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SPECIAL TOPIC — Advanced magnonics

Analogous Faraday effect of spin waves propagating in
ferromagnetic nanotubes
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We present a micromagnetic study of magnetization dynamics in ferromagnetic nanotubes. The sample is radially
magnetized in equilibrium with the presence of a strong anisotropy. Micromagnetic simulations reveal that spin waves
(SWs) propagating in the tube exhibit a novel effect, analogous to the well-known Faraday magneto-optic effect. Specifi-
cally, the location of the nodes/antinodes of the standing waves formed in the azimuthal direction undergoes a continuous
rotation during the wave propagation under the influence of an external magnetic field. The physical mechanism is essen-
tially the same as the Faraday effect, i.e., the breaking of the chiral symmetry by the external field. A qualitative explanation
is presented by analytically solving the equation of motion of magnetization taking into account the exchange interaction.
Our results may bear potential applications in the development of future spintronic devices based on SW propagation.
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1. Introduction

Magnonics is an emerging research field in spintron-
ics, which aims to explore collective spin excitations (spin
waves; SWs) for transmission, storage, and processing of
information.!'*! Due to the absence of Joule heat, SWs as in-
formation carriers are much more energy efficient compared
to conventional charge-based carriers. This is particularly im-
portant recently due to the tremendous computing power de-
manded in the rapid development of machine learning and
artificial intelligence.’! In the past decades, SWs in curved
magnetic structures have attracted a lot of attention, yield-
ing some novel propagating features that do not exist in flat

(6-121' A particularly interesting example is cylindri-

13-16]

geometry.
cal nanowires, serving as a promising SW wave guide.!
Owing to the axial symmetry, the cylindrical wire allows the
existence of the so-called L and R states of SW modes, defin-
ing a chirality in the system. These two states are analogous
to the two possible circular polarizations of lights in optics. It
has been revealed that the seemingly identical L and R states
may have different dispersion relations.[!”] This dynamic chi-
ral effect can be attributed to either the curvilinear geometry
itself!! 18211 or the presence of an asymmetric exchange in-
teraction, i.e., the Dzyaloshinskii—-Moriya interaction (DMI),

[22-32) An exotic SW phenomenon, referred to

in the system.
as the magnonic activity, is predicted as the consequence of
the splitting of the dispersion of the L and R states in cylindri-

cal nanowires. The superposition of the L and R states results
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in the formation of standing waves in the azimuthal direction
of the cylinder, similar to a linearly polarized light resulting
from the superposition of two circularly polarized ones. Dur-
ing the propagation of such a SW mode, the location of the
nodes/antinodes of the azimuthal standing wave undergoes a
continuous rotation, just like what happens to the polarization
direction of light in optical activity.33-33]

In this paper, we report on a relevant SW effect analo-
gous to the famous Faraday magneto-optical effect, which de-
scribes the rotation of the polarization of light in a magnetic
field.337] Our micromagnetic simulations show that in a ra-
dially magnetized nanotube, an external field applied in the ax-
ial direction can also cause the rotational propagation of SWs,
like the the Faraday effect. A physical explanation is provided
in our paper by analytically solving the equation of motion of
the magnetization. It reveals that the underlying mechanism is
the splitting of the dispersion of the chiral SW modes induced
by the magnetic field. Furthermore, we numerically study the
influence of the DMI on this effect and found that the chiral
splitting and thus the rotatory power of the SW Faraday effect
can be significantly enhanced by the DMI.

2. Method and materials

We study SW propagations in ferromagnetic nanotubes
by micromagnetic simulations, which are performed by using
the open-source package MuMax3.[38! The time evolution of
the magnetization of the sample is obtained by numerically
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solving the Landau-Lifshitz—Gilbert (LLG) equation, which
is written as

%T:yoHeﬁxm—&-a{mxaaT?}, (D)
where m = M /Ms is the normalized magnetization vector
with Mg the saturation magnetization, J = —HoY > 0 with
Y the gyromagnetic ratio, Hg the effective field, and o the
Gilbert damping parameter.'**! The H.,g term usually takes
into account the external field, anisotropy, exchange, dipolar
field, and DMI.

We consider a cylindrical nanotube with a length of
1200 nm, outer radius of 25 nm, and thickness of 4 nm, as
shown in Fig. 1. The material of the sample is chosen to be
Co/Pt,[40-421 with parameters Ms = 580 kA /m, exchange stiff-
ness A = 15 pJ/m and @ = 0.01. A strong uniaxial anisotropy
Ku =1800kJ/ m?® is assumed with the easy axis along the ra-
dial direction of the tube. In our simulations, the sample is
discretized into cubic cells with length of 1 nm.

As shown in Fig. 1, the tube is magnetized along the ra-
dial direction in equilibrium with the aid of the anisotropy. A
local oscillating field is applied to stimulate SWs to propagate
along the tube.

(Y.

d
¢
i

Fig. 1. Illustration of a radially magnetized ferromagnetic nanotube as a
waveguide for SWs, together with a cylindrical coordinate system. An
oscillating field is applied locally (at the location of the purple ring) to
excite SWs (indicated by the yellow curve) to propagate along the tube.

3. Results and discussion

We demonstrate the SW profiles obtained in our simu-
lations in Fig. 2, showing the SW Faraday effect. Here, a
monochromatic mode is excited which propagates along the
positive z direction. Such a mode is featured by a standing
wave pattern formed in the azimuthal direction, typical for any
waves travelling in a wave guide. Note that this mode can be
considered as the superposition of two eigen modes of the sys-
tem, the L state and the R state. Mathematically, the SW eigen-
state in a nanotube can be described as A ei(® +"‘P_kz), where
A is the amplitude, w the angular frequency, ¢ the azimuthal
angle, n an integer number, and k the wave number. The L and
R states are characterized by negative n and positive n, respec-
tively. These two modes correspond to the left-handed and
right-handed circular polarization of light, respectively. Nor-

mally, the system possesses a chiral symmetry and the L and R

states have the same dispersion relation. In this case, the wave
number £ is the same for the two states with the same @. Their
superposition would result in a normal standing wave pattern
in the azimuthal direction. This is observed in our simulations
with no external field applied in the axial direction. The wave
profile of a n = 1 mode is illustrated in Fig. 2(a), by showing
the side view of the tube (upper panel). For a better visualiza-
tion, the tube is artificially “unrolled” into a flat strip (lower
panel). Clearly, an expected wave pattern for waves propagat-
ing in a wave guide emerges.

In Figs. 2(b) and 2(c), the same SW mode is excited
but with an external static field applied in opposite direc-
tions along the tube axis, respectively. Although the standing-
wave pattern in the cross-section of the tube remains the
same, the location of the node/antinode acquires a continu-
ous rotation around the axis of the tube. Note that the direc-
tion of the rotation depends upon the direction of the field.
Figure 2(d) shows the same effect occurring for a n = 2

mode. This phenomenon resembles the previously reported

magnonic activity,**!
agation of the SWs.

ence between the two phenomena. The magnonic activity ef-

which also features a precessional prop-
We nevertheless point out the differ-

fect takes place for a longitudinally or circularly magnetized
tube, 33! but not for a radially magnetized one as shown in
Fig. 2(a). The SW rotation observed here is induced by an
external field, which is reminiscent of the Faraday magneto-
optical effect. In fact, these two wave effects in different phys-
ical scenarios possess the same physical mechanism, i.e., the
breaking of the chiral symmetry.
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Fig. 2. Typical SW patterns in a radially magnetized nanotube obtained
in micromagnetic simulations. The upper panel is the side view of the
tube and the lower is the “unrolled” tube. (a) Wave profile of a n =1
mode obtained in simulations without external field. (b) Wave profile
of the n = 1 mode with an external field applied in the +z direction
and (c) in the —z direction, showing the rotation of the standing-wave
pattern formed in the azimuthal direction. (d) Wave profile of an n =2
mode with an external field applied in the +z direction.

In Fig. 3, we demonstrate that it is the splitting of the
dispersion of the L and R states caused by the external field
that is responsible for the analogous Faraday effect observed
in Fig. 2. In our simulations, the L and R states with a partic-
ular order n can be excited using a specially designed rf field,
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which has a profile described by sin(27ft Fn¢). This local
field can couple to the eigen mode with frequency f and or-
der n to the maximum. The dispersion relation of those two
modes as a function of external field then can be extracted di-
rectly (Approach I in Fig. 3). The results for the n = 1 modes
are given in Fig. 3, showing an apparent splitting between the
L and R states. The dispersions of L and R states can also be
calculated from the rotatory power of the superposition mode

as shown in Fig. 2, which is mathematically expressed as>*

Sm; = Smyo [ gi(0rtng—kiz) | ei(wtfntpszzzq
= 26mjycos (n(p —k;z) ei(wtfkm, J=9.z, (2)

where dm g is the amplitude, k] = % and k! = %
While k! characterizes the phase velocity of the wave, and &/,
is the rotatory power (angle rotated per unit length). By mea-
suring the wave profile shown in Fig. 2, k. can be obtained and
thus the dispersions of the L and R states (Approach II). The
results calculated using approach II are also provided in Fig. 3,
which match those of approach I perfectly.

110+ n=1,B=02T
105+
N L R-state
o 100
9 L-state
< 95}
90¢
-o- Approach I
851 -o- Approach II

0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20
k (rad/nm)

Fig. 3. The splitting of the dispersion of the R and L states of SW modes
(n = 1) propagating in a radially magnetized nanotube, which is caused by
an external field B = 0.2 T applied along the axial direction. The dispersion
relations are obtained by extracting either from the wave profiles of the L
and R states directly or from the rotation of the standing wave (superposi-
tion of the L and R states). The lines just connect the data points.

We performed a more systematic calculation of the field-
induced dispersion splitting of the L and R states, with part
of the results summarized in Fig. 4. It is clear that the two
modes are indeed degenerate without an external field. The
field-induced splitting is universal for different orders of the
modes (modes with n =1 and 2 are shown here). The sign
of the splitting is almost completely determined by the field
direction.

Figure 5 plots k. in Eq. (2), characterizing the rotatory
power of the superposition mode, as a function of the exter-
nal field for the n = 1 mode with three different frequencies.
The data points are obtained from simulations yet the lines are
linear fits. This general tendency of linear dependence of the
rotatory power on the field is also similar to that of the Faraday
effect. However, the ratio shows a dependence upon the mode
frequency.

—6— n=2, R-state, B=0T
110 —&—n=2, L-state, B=0T
n =2, R-state, B=0.2 T
n =2, L-state, B=0.2 T
n =2, R-state, B=—02T
105F n =2, L-state, B=—-0.2 T
&— n=1, R-state, B=0T
4— n=1, L-state, B=0 T
—&— n=1, R-state, B=0.2 T
< 100[ —A— n=1, L-state, B=02T
jas] - ©-n=1, R-state, B=-0.2T
@) - A - n=1, Lstate, B=—0.2 T
=
“~ 95
90r
851
1 1 1 1
0.10 0.12 0.14 0.16 0.18 0.20

k (rad/nm)
Fig. 4. Dispersion relations of the L and R states calculated from simu-
lations for different orders (n = 1, 2) and different external fields (B =0,
0.2 T and —0.2 T). Note that the splitting occurs for bothn =1 and n =2
modes and the sign of the splitting depends on the direction of the field.
The lines are to connect the data points.

12

= n=1, 90 GHz
e n=1,100 GHz 2
10F 4 n=1, 110 GHz

n =1, 90 GHz linear fit
——n =1, 100 GHz linear fit
F——mn=1, 110 GHz linear fit

k' (rad/pm)
>

W~
T

0 0.05 0.0 0.15 0.20 0.25 0.30
B(T)

Fig. 5. The dependence of the rotational power on the external field
calculated for three different frequencies. The lines are linear fits.

We now present a physical explanation to the field-
induced chiral splitting observed in our simulations. Our anal-
ysis shows that it is essentially the non-vanishing axial com-
ponent (z component) of the magnetization in equilibrium re-
sulting from the external field that gives rise to the splitting.

Without an external field, the magnetization is perfectly
aligned along the radial direction. With an axial field applied,
the magnetization is tilted by an angle 0, hypothetically. The
equilibrium magnetization thus must have two components: a
radial component (cos 0) and an axial one (sin8). In an ex-
citation state in the linear regime, the magnetization precesses
with small amplitude around the equilibrium direction, defined
by 6. The dynamic magnetization for a particular SW mode
then can be written as

m = mg+ dm = cosOep +sinOe;

T+ ei(a)tJrn(p—kz)e1 _ imzei(a)t+rz<p—l<z)e27 3)

where e = sinfe, — cosBe;, e; = ey, My = cosBep +
sinfe; = e3, and m; and m; are the oscillation amplitudes of
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e and ey, respectively. Note that three unit vectors ey, e>, and
e3 form a right-hand system. Equation (3) can be re-expressed
in terms of unit vectors of a cylindrical coordinate system as

m = mg+06m = (cos 0 +asinf)e, + (—ib)ey
+ (sin® —acos 0)e;, 4)

with a = my e (@ +19=k) and b = m, e (@1 +n9—k2)

The dispersion relation @(k) of the SW mode can then
be calculated by substituting the expression of the dynamic
magnetization into Eq. (1), neglecting the damping term. The

effective field takes into account the external field Hey = %ez
and the exchange field
2A
He = V’m = EV’m.
HoMs
The solution obtained is given by
G—KH — \/(KH—G)2+4H(GK—IJ)
0= ) &)
—2H
with the parameters defined as
G= ZyOE#nsine,
H=-i,
in? 5 1 . —1 2
I=nE ?—Hk +p +ipE ?cos 0|,
1 L, .
J=mwE <p2n2 +k2> + )/()Ep(sm2 6 —cos® ),
2n\ .
K=mE E sinf. (6)

We first consider the situation without the external field, which
means 6 = 0. Obviously, the dispersion relation is indepen-
dent of the sign of n in this case, yielding the degeneracy of
the L and R modes for a perfectly radially magnetized tube.
When an external field is applied, 6 assumes a nonzero value.
Note that the expression of the square root on the right side
of Eq. (5) only contains the terms of n>. We focus on the rest
part, which is given by

G—-KH
—2H

2
- yOEp—Z sin @, 7

which clearly leads to the splitting of the dispersion relation of
the L and R modes. The sign of 6 depends on the direction of
the field. We choose 6 to be positive when the external field is
applied along the positive z direction. In this case, an R mode
(n is positive) would have a greater frequency than the L mode
(n is negative) for a same wave number k. The mode splitting
reverses correspondingly when the external field is reversed.
Also note from Eq. (7) that the size of the splitting is propor-
tional to n. This means the splitting gets more significant for

higher order modes. All those features interpreted from Eq. (5)
are consistent with our simulation results discussed above.

The analytical model predicts a frequency difference,
which is about 6 GHz, between the L and R modes (n = 1)
in our system, while the simulations yield a difference in the
range of 3—4 GHz as shown in Fig. 4. This discrepancy can
be mainly attributed to two reasons. The first is the negligence
of the dipolar interaction in our analytical model. The second
is the negligence of the finite thickness (4 nm in simulations)
effect. The negligence of the dipolar interaction is, to a certain
extent, justified since the spin-wave frequency in our study is
relatively high (around 100 GHz), making the exchange inter-
action dominant.

——n =1, R-state, D=0 mJ/m? (a)
110f-—4-n=1, L-state, D=0 mJ/m?
——n =1, R-state, D=2.3 mJ/m?
——n =1, L-state, D =2.3 mJ/m}
105 {
E 100
g
“~ 95
907
857
0.12 0.14 0.16 0.18 0.20
k (rad/nm)
0.20
(b)
0.15
£ 0.10
0.05
—=— D=0 mJ/m?
0 —o— D=2.3 mJ/m?

0 0.05 0.10 0.15 0.20 0.25 0.30
B (T)

Fig. 6. (a) Influence of DMI on the dispersion splitting of the L and R
states. Clearly, the splitting is enhanced with the presence of DMI in
the system. (b) The influence of DMI on the equilibrium magnetization
configuration of the tube obtained in simulations, yielding a larger axial
component of the magnetization m, compared to the case with no DMI.

Finally, we discuss the influence of DMI on the SW prop-
agation in our system. Our simulations show that the presence
of a DMI could cause a significant enhancement of the disper-
sion splitting of the L and R states. This is demonstrated in
Fig. 6(a), which compares the splitting of the two n = 1 modes
with different handedness with or without DMI. The increase
of the splitting is attributed to the increase of the tilting an-
gle 6 of the equilibrium magnetization induced by DMI, as
shown in Fig. 6(b). According to Eq. (7), the mode splitting is
directly proportional to 8 (sin 6 ~ 6 when 6 is small). There-
fore, DMI provides an effective way of manipulating the mode
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splitting, and thus the rotatory power of the resulting standing-
wave modes in our system.

4. Summary

We study the propagating properties of SWs in a radially

magnetized nanotube. Micromagnetic simulations demon-

strate an SW effect analogous to the Faraday magneto-optical
effect. This phenomenon results from the chiral symmetry
breaking induced by a static field. A theoretical model is pro-
vided which explains all the features observed in numerical
calculations. Our results basically suggest a new manner that
an external field impacts on the propagation of SWs in cylin-
drical nanowires, which could be valuable for the design of
novel magnonic devices.
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