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Abstract

A theoretical study of dipole-exchange spin waves in a conducting ferromagnetic nanotube subjected
to a longitudinal temperature gradient is presented. The temperature gradient generates an electric
current via the Seebeck effect, which becomes spin-polarized in the ferromagnet and produces a spin-
transfer torque acting on the magnetization. The magnetization dynamics is described within the
Landau-Lifshitz—Gilbert equation augmented by the Zhang—Li torque terms corresponding to adiabatic
and nonadiabatic spin transport. An analytical dispersion relation for spin waves in a thin-walled

nanotube with uniaxial anisotropy is derived. It

is shown that the thermoelectrically induced spin-

polarized current causes a Doppler-like shift of the spin-wave spectrum and modifies the effective
damping. A critical temperature gradient at which spin-wave generation starts is obtained.

Keywords: spin waves, ferromagnetic nanotube, thermoelectricity, Seebeck effect, spin-transfer torque, dipole-
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Introduction

Spin waves (magnons) in magnetically ordered media
remain a subject of significant theoretical and experi-
mental interest due to their fundamental role in mag-
netization dynamics and their potential applications
in magnonics and spintronics [1]. In nanoscale mag-
netic systems, the properties of spin waves are strongly
affected by the geometry of the sample, boundary con-
ditions, exchange interaction, dipole—dipole interaction,
magnetic anisotropy, and dissipative effects.

Among nanoscale magnetic systems, ferromagnetic
nanotubes represent a promising class of curvilinear
waveguiding structures. Due to their cylindrical ge-
ometry, they exhibit specific mode quantization and
nonreciprocal propagation effects. In recent years, nan-
otubes have attracted increasing attention as elements
of three-dimensional nanomagnetic architectures [2].

A separate important field of study is thermally
driven spin transport [3]. In a conducting ferromagnet
subjected to a temperature gradient, an electric current
arises due to the Seebeck effect. Since transport in a fer-
romagnet is spin dependent, this thermoelectric current
becomes spin-polarized and can interact with the mag-
netic subsystem through spin-transfer torque. Thus,
thermoelectric transport may provide a mechanism for
controlling spin-wave propagation and damping.

In previous works, the influence of externally applied
spin-polarized current on spin waves in nanotubes was
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studied within the Slonczewski-Berger approach [4].
However, in the present case the current is generated in-
side the same conducting ferromagnet, so the physically
consistent description should be based on the Zhang-Li
spin-transfer torque model [5].

The aim of the present work is to develop a theory
of dipole—exchange spin waves in a uniaxial ferromag-
netic nanotube in the presence of a thermoelectrically
induced spin-polarized current generated by an axial
temperature gradient.

1. Problem Statement

Let us consider a long ferromagnetic nanotube whose
length is much larger than its outer radius, so that
the system possesses translational symmetry along the
axis. The nanotube is made of a uniaxial ferromagnet
of the easy-axis type. The easy axis and the external
magnetic field are directed along the nanotube axis Oz.
Its internal and external radii are denoted as a and b,
correspondingly (see Fig. 1).

Under these conditions, the equilibrium magnetiza-
tion is M, = Mye,. The nanotube is characterized by
exchange interaction constant «, the uniaxial anisotropy
parameter (3, the gyromagnetic ratio v, and the Gilbert
damping parameter ay. It is placed in an external
homogeneous magnetic field Hye, directed along the
z-axis.

A temperature gradient 9T /0z is applied along the
nanotube axis. The nanotube is assumed to be a part
of a closed thermoelectric circuit, so the Seebeck effect
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temperature
gradient

Figure 1. Nanotube investigated in the paper.

generates a stationary electric current.
Within the two-current model, the electric current
densities for spin-up and spin-down electrons are

) oT

Jri=—0150 5, (1)
where o, 0, and S;, S| are the conductivities and See-
beck coefficients for the spin-up and spin-down channels,
respectively. The spin-polarized part of the thermoelec-
tric current is then
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where kg is the effective thermoelectric
polarization coefficient.

spin-

2. Basic Relations

The magnetization dynamics is described by the
Landau—Lifshitz—Gilbert equation:
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M,

The effective magnetic field includes exchange, dipolar,

anisotropy, and external field contributions. The spin-

transfer torque is taken in the Zhang-Li form [5]:

£
M + =M
M

Tgpr =—(u-V) (u-V)M, (4)

where ¢ is the nonadiabaticity parameter and u
'UWB Jjs €, is the effective drift velocity proportional to
ey

the spin-polarized current density.

3. Dispersion Relation

For small deviations from equilibrium, the magnetiza-
tion M = M, +m and the internal field H, = Hy,e,+h
are linearized, with |m| « M, and |h| < Hyp,;. Comple-
menting (3) with the magnetostatic Maxwell equation
divh = —47 divm, we seek a solution of the form

m, & ~ exp(i(wt — k2)), (5)

where ® is the scalar magnetostatic potential. After
substituting this ansatz and noting that the magnetic
potential satisfies a Bessel-type equation, one obtains
the following expressions for the real and imaginary
parts of the spin-wave frequency:

oT
UJT —l'ik” 54‘
k‘2
+ M, (ﬂ@ + ak2) (ﬂ@ + ak? + 47rk—§>, (6)
o By + ak? + 2mk? /k? '
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oT
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where k = PrugoS/(eM,), o is the total electric con-
ductivity, S is the total Seebeck coefficient, B,
(048 —0,8,)/(04S; +,S)) is the thermoelectric spin-
polarization parameter, 8, = S + Hy. /M,, k =

agw, + K&k 5

k1 + k{f is the total wave number.

Equation (6) shows that the adiabatic current con-
tribution changes only the real part of the frequency,
causing a drift-type modification — the current-induced
spin-wave Doppler shift [6]. Equation (7) shows that the
nonadiabatic contribution changes the effective damp-
ing. Depending on the sign of the product Ekgk), the
thermoelectric current may either increase or decrease
the damping.

In the thin-wall approximation (b — a) < a, the
transverse wavenumber is approximately quantized as

(8)

while the fundamental mode n = 0 should be treated
separately.

In the absence of dissipation and temperature gra-
dient, the resulting dispersion law transforms into the
one previously obtained by the authors in [7].

k (b—a)=mn, n=12 ..

4. Spin-Wave Excitation Condition

The condition for spin-wave amplification or gener-
ation is determined by the compensation of intrinsic
damping:

acYMyr/(By + ak?)(By + ak? + 4mk3 /k2)—
—(ag —&§)rsk) = 0.

Hence, the critical temperature gradient is

(5).

(9)
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where the sign of the gradient must be chosen so that
the induced current compensates the Gilbert damping.
At this threshold the effective damping vanishes and
spin-wave generation starts.

42



Axmyaavri npobaemu cyuacroi gisuru

In(w,/yMo)
1x10°8

5x107/ —
I

Figure 2. Dependencies of the real part of the frequency w, on k| and 07/0z: (a) for the fundamental mode
n = 0; (b) for the first three modes n = @ (orange surface), n = 1 (blue surface), and n = 2 (green surface).
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Figure 3. Dependencies of the imaginary part of the frequency w; on k and 0T /0z: (a) for the fundamental
mode n = 0; (b) for the first three modes n = @ (orange surface), n = 1 (blue surface), and n = 2 (green surface).

5. Results and Discussion

The obtained analytical expressions show that the
thermoelectrically induced spin-polarized current affects
the spin-wave spectrum in two qualitatively different
ways.

First, the adiabatic Zhang-Li term produces a
Doppler-like shift of the real part of the frequency:

oT

Aw,.
Thus, the symmetry between waves propagating in op-
posite directions is broken: w(k)) # w(—k). Therefore,
the temperature gradient induces nonreciprocity of spin-

wave propagation.
Second, the nonadiabatic term modifies the imagi-

nary part of the frequency. Depending on the sign of
the temperature gradient, the effective damping may
increase or decrease. After passing the threshold (10),
the temperature gradient causes spin-wave generation.

Numerical estimates for a permalloy nanotube show
that the effect is strongest for the fundamental mode.
For NigyFeyy with nanotube thickness d = 10 nm, the
frequency of the fundamental mode lies in the GHz
range, whereas for higher transverse modes it reaches
the THz region.

Dependencies of both the real and imaginary parts
of the frequency (see Figs. 2, 3) have similar shapes for
different transverse modes but on essentially different
scales (within two orders of magnitude for the three
modes shown). There are pronounced dependencies
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on 0T /0z everywhere except in the region where ky is
close to zero, which shows that the thermoelectrically
induced spin-polarized current can noticeably modify
both the real and imaginary parts of the spin-wave
frequency.

The transverse mode structure remains mainly deter-
mined by geometry, while the temperature gradient gov-
erns propagation and attenuation along the nanotube
axis. Thus, the thermoelectric current and geometrical
quantization can be treated as two relatively indepen-
dent mechanisms of spin-wave spectrum formation.

Conclusions

A theory of dipole-exchange spin waves in a con-
ducting ferromagnetic nanotube in the presence of a
thermoelectrically induced spin-polarized current has
been developed.

It has been shown that the Seebeck-induced current
affects spin-wave dynamics through the Zhang-Li spin-
transfer torque. The adiabatic contribution causes a
Doppler-like frequency shift and induces nonreciprocity
of propagation. The nonadiabatic contribution modifies
effective damping and may lead to spin-wave amplifica-
tion and generation.

The critical temperature gradient required for the
onset of spin-wave generation has been obtained (10).

The results demonstrate that thermoelectric trans-
port can serve as an efficient tool for controlling spin-
wave propagation, damping, and excitation in cylindri-
cal magnetic nanostructures.
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