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SPIN DYNAMICS IN ANTIFERROMAGNETS
WITH DOMAIN WALLS AND DISCLINATIONS

The spin dynamics in antiferromagnets with atomic dislocations and dislocation-induced spin
disclinations has been discussed. It is shown how the usual sigma-model equation can be used
to describe it. The dynamical states with the spatially inhomogeneous spin precession are studied. It is demonstrated that such an internal dynamics of the spin disclinations and the related
domain walls can serve as a basis for creating a spin-Hall nanogenerator pumped with a spin
current and characterized by a low excitation threshold.
K e y w o r d s: antiferromagnet, disclination, spin current.

1. Introduction and Formulation
of the Problem
The study of antiferromagnets (AFMs) began in the
1930s, shortly after a consistent quantum-mechanical
theory of magnetic ordering driven by the spin-exchange interaction had been developed. The exchange
interaction between neighbor spins in AFMs have a
specific feature: it makes their antiparallel orientation
advantageous. In the simplest case, the crystal lattice
of an AFM contains two magnetic sublattices with
the magnetizations M1 and M2 . Those magnetization vectors are equal in magnitude and oriented in
antiparallel to each other. Therefore, the time reflection symmetry in AFMs is broken, but the total AFM
magnetization equals zero, M1 + M2 = M = 0. The
magnetic ordering in the AFM is characterized by the
antiferromagnetic vector L = M1 − M2 .
The studies of antiferromagnets comprise a substantial domain in the fundamental physics of magnetism. The symmetry plays an essentially important role while describing the physical properties of
AFMs. By definition, the AFM sublattices are crysc E.G. GALKINA, V.E. KIREEV, R.V. OVCHAROV,
○
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tallographically equivalent, i.e. there is an element of
the crystal symmetry group (the symmetry group of
the paramagnetic phase, the “paraphase”) that transforms them into each other (see the book by Turov et
al. [1]). In other words, the crystal symmetry group
of AFMs includes at least one symmetry element
that transforms the magnetic sublattices into each
other. In particular, this symmetry property makes
the existence of a magnetization state with a strictly
zero magnetization, |M| = 0, possible, i.e. there is a
possibility for the magnetizations of the sublattices
to exactly compensate each other, when the external parameters (e.g., the temperature) are varied in
wide intervals of their values. In this case, the total
magnetization and the total spin density of the AFM
simultaneously vanish.
Following Turov et al. [1], let us refer to the symmetry operations that interchange and do not interchange the magnetic sublattices as odd and even, respectively. A criterion for antiferromagnetism to take
place is the presence of at least one odd symmetry
element in the paraphase. Under the action of the
odd element, the lattices “change places”, M1 → M2 ,
M2 → M1 , and the antiferromagnetic vector L
changes its sign. Those conditions distinguish AFMs
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10
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from ferrimagnets. The latter also have magnetic sublattices with “antiferromagnetic” exchange interaction, but those sublattices are not equivalent (see
works [1–4]). For ferrimagnets, the total magnetization can also become zero, but only at a certain temperature (the compensation point). For ferrimagnets,
the compensation temperatures of spin densities and
sublattice magnetizations may not coincide.
AFMs are characterized by a number of interesting properties, among which the exchange enhancement of their dynamic parameters is the most important one (see reviews [1, 5–8] and the next Section). AFMs have higher magnetic resonance frequencies and higher velocities of magnons and magnetic
solitons in comparison with ferromagnets, for which
the values of exchange integrals and anisotropy constants are the same. In essence, those features are a
result of the fact that the main dynamic variable for
AFMs is the antiferromagnetic vector L. The dynamics of the vector L is described by the so-called sigma
model, and the exchange enhancement can be directly
explained by the presence of an odd element of the
AFM symmetry group.
Of interest are the peculiar “non-magnetic” properties of AFMs: optical [1, 9–14], galvanomagnetic
[1, 10], and acoustic ones [1, 10, 15]. Due to the longterm studies of the magnetic ordering in AFMs and
the related “non-magnetic” phenomena, the decisive
role of the character of just the odd symmetry elements has been established. Here, the most striking example is the appearance of the weak ferromagnetism in AFMs. This phenomenon becomes possible
in the case where the odd symmetry elements are rotations, but it is forbidden, if they include odd translations or inversion [16, 17]. The same restrictions are
also typical of the L-dependent (antiferromagnetic)
Faraday and Hall effects associated with the L vector
rather than the AFM magnetization [1, 10, 12]. For
example, the magnetoelectric effect is possible, if the
odd operation is the inversion [1, 10].
The interest in the study of static and, especially,
dynamic properties of AFMs has been growing permanently. The main reason is that the spin dynamics
in AFMs is faster than in ferromagnets. In particular,
the spin oscillation frequencies in AFMs range from
hundreds of gigahertz to several terahertz and belong
to the terahertz interval. A necessity in exploiting this
interval has been growing in recent years, because the
corresponding frequencies are actively used in astroISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10

physics, physics of atmosphere, biology, medicine, in
security systems, the systems for detecting hazardous
materials, and so forth (see the recent collective review [18]).
The application of AFMs in the terahertz technique is based on various physical effects. The application of femtosecond lasers (with a pulse duration time shorter than 100 fs) allows the non-thermal
excitation of spin oscillations in transparent AFMs
[19–27], which can be used to create generators of
electromagnetic waves in the terahertz interval with
optical pumping and a control over the radiation parameters [28–30]. The capability of such excitation is
based on the effects that are inverse to the well-known
magneto-optical Faraday and Cotton–Mouton effects
[7, 8]. In such a way, nonlinear modes of the vector
L motion, which correspond to the “inertial” switching of the vector L from one equilibrium state into
another (the dynamic spin reorientation) [31, 32], can
also be excited. Such a possibility opens the prospect
of the ultra-fast information recording and processing [7].
Great expectations are associated with the application of AFMs in spintronics [34–38]. It was shown
that the spin-current effects in AFMs can also be
rather substantial [33]. AFMs can effectively conduct the spin current and even the superconducting
spin current [39–44]. The predicted effect of the spin
current growth in the AFM [45] has been recently
observed experimentally [46]. The effects of the direction switching of the vector L under the spincurrent action [47, 48] were observed. The resonant
spin pumping using an AFM as an active element
was performed at frequencies up to 200 GHz [49] and
up to 450 GHz [50].
All that, in principle, makes it possible to create a
purely spintronic AFM-based nanooscillator, in which
both the spin-current pumping and the desired signal
readout is realized by use of the spin current (e.g., by
means of the direct and inverse spin Hall effects) [51–
54]. Such a generator could efficiently operate in the
subterahertz and terahertz frequency ranges. Here,
however, there arises a problem associated with the
specific feature of the AFM dynamics. Namely, the
spin current, as a rule, can only excite a purely planar rotation of the vector L, which does not create
ac signal owing to the spin Hall effect. Note that, in
ferrimagnets which are also characterized by ultrahigh frequencies of spin oscillations, the spin preces-
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sion is not planar [4, 55–57], so that the aforementioned problem does not arise. Various ways to solve
this problem for AFMs were discussed in the recent
publications [37, 38, 58–63]. But their implementation
is connected with an increase of the pumping current
threshold value [58] or a considerable complication of
the device design [60].
The application of an AFM domain wall as an active element in the nano-oscillator has also been proposed [64]. The presence of domains and domain walls
in AFMs, as well as a possibility to control them,
is well known. In weak ferromagnets, regular domain
structures appear following the standard mechanism
of minimizing the magnetodipole energy [5, 6]. But in
“pure” AFMs without weak ferromagnetism, such a
mechanism of the equilibrium domain structure formation does not work.
The formation of an equilibrium domain structure
can be a result of the action of long-range forces belonging to another type, namely, the magnetoelastic interaction [65–69]. In the works of S.M. Ryabchenko’s group, it was found that, in a lot of AFMs,
the equilibrium (or close to equilibrium) multidomain
AFM state can exist in a wide temperature interval ranging from helium to Néel temperature [70–
72]. It was proved that an inhomogeneous, elastically deformed state of the crystal provides a minimum in the total energy of the AFM crystal. In the
works by S.M. Ryabchenko and his colleagues, the
role of defects was also marked; in particular, dislocations, which locally change the character of magnetic
anisotropy, so that an inhomogeneous spin state becomes favorable [70–72]. Those mechanisms are universal and relatively weakly depend on the magnetic
symmetry, in particular, on the parity of the crystal
symmetry elements.
There are also known specific inhomogeneous AFM
states that exist due to the existence of the odd elementary translation. In a sense, such AFMs are “textbook” ones. Just in them, the corresponding magnetic
and atomic unit cells can be different. In particular,
such AFMs include the oxides of transition metals –
e.g., NiO and CoO – as well as plenty of materials
with metallic conductivity – e.g., Cr, FeMn, IrMn,
and Mn2 Au – which are promising for ultrafast AFMbased spintronics. The presence of the odd translation leads to the prohibition of many interesting effects such as the weak ferromagnetism and the abovementioned L-dependent Faraday and Hall effects. At
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the same time, the presence of odd translations in the
AFM symmetry group is responsible for the existence
of peculiarities in the properties of non-ideal crystals
containing atomic dislocations and their systems. As
was noted as long ago as in the 1970s, any dislocation
whose Burgers vector coincides with the odd translation vector creates a macroscopic inhomogeneity (spin
disclination) in the spin distribution [73,74]. An analysis of the global topological properties of the vector
L distribution in AFMs with dislocations or vortices
can be found in review [75]. An analysis of static spin
states for magnets with antiferromagnetic interaction
is rather complicated in this case, whereas the dynamic states, as far as we know, have not been studied yet.
In this paper, we will discuss a version of the sigma
model for the vector L in which the presence of atomic
dislocations and dislocation-generated spin disclinations in the AFM spin system is taken into account in
the macroscopic approximation. The dynamic states
corresponding to the spatially inhomogeneous spin
precession are studied. It will be shown that such an
internal dynamics of spin disclinations and related
domain walls can be useful while creating a spin-Hall
nanogenerator with spin-current pumping and a low
excitation threshold.
2. Description of AFMs
with Dislocations in the Framework
of the Sigma Model
When developing the standard phenomenological theory for AFMs with a perfect lattice, the magnetization vectors of the sublattices, M1 and M2 or their
combinations M = M1 + M2 and L = M1 − M2 are
considered. It is convenient to introduce the normalized vectors
l=

M1 − M2
,
2𝑀0

m=

M1 + M2
,
2𝑀0

(1)

where 𝑀0 is the sublattice magnetization in the
AFM. Vectors (1) are constrained by the relations
l2 + m2 = 1,

ml = 0.

(2)

Let there be an atomic dislocation in the crystal,
and let its Burgers vector be an odd translation vector. When going around such a dislocation, the sublattices change places, i.e. M1 ↔ M2 , and the vector
l has to change its sign. The appearance of disclinations in the crystal with an edge dislocation can be
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10
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explained by the fact that any contour drawn along
the exchange bonds and encircling the dislocation line
contains an odd number of sites and does not allow a
perfect antiferromagnetic ordering. A real pattern of
the spin distribution over the AFM volume, including
the dislocation region, can be quite complicated.
As an example, let us consider layered AFMs belonging to dihalides of the iron-group elements –
CoCl2 , FeCl2 , NiCl2 , and CoBr2 – for which the ferromagnetic interaction between two spins located in
the same atomic plane (it is described by the exchange
integral 𝐽op ) is much stronger than the antiferromagnetic interaction between two spins located in the
neighbor planes (it is described by the exchange integral 𝐽ip ), i.e. 𝐽op ≫ 𝐽ip . If such an AFM contains a
screw dislocation, the atomic plane transforms into a
helical surface (similar to the Riemann surface of the
complex-valued function 𝑤 = ln 𝑧), the whole picture
being far, at first glance, from the standard sublattice scheme [76]. However, a corresponding analysis
showed that deviations from the standard “sublattice”
picture of the AFM arise only in a small vicinity (with
the size 𝑟 < 𝑅𝑐 ) of the dislocation line. This size is
maximum for the example of
√︀the layered AFM given
above: in that case, 𝑅𝑐 ∼ 𝑎 𝐽ip /𝐽op , where 𝑎 is the
interatomic distance. For typical values of the ratio
𝐽op /𝐽ip ∼ 10−2 , we obtain the 𝑅𝑐 -value of an order
of tens of interatomic distances 𝑎 [76]. Beyond this region, the local vector l can be introduced as the difference between the vectors of the spins coupled by the
antiferromagnetic interaction. In so doing, we obtain
again that, when going along a closed contour drawn
through the spin exchange bonds around any dislocation line, the vector l changes its sign. This result is
valid for any dislocation, edge or screw, as well as for
any direction of the Burgers vector. A disclination in
the AFM can be considered as an antiferromagnetic
vortex with a half-integer value of the 𝜋1 -topological
charge [75].
When going around a dislocation, the sublattices
cannot be reconciled, so that the antiferromagnetic
vector l cannot be determined globally. A similar situation with the determination of the displacement
vector arises, when developing the theory of elasticity for a crystal with a dislocation. In both cases,
the corresponding vector can be determined locally
within several overlapping regions of the crystal. In
the case of AFMs, the vector l can be introduced in
the regions, where the dislocation line does not pass;
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10

Fig. 1. Distribution of spins in a thin AFM film with two dislocations calculated numerically in the framework of the discrete
AFM model with the square lattice [77]. On the closed line,
the deviation angles of spins from the direction that they have
far from the dislocations equal 𝜋/4

then, the sublattices can be reconciled at the interfaces of the regions. In each of those regions, one can
define the vector l as a single-valued coordinate function l = l(r) and use a standard phenomenological approach based on taking the system energy as a functional of the vector l (the sigma model approach). Afterward, the solutions determined in various regions
can be reconciled. For this purpose, it is enough to
cut an arbitrary surface ending at the dislocation line
and stipulate that the directions of the antiferromagnetic vectors l+ and l− on the different sides of the
cut have to be opposite at every surface point or, in
the invariant form, l+ · l− = −1. If there are several dislocations, it is necessary to select several such
surfaces, one for each dislocation line. Then the cut
surfaces will end either at the dislocation line or the
AFM surface. In the case of a closed dislocation loop,
it is enough to assume that the vector l has a jump
at the end surface that is tightened on the dislocation
line (see Figs. 1 and 2).
If the magnetic anisotropy is present, the dislocation can result in the appearance of either a domain wall ending at the dislocation line or several
such walls. For a uniaxial AFM with the easy-axis
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Fig. 4. Spin distribution near a domain wall in an AFM with
the easy-axis anisotropy calculated numerically in the framework of the discrete AFM model [77]

Fig. 2. Distribution of the vector l for the system presented
in Fig. 1 (an AFM with two dislocations). The cutting line is
a linear segment connecting the dislocation location points

Fig. 5. Schematic diagram for the distribution of the vector
l in an AFM with the fourth-order anisotropy, which contains
a dislocation and a domain wall. The latter has a complicated
structure and separates two domains. See further explanations
in the text
Fig. 3. Schematic diagram for the distribution of the vector l near the domain wall in an AFM with the “easy-axis”
anisotropy. Here and at the figures below, hatched circles denote singularity regions in the dislocation vicinity, and thick
dashed lines mark cutting lines

anisotropy and an AFM with the uniaxial anisotropy
in the basis plane, there a 180∘ -wall ending at the dislocation line emerges (see Figs. 3 and 4). It is clear
that a domain structure of the ordinary type, where
different domains are separated by domain walls, cannot exist in this case.
However, if there is the fourth-order anisotropy
(the principal axis 𝐶4 ) or the sixth-order anisotropy
(the principal axis 𝐶3 or 𝐶6 ) in the basal plane of
the uniaxial AFM with the anisotropy of the “easyplane” type, a specific “topological” domain structure
becomes possible, where domains are separated by
domain walls. When describing this structure, it is
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convenient to assume that the discontinuity interface
is “hidden” inside one of those walls. Then, for an
AFM with the axis 𝐶4 and a dislocation, there is a
structure of two domains with the orthogonal directions of the vector l, which are separated by a 90∘ wall with a complicated internal structure (see Fig. 5)
[73, 74]. For an AFM with the sixth-order anisotropy,
the appearance of a structure consisting of three domains separated by 60∘ -walls can be expected, where
the directions of the vector l in the domains are oriented at an angle of 60∘ with respect to each other. A
“deficiency” of the turn angle is compensated by the
presence of a line that is equivalent to an additional
turn of the vector l by 180∘ .
The geometry of topological domain structures is
different from that of “standard” domains induced by
the dipole or magnetoelastic interaction [71, 72]. For
magnets with the fourth-order anisotropy, the classiISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10
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cal Landau structure with four domains is known. For
a magnet with the sixth-order anisotropy, one may
expect a structure with either six 60∘ -walls or three
120∘ -walls (see Fig. 13 in work [72]). For “standard”
domains, the role of dislocations is in essence the same
as for other (non-topological) defects. Their influence
is reduced to a local change in the character of the
magnetic anisotropy, so that the inhomogeneous spin
state becomes favorable [71,72]. In particular, a structure with three 120∘ -walls can be stable in the presence of a defect [69].
Let us return to the consideration of AFMs with
topological inhomogeneities. Beyond the cuts, the
standard AFM theory, which is based on the introduction of sublattices or the vectors m and l as singlevalued coordinate functions, is applicable. The static
energy of the AFM contains a large number of invariants constructed from the components of the vectors m and l, as well as their gradients. If the states
for which |m| ∼ |l| have to be taken into account –
e.g., near the dislocation – the analysis becomes much
more complicated, but it can also be carried out in
some cases (see works [76, 78–86] and monographs
[87, 88]). In the standard Heisenberg AFM far from
the dislocation and in a not very strong magnetic
field, we may put |m| ≪ |l| ≃ 1 (for details, see
work [76]). In this case, we can exclude the vector
m and write the energy in terms of only the vector
l = L/ |L| ≃ L/(2𝑀0 ), assuming the latter to be
a unit one. The phenomenological description of the
AFM is carried out on the basis of a single field variable l = l(r, 𝑡), with l2 = 1.
The static energy of the AFM is written as a
functional 𝑊 [l] of only the vector l and its gradients. The corresponding expression can be presented
in the form
]︂
[︂
∫︁
𝐴
2
(∇l) + 𝑤a (l) ,
(3)
𝑊 = 𝑑r
2
where 𝐴 is the inhomogeneous exchange constant,
𝑤a (l) the anisotropy energy, and the integration is
carried out over the whole magnet volume. The minimization of this energy gives an equilibrium distribution of the vector l. Of course, all constants in all
domains, where the vector l can be determined unambiguously, are identical. It is also evident that if
there is an equilibrium state l(r), then the state −l(r)
is also equilibrium and has the same energy. Hence,
it is possible to minimize the energy with regard for
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10

the cuts of the type l → −l(r) at the selected special
interfaces and obtain a static distribution of the vector l corresponding to the ground state of the AFM
with dislocations. It is clear that the necessity of such
cuts makes the AFM state heterogeneous.
The AFM dynamics can be described by a closed
equation for l (it is called the sigma-model equation). The sigma model can be developed in various
ways [89–91], which are described in detail in many
reviews and books [1,5,6,75,87,91–94] and are not reproduced here. In the simplest case, the sigma-model
equation contains the second-order time derivative of
l and looks like
)︂
(︂
(︂
)︂
𝜕𝑤a
𝜕2l
2𝑀0
2
=
𝐴(l
×
∇
l)
−
l
×
l
×
+ R, (4)
𝛾 2 𝐻ex
𝜕𝑡2
𝜕l
where 𝐻ex is the AFM exchange field, 𝛾 the gyromagnetic ratio, and the term R describes the contribution
of non-conservative processes – dissipation and spin
current (its form will be given below). In the framework of the sigma-model approach, the AFM magnetization m is a dependent variable, which is expressed
in terms of the vector l and its time derivative. In the
most general case,
(︂
)︂
1 𝜕l
𝐻ex m =
× l + H(eff) − l(H(eff) · l),
(5)
𝛾 𝜕𝑡
where H(eff) is an effective field, which includes the
external field H and other symmetry-allowed components depending on the vector l, e.g., the Dzialoshinskii field [94]. For an AFM with the odd translation
and in the absence of the external field, H(eff) = 0 and
only the first (dynamic) contribution to the magnetization survives. Note that both the dynamic contribution and the contribution of the external field are
bilinear in the components of the vector l, so that the
magnetization does not change, if its sign changes.
Neglecting the relaxation, the sigma model can be
obtained in the framework of the Lagrange formalism. The Lagrange functional is written in the standard form 𝐿 = 𝑇 − 𝑊 , where the static energy 𝑊
[see Eq. (3)] plays the role of a potential energy, and
the kinetic energy 𝑇 is determined by the formula
(︂ )︂2
∫︁
𝜕l
𝑀0
𝑇 = 2
𝑑r
.
(6)
𝛾 𝐻ex
𝜕𝑡
The total energy of the dynamic AFM state 𝐸 is determined as the sum 𝐸 = 𝑇 + 𝑊 .

929

E.G. Galkina, V.E. Kireev, R.V. Ovcharov et al.

The energy functional (3) has the same form as the
standard energy functional for the ferromagnet written in terms of the normalized ferromagnet magnetization mFM = M/𝑀𝑠 , where 𝑀𝑠 is the saturation
magnetization. Furthermore, for magnets with similar ions and close values of microscopic parameters
(the lattice constant, the exchange integral, and so
forth), the values of the parameters entering Eq. (3)
will be comparable for AFMs and ferromagnets. However, the spin dynamics is essentially different for
those two classes of magnets. The matter is that the
Landau–Lifshitz equation for the magnetization,
(︂
)︂
𝛿𝑊 [mFM ]
𝑀𝑠 𝜕mFM
= mFM ×
,
𝛾
𝜕𝑡
𝛿mFM
where 𝑊 [mFM ] is the functional of the energy of
the ferromagnet, contains the first-order time derivative. Any term with the first-order time derivative is
invariant with respect to the time inversion operation
𝑡 → −𝑡. Such a term is allowed for ferromagnets, because there is no other symmetry transformation that
would change the magnetization sign. However, it is
forbidden for the AFM vector l, because it is not invariant with respect to the action of the odd symmetry element of the AFM, which interchanges the sublattices. Therefore, the equation for l can contain only
the second-order time derivative divided by a quantity with the frequency dimensionality. This quantity
must be universal and responsible for the AFM ordering. Therefore, the only option for Eq. (4) is the selection of the exchange frequency 𝜔ex = 𝛾𝐻ex . A comparison of those two equations taking into account
that, first, 𝑀𝑠 = 2𝑀0 and, second, the structures of
the functionals 𝑊 [mFM ] and 𝑊 [l] are analogous explains the appearance of an additional large parameter (the exchange field) in all dynamic parameters
of AFM spin excitations (the exchange enhancement
effect).
Thus, the exchange enhancement effects can be directly associated with the peculiarity in the transformation properties of the vector l and, first of all,
with the presence of odd elements of the AFM symmetry group. A purely symmetry-based substantiation of the sigma-model equation was proposed by
Andreev and Marchenko [91]. In their approach, the
exchange frequency was expressed in terms of a simple physical parameter, the transverse susceptibility
of AFM, 𝜒⊥ = 2𝑀0 /𝐻ex .

930

3. Inhomogeneous Nonlinear
Dynamic States of AFMs
If the effective field H(eff) – in particular, the
Dzialoshinskii field – is taken into account, the sigmamodel equations become more complicated and include additional components, which are linear in the
derivative 𝜕l/𝜕𝑡 (see review [94]). But in our case,
i.e. an AFM with the odd translation and in the absence of an external magnetic field, the only possible
dynamic term in Eq. (4) is the “inertial” term with
𝜕 2 l/𝜕𝑡2 . For uniaxial AFMs with the principal axis
e, for which the anisotropy energy depends only on
(e · l)2 , this circumstance makes it possible to construct an exact class of dynamic AFM states corresponding to a certain static state l = l0 (r). Really, it
is easy to verify that a dynamic state of the form of
simple precession around the principal AFM axis e
with the frequency 𝜔 and satisfies the equation
𝜕l
= 𝜔 [e × l]
(7)
𝜕𝑡
is a solution of the static version of Eq. (4) with the
renormalized anisotropy energy 𝑤a (l) → 𝑤
˜a (l), where
]︀
𝑀0 [︀
𝑤
˜a = 𝑤a + 𝜔 2 2
(e · l)2 − 1 .
(8)
𝛾 𝐻ex
This property of the sigma-model equation was used
in this or that form by many authors while analyzing
various solitons in AFMs (see the recent works [94–
97] and references therein). It allows the construction
of dynamic solutions by simply applying formulas (6)
and (7) to available static solutions. Naturally, there
arise a number of questions at that, in particular,
about the physical meaning and stability of the obtained dynamic states. The uniform precession preserves the condition (l+ · l− ) = −1 along the cut line,
because this condition is invariant with respect to rotations. Therefore, transformation (7) can be applied
to AFMs with an arbitrary system of dislocations
as well.
Now, let us discuss the influence of non-conservative processes: dissipation and the action of a spin
current. They are usually described by choosing the
term R in the form
[︂
(︂
)︂
]︂
2𝑀0
𝜕l
R=
−𝛼𝐺 l ×
+ 𝜏 (l × (p × l)) ,
(9)
𝛾
𝜕𝑡
where the first term, which is proportional to 𝜕l/𝜕𝑡, is
a dissipative one in the Gilbert form with the dimensionless constant 𝛼𝐺 , and the second one describes
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10
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the action of the spin current with the spin polarization directed along the unit vector p. The value of
the constant 𝜏 is proportional to the pumping current density 𝑗, 𝜏 = 𝜎𝑗, and the specific values of the
parameter 𝜎 for various device schemes can be found
in review [98].
It is easy to verify that Eqs. (7) and (9) are in
agreement, if we assume that the vectors e and p are
parallel to each other, and the precession frequency
satisfies the condition
𝜎
𝜏
=𝑗
.
(10)
𝜔=
𝛼𝐺
𝛼𝐺

It is easy to see that, in the case of EP AFM,
the precession does not change the character of this
˜ remains
anisotropy and, if 𝐾 < 0, the quantity 𝐾
˜ < 0) at all frequencies. In the case of
negative (𝐾
EA AFM, the situation is different: the constant
˜ changes its sign at 𝜔 > 𝜔0 , where the frequency
𝐾
√
𝜔0 = 𝜔a 𝜔ex coincides with the AFM resonance frequency. Here, 𝜔ex = 𝛾𝐻ex is the exchange frequency,
𝜔a = 𝛾𝐻a , the anisotropy field 𝐻a is defined by the
formula 2𝐻a 𝑀0 = 𝐾, and the distribution of the vector l is described by the function 𝜃 = 𝜃(r) which is a
solution of the well-studied “static” equation

If both conditions are satisfied, we obtain that R = 0,
i.e. the action of the spin current compensates the
relaxation processes and creates conditions for appearance of steady-state non-uniform precession. The
frequency of this precession is proportional to the
current magnitude and inversely proportional to the
small parameter, the constant 𝛼𝐺 . In this regime, the
existence of dynamic states is associated only with the
overcoming of friction. The estimates made in works
[55, 57, 59, 60] showed that, for real AFM parameters
and frequencies up to terahertz, the required current
density is not high (less than 108 A/cm2 ), whereas
the current densities in already created devices of
ferromagnet-based spintronics reach values of up to
109 A/cm2 [51, 99].
For the further analysis, it is convenient to express
the unit vector l in terms of angular variables. Let us
choose three orthogonal vectors (e, e1 , e2 ) and direct
the polar axis along the selected AFM axis e. Then
l · e = cos 𝜃, 𝑙1 = sin 𝜃 cos 𝜑, and 𝑙2 = sin 𝜃 sin 𝜑. The
precession state of type (7) is described by the formulae 𝜃 = 𝜃(r) and 𝜑 = 𝜔𝑡.
The anisotropy energy 𝑤a (𝜃) for uniaxial magnets
is usually selected in the form 𝑤a (𝜃) = (𝐾/2) sin2 𝜃. If
𝐾 > 0, the vector l in the ground state is directed
along the vector e, i.e. the anisotropy of the easyaxis (EA) type is realized. If 𝐾 < 0, then l · e = 0 in
the ground state, i.e. the anisotropy of the easy-plane
(EP) type takes place. Taking the explicit expression
for 𝑤a (𝜃) into account, the renormalized anisotropy
energy (8) can be written in the form

˜ sin 𝜃 cos 𝜃.
𝐴 ∇2 𝜃 = 𝐾

𝑤
˜a =

˜
𝐾
sin2 𝜃,
2

where
˜ = 𝐾 − 𝜔 2 2𝑀0 .
𝐾
𝛾𝜔ex

(11a)

(11b)
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(12)

˜ > 0,
In particular, standard domain walls exist at 𝐾
i.e. at rather high frequencies ranging from zero to
𝜔0 [95].
The total energy of the dynamic AFM state, 𝐸 =
= 𝑇 + 𝑊 , can be written as a functional of only the
variable 𝜃 in the following form:
]︂
[︂
∫︁
𝐴
2
(∇𝜃) + 𝑤eff (𝜃) ,
(13a)
𝐸 = 𝑑r
2
where
𝑤eff (𝜃) = 𝑤a (𝜃) + 𝜔 2

𝑀0
sin2 𝜃.
𝛾𝜔ex

(13b)

In other words, the contribution of precession to the
AFM energy can be represented as a addition to the
anisotropy energy. Note that this addition is positive, i.e. the contributions of the precession to the
system energy 𝑤eff (𝜃) and the function 𝑤
˜a , which determines the solution structure, have opposite signs
[cf. Eqs. (11b) and (13b)].
4. The application of AFM
Disclinations in Spintronics
Let us discuss how the inhomogeneous dynamics described above can be used to generate the desired
signal in the form of an alternating current. The universal method, which can be applied to all AFMs, is
based on the application of two-layer systems “AFM–
normal metal”. The rotation of the vector l in the
AFM driven by the spin pumping mechanism generates a spin current with the polarization jsp ∝
∝ (l × 𝜕l/𝜕𝑡) in the normal-metal layer (the “reverse”
spin current). Owing to the inverse spin Hall effect,
this spin current creates an electric current jISH in

931

E.G. Galkina, V.E. Kireev, R.V. Ovcharov et al.

the metal, which flows along the surface in a direction perpendicular to jsp . Heavy metals with strong
spin-orbit interaction, such as platinum (Pt) or tantalum (Ta), for which the spin Hall effect is substantial
[49], are chosen for such devices. If the spin current
jsp is alternating, the desired signal is obtained in the
form of an alternating electric current (for details, see
works [57, 59, 98]). Such systems on the basis of ferromagnets have already been implemented, and their
high efficiency has been demonstrated [51–54].
For the dynamic state described above, the polarization of the “reverse” spin current jsp is determined
by the formula
[︀
]︀
jsp ∝ 𝜔 sin2 𝜃e − sin 𝜃 cos 𝜃 (e1 cos 𝜔𝑡 + e2 sin 𝜔𝑡) .
(14)
For all precession amplitudes 𝜃 ̸= 0, a direct spin
current is pumped into the metal substrate, which
creates an additional relaxation channel in the system (for more details, see works [59, 100]). At the
same time, the alternating current oscillating with
the frequency 𝜔 emerges only under the condition
sin 𝜃 cos 𝜃 ̸= 0. In the case of homogeneous precession
in a uniaxial AFM, the angle value is determined from
the condition 𝑑𝑤
˜a /𝑑𝜃 = 0. In the framework of the
standard model (11), 𝑑𝑤
˜a /𝑑𝜃 ∝ sin 𝜃 cos 𝜃, and the
homogeneous precession of the vector l corresponds
to the angle 𝜃 = 𝜋/2, i.e. there is no desired ac signal
[59]. In this case, the vector l rotates idle, so to speak.
The values 𝜃 ̸= 𝜋/2 inevitably arise in the case
of inhomogeneous states like the domain wall or the
spin disclination. Let us discuss the properties of such
states and the possibility to use them for creating
spintronic generators. While creating nanogenerators, where a ferromagnet particle is excited by a spinpolarized current, the application of two-dimensional
solitons such as magnon droplets in thin films with
perpendicular anisotropy has considerable advantages
over the systems with uniformly magnetized particles
[101–103]. A possibility of the nonplanar spin rotation and the alternating current generation due to
the presence of regions, where 𝜃 ̸= 𝜋/2 [see Eq. (14)],
may become an important advantage of inhomogeneous AFM states. A single atomic dislocation creates a nonlocalized inhomogeneous state, a spin disclination. It is generally assumed that a planar state is
typical of it, i.e. the spin distribution is inhomogeneous, but the spins lie in the same plane. A simple
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rotation of the spins in this plane, as well as a homogeneous planar rotation, contributes to the dissipation, but does not create a ac signal.
Let us consider the variants of more complicated
dynamic regimes. The most interesting in AFMs, as
it was in ferromagnets, are localized solitons. Far
from a soliton, the vector l is parallel to the rotation axis. Such localized spin inhomogeneities, which
are similar to magnetic droplet solitons, arise due
to the presence of either closed dislocation loops in
three-dimensional AFMs or point dislocations in twodimensional (2D) AFMs [77]. The application of 2D
models makes the analysis substantially simpler. In
particular, Eqs. (13) are reduced to a static (elliptic) two-dimensional sine-Gordon equation, which is
exactly integrable. It has a number of exact solutions
that describe different non-uniform states such as vortices, disclinations, and vortex dipoles [77, 104, 105]
(see also book [88]). The results obtained while analyzing 2D models can be applied to describe thin
AFM films, the thickness of which is less than all
characteristic dimensions of the problem, namely, the
distance 𝑅 between
dislocations and the exchange
√︀
𝐴/𝐾, which determines the domain
length 𝑙0 =
wall thickness. In real AFMs, the exchange length exceeds 10 nm [77]. An investigation of just such films is
relevant for their applications in spintronics, because
the action of spin current becomes less effective, if
the film is thicker than 10 nm. When describing an
AFM thin film in
of the 2D model,
∫︀ the framework
∫︀
the substitution 𝑑r → 𝐿 𝑑𝑥𝑑𝑦, where 𝐿 is the film
thickness, and 𝑥 and 𝑦 are the coordinates in the film
plane, is implied.
In the framework of the 2D model, the vector l can
be assumed to depend on only two spatial variables,
say, l = l(𝑥, 𝑦). The domain of the function l(𝑥, 𝑦)
is a plane with the cut out neighborhood of the singular points containing the dislocations. From those
singular points start the cutting lines, at which the
vector l has a discontinuity of the form l(+) = −l(−) ,
where l(+) and l(−) stand for the directions of the
vector l at different edges of the cut. Those lines either connect the dislocation points or end at the AFM
boundary. It is convenient to choose the cutting lines
in such a way that their symmetry would correspond
to the symmetry of the dislocation system and the
AFM anisotropy energy.
Let us restrict the analysis to the simplest case in
which localized states are possible, namely, a thin
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10
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AFM film with a dislocation pair. To be more specific, let us assume the dislocations to be located on
the 𝑥-axis at the distance 𝑅 from the coordinate origin, i.e. their coordinates are (−𝑅, 0) and (𝑅, 0). It
is convenient to select the cutting line in the AFM
plane as a linear segment connecting the dislocations,
as well as the parameters with the values 𝜃 = 𝜋/4 and
𝑦 = 0 (see Fig. 6).
The exact analytic solution of this problem in the
static case has the simplest form for the isotropic
AFM [77]. Let us discuss it in more details, because
it also describes the EA AFM in the most interesting
case of high frequencies, 𝜔 ∼ 𝜔0 . With our angular
parametrization of the vector l, the solution in the
upper half-plane 𝑦 ≥ 0 looks like
2𝑦𝑅
.
tan 2𝜃 = 2
𝑥 + 𝑦 2 − 𝑅2

(15)

To describe l in the lower half-plane, it is enough
to make the substitution 𝜃 → −𝜃. Far from the soliton, we have 𝜃 → 0, i.e. l → e. The value of |𝜃| is
maximum on the cutting line −𝑅 < 𝑥 < 𝑅, namely,
𝜃 = ±𝜋/2 (for instance, l = e1 at 𝑦 → +0 and
l = −e1 at 𝑦 → −0. The value of the desired signal (alternating current) is maximum for the values
𝜃 = ±𝜋/4. One can easily see from solution (15)
that this characteristic value is reached on the circle 𝑥2 + 𝑦 2 = 𝑅2 , which passes through the dislocation points. Hence, the region, where the ac signal
can be efficiently generated, has a large area of about
𝑅2 . The isotropic solution (15) also gives 𝜃 → 0 far
from the soliton, so that there is no generation and
no losses for the direct current excitation.
A real AFM is always characterized by a certain
magnetic anisotropy. For the EA anisotropy, the corresponding analytic solutions (rather cumbersome)
were obtained in works [104,105], and they were studied numerically in the framework of the lattice model
for the AFM [77]. The analysis showed that if the
anisotropy is weak or the disclinations are located
close to each other, i.e. if 𝑅 < 𝑙0 , solution (15) is valid
with a high accuracy. But if the exchange length is
comparable to the distance between the dislocations,
2𝑅, then the region, where spins substantially deviate from the easy axis (|𝜃| ≥ 𝜋/4), decreases and loses
its circular symmetry (see Figs. 3, 4, and 5). In the
case 𝑅 ≫ 𝑙0 , the width of the characteristic region
with |𝜃| ∼ 𝜋/4 measured toward the 𝑦-axis becomes
𝑥-independent, which means that a spin distribution
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10

Fig. 6. Distribution of the vector l in a two-dimensional
isotropic AFM obtained from the exact solution of the problem [77]. The circle with a double contour corresponds to the
value 𝜃 = 𝜋/4; on the circles with dashed contours, 𝜃 = 3𝜋/8
(inside the circle with 𝜃 = 𝜋/4) or 𝜋/8 (outside the circle with
𝜃 = 𝜋/4)

Fig. 7. Shape transformation of the specific curve on which
𝜃 = 𝜋/4, as the anisotropy constant increases

of the same type as in the 180∘ antiferromagnetic domain wall is formed near the segment connecting the
dislocations (see Fig. 7). As a result, the size of the
region, where a varying signal can be efficiently generated, diminishes. Its area becomes equal to about
𝑙0 𝑅 rather than 𝑅2 , as was in the isotropic case.
Now, let us consider how the precession dynamics affects the character of the vector l distribution. According to formula (11), the effective EAanisotropy constant decreases at √︀
the precession. As a
result, the quantity 𝑙0 (𝜔) = 𝑙0 / 1 − 𝜔 2 /𝜔02 , where
√
𝜔0 = 𝜔a 𝜔ex is the frequency of the linear AFM
resonance, increases, as well as the size of the “useful” region, where |𝜃| ∼ 𝜋/4. In particular, the prob-
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Fig. 8. Schematic diagrams illustrating a microwave generator
with a thin film of a uniaxial AFM with two dislocations used as
an active element. Panels 𝑎 and 𝑏 demonstrate the device views
in the direction of the axes 𝑦 (the easy axis of the AFM) and
𝑧, respectively, and panel 𝑐 presents some details for the active
layer in the AFM. Different elements are hatched differently.
The open-head arrows indicate the directions of electric current
flow: the direct current that creates the spin current in the
active element in panel 𝑎 and the alternating signal in panel
𝑏. The triangle-head thick arrows indicate the directions of the
spin current flow: the spin-Hall current in the active element
(𝑎), and the (antiparallel) currents from the active element in
the current-collecting Pt and Ta layers (𝑏). In panel 𝑐, thin
arrows indicate the directions of the vector l, and two thick
arrows (parallel) the direction of the spin current polarization

lem becomes
√︀ effectively isotropic, i.e. 𝑙0 (𝜔) > 𝑅, at
𝜔 ≥ 𝜔0 1 − 𝑙02 /𝑅2 (naturally, there also must be
𝜔 < 𝜔0 ) even, if 𝑅 ≫ 𝑙0 .
While analyzing the spin dynamics, any relative
orientation of the “spin” coordinate system (the vectors e, e1 , and e2 ) and the 𝑥𝑦-plane of the magnet
(the unit vectors e𝑥 and e𝑦 ) can be chosen. In real
spintronic generators, their orientation is determined
by the direction of the polarization vector p of the
spin current that is used to excite the spin dynamics. Note that, in this case, a metal can also play the
role of AFM, i.e. not only the spin Hall effect can
be used for the pumping but also the standard spinvalve scheme. In the case of the spin Hall effect, the
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directions of the electric and spin currents and the
polarization of the spin current are three mutually
orthogonal vectors. However, only the spin Hall effect is suitable for producing the signal, because the
standard method based on the giant magnetoresistance effect is not applicable to the “pure” AFM. This
means that the polarization direction of the “reverse”
spin current jsp (14) which generates the desired signal must be parallel to the plane of the normal-metal
film.
When the pumping is performed making use of the
spin Hall effect, the polarization p is always directed
in parallel to the magnet plane. Because of the condition p ‖ e, the EA AFM must lie in the film plane in
this case. This geometry was used in works [49, 50]
while studying the spin pumping with the help of
AFM. Assuming e ‖ e𝑥 , we obtain that e1 ‖ e𝑦 ,
e2 ‖ e𝑧 , jsp ∝ 𝜔e𝑦 sin 𝜃 cos 𝜃 cos 𝜔𝑡, and the alternating electric current, which is directed perpendicularly
to jsp , flows in the direction of the 𝑥-axis, i.e. in the
direction perpendicular to that of the electric current used for the pumping. If the polarization p of
the pumping current and the EA-AFM orientation
(the vector e) are directed perpendicularly to the film
plane, then the directions of both the current
jsp ∝ 𝜔 sin 𝜃 cos 𝜃 (e1 cos 𝜔𝑡 + e2 sin 𝜔𝑡)
and the alternating electric current rotate in the film
plane.
A common property for all generators, where domain walls or disclinations are used
∫︀ consists in that
(tot)
the value of the quantity jsp = jsp 𝑑𝑥𝑑𝑦 averaged
over the specimen equals zero, because the function
combination sin 𝜃 cos 𝜃 changes its sign at the substitution 𝑦 → −𝑦. Therefore, the signals have to be
read out independently from the film areas, where
sin 𝜃 cos 𝜃 ≷ 0. In doing so, the signals of the same
sign should be summed up. Here, a trick used in
work [49] can be applied: two nanowires made of
heavy metals with different signs of the spin-Hall angle, i.e. different ratios between the spin and electric currents, should be arranged in parallel to each
other. For this purpose, such metals as, e.g., tantalum and platinum can be used [49]. If the wires are
in contact with two film areas, where jsp has different
signs, the spin currents induced in them will have opposite directions, but the electric currents will have
the same direction, i.e. the effect is obtained, if the
wires are simply connected in parallel (see Fig. 8).
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10
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It is worth noting a scheme, where disclinations
in an AFM with the EA-type anisotropy are used,
and which demonstrates a useful feature in the real
case 𝑅 ≫ 𝑙0 . At low current values, the precession frequency is small. Also small (of an order of
𝑙0 𝑅) is the area of the region that produces the desired signal. But the same region also contributes
to the dissipation associated with the direct current pumping. Therefore, this additional dissipation
is also low. As the current increases, the frequency
grows, together with the size of the “useful” system
region, where 𝜃 ∼ 𝜋/4 (up to 𝑅2 at 𝜔 → 𝜔0 ). Hence,
the amplitude of the desired signal increases with its
frequency. This is a unique property of all schemes of
“purely spintronic” nanogenerators, in which the spincurrent effects are used both to excite spin oscillations
in the AFM and to obtain the desired signal.
5. Conclusions
Thus, even in the presence of atomic dislocations
and singularities generated by them (spin disclinations), the spin dynamics of antiferromagnets can be
described on the basis of the standard sigma-model
equation for an antiferromagnetic unit vector l. The
presence of spin disclinations leads to the appearance
of dynamic states, which correspond to the inhomogeneous spatial precession of the spins. Such an internal dynamics of spin disclinations and related domain
walls can be useful for the creation of a spin-Hall
nanogenerator with spin-current pumping, which is
characterized by a low excitation threshold. Hence,
atomic defects (dislocations) and spin defects (disclinations and domain walls) may be useful for the creation of spintronic devices.
Note that the presence of dislocations is an inherent
property of real crystals, in particular, thin singlecrystalline films obtained by the epitaxy methods and
used in spintronics. The analysis of the role of dislocations and other defects in nano-sized magnetic
specimens used in spintronics and, especially, probable useful properties of such defects, is just getting started. Note the recent work [106], where it was
shown that screw dislocations can enhance the effective spin-orbit interaction in semiconductors. A possibility to stabilize and even amplify the spin current
in magnets with a screw dislocation was also mantioned [107].
It is also worth noting that the role of dislocations
in AFMs is not limited to the creation of singular
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 10

distributions for the vector l. Domain walls in AFMs
with a weak anisotropy in the basis plane can be stabilized by means of the so-called “metallurgical defects” [72]. The latter distort the crystal lattice and
locally change the directions of anisotropy fields. In
this case, a “normal” domain wall can exist far from
the defect, and, being a spin inhomogeneity with a
fixed size, it can also be used to create a spin-Hall
nanogenerator.
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О.Г. Галкiна, В.Є. Кiрєєв,
Р.В. Овчаров, Р.С. Химин, Б.О. Iванов
СПIНОВА ДИНАМIКА
В АНТИФЕРОМАГНЕТИКАХ З ДОМЕННИМИ
СТIНКАМИ I ДИСКЛIНАЦIЯМИ
Резюме
Обговорюється спiнова динамiка антиферомагнетикiв при
наявностi атомних дислокацiй i породжуваних ними спiнових дисклiнацiй. Показано, як звичайне рiвняння сигмамоделi може бути використано для опису такої динамiки. Дослiджено динамiчнi стани, яким вiдповiдає неоднорiдна в просторi прецесiя спiнiв. Показано, що така внутрiшня динамiка спiнових дисклiнацiй i пов’язаних з ними доменних стiнок може бути корисною для створення
спiн-холлiвського наногенератора з накачуванням спiновим
струмом, що має малий порiг збудження.
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