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A bound, multimagnon state with nonvanishing angular momentum is examined
in terms of the Landau-Lifshits equation without damping. It is shown that such a
magnetic vortex is associated with a linear topological peculiarity. The
characteristics of this vortex are obtained with the help of a computer in a wide
range of precessional frequencies of the magnetization vector.

PACS numbers: 75.30.Gw

Lately, localized dynamic states of magnetization of an easy-axis ferromagnet,
which were interpreted as bound states of a large number of magnons (“magnon
drops™), have been discussed in detail."** Although magnon drops may have some
momentum, it was assumed that they lack angular momentum whose conservation
generally does not contradict the symmetry of a magnet. It turned out that magnon
drops with a nonvanishing angular momentum are associated with topological singu-
larities that are widely discussed in conjunction with different nonlinear vector
fields.® In the simplest case, the localized inhomogeneous state of a ferromagnet,
which has an angular momentum, is equivalent to a magnetic vortex.

A ferromagnet is described by the field of the magnetization vectors
M (M, sinfcosé, M, sinfsing, M, cos8), where M, = 2u, s/a°, u,, is the Bohr magne-
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tron, s is the spin of the atom, a® is the atomic volume, and the angle 8 is measured
from the anisotropy axis £. We assume that magnetization dynamics obey the Landau-
Lifshits equations without dissipation.”’ The angular momentum of the magnetization
field K and the number of spin deviations (magnons) N are

M
K=- 2

" )
f(l —cosryveldV, N=—2 ((1- cos@) dV,
2p, 2ho
where the integration is over the volume of the whole magnet.

We examine the axisymmetric solution of the Landau-Lifshits equations for
which

6=0(r), ¢=wt+pz+vX+d_, v=21; 42,00, )

where o is the precession frequency of the magnetic moment, the axis z is in the
direction of the vector K, (r,y) are polar coordinates in the perpendicular plane to the
vector K, and ¢, is an arbitrary constant.

The 6 function satisfies the following equation

2 1 d 2
i.f. + — i - (1 + —-VT)sinOCOSG + Qsinf = 0, 3
p

dp>  p dp

which is written in dimensionless variables p = r/l;, 2 = w/w(1 + p*l3), where [, is

the exchange length: [, = Vas B, a and B are exchange and anisotropy constants
(B>0), and wy = 2u,M, S /# is the frequency of the homogeneous resonance.

The boundary conditions for Eq. (3) are homogeneous magnetization at a dis-
tance from the preferred axis: 8 = 0 when p = «, and boundedness of all the physical
values on the axis: @ = m#m (m is a natural number) when p = 0.

The solution of Eq. (2) describes the axisymmetric state of the ferromagnet with a
specified circulation of the phase gradient ¢, i.e., a given circulation of the spin (mag-
non) flux around the preferred axis. Such a solution is regarded at p = 0 as a rotating
magnon drop in a two-dimensional magnet or as a linear magnetic vortex in a three-
dimensional ferromagnet. In the latter case p#0 gives the additional magnon flux
along the vortex. It is easy to verify that for this state

AM
. 4)

2p
[+]
Taking into account the fact that the state along the K axis is homogeneous we
calculate the integrals of motion of K and N taken over one atomic layer of thickness

a. Moreover, we assume that m = 0.1.

K=#N=v

It is easy to verify that when p — O the solution of interest to us (3) behaves like
0 = (p/py)'"! for m = 0 and like 6 = 7 — (p/po) ™ for m = 1 (p, = const), but when
p —> oo it vanishes exponentially: 8 = 8, exp { — p\/l — 2 }. It follows from the be-
havior of the solution at infinity that the localized inhomogeneous states can exist only
when 2 <1, i.e., when o <w, {1 + p*13}. Since oyl § = 2u,Mqa/#, at p5#0 the local-
ized-vortex state can also exist in an isotropic ferromagnet (8 = 0) if #iw < 2u My p*.
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We limit ourselves to the case v = 1, since it follows from Eq. (4) that twice as
many magnons are needed to form one vortex with v = 2 as to form two vortices with
v =1 and the same total momentum K. The schematic diagrams in Fig. 1 illustrate a
magnetic vortex for a large number of bound magnons N»N. (N. = 2aM,]?

/o~ (lp/a)*>1). Both solutions give the value G~ in the cylindrical region

r <1,V 4N /7N. , whose radius is much larger than the transition region /, at N> N..
These solutions are close to those for the one-dimensional case examined in Ref. 1; the
differences arise only near the axis (in a nonrotating drop on the axis d6 /dp = 0). For

both solutions, 2 = V T \/N‘ /N . The solution with m = 0 is topologically equiv-
alent to the homogeneous-magnetization state, and the state with m = 1 has a nonvan-
ishing degree of mapping™ and hence it differs topologically from the homogeneous
magnetization. The energy of the vortex with m = 1 is lower than the energy of the
vortex with m = 0.

As N decreases, the solution with m = 0 and v = 0 behaves differently from that
with m = 1 and v = 1. For all these cases Eq. (3) was integrated numerically on the
computer.” The dependences of the frequency 2 on N, which were constructed by
using the obtained solutions, are shown in Fig. 2. Curve 1 corresponds to m = 1 and
curve 2 corresponds to m = 0. For comparison, we give the dependence £2 = 2 (N ) for
the magnetic drop with K = 0 (curve 3).

First, the absence of a static (with £ = 0) magnetic vortex (which was indicated
in Ref. 4) is noteworthy. Second, the solution with m = 1 when N — 0 becomes a 5-
shaped linear singularity. Here 2 (N)— 1 and the energy of the vortex tends to
E,=aaM’Q, where Q is the topological charge (Q = v §7 sinGd0d¢ ).
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The localized solutions such as m = 0 exist only at N> N,;, ~11.5 N. and for
them 2 =1 at N = N,~ 12 N.. The solutions with large precessional frequencies of
the magnetization vector, for which df2 /dN >0, are apparently unstable.

Finally, we shall discuss briefly the magnon drop without rotation (curve 3 in Fig.
2). The last point on the left-hand side of plot 3 was obtained by us for £2 = 0.95.
Extrapolation of the curve for 2 = 1 gives a finite number N, ~2.9 N. of magnons
bound in the drop, which coincides with the value obtained earlier by Chiao et al.®® for
2 = 1. Note'" that in a one-dimensional magnon drop N — 0 as £2 — 1 and in a three-
dimensional magnon drop N — « as £2 — 1.

The authors thank B. A, Ivanov for useful discussions and A. A. Motornaya for
numerical calculations.
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