative x directions, as shown in Figs.

1(b)–1(d). The rf frequency (11.5 GHz) is chosen so as to

coincide with that of the uniform precession (fundamental

mode) of the resonator, deduced from a separate pulse exci-

tation simulation. The damping near the two ends of the

waveguide is increased to 0.05 to prevent spin wave reflec-

tion. The vertical separation between the resonator and

waveguide (in z direction) is 5, 20, and 50 nm in Figs.

1(b)–1(d), respectively. The incident spin wave drives the

resonator into resonance. In turn, the reverse action from the

precessing resonator upon the incident spin wave alters its

propagation in the waveguide, in a manner that depends

strongly on the resonator-waveguide separation. Fora) Electronic mail: y.au@exeter.ac.uk.
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example, the spin wave in Fig. 1(b) undergoes an almost 180

degree phase shift while the phase of the spin wave in Fig.

1(d) is largely unaffected. Moreover, for an appropriately set

value of the resonator-waveguide separation (20 nm in this

particular case), the spin wave in the waveguide is predomi-

nantly absorbed by the resonator, as demonstrated in Fig.

1(c).

The observed phenomena could be highly useful for

magnonic applications since their occurrence depends heav-

ily on the static magnetization of the resonator. In particular,

the magnetization points towards positive y in Figs.

1(b)–1(d). Fig. 1(e) shows the ground state of the same de-

vice but with the magnetization of the resonator toggled to

negative y direction. In this case, the resonator does not cou-

ple at all to the spin wave propagating in the waveguide, so

that its amplitude and phase remain largely unaffected (Fig.

1(f)). Hence, by changing the static magnetization direction

of the resonator, it is possible to control the amplitude and

phase of the spin wave propagating under the resonator.

Depending on the vertical separation between the resonator

and the waveguide, these switchable, non-volatile devices

could serve as either spin wave valves or phase shifters.

Since the absorption and phase shifting effects arise due

to the resonant excitation of the resonator, the time required

to bring the excited resonator into steady state of precession

would largely define the transient time duration required by

the valve or phase shifter to react to change in resonator

static magnetization, i.e., operation speed of the device. This

“reaction time” in turn is determined mainly by the damping

factor of the resonator’s material, which has to be artificially

adjusted (e.g., by doping) to improve the device perform-

ance. Hence, we investigate the device absorption and phase

shifting effects as a function of Gilbert damping factor a of

the resonator and of the vertical separation between the reso-

nator and the waveguide, while keeping damping factor a of

the waveguide at 0.005 as before.

Figs. 2(a) and 2(b) display the relative magnitude of

spin wave transmitted in the waveguide under the resonator

as measured at 200 nm away from the central axis of the res-

onator to negative x direction, for the static magnetization of

the resonator pointing towards positive and negative y direc-

tion, respectively. The displayed “relative magnitude” is nor-

malized to that measured at the same position on the

waveguide in a separate simulation (not shown) that is iden-

tical to that discussed but with the resonator removed

(“unperturbed case”). In Fig. 2(a), we observe a dark diago-

nal belt representing absorption maxima that run towards

lower values of vertical separation between the resonator and

waveguide (“spacing”) as a increases. When the static mag-

netization in the resonator is flipped, the belt largely disap-

pears, as shown in Fig. 2(b). The situation becomes clearer if

we inspect the relative phase (again, referenced to the unper-

turbed case) of the transmitted spin wave, depicted in Fig.

2(c). The phase shift is close to zero on one side of the dark

belt of Fig. 2(a), while it is almost 180 degrees on the other

side. Again this phase shift phenomenon disappears once the

static magnetization of the resonator is flipped (Fig. 2(d)).

We interpret the observations by assuming that the

excited resonator emits a spin wave with a phase that is

shifted relative to that of the incident spin wave by 180

degrees. The interference between the incident and emitted

waves then determines the amplitude and phase of the trans-

mitted wave. Let us consider the case of a¼ 0.005 as an

example. For small values of the resonator-waveguide

FIG. 1. (a) Ground state of the micromagnetic structure considered. The

entire box of view in (a) represents a 2200� 600 nm region. The magnonic

waveguide of 100 nm width and of 10 nm thickness is separated by 5 nm

spacing from the overlaid 50 nm wide, 150 nm long, and 30 nm thick resona-

tor. Little arrows inside the waveguide and transducer represent local mag-

netic moment direction. (b)–(d) Out of plane magnetization (mz) inside the

waveguide (static background subtracted) at the same relative simulation

time for a vertical spacing between the resonator and the waveguide kept at

5 nm and changed to 20 and 50 nm, respectively. These images were

recorded after the system has attained dynamic steady state. Inset of (a):

Color scale for My in (a) and mz in (b)–(d) with range of �40 to 40 Oe and

�0.2 to 0.2 Oe, respectively. (e) Ground state of the same structure but with

the resonator magnetization flipped to the opposite direction. (f) Waveguide

mz for case of opposite magnetized resonator at the same aforementioned

relative simulation time. Resonator-waveguide spacing equals 5 nm both in

(e) and (f).

FIG. 2. (a) and (b): Phase diagram of relative magnitude of the spin wave

transmitted underneath the resonator measured at 200 nm in negative x

direction away from the central axis of the resonator for static magnetization

of the resonator pointing towards positive and negative y direction respec-

tively. Note that a is plotted in logarithmic scale. (c) and (d): Identical to (a)

and (b) but with magnitude of the spin wave replaced by oscillation phase

(in radian). (e) and (f): Phase diagram of the precession magnitude of the

resonator (averaged over the resonator volume) for static magnetization of

the resonator pointing towards positive and negative y direction,

respectively.
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spacing, the transmitted wave is dominated by the resonator

emitted wave. Indeed, the emitted spin wave results from the

dynamic dipolar stray field of the resonator, which is strong

if the resonator is positioned near to the waveguide. Hence,

the transmitted spin wave demonstrates a 180 degree phase

shift.

For large values of the resonator-waveguide spacing, the

influence of the resonator stray field on the waveguide

diminishes, and so, the incident wave dominates. Hence, the

transmitted wave has a zero phase-shift. However, at spacing

of 20 nm, the effects of the incident and emitted waves

become equal, and so, a complete destructive interference

occurs, leading to the observed minimized transmission. As

the damping factor of the resonator increases, the minimum

moves to smaller values of the resonator-waveguide spacing

because the rise of a suppresses the precession amplitude in

the resonator. Consequently, the resonator has to be placed

nearer to the waveguide in order to compensate the weaken-

ing of its stray field and to achieve the same complete de-

structive interference between the incident and emitted

waves. This interpretation is further supported by the de-

pendence of the amplitude of precession in the resonator

upon a and spacing, as depicted in Figs. 2(e) and 2(f).

In order to account for the startling difference of the res-

onator’s behavior for the opposite directions of its static

magnetization (positive and negative y), we plot in Figures

3(a) to 3(d) the dynamic dipolar stay field of the resonator in

x-z plane across the middle of the resonator for the relative

simulation time of 0, 0.125, 0.25, and 0.375 T, respectively,

where period T is equal 0.087 ns. The static magnetization of

the resonator points towards positive y, and the waveguide is

removed for simplicity. If we pay attention to the region

below the resonator, we observe a pattern of the dipolar field

that starts from the right and moves towards left from (a) to

(d), echoing a wave travelling towards negative x direction.

As the static magnetization inside the waveguide points

largely towards positive x, the magnetization in the wave-

guide will only be sensitive to the z component of the resona-

tor’s stray field (hz). The situation becomes even clearer if

we Fourier transform hz along x direction, as shown in Fig.

3(e). The Fourier transform displays a striking imbalance

between positive and negative kx values, with the majority of

the Fourier amplitude residing in the negative region of kx.

Hence, the resonator is capable of interacting with the spin

wave travelling only in one direction (negative x in this case)

but not the other (positive x). When the static magnetization

of the resonator is flipped, the chirality of rotation of the res-

onator’s dipolar stray field also flips. This in turn leads to a

mirror flip of the Fourier transform of hz in Fig. 3(e) relative

to the kx¼ 0 axis, thereby completely modifying the effect of

the resonator upon the spin wave in the waveguide.

In summary, we have proposed a method by which to

achieve magnetically switchable absorption or phase shifting

of spin waves travelling in a magnonic waveguide. The

mechanism, which relies solely on the state of the static mag-

netization of a nanomagnet resonator, exhibits advantages of

low energy consumption and non-volatility against other

mechanisms relying on continuous application of electrical

current or voltage.2,5,17 The direct current induced domain

wall motion12 and related spintronic phenomena intensively

studied in recent years can become natural methods to pro-

vide the static magnetization switching of resonator required

in our proposed concept. The concept acts on exchange

dominated spin waves in backward volume mode geometry.

The latter geometry is preferred for building magnonic cir-

cuitry because of its ability to operate at remanence. Further-

more, spin waves in this geometry are able to follow the

physical bending of the magnonic waveguide,5,22 while the

shortness of the spin wave wavelength offers an opportunity

to miniaturize magnonic devices. The functionality of the de-

vice relies only on a single nanomagnet and is therefore spa-

tially very compact. We have explained the engineering

prospects of the concept and have revealed the physical ori-

gin of the phenomenon by analyzing the dependence of the

wave vector Fourier spectrum of the stray field produced by

the resonator. The discovered effects could help to build

switchable bandpass filters or even serve as means to control

the synchronization of spin transfer torque nano-oscillators.

We believe that the proposed devices could provide the foun-

dation for the emerging magnonic nanotechnology.
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