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Studies in the field of magnetodynamics of vortex structures are reviewed. The prospects for application
of ferromagnetic nanodots in high-speed nonvolatile memory are demonstrated. The creation of a static
magnetic vortex is described. The available theoretical techniques for describing the motion of a magnetic
vortex are discussed. The experimental and theoretical works on the vortex motion in dynamic magnetic
fields of the gigahertz and subgigahertz frequency ranges are considered. The issue of the effect of the
interaction between nanodots on the dynamic properties of nanodot arrays is raised.
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Introduction

The first magnetic recording device was developed by Danish engineer Valdemar Poulsen.
It was called telegraphone and patented in 1898. The real breakthrough in magnetic recording
has happened on May 21 1952, when an IBM 726 tape drive for an IBM 701 computer was
announced. In modern digital storage devices ferromagnetic films have found wide application.
In the process of digital magnetic recording current flowing in a recording head reverses the
magnetic field direction at certain intervals. As a result, under the action of the scattering field
of a magnetic head some regions of a moving magnetic carrier are switched. This way of data
storage is nonvolatile, i.e., further data storage after switching the cells by a recording head does
not require electric power. Magnetic memory is characterized by high (up to ~ 102 bit/inch?)
recording density and it is widely used in data storage devices and hard disc drives (HDD).
However, the rate of data exchange in such devices is limited because data recording and reading
are performed by the same head.

An alternative is high-speed dynamic random access memory (DRAM) in which a bit of data
is stored in the form of capacitor charge. A memory cell is comprised of capacitor and transistor.
The capacitor is charged to the highest or lowest voltage (logic 1 or 0). The transistor works as a
switch which connects the capacitor to a control circuit integrated in the same chip. The control
circuit allows reading the state of a capacitor charge or changing it. A drawback of DRAM is
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that capacitors need to be periodically recharged. To store the memory contents the capacitor
charge is regenerated with an interval of ~2 ms. It is implemented in modern chips with the use
of a reading cyclogram over all rows of the storing matrix. Since during memory regeneration
the memory access of the central processor periodically stops the average rate of data exchange
is reduced.

This problem was solved by the development of static random access memory (SRAM) where
a bit of data is stored in the form of a trigger state. This memory is expensive but it has a shorter
access time and lower energy consumption as compared with DRAM. Since triggers consist of
several logic gates with a very short delay the trigger state is switched very fast. However, this
memory has certain drawbacks. Transistors contained in a trigger occupy much larger area on
a chip than a dynamic memory cell because a trigger consists of at least two gates with 6-8
transistors. Therefore, the trigger is more expensive than the dynamic memory cell that consists
of one transistor and one capacitor. For this reason, despite a relatively low data capacity,
SRAM is used in high-speed memory devices in which the data exchange is critical for system
performance. In particular, the use of SRAM in cache memory of the central processing unit
significantly enhances the computer power.

Low-cost nonvolatile magnetic random access memory (MRAM) with the speed comparable
to the speed of SRAM and the chip memory of few Gbyte can be formed from ferromagnetic
nanodots with the vortex magnetic structure [1]. The prospect of application of such systems in
MRAM is determined by the possibility of simultaneous control of many nanodots in an array
and by high stability of memory cells due to weak scattering fields and, consequently, minimum
cross-noise.

1. Main magnetic state of ferromagnets. Magnetic vortex

Demagnetizing fields make the single-domain state of macroscopic ferromagnets energetically
unfavorable. A crystal is divided into several domains when external magnetic field is absent. The
domain structure (DS) depends on the magnetic parameters of a sample and on its shape. For
instance, in the case of easy-axis anisotropy and far from the edge of a magnet, the equilibrium
DS is the structure where neighboring domains are magnetized in antiparallel manner (Fig 1).

Fig. 1. Distribution of magnetization in a thin film

There is a transition region between domains. It is called the domain wall (DW). It was
described first by Landau and Lifshitz [2]. They demonstrated that magnetization in a DW is
changed smoothly rather than step-wise in the region of size §. The region contains a finite
number of atomic layers. In 180-degree domains magnetization at the DW center is directed at
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the angle of 90° to the domain magnetization. In thin magnetic films (TMFs) this rotation can
occur in various directions relative to the DW plane under variations of film thickness. This leads
to the formation of different types of DWs. The simplest types are Neel and Bloch walls, along
with the intermediate type of walls with cross bonds. The occurrence of either wall type is related
to the decrease in demagnetizing field caused by the magnetization distribution inside a DW.
When film thickness d < § then DW magnetization lies in the film plane. This is characteristic
property of Neel walls (Fig. 2a). As the thickness is increased Bloch walls with the out-of-plane
magnetization become energetically more favorable (Fig. 2b). The configuration illustrated in the
figure reduces the energy of demagnetizing field of the wall. The domain wall width is determined
from the condition of a balance between the exchange energy and the crystallographic magnetic
anisotropy. The exchange energy is decreased with an increase in & but the crystallographic
magnetic anisotropy is increased with a decrease in §.
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Fig. 2. (a) Neel and (b) Bloch domain walls

In nanosized TMFs called magnetic spots, nanodisks or simply nanospots the magnetic state
is mainly determined by the exchange energy F., and magnetostatic energy F,,;. Depending on
size and shape of a magnet, different states can be implemented from single-domain to multiple-
vortex structures with the out-of-plane magnetization and formation of the so-called cores. The
state formation depends on two factors. The magnetostatic energy tends to decrease the energy
at the sample edges with the formation of a non uniform magnetization distribution but the
exchange energy tends to arrange spins parallel to each other. In theory, depending on the
ratio between F., and E,,s, three magnetic states can be implemented in nanodisks: two single-
domain states with the in-plane and perpendicular magnetization and a vortex state. In the
single-domain state the magnetization direction relative to the film plane is determined by the
ratios R/L., and L/L.,, where L is the film thickness, R is the disk radius and L., is the
exchange length of a material. The region of existence of the single-domain and vortex phases
can be established with the use of the experimental phase diagram (Fig. 3) [3].

At the center of the magnetic vortex (MV), the exchange energy is high due to the large
angle of rotation between neighboring spins. Therefore, in order to minimize this energy the
magnetization in the central region goes out of plane and it is arranged perpendicular to the
plane. This region of the MV is called core. The magnetic vortex is a three-dimensional structure.
Core radius r. is comparable with the exchange length L., = \/A/MZ, where A is the exchange
constant and Mg is the saturation magnetization [4]. For example, in the amorphous Co-P film
with Mg = 1020 G and A ~ 10~ erg/cm, we have r. ~ 10 nm.

In square films the MV arises at the Neel wall crossings (Fig. 4a) with the formation of a core
at the center in the form of a Bloch point. In disk-shaped films the MV can occupy the entire
spot volume with the core at the center (Fig. 4b).
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Fig. 4. Configurations of magnetic vortices in square and circular nanodots

The magnetic vortex is characterized by the two parameters: the vortex chirality ¢ = +1
which indicates the magnetization direction (clockwise or counterclockwise) and the core polarity
p = %1 which indicates the direction of magnetization in the core (along the z axis or opposite
to it). The magnetization at the core center is perpendicular to the plane [5, 6] (Fig. 5). The bit
state in storage devices can be coded using core polarity p and/or vortex chirality ¢ [7] (Fig. 6).
This is a serious advantage over the devices where a bit of data is determined only by the two
magnetization states.

Polarity of a vortex core was established for the first time in the year 2000 on permalloy
samples with the use of a magnetic force microscope [8]. The core polarity was changed by a
magnetic field of 15 kOe applied perpendicular to the nanodisk plane.

Since ferromagnetic nanodots with the vortex structure are intended for application in mem-
ory cells their dynamic characteristics are of great importance [9, 10]. In recent years the dynamic
properties of ferromagnetic nanodot arrays have been studied both experimentally and theoreti-
cally [11-16]. The numerical and analytical calculations were performed with the use of various
model functions of magnetization distribution inside the vortex [6, 17, 18]. Because these func-
tions are always well-localized functions the main characteristic of a vortex is its size. Therefore,
the results obtained by different authors differ insignificantly.

At the same time, it should be noted that a specific shape of the magnetization distribution
function can be important for studying high-frequency (gigahertz and higher) modes. In this
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Fig. 5. Vortex chirality and core polarity in the disk-shaped film
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Fig. 6. Information coding with the use of polarity and chirality

case, the magnetization evolution is not a simple gyrotropic motion of the core as a quasi-particle
(it would be discussed below) but it is complex spin-wave oscillation [19]. The vortex profiles
frequently used in theoretical calculations describe the real situation with insufficient accuracy,
especially in the presence of external magnetic field. Magnetic field applied perpendicular to
the magnet plane modifies the magnetization distribution in the core. As a result, far from the
core the magnetization goes out of the nanodisk plane. This leads to the change in the magnet
effective energy, core mass and the gyromagnetic constant. This causes the variation in the
frequency of gyrotropic motion [9, 20, 21, 23].

2. Collective variables technique in the description of the
vortex core motion

In external magnetic field H, a particle with the magnetic moment m has the precession
motion in accordance with the equation

dm
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The motion of magnetization M in effective field H.yy is generally described by the Landau-
Lifshitz equation [2]:
dM
WZ_PYMXHeffa (2)
where Hefr = Hep +Hg+ Hzeeman- This equation is valid for a medium without dissipation and
spin-polarized current. In the Landau-Lifshitz equation the effective field is the sum of internal
effective fields, including exchange field H., and demagnetizing field H;, and external Zeeman
field Hzeeman and others. Hilbert added to Eq. (2) the decay constant « that characterizes
the rate of energy dissipation caused, e.g., by crystal impurities in a material [24]. Taking into
account the Hilbert decay parameter, the Landau-Lifshitz equation takes the form
dM e dM
— =—-—yMx H —M x —. 3
dt 7 eff + Mg dt (3)
Taking into account also the spin momentum, one can rewrite the Landau-Lifshitz equation in
the form [25]:
dM o dM b;

— =—-—yM x H, Mx —-—-——SMxMxJ-VM
dt Y X ff+MS th Mg‘ X[ X( V)]

&b

LM% J-V)M, (4)

where b; = upP/eMg(1 + €2) is the constant of coupling between itinerant spins and magneti-
zation, up is the Bohr magneton, J is the electric current density, P is the spin polarization of
the current and ¢ is the ratio of exchange relaxation time 7., to spin relaxation time 7.

It is well-known that the motion of the magnetic vortex core is similar to the Larmor motion
of a charged particle around magnetic lines. This was theoretically justified for the first time
by Thiele [26]. The vortex magnetization state can be described using generalized coordinates
{X, v} (core coordinate and velocity). Then, the Landau-Lifshitz equation becames

dX dX oW(X)

Here X(z,y) is the core center position. The gyromagnetic force is proportional to the gyro-
magnetic vector G = Gz, where G = 2mgpLMg /v is the gyromagnetic constant and D is the
dissipation parameter. The solution of Eq. (5) is the core trajectory in the form of a convergent
helix.

It should be noted that Eq. (5) is approximate and yields the solution for the gyrotropic
motion of the vortex core in the low-frequency (< 1 GHz) range. However, in recent theoretical
studies [27-30] the modified Thiele equation was analyzed with regard to the terms of higher-
order derivatives of the coordinate with respet to time:

G3 XV +1Vv+Gxv+VW+ Dv=0. (6)

Here v is the core velocity, fi. is the tensor of the effective mass of the magnetic core, Gs is the
third-order gyromagnetic vector and D is the decay tensor. The solution of Eq. (6) is a complex
trajectory which is similar to a convergent helix with superimposed high-frequency librations.
The libration frequencies are of few gigahertz and they depend on the core effective mass. As
a rule, the libration-related effects are ignored in studies. Meanwhile, the libration frequency
variation allows us to determine the core mass in experiments.

In applied AC magnetic field with the frequency similar to that of the core motion the core
starts rotating around the nanodot center. It is the mode when the core polarity (bit state)
variation becomes energetically more favorable.
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3. Controlling the magnetic vortex state

There is still a lack of a reliable method for controlling chirality and polarity of the MV. Here
we consider a few ways of controlling the MV state that are discussed in the literature.

Short magnetic-field pulses. Switching of vortex core polarity p in weak fields was ex-
perimentally investigated [11]. The vortex was excited in nanodots by the in-plane sinusoidal
magnetic field, which led to the gyrotropic motion of the vortex core relative to the equilibrium
position.

The vortex core excitation dynamics was studied [7]. The helical motion of the vortex at
high-power field was observed. It was established that a short pulse causes the initial linear
acceleration of the core in the magnet plane. Then controlled gyrotropic motion follows. Chirality
is independent of the initial acceleration direction or the core rotation direction. In addition, it
was demonstrated that sub-nanosecond pulses of the in-plane magnetic field, which are shorter
than the relaxation time, initially displace the core collinearly to the applied field.

To get an idea of the properties of mesoscopic magnetic structures used in magnetoelectronic
devices it is necessary to study the magnetization dynamics in the above-mentioned time scales.

Spin-polarized current control. The gyrotropic linear and nonlinear motion of the mag-
netic vortex in magnetically soft cylindrical nanodots was studied [22] with the use of micro-
magnetic simulation and the Thiele equation of motion [26]. It was established that orientation
of the magnetic vortex can be dynamically switched using not only magnetic-field oscillations
with small amplitudes but also AC currents [31-33]. Electric-field switching of polarity p of the
vortex core is implemented through the dynamic excitation at the frequency equal to the vortex
resonance frequency. The core is switched by strong dynamic field which is locally induced by
high-speed (hundreds of m/s) rotation of the core. In addition, the dynamic switching is closely
related to the gyrotropic motion of the vortex core.

This is an essential step in the way to implementate of nanodot magnetic memory. The
fundamental understanding of the vortex core motion is of great importance especially in the
case of the resonance conditions.

Observation of low-frequency modes. Magnetic nanodots in the vortex ground state
are characterized by two qualitatively different spin excitation modes: low-frequency gyrotropic
[19, 20] and high-frequency radial and azimuth modes [12, 34]. Although the resonant exci-
tation of the gyrotropic motion has been intensively studied [12-46] many dynamic properties
of the vortex structure of nanodots and their arrays remain poorly understood. In particular,
the mechanism of creating the vortex-antivortex pair is still unclear. In addition, it is inter-
esting to clarify the character of the nonlinear magnetic vortex oscillation and the effect of the
magnetostatic interaction between nanodots in array on the oscillation modes [47-51].

There was an attempt to describe the vortex core motion through the superposition of eigen-
modes and the asymmetric resonance effect [21, 22]. Micromagnetic numerical simulation of
the vortex dynamics on the basis of Landau-Lifshitz-Hilbert equation was used (4). Analytical
calculations based on Thiele equation of motion (5) were performed.

Experimental observation of the low-frequency modes corresponding to the vortex core ro-
tation near the equilibrium position was reported [52]. It was demonstrated that the magnetic
field applied in the sample plane weakly affects the resonance frequency, shifting it within 5%.
This effect becomes noticeable when field is close to the vortex annihilation field.

The dynamic properties of the core can be successfully studied using a coplanar waveguide in
the reflection mode [53]. However, this technique is inapplicable for studying the ferromagnetic
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resonance in a wide frequency range.

Observation of high-frequency azimuth modes. Understanding of the high-frequency
excitation of modes (spin waves) allow us to develop a technique for controlling the magnetic-field-
driven vortex switching [54, 55]. High-frequency azimuth modes determine the distortion of the
vortex core upon switching the vortex in perpendicular magnetic field [56]. The eigenfrequency
of magnetization oscillations in a nanodot also depend on the nanodot shape, all other factors
being equal.

There are various experimental techniques for observation of high-frequency azimuth modes
[35, 36, 52]. A series of experiments on measuring the excited spin-wave azimuth modes was
carried out and it was established that the eigenfrequencies are much lower than the frequencies
obtained by computer simulation [35].

The measurements of azimuth and radial spin-wave modes at the broadband ferromagnetic
resonance in zero magnetic field for circular permalloy nanodisks with the vortex magnetization
structure were reported [37]. These experimental results agree well with the results of simulation
presented in [36].

The experimental and theoretical results of an investigation into a set of high-frequency
(gigahertz) modes was presented in [38]. The dependences H(w) were obtained and the effect
of the disk size on the high-frequency spectrum was considered. Studies of the high-frequency
spin-wave excitation modes in ferromagnetic nanodisks in the vortex state are of interest to both
fundamental research and applications.

Observation of the vortex structure. The vortex structure can be observed and stud-
ied with the use of different experimental methods. Magneto-optical Kerr effect microscopy
allows the detail analyzis of the spin-wave excitations and their frequencies, intensity and spatial
distribution [12, 34, 57]. The high-frequency coupled spin waves in the vortex state were experi-
mentally observed for the first time with the use of Brillouin light scattering (BLS) spectroscopy,
in which reflected light is scattered on acoustic hypersonic wave generated by an excited nan-
odot due to magnetostriction [39]. The high-frequency spin waves were studied in detail and
eigenfrequencies in the subgigahertz range were not revealed [40, 41].

The results of calculations of radial spin-wave eigenfrequencies and profiles for different modes
in the vortex state of ferromagnetic nanodisks were presented in [43]. Radial high-order spin
waves in the vortex state were found using BLS spectroscopy which allows observing the intensity
distribution (sites and antinodes) for radial modes up to the fifth order. The higher modes cannot
be observed because of the limited spatial resolution of the technique.

Double vortex state. An understanding of the dynamic interaction between vortex cores
and between magnetic nanodot arrays is very important. The coupling between rotations of
vortices in double disk structures was considered in [44-46]. The coupling between cores was
discussed in [45]. It was mentioned that the most significant consequences of this interaction are
the reduction of the resonance frequency of coupled modes and asymmetry of the spectrum.

A series of experiments on the magnetization dynamics in circular permalloy nanodots with
separated magnetic vortices coupled with each other by DWs (double vortex state) was reported
in [58].

Although the nature of excited states of DWs and excited vortex states is well-studied [12, 19,
58, 59, 60], the mechanism of spin-wave excitation in magnetic structures with vortices and DWs
calls for further investigations. The evolution of broadband dynamic characteristics of a nanodot
was investigated in the experiments as a function of the slowly varying in-plane magnetic field.
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Conclusion

The processes that occur in ferromagnetic nanodots attract much attention all over the world,

whereas the technique for controlling vortex chirality and polarity is still underdeveloped. Thus,
the actual problems to be solved are

(1) development of methods for controlling vortex chirality and core polarity, study of high-

frequency regimes of the vortex magnetization motion and ferromagnetic resonance;

(2) experimental studies of the high-frequency modes of the magnetization oscillations in

magnets with the vortex structure;

(3) experimental and theoretical study of the effect of the interdisk interaction in nanodot

arrays on the dynamic characteristics of magnetization.
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MarautHble BUXpu B eppOMarHUTHBIX HAHOTOYKAX

Poman FO. Pynenko
Anaromuii B. Ykan

0630p nocssawern uccredo8aHUAM 6 00AGCTU MAZHUTNOOUHAMUKY, 6UTPESHT cmpykmyp. B nem packpor-
8GEMCA NEPCNEKMUBH UCTLOAB3OBAHUS PEPPOMAZHUMHBIT HAHOMOYEK 68 co3danuu buicmpodeticmeyrowet
anepeonezasucumoti namamuy. OOBACHACNCA METAHUSM 3APOHCOENUSA CIMAMUYECKO20 MA2HUMHO20 GUL-
pa. Iloxasanwvl uzeecmmvie MEOPEMUECKUE METMOObL ONUCAHUSA BUHCEHUA MA2HUHO020 8ULPA. 1Iposeden
0030p IKCNEPUMEHMAALHBIT U TMEOPEMUNECKUT PAOOM, NOCBAWELHHBIT 0BUNHCEHUIO BUTPA 6 JuHaMUYe-
CRUT MAZHUMHLET NOAAT 2U2a2epu06020 U cybuzazepy06020 duanasona wacmom. Ilodnumaemes sonpoc
0 BAUAHUU MEAHCIUCKOB020 B83AUMOIETCTNEUA HA OUHAMUYECKUE CE0UCTNEA MACCUBOE HAHOTOUEK.

Karoueswie caosa: HAHOMOYKU, MALHUMHBLE NAECHKU, (ﬁeppomaeﬂumem PE3OHAHC.
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