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Doppler effect in a solid medium: Spin wave emission by a precessing domain
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The Doppler effect is a fundamental physical phenomenon observed for waves propagating in vacuum or
various media, commonly gaseous or liquid. Here, we report on the occurrence of a Doppler effect in a solid

medium. Instead of a real object, a topological soliton, i.e., a magnetic domain wall (DW) traveling in a
current-carrying ferromagnetic nanowire, plays the role of the moving wave source. The Larmor precession of
the DW in an external field stimulates emission of monochromatic spin waves (SWs) during its motion, which
show a significant Doppler effect, comparable to the acoustic one of a train whistle. This process involves two

prominent spin-transfer-torque effects simultaneously, the current-driven DW motion and the current-induced
SW Doppler shift. The latter gives rise to an interesting feature, i.e., the observed SW Doppler effect appears
resulting from a stationary source and a moving observer, contrary to the laboratory frame.
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The Doppler effect (DE) refers to a frequency shift of a
wave caused by the relative motion between the wave source
and the observer. One example from everyday experience
is the rise (drop) in pitch of a train siren when the train
approaches (recedes). Another well-known example is the
redshift/blueshift of lights emitted by a moving source.
Technologies based on DE have been widely used in as-
tronomy [1,2], weather forecast [3,4], medical diagnosis [5],
satellite communication [6], etc. In nature, DE is universal for
waves of any type. We here describe a DE for spin waves (SWs)
propagating in ferromagnets, with the wave source served by
a naturally formed magnetic structure, a domain wall (DW),
traveling inside the sample.

The relevant process involves multiple spin-transfer-torque
(STT) effects [7-10]. Electrons passing through ferromagnetic
samples become spin polarized, thus generating a spin current
which carries spin angular momentum. Conversely, a spin
current reacts on the local magnetization of noncollinear spin
configurations by exerting a STT. In recent years, STT has
attracted much attention because it provides an alternative
way to manipulate the magnetization and therefore may
have important applications in spintronics [11-19]. Generally
speaking, STT can induce various physical effects, depending
on the experimental setup. One example of particular interest
is the current-driven DW motion in magnetic nanowires, which
has been exploited for the development of the racetrack mem-
ory [19]. Moreover, STT can also act on SWs, the collective
excitations of the magnetization. The standard expression of
the in-plane STT consists of two terms, the adiabatic [20,21]
and nonadiabatic ones [22,23]. The adiabatic STT causes a
modification of the SW dispersion relation [24-26], referred
as the current-induced SW Doppler shift, which provides a
quantitative measurement of the spin current [25]. Despite its
name, this effect “should not be confused with a true Doppler
shift” [25], which is the subject of this Rapid Communication.
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The nonadiabatic STT, on the other hand, affects the SW
amplitude, offering an experimental approach to determine
the nonadiabatic STT parameter 8 [27], which is crucial for
STT-induced magnetization dynamics [22,28].

The STT effects on DWs and SWs both play a part in
affecting the SW emission from a current-driven DW. First,
the DW motion causes a normal Doppler shift to the SW
frequency and wavelength. Meanwhile, the current alters the
SW dispersion relation, or, equivalently, causes an effective
flow of the magnetic medium [25,26]. In our particular setup,
the DW travels with a speed just equal to the flow rate of
the magnetic medium, which is thus analogous to a boat
drifting downstream in a river, as schematically illustrated
in Fig. 1. Consequently, the actual SW DE corresponds to the
situation of a stationary source and a moving observer, yielding
a shifted frequency but a constant wavelength. Concerning the
nonadiabatic effect, the current can automatically pump energy
into one branch of the emitted SWs, effectively reducing the
SW attenuation.

SW emissions from a DW were reported in several previous
studies [29-33], but the SW DE due to the DW motion has
not been addressed. In this Rapid Communication, we explore
SW emissions from a moving transverse DW formed in a
cylindrical nanowire [Fig. 1(b)] [34], which clearly manifest
this phenomenon. Driven by a current/field, the DW dynamics
in such a geometry is characterized by a smooth spiraling
motion along the wire, with the linear velocity predominantly
determined by the current density and the angular velocity
by the field strength [35,36]. The latter predetermines the
fundamental frequency of SWs emitted by the DW. In an ideal
case, i.e., if the wire possesses a perfect circular symmetry, the
DW behaves as a “massless” object [35]. Its precession is ener-
getically free, causing no disturbance to the magnetic medium
and thus no SW excitation. For our very purpose, we exploit
a slightly massive DW as a SW source by introducing a trans-
verse anisotropy to break the circular symmetry of the system.

Using a code package MUMAX [37], we perform fully
three-dimensional micromagnetic simulations by numerically
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FIG. 1. (a) Schematic illustration of a boat beating the water
surface with a constant frequency, thus generating water waves. The
drift of the boat in the water flow causes Doppler shifts to the waves.
(b) An analogous effect occurring in a magnetic nanowire of 10 nm
diameter. The DW precession stimulates SW emissions while the DW
drifting “downstream” in a spin current, arising from an electrical
current flowing in opposite direction.

solving the extended Landau-Lifshitz-Gilbert equation with
additional STT terms [22,23],

di’;l H N 4 o N d};l
e X m —|m X —
dr Ve M, d

—(ﬁ-%)rﬁ+%ﬁ1 x [(@ - V)], (1)

where m is the normalized local magnetization, M, the
saturation magnetization, y the gyromagnetic ratio, Heg the
effective field, and o the damping factor. The vector 4 is given
by
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2eM, /s

@
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where ] is the current density, g the Landé factor, up the
Bohr magneton, e the electron charge, and P the polarization
rate of the current. Note that u has a unit of velocity, which
defines the spin-current flow rate and the DW velocity in our
case. The simulated wire is 4 wm long! and 10 nm in diameter
with the material parameters typical for Permalloy (M; = 1 T,
exchange constant A = 1.3x 10~ J/m, P =0.7, « = 0.01,
and anisotropy constant K = 10® J/m?). The easy axis is
vertical to the wire. In calculation, the wire is discretized into
I nm x1 nm x1 nm cubic cells.?

'All the data about SWs are extracted before they reach the
boundaries of the wire. Therefore, the results presented in this Rapid
Communication should be considered as for an infinitely long wire.

2The accuracy of the discretization is confirmed by the agreement
between the simulation and the analytical calculation assuming a
perfect symmetry of the wire, which also indicates that a sample
roughness can be tolerated to a certain extent.
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FIG. 2. Frequencies of the DW precession and SWs excited in
two regions, indicated in the top inset, as functions of field plotted
in two field ranges [(a) and (b)] separately. The lines are theoretical
values of the Larmor frequency f, and its overtones. In a high field
range (a), the SWs propagating in regions I and II are dominated
by a SW mode with frequency 3 fy and fy, respectively. In a low
field range (b), the most prominent SW mode in regions I and II
has frequency of 5 fy and 3 f, respectively. Fourier spectra of the
dynamic magnetization at H = 0.3 and 0.15 T are plotted in the two
insets. The Fourier amplitude is in arbitrary units. The right inset of
(b) shows that the even-numbered harmonics are antisymmetric with
respect to the DW center.

We first focus on the SW emission by a field-driven DW.
The small anisotropy introduced in the system has little impact
on the DW behavior. The DW simply precesses in the field with
the Larmor frequency, similar as in an isotropic wire [35,36].
This is illustrated in Fig. 2, showing the match between the
rotational frequency of the DW and the Larmor frequency.
However, unlike the free rotation in a symmetric wire, the DW
precession in an anisotropic wire causes periodic accumulation
and dissipation of energy, thus provoking SW excitations in the
system, as shown in Fig. 1(b) and a movie in the Supplemental
Material [38]. The emitted SWs are analyzed by Fourier
transformation of the dynamical magnetization, showing two
characteristic features. First, the two SW branches emitted on
different sides of the DW have a well-defined yet distinct
frequency but an identical wavelength. Second, the SW
frequencies show different field dependences in different field
ranges. A summary of the SW frequency as a function of field
is plotted in Fig. 2 consisting of two field ranges. These results
coincide with a recently published work using a biaxial-chain
model [33].

The emitted SW spectra are governed by the following
constraints. First, the Larmor precession of the DW sets up
a fundamental frequency, only allowing the SW mode with
this frequency and its overtones to be excited. Furthermore,
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the excitation of even-numbered harmonics is forbidden
because of the mismatch between their waveforms with the
DW precession, as illustrated in Fig. 2(b). Finally, the SW
dispersion relation, which yields a cutoff frequency w,, serves
as another filter for emitted SW modes. As a result, only
odd-numbered harmonics with a frequency higher than w,
can propagate in the wire. In the presence of an external
field, the SW dispersion differs in two oppositely magnetized
domains separated by the DW, leading to different w. and
SW excitations. For brevity, we refer to the two domains with
their local magnetization parallel and antiparallel to the field
as regions I and II, respectively.

By neglecting the small transverse anisotropy of the wire,
the SW dispersion relation can be derived as [39]

w=y[£H+M(5+qk)], 3)

where w is the angular frequency, k the wave vector, ¢ an
exchange-dependent positive constant, and H the external
field, which takes a positive (negative) sign in region I (II).
From Eq. (3), the SW cutoff frequency w. = w(k = 0) at
various H can be easily calculated. By comparing @, with
the Larmor frequency wy = y H, one can then determine the
SW modes that can be excited. For example, at H = 0.15 T,
one obtains w. = 0.35y in region II, which is larger than wy
but smaller than 3w,. Therefore, the lowest-frequency odd-
numbered harmonic that is allowed to propagate is the third one
with w = 3wy. Similarly, one can deduce the lowest-frequency
mode in region Il at H = 0.3 T to be the first harmonic. From
Eq. (3), w, in region I is always larger than that in region
Il by 2y H = 2wy. Therefore, the lowest-frequency modes in
region I at H = 0.15 and 0.3 T must be the fifth and third
harmonics, respectively. This analysis provides a quantitative
explanation for the field dependence of the SW frequency
obtained in simulations, as summarized in Fig. 2. As shown
by the Fourier spectra at two fields (insets of Fig. 2), the
SW emission is dominated by the lowest-frequency mode of
all harmonics that are allowed to propagate, thus assuming a
good monochromaticity. From Eq. (3), one also notices that
the SWs excited in regions I and II at a given field must have
the same wavelength, consistent with the simulation result.

Besides its precession, the field also drives the DW to
propagate. Owing to the symmetry of the wire, the DW motion
is solely attributed to the damping effect and its speed is
proportional to « [35]. In the field range applied in this study,
the corresponding DW speed is in the order of m/s or less,
which is tiny in comparison with the SW propagating speed
(several hundred m/s or above). Therefore, a DW driven only
by a field can be considered as “stationary” as far as the SW
DE is concerned.

In the following, we discuss the SW emission by a DW
driven also by an electrical current. Similar to the field-
driven case, the small mass introduced to the DW has no
significant influence on the current-driven dynamics either.
The dynamical property of a massless DW reported in Ref. [35]
still applies to this massive one. On one hand, the DW rotation
would be affected by the presence of the nonadiabatic STT,
resulting in a frequency change proportional to |o — 8] [36].
In the case of 8 = «, as assumed at the moment, the DW
precessional frequency remains unchanged. On the other
hand, the DW propagation, mainly attributed to the adiabatic
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FIG. 3. (a) DW velocity as a function of current. Inset: DW
displacement as a function of time driven by a particular current.
(b) SW frequency (left label) and wavelength (right label) at various
currents and fields. The black lines are theoretical values of SW
frequency calculated from Eq. (6). The blue lines are just guides to
the eye.

STT, acquires a velocity approximately equal to u. This is
demonstrated in Fig. 3(a), showing the simulation data of the
current-driven DW motion. Compared to the field-driven case,
the DW driven by a sufficiently large current can travel with a
much higher speed, thus becoming a moving SW source. The
emission of SWs by a fast-moving DW can be viewed in a
movie in the Supplemental Material [38].

The current-induced high-speed DW motion gives rise to a
sizable DE to the emitted SWs. For instance, at current density
j=2x 1012 A/m2, which is experimentally feasible [19], the
DW speed u reaches about 100 m/s. The resulting Doppler
shift to a SW mode with a propagation speed of about 1200 m/s
can be estimated to be as significant as the acoustic one of a
train whistle. Figure 3(b) summarizes the SW Doppler shifts
observed in our simulations with varying currents. Here, we
focus on a field range, which allows the excitation of the first
and third harmonics in regions I and II, respectively. Since the
DW moves from region I towards region II, the SWs in regions
I and II are redshifted and blueshifted, respectively.

Besides the frequency, a normal DE due to a moving source
also causes a shift to the wavelength. Our simulation, however,
yields a constant SW wavelength showing no dependence on
the DW velocity [Fig. 3(b)]. This discrepancy is attributed to
another adiabatic STT effect, which causes a modification of
the SW dispersion relation having the form [25]

o = wk) +i -k, )

where w(k) is the SW dispersion with no current. Consider a
SW mode propagating in region II, where the wave vector k
is parallel to #. Suppose it has an original frequency wy, wave
vector kg, and phase velocity vy. If the SW source (DW) is
moving with the velocity i, the observed frequency of the SW
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is then given by

U1

wo, )

w)] =
V1 —Uu
where v; = w, /k; is the observed transmission velocity of the
SW and k, the observed wavelength. By recalling that w; and
k) satisfy Eq. (4), one easily proves k; = kg, which is also true
for the SWs propagating in region 1.

There is a more intuitive understanding on this issue.
As pointed out in Refs. [25,26], the current-induced SW
dispersion change can be considered as resulting from a flow of
the magnetic medium in which SWs propagate. In this picture,
the SW source (DW) is stationary relative to the medium
because its moving speed u is nothing but the effective flow
rate of the medium. Consequently, the SW DE appears to
be produced by a moving observer, which yields a constant
wavelength and a frequency shift taking the form of

v+ u
Vo

w = wo, (6)
which is equivalent to Eq. (5). As shown in Fig. 3(b), the SW
frequency shifts obtained in simulations at various currents are
in perfect agreement with Eq. (6). Although 8 = « is assumed
in the above calculation, we emphasize that the Doppler shift
observed is a general effect, regardless of the value of B
because of the independence of the DW velocity on .3

Finally, we discuss the current effect on the SW amplitude.
It has been shown in Ref. [27] that the nonadiabatic STT acts
either against or in favor of the intrinsic damping, causing
a weakened or enhanced SW attenuation depending on the
relative direction between k and #. In our case, this effect
takes place on the two SW branches emitted by the DW
simultaneously although in opposite ways, as shown in Fig. 4.
For a clear demonstration, 8 = 2« is used in this calculation. It
is worth mentioning that the amplitude of the SWs propagating
in front of the DW with k parallel to u is amplified, which helps
to sustain a long-lasting SW propagation. This is beneficial for
applications based on propagating SWs.

In summary, we show that a massive DW precessing in a
thin magnetic cylinder acts as a monochromatic SW source.
When driven by an electrical current, the DW motion together
with the altered SW dispersion result in a notable Doppler

3In the case of B # a, the current would cause a frequency shift to
the DW precession and thus to the excited SWs. It can be estimated
that the magnitude of this additional shift with a moderate value of 8
is much smaller than the Doppler shift observed in this study.
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FIG. 4. Nonadiabatic STT effect on the SW amplitudes at various
currents with 8 = 2«. The SW curves are extracted from the average
dynamic magnetization over the cross section of the wire within two
regions [(a) and (b)] indicated by the red dashed line boxes.

shift to the SW frequency but a constant wavelength. Persistent
progresses in the fabrication of high-quality magnetic cylin-
drical nanowires [40,41] make it promising to conduct experi-
mental investigations on this effect in the near future. From an
application point of view, our work proposes a setup which can
generate SWs with precise and tunable frequency. Compared to
the ordinary method of exciting SWs in experiments, utilizing
a precessing DW has an advantage of requiring only dc but
no ac signals [29-33]. Furthermore, the DW can be freely
relocated along the SW guide by a current pulse, thus serving
as a mobile SW emitter. We also believe that our work, which
reports on the DE of a moving topological soliton, could also
be of interest to researchers in nonlinear physics.

This work is supported by the National Natural Sci-
ence Foundation of China (No. 11374203) and Shanghai
Key Laboratory of High Temperature Superconductors (No.
14DZ2260700).
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