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Dipole-exchange spin waves in a ferromagnetic nanotube with a circular cross-section have
been studied in the presence of a spin-polarized electric current. The exchange and dipole-
dipole magnetic interactions, anisotropy, dissipation effects, and the influence of a spin-
polarized current are taken into consideration. An equation for the magnetic potential of
spin excitations in the system concerned is derived, and the dispersion relation for spin waves
is obtained. Depending on its direction, the spin-polarized current is demonstrated to either
strengthen or weaken the effective dissipation. A condition, under which the presence of the
spin-polarized current can lead to a generation of a spin wave, is determined.
K e yw o r d s: spin wave, ferromagnetic nanotube, dipole-exchange theory, nanomagnetism,
spin-polarized current.

1. Introduction
Spin waves, i.e. waves of magnetization in magnet-
ically ordered materials [1, 2], have constituted a
challenging popular topic of researches in the last
decades. Spin waves in thin ferromagnetic films [3–5]
and nanostructures, such as nanowires [6–9], micron-
sized magnetic quantum dots [10–12], and other
nanosystems, in which magnetically ordered materi-
als are used, are of particular interest in the recent
years. Spin waves in nanostructures are a promising
object for numerous practical applications, such as
the creation of new devices to store [13, 14] and to
transfer [13, 14] information, new information pro-
cessing devices [15], and so forth.

The magnetic properties of nanostructures are
known to depend substantially on their shape and
size. That is why the spin waves are studied sepa-
rately in nanoparticles of different shapes. Magnetic
nanotubes, which have been synthesized recently [16–
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22], found a wide spectrum of practical applications
(in particular, in magnetobiology [23, 24]). However,
the spin waves in magnetic nanotubes remain little-
studied till now. The known works on this topic are
mainly devoted to the research of spin solitons [25]
and waves at the boundaries of magnetic domains
[26, 27]. Our recent paper [28] on this subject dealt
with the research of dipole-exchange spin waves in a
single-layer ferromagnetic nanotube. However, no at-
tention was paid to the analysis of a possible influence
of dissipative effects and spin-polarized current, pro-
vided that the latter is present in the system.

Depending on the spin wave frequency, the size,
shape, and material of a nanosystem, as well as other
factors, the effects associated with the energy dissi-
pation can either substantially affect the spin wave
pattern in the system or be negligibly small (see,
e.g., [29]). Therefore, while studying the spin waves
in nanosystems and, in particular, in nanotubes, the
account of dissipative effects is necessary in the gen-
eral case.
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Geometry of the examined nanotube

It is known that magnetic nanostructures and, in
particular, magnetic nanotubes can be used as wave
guides for spin waves. In this case, there emerges a
problem of spin wave generation in such structures.
It is known that, when a spin-polarized current passes
through a thin ferromagnetic layer, the orientation
of the magnetization vector in this layer can chan-
ge [30, 31]. As a result, the spin wave pattern in the
system also changes, which can give rise to the gener-
ation of spin excitations [32,33]. However, the known
researches of spin waves in the presence of a spin-po-
larized current in nanosystems dealt with thin mag-
netic films, whereas nanosystems with other geome-
tries, in particular, nanotubes, have not been studied
till now. Hence, the properties of spin waves in mag-
netic nanotubes in the presence of a spin-polarized
current, in particular, the generation of spin waves in
such systems, are a challenging issue for researches.

In this work, the theoretical research of spin waves
in ferromagnetic nanotubes, which was started in [28],
is continued. Here, the dipole-exchange spin waves in
a two-layer ferromagnetic nanotube in the presence of
the dissipation and a spin-polarized current are stud-
ied. The corresponding equation for the magnetic po-
tential and the dispersion relation for the spin waves
is obtained with regard for the magnetic dipole-dipole
interaction, exchange interaction, anisotropy, dissi-
pation effects, and the influence of a spin-polarized
current. It is shown that the spin-polarized current
changes the “effective dissipation” in the system. It
is also shown that spin waves can be excited in the
described system by passing a spin-polarized current
through it. Moreover, a condition of this generation
is found.

2. Formulation of the Problem

Let us consider a two-layer ferromagnetic nanotube,
the length of which strongly exceeds its external ra-
dius. One layer of the nanotube is “fixed” in the sense

of magnetization direction, whereas the other is “free”,
so that a spin-polarized current can run through the
“free” layer in the radial direction. The internal ra-
dius of the “free” layer will be designated as 𝑎, and
the external one as 𝑏 (see Figure). The “free” layer
is assumed to consist of a ferromagnet of the “easy-
axis” type with the following parameters: the ex-
change interaction constant 𝛼, the parameter of uni-
axial anisotropy 𝛽, and the gyromagnetic ratio 𝛾. The
anisotropy axis of the ferromagnet is directed along
the symmetry axis.

Let the equilibrium magnetization of the “free”
layer, M0, and the direction of “fixed” layer magne-
tization be directed along the symmetry axis, which
is convenient to be selected as the axis 𝑂𝑧. We sup-
pose that the nanotube is embedded into an external
magnetic field H

(𝑒)
0 , which is also directed along the

axis 𝑂𝑧.
Let us consider a spin wave propagating in the

“free” layer of the nanotube along the axis 𝑂𝑧. Since
the system under consideration is nano-sized, the ex-
change interaction can substantially affect the spin
wave pattern. Hence, the Landau–Lifshits equation
should take into account not only the magnetic dipo-
le-dipole interaction, but also the exchange one. (The
dipole-exchange approximation used in this work is
reasonable to be applied in the wave number interval
of 105÷107 cm−1, because exchange effects can be ne-
glected at smaller wave numbers. For nanotubes with
standard sizes and materials, the wave numbers lie in
the interval from 103÷104 cm−1 to 107 cm−1, which
makes it necessary to take both magnetic dipole-
dipole and exchange effects into account.) Dissipation
effects are taken into consideration by introducing a
relaxation term into the Landau–Lifshits equation.

We will use the linear approximation assuming
the magnetization m and the magnetic field h of a
wave to be small perturbations of the equilibrium
magnetization and the total magnetic field, respec-
tively. Hence, the total magnetization is equal to
M = M0 + m, where |m| ≪ |M0|, and the total
magnetic field in the “free” layer to H(𝑖) = H

(𝑖)
0 + h,

where |h| ≪
⃒⃒⃒
H

(𝑖)
0

⃒⃒⃒
, and H

(𝑖)
0 is the internal ground

state magnetic field. Our task consists in obtaining
a dispersion equation for the spin wave with regard
for the dissipation and effects induced by the spin-
polarized current and in finding a condition of a spin
wave generation.
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3. System of Equations for a Spin
Wave in the “Free” Layer of the Nanotube

Let us apply the linearized theory of spin waves, by
writing down the linearized Landau–Lifshits equation
in the magnetostatic approximation. First, by anal-
ogy with the previous work [28], let us write down the
linearized Landau–Lifshits equation in the case where
the dissipation and the spin-polarized current are ab-
sent. The equation for spin waves in the “free” layer of
the nanotube described in the previous section, looks
like [1]:

𝜕m

𝜕𝑡
= 𝛾(M0 × (h+ 𝛼Δ

⇀
𝑚 +𝛽n(mn)−

− 1

𝑀2
0

(M0H
(𝑖)
0 + 𝛽(M0n)

2)m)), (1)

where n is a unit vector directed along the anisotropy
axis (in our case, it coincides with the unit vector
e𝑧). To take the energy dissipation into account, let
us introduce a relaxation term in the Gilbert form,
TG = 𝛼G

𝑀

[︀
M× 𝜕M

𝜕𝑡

]︀
, where, 𝛼G is the dissipation

parameter. When changing to the linearized Landau–
Lifshits equation, this term reads

tG = 𝛼G

[︂
M0 ×

𝜕m

𝜕𝑡

]︂
. (2)

The thickness of nanotube walls, 𝑏 − 𝑎, is assumed
to be small in comparison with the internal nanotube
radius 𝑎. Therefore, in the Landau–Lifshits equation
for the spin wave, we can use the Slonczewski–Berger
term derived for a planar layer (see, e.g., work [32]),

T𝑠 =
𝜀𝛾~𝐽

2𝑒𝑀2
0 (𝑏− 𝑎)

[M× [M× e𝑝]], (3)

where 𝜀 is the dimensionless spin-polarization effi-
ciency, 𝐽 the current density (it is assumed to be con-
stant), ~ the reduced Planck constant, 𝑒 the elemen-
tary charge, and e𝑝 a unit vector in the direction of a
“fixed” layer magnetization (in our case, e𝑝 = e𝑧). In
the linearized form of the Landau–Lifshits equation,
this term looks like

t𝑠 =
𝜀𝛾~𝐽

2𝑒𝑀2
0 (𝑏− 𝑎)

[M0 × [m× e𝑧]], (4)

here the relations M0 ‖ e𝑧 and m ⊥ e𝑧 are taken
into account. Therefore, the linearized Landau–Lif-
shits equation, in which the energy dissipation and

the influence of a spin-polarized current are consid-
ered, takes the form

𝜕m

𝜕𝑡
= 𝛾

(︂
m0 ×

(︂
h+ 𝛼Δ

⇀
𝑚 +𝛽n (mn)−

− 1

𝑀2
0

(︁
m0H

(𝑖)
0 + 𝛽 (m0n)

2
)︁
m+

𝛼G

𝛾𝑀0

𝜕m

𝜕𝑡
+

+
𝜀~𝐽

2𝑒𝑀2
0 (𝑏− 𝑎)

[m× e𝑧]

)︂)︂
. (5)

In particular, if the perturbation is periodic in time,
⇀
𝑚 (r, 𝑡) = m0 (r) (𝑖𝜔𝑡) ,h (r, 𝑡) = h0 (𝑏𝑓𝑟) (𝑖𝜔𝑡). (6)

Taking the symmetry into account, the Landau–Lif-
shits equation acquires the following form:

𝑖𝜔m0 = 𝛾

(︂
𝑀0e𝑧 ×

(︂
h0 + 𝛼Δ

⇀
𝑚0 −

−

(︃
𝛽 +

𝐻
(𝑒)
0

𝑀0
− 𝑖

𝛼G

𝛾𝑀0
𝜔

)︃
⇀
𝑚0 +

+
𝜀~𝐽

2𝑒𝑀2
0 (𝑏− 𝑎)

[m0 × e𝑧]

)︂)︂
. (7)

Here, we used the fact that, in the case of long nan-
otube, 4𝜋�̂�M0 = 0, where �̂� is the tensor of demag-
netizing coefficients. Consequently, the internal mag-
netic field H

(𝑖)
0 is equal to the external one, H

(𝑒)
0 ,

being therefore uniform.
By analogy with the previous work [28], in order to

obtain another necessary relation between the magne-
tization and the magnetic field, let us apply the mag-
netostatic approximations (see, e.g., work [1]) and
introduce the magnetic potential. In our case, this
procedure has to be additionally substantiated, be-
cause of the presence of an electric current in the sys-
tem. However, a possibility of introducing the mag-
netic potential in the “free” layer of a nanotube follows
from the fact that the current configuration described
in the formulation of the problem does not create an
additional magnetic field.

Hence, by introducing the magnetic potential Φ
in such a way that h = −∇Φ, h0 = −∇Φ0, and
Φ = Φ0 (r) exp (𝑖𝜔𝑡), and using Maxwell’s equation
div h = −4𝜋 divm, we will obtain the required re-
lation ΔΦ − 4𝜋 div m = 0 or, if the perturbation is
periodic in time,

ΔΦ0 − 4𝜋 divm0 = 0. (8)
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The system of equations (7) and (8) provides a re-
quired relationship between the magnetization per-
turbation and the magnetic potential. By excluding
�⃗�0 from this system, we obtain an equation for the
magnetic potential.

4. Equation for the Magnetic Potential

Analogously to the previous work [28], in order to de-
rive a dispersion relation, let us exclude the magneti-
zation perturbation from the system of equations (7)
and (8). Using the formula h0 = −∇Φ0, let us multi-
ply Eq. (7) by the unit vector e𝑧 (the cross product)
and divide the result by 𝛾𝑀0. Taking into account
that 𝑚0𝑧 = 0, we obtain

− 𝑖

𝛾𝑀0

(︂
𝜔 +

𝑖𝛾𝜀~𝐽
2𝑒𝑀0 (𝑏− 𝑎)

)︂
[e𝑧 ×m0] = −∇Φ0 +

+𝛼Δ
⇀
𝑚0 −

(︃
𝛽 +

𝐻
(𝑒)
0

𝑀0
− 𝑖

𝛼G

𝛾𝑀0
𝜔

)︃
⇀
𝑚0 +

𝜕Φ0

𝜕𝑧
e𝑧 (9)

or, taking the divergence of both sides of this equa-
tion,

− 𝑖

𝛾𝑀0
(𝜔 ± 𝑖𝜅) div [e𝑧 ×m0] = −ΔΦ0 +

𝜕2Φ0

𝜕𝑧2
+

+
1

4𝜋
(𝛼Δ− 𝛽)ΔΦ0. (10)

Here, 𝜅 = 𝛾𝜀~ |𝐽 | / (2𝑒𝑀0 (𝑏− 𝑎)), the sign before 𝜅
on the left-hand side is positive for the current run-
ning from the “fixed” magnetic layer into the “free”
one (𝐽 > 0) and negative in the opposite case, and

𝛽 = 𝛽 +
𝐻

(𝑒)
0

𝑀0
− 𝑖

𝛼G

𝛾𝑀0
𝜔.

Let us apply the operator 𝛼Δ − 𝛽 to both
sides of obtained equation. Substituting the quantity(︁
𝛼Δ− 𝛽

)︁
m0 from Eq. (9), we obtain

− 𝑖 (𝜔 ± 𝑖𝜅)

𝛾𝑀0
div

[︂
e𝑧 ×

(︂
− 𝑖(𝜔 ± 𝑖𝜅)

𝛾𝑀0
[e𝑧 ×m0] +

+∇Φ0 −
𝜕Φ0

𝜕𝑧
e𝑧

)︂]︂
= (𝛼Δ− 𝛽)×

×
(︂
1

4𝜋
(𝛼Δ− 𝛽)− 1

)︂
ΔΦ0 + (𝛼Δ− 𝛽)

𝜕2Φ0

𝜕𝑧2
. (11)

Since div
(︀
e𝑧 ×

(︀
∇Φ0 − 𝜕Φ0

𝜕𝑧 e𝑧
)︀)︀

= 0, div(e𝑧 × (e𝑧 ×
×m𝑧)) = −ΔΦ0/4𝜋, we obtain the final equation for
the magnetic potential:(︂
(𝜔 ± 𝑖𝜅)2

𝛾2𝑀2
0

− (𝛽 − 𝛼Δ)(4𝜋 + 𝛽 − 𝛼Δ)

)︂
ΔΦ0 +

+4𝜋(𝛽 − 𝛼Δ)
𝜕2Φ0

𝜕𝑧2
= 0. (12)

Note that, at 𝜅 = 0, this equation coincides with
the analogous equation for a continuous cylindrical
wave guide.

One can see that Eq. (12) for the magnetic po-
tential differs from the analogous equation obtained
in the previous work [28]. In particular, it contains
terms describing the influence of the dissipation and
the spin-polarized current. Hence, the indicated ef-
fects change the pattern of spin waves in the system.
Let us solve this equation and analyze the influence of
those terms on the spin wave pattern in the system.

5. Dispersion Relation
and Spin Wave Generation Condition

Let us find a dispersion relation for spin waves in the
“free” layer of a nanotube. First, we note that Eq. (12)
leads to the following solution in the cylindrical coor-
dinates (𝜌, 𝜃, 𝑧):

Φ = (𝐴1𝐽𝑛 (𝑘⊥𝜌) +𝐴2𝑁𝑛 (𝑘⊥𝜌))×
× exp

(︀
𝑖
(︀
𝑛𝜃 + 𝑘‖𝑧 − 𝜔𝑡

)︀)︀
, (13)

where 𝐴1 and ̸ 𝐴2 are constants, 𝐽𝑛 and 𝑁𝑛 are the
Bessel and Neumann, respectively, functions of the 𝑛-
th order, and 𝑘⊥ and 𝑘‖ are the transverse and longi-
tudinal, respectively, wave numbers. Substituting so-
lution (13) into Eq. (12), we obtain the dispersion
relation in the form(︃
(𝜔 ± 𝑖𝜅)

2

𝛾2𝑀2
0

− (𝛽 + 𝛼𝑘2)(4𝜋 + 𝛽 + 𝛼𝑘2)

)︃
𝑘2+

+4𝜋(𝛽 + 𝛼𝑘2)𝑘2‖ = 0, (14)

where the total wave number was introduced, 𝑘2 =
= 𝑘2⊥ + 𝑘2‖.

One can see that the dispersion equation (14) in-
cludes two components of the wave number. In the
general case, in order to obtain a dispersion relation
for spin waves, we should solve Eq. (12) with the cor-
responding boundary conditions for the magnetiza-
tion. However, one of the wave number components
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can be excluded from Eq. (14), if we pay attention
to that the thickness of typical nanotubes is of the
same order of magnitude as the characteristic length
of the exchange interaction 𝑙ex =

√︀
𝛼/4𝜋. Therefore,

we may consider the case where the tube thickness
is smaller than the exchange interaction length. This
assumption affect the initial equations; in particular,
the small thickness of the shell can be taken into
account, e.g., by omitting the radial derivatives in
Eqs. (5) and (7). However, solution (13) will satisfy
the modified equation as well, if we put 𝑘⊥ = 0 in
it. Hence, in the case of a nanotube, whose thickness
is narrower than the exchange interaction length, we
may neglect the radial dependence of the potential,
by putting 𝑘⊥ = 0 (and, consequently, 𝑛 = 0) and
transforming Eq. (14) for 𝑘 ̸= 0 as follows:

𝑘2 =
1

𝛼

(︃
𝜔 (1− 𝑖𝛼G)± 𝑖𝜅

𝛾𝑀0
− 𝛽 − 𝐻

(𝑒)
0

𝑀0

)︃
. (15)

From whence, we obtain the sought dispersion rela-
tion for the spin wave:

𝜔 =
1

1 + 𝛼2
G

(︃
𝛾𝑀0

(︃
𝛼𝑘2 + 𝛽 +

𝐻
(𝑒)
0

𝑀0

)︃
± 𝜅+

+ 𝑖

(︃
𝛼G𝛾𝑀0

(︃
𝛼𝑘2 + 𝛽 +

𝐻
(𝑒)
0

𝑀0

)︃
∓ 𝜅

)︃)︃
. (16)

The damping or growing of the spin wave ampli-
tude is governed by the imaginary part of the fre-
quency. Therefore, let us analyze the imaginary part
of the frequency given by the dispersion relation (16)
at various current values. Provided that the current
is positive (𝐽 > 0) at

𝜅 > 𝛼G𝛾𝑀0

(︃
𝛼𝑘2 + 𝛽 +

𝐻
(𝑒)
0

𝑀0

)︃
,

i.e. under the condition

|𝐽 | > 2𝑒𝛼G𝑀
2
0

𝜀~
(𝑏− 𝑎)

(︃
𝛼𝑘2 + 𝛽 +

𝐻
(𝑒)
0

𝑀0

)︃
, (17)

the spin wave amplitude grows in time, so that we
have instability, and a wave generation takes place. If

𝐽 =
2𝑒𝛼G𝑀

2
0

𝜀~
(𝑏− 𝑎)

(︃
𝛼𝑘2 + 𝛽 +

𝐻
(𝑒)
0

𝑀0

)︃
, (18)

the spin wave is self-supporting. Finally, if 𝐽 > 0, i.e.

|𝐽 | < 2𝑒𝛼G𝑀
2
0

𝜀~
(𝑏− 𝑎)

(︃
𝛼𝑘2 + 𝛽 +

𝐻
(𝑒)
0

𝑀0

)︃
,

the dissipation processes dominate over the genera-
tion ones, but the effective dissipation will be lower
than that in the absence of a spin-polarized cur-
rent. At 𝐽 < 0, on the contrary, the presence of a
spin-polarized current strengthens the damping of the
spin wave amplitude.

Note that, while studying the spin waves in a two-
layer ferromagnetic film, in which, similarly to our
system, one layer is “fixed”, the other is “free”, and
a spin-polarized current flows from the former into
the latter, similar regularities were obtained, which
testifies in favor of the effective dissipation caused
by the spin-polarized current [32] and confirms the
results obtained above. The negative damping and
the generation of spin oscillations, that arises when
a spin-polarized current passes through a magnetic
film, were also studied in work [33], in which an os-
cillator rather than a running wave was considered.

Provided that the wave number is real, the char-
acteristic damping time for the spin wave amplitude
equals

𝜏 =
2𝜋

Im𝜔
=

2𝜋
(︀
1 + 𝛼2

G

)︀
𝛼G |𝛾|𝑀0

(︂
𝛼𝑘2 + 𝛽 +

𝐻
(𝑒)
0

𝑀0

)︂
∓ 𝜅

. (19)

In a similar way, we can determine the characteristic
time of spin wave amplitude growth. However, the
corresponding obtained value will be negative.

6. Analysis of the Results Obtained

Let us compare the above-obtained expression for the
critical current with the formula derived in work by
Slavin and Tiberkevich [33]. The cited authors ex-
pounded the theory of an oscillator with negative
damping and applied it to a “free” layer considered in
the form of a planar nanodisk, which was thin enough
for the magnetization of spin oscillations in it to be
assumed spatially uniform (therefore, it was an oscil-
lator rather than a running wave that was analyzed
in work [33]). The formula for the critical current, at
which the wave damping transforms into the wave
generation, looks like

𝐽 =
2𝑒𝛼G𝑀0(𝐻

(𝑒)
0 − 4𝜋𝑀0) (𝑏− 𝑎)

𝜀~
. (20)
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When obtaining this expression, the spatial inhomo-
geneity of a magnetization was ignored, as well as
the exchange effects and the effects associated with
anisotropy. The above-obtained expression (18) for
the critical current in the nanotube after neglecting
the corresponding terms acquires the form

𝐽 =
2𝑒𝛼G𝑀0𝐻

(𝑒)
0 (𝑏− 𝑎)

𝜀~
. (21)

One can see that the expressions coincide (the inter-
nal field for a disk, 𝐻(𝑒)

0 −4𝜋𝑀0, corresponds to 𝐻
(𝑒)
0

for a long nanotube), which confirms the validity of
the results obtained.

Let us evaluate numerically the wave frequency
and the characteristic time of the wave damping, as
well as the influence of a spin-polarized current, with
the use of the obtained expressions. The typical val-
ues of constants for a ferromagnet constituting the
“free” layer are as follows: 𝛽 = 1, 𝛼 = 10−12 cm−2,
𝛾 = 107 Hz/G, and 𝑀0 = 103 G. The dissipation
constant for typical ferromagnetic materials that are
used in experiments with the spin-polarized current
varies by an order of magnitude in the interval of
10−1÷10−2. We assume that the wave number 𝑘 is
restricted, on the one hand, by the nanotube length
and, on the other hand, by the exchange interaction
length. Therefore, for typical nanotubes, the order
of magnitude of this parameter changes from 102 to
106 cm−1. Hence, in the absence of a spin-polarized
current, the spin wave frequency is of an order of
1010 Hz within the whole interval of wave numbers,
and the characteristic time 𝜏 changes from 10−8 to
10−9 s.

Now, let us consider the terms that are associated
with the presence of aa spin-polarized current. The
critical value

𝜅𝑐𝑟 = 𝛼G𝛾𝑀0(𝛼𝑘
2 + 𝛽 +𝐻

(𝑖)
0 /𝑀0),

at which the effective dissipation changes its sign,
has an order of 108–109 Hz depending on the value
of 𝛼G. This corresponds to a current density rang-
ing from 3 × 106 to 3 × 107 A. The obtained value
corresponds to a typical critical current in experi-
ments with thin ferromagnetic films (see, e.g., [33,
34]). Typical values of current density in correspond-
ing experiments amount to 107÷108 A/cm

2 (see, e.g.,
[33]), so that the generation condition (17) can be re-
alized experimentally.

7. Conclusions

To summarize, in this work, the linear dipole-
exchange spin waves in a ferromagnetic nanotube in
the presence of a spin-polarized current and the dissi-
pation have been analyzed. A two-layer ferromagnetic
nanotube is considered. The spin-polarized current
passes in the radial direction through the “free” (in the
sense of the magnetization direction) layer consisting
of a ferromagnet of the “easy-axis” type. The equation
for the magnetic potential of a spin wave in the “free”
layer of the nanotube is derived in the magnetostatic
approximation with regard for the dissipation and the
influence of a spin-polarized current. The dispersion
relation and the characteristic time of spin excitation
damping for this wave are obtained provided that the
corresponding wave number is real. It is shown that
the spin-polarized current can both strengthen and
weaken the effective dispersion of a spin wave, de-
pending on the spin-polarized current direction. It is
also found that, if the value of current is high enough,
it can lead to the spin wave generation. The condition
of spin wave generation in the examined system is ob-
tained.

The author is grateful to Corresponding Member
of the Academy of Pedagogical Sciences of Ukraine,
Dr.Sci. (Phys.-Math.), Professor Yu.I. Gorobets for
his attention to this work, a fruitful discussion, and
valuable remarks.

1. A.I. Akhiezer, V.G. Bar’yakhtar, and S.V. Peletminskii,
Spin Waves (North Holland, Amsterdam, 1968).

2. V.V. Kruglyak, S.O. Demokritov, and D. Grundler,
J. Phys. D 43, 264001 (2010).

3. R.P. van Stapele, F.J.A.M. Greidanus, and J.W. Smits,
J. Appl. Phys. 57, 1282 (1985).

4. B.A. Kalinikos, N.G. Kovshikov, and A.N. Slavin, J. Appl.
Phys. 69, 5712 (1991).

5. M. Bauer, O. Buttner, S.O. Demokritov, B. Hillebrands,
V. Grimalsky, Yu. Rapoport, and A.N. Slavin, Phys. Rev.
Lett. 81, 3769 (1998).

6. R. Arias and D.L. Mills, Phys. Rev. B 63, 134439 (2001).
7. R. Skomski, M. Chipara, and D.J. Sellmyer, J. Appl. Phys.

93, 7604 (2003).
8. P.C. Fletcher and C. Kittel, Phys. Rev. 120, 2004 (1960).
9. S.M. Cherif, Y. Roussigne, C. Dugautier, and P. Moch,

J. Magn. Magn. Mater. 222, 337 (2000).
10. K.Yu. Guslienko and A.N. Slavin, J. Appl. Phys. 87, 6337

(2000).
11. F.G. Aliev, J.F. Sierra, A.A. Awad, G.N. Kakazei,

D.-S. Han, S.-K. Kim, V. Metlushko, B. Ilic, and K.Y. Gus-
lienko, Phys. Rev. B 79, 174433 (2009).

64 ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 1



Spin Waves in a Ferromagnetic Nanotube

12. J. Jorzick, S.O. Demokritov, C. Mathieu, B. Hillebrands,
B. Bartenlian, C. Chappert, F. Rousseaux, and A.N. Sla-
vin, Phys. Rev. B 60, 15194 (1999).

13. S. Neusser and D. Grundler, Adv. Mat. 21, 2927 (2009).
14. C. Chappert, A. Fert, and F.N. Van Dau, Nat. Mater. 6,

813 (2007).
15. T. Schneider, A.A. Serga, B. Leven, B. Hillebrands,

R.L. Stamps, and M.P. Kostylev, Appl. Phys. Lett. 92,
022505 (2008).

16. Y.C. Sui, R. Skomski, K.D. Sorge, and D.J. Sellmyer, Appl.
Phys. Lett. 84, 1525 (2004).

17. K. Nielsch, F.J. Castano, C.A. Ross, and R. Krishnan,
J. Appl. Phys. 98, 034318 (2005).

18. K. Nielsch, F.J. Castano, S. Matthias, W. Lee, and
C.A. Ross, Adv. Eng. Mat. 7, 217 (2005).

19. P. Landeros, S. Allende, J. Escrig, E. Salcedo, D. Altbir,
and E.E. Vogel, Appl. Phys. Lett. 90, 102501 (2007).

20. Z.K. Wang, H.S. Lim, H.Y. Liu, S.C. Ng, M.H. Kuok,
L.L. Tay, D.J. Lockwood, M.G. Cottam, K.L. Hobbs,
P.R. Larson, J.C. Keay, G.D. Lian, and M.B. Johnson,
Phys. Rev. Lett. 94, 137208 (2005).

21. R. Sharif, S. Shamaila, M. Ma, L.D. Yao, R.C. Yu,
X.F. Han, and M. Khaleeq-ur-Rahman, Appl. Phys. Lett.
92, 032505 (2008).

22. Y. Ye and B. Geng, Crit. Rev. Solid State Mater. Sci. 37,
75 (2012).

23. A.K. Salem, P.C. Searson, and K.W. Leong, Nat. Mater.
2, 668 (2003).

24. C.C. Berry and A.S.G. Curtis, J. Phys. D 36, R198 (2003).
25. H. Leblond and V. Veerakumar, Phys. Rev. B 70, 134413

(2004).
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В.В.Кулiш

СПIНОВI ХВИЛI У ФЕРОМАГНIТНIЙ
НАНОТРУБЦI. УРАХУВАННЯ ДИСИПАЦIЇ
ТА СПIН-ПОЛЯРИЗОВАНОГО СТРУМУ

Р е з ю м е

У роботi дослiджено дипольно-обмiннi спiновi хвилi у феро-
магнiтнiй нанотрубцi кругового перерiзу за наявностi спiн-
поляризованого електричного струму. Враховано обмiнну
взаємодiю, диполь-дипольну взаємодiю, ефекти анiзотро-
пiї, дисипативнi ефекти та вплив спiн-поляризованого стру-
му. Отримано рiвняння для магнiтного потенцiалу спiнових
хвиль у такiй системi, знайдено дисперсiйне вiдношення.
Показано, що залежно вiд напрямку спiн-поляризованого
струму наявнiсть останнього може пiдсилювати або посла-
блювати ефективну дисипацiю спiнової хвилi. Показано, що
за певних умов наявнiсть спiн-поляризованого струму мо-
же приводити до генерацiї спiнової хвилi. Записано умову
такої генерацiї.
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