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Spin excitations of magnetic vortices in ferromagnetic nanodots
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Spin excitations of the magnetic vortex state in ferromagnetic nanodots are measured using Brillouin light
scattering. Arrays of permalloy dots with 800-nm diameter and 60-nm thickness were fabricated by means of
electron beam lithography and lift-off procedures. Two excitation modes are observed experimentally in the
vortex state. One mode, atl2 GHz, decreases slightly in frequency to 11 GHz as an in-plane magnetic field
is applied. The lower mode, at8 GHz, is almost independent of applied field strength. Numerical and
analytical calculations of the dynamic magnetization based on the Landau-Lifshitz equation of motion allows
us to identify the higher and lower frequency modes as corresponding to dipole-dominated spin excitations
localized inside the dot and at the dot edges, respectively.
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Although predicted many decades ago the magnetic vora magnetic vortex, is also found to be a ground state of
tex state has recently received renewed attention since it ferromagnetic disk-shaped nanodots with thickrlessid ra-
often found to be the ground state of nanopatterned magnetitius R, whenlL > &,,, andR> &.,.*71° This essentially non-
particles. There is already a substantial number of investigdinear state can be interpreted as a part of a two-dimensional
tions where the stability of the vortex state has been investif2D) magnetic topological solitdhadapted to the dot shape.
gated with regard to the sample shape and size and also tiExperimental studies of the vortex state in ferromagnetic
presence of an external field*® To complement our funda- nanodots have been performed using magnetic force
mental understanding of the vortex state, here we present anicroscopyt® Lorentz microscopy,® and magneto-optical
investigation of spin-wave excitations within the vortex technique<:°Analytical and numerical micromagnetic mod-
state. This investigation is thus part of the much wider efforteling of magnetization reversal due to magnetic vortex for-
which is currently being directed at understanding high-mation and its displacement have also been carried®ut.
frequency magnetization dynamics in small magnetic ele- The dynamic properties of such dots have, however,
ments. Such investigations are not only a challenge for moddrawn less attention. There are two distinct issues in magne-
ern magnetism theory, but are also important for developingization dynamics. One concerns the dynamics of magnetiza-
high-density magnetic recording media, where nanosecontion reversal that describes the time evolving magnetization;
duration field pulses are applied to induce magnetization regypically a nonequilibrium state induced by the application
versal. of a field pulse. Experimental investigations of the magneti-

The ground-state spin distribution at zero field within azation dynamics under short field pulses include studies of
ferromagnet with negligibly small magnetocrystalline anisot-saturated FeNi dotéand closure domains in Co ddtsThe
ropy depends on both the size and shape of the matéfta.  second issue concerns the dynamics of the spins in the vicin-
exchange energy is smallest for parallel alignment of neighity of an equilibrium state that determines the excitation
boring spins and therefore favors a uniform magnetizatiorspectrum. The purpose of the present work is to investigate
distribution, the single domain state. However, collinear spirspin excitations within magnetic vortices. This is quite dis-
alignments usually lead to large demagnetizing fields thatinct from the problem of the dynamics of magnetization
increase the magnetostatic energy and hence favors flux cleeversal in which the “magnetization curling” is one of the
sure or multiple domain states to reduce them. The size atucleation modes and which has been addressed éatlier.
which a particle becomes a single domain depends on the Spin excitations in the vortex state are expected to be
balance between the above energies, and also on its shaggbstantially different from those in the uniformly magne-
and magnetic anisotropy. The characteristic magnetic extized state. An example is the appearance of a low-frequency
change length resulting from the above energy competition isnode associated with the displacement and movement of the
defined ast.,= V2A/Mg, whereA is the exchange stiffness vortex as a whole. It was fouhtithat, when the in-plane
constant andW is the saturation magnetization. The compe-field is varied, the vortex core undergoes a spiral motion. The
tition between different energies leads to the nonunifornfrequency of this motion lies in the sub-GHz range for thin
magnetic statg“magnetization curling’) that appears as a submicron dots. This type of mode is, however, in a cross-
type of spin instability during the magnetization reversal pro-over region between field-driven magnetization dynamics
cess. Under some conditions, this is the lowest eigenmode @hd magnon dynamics. In a broad sense this mode is roughly
Brown’s equations for systems with cylindrical symmetfy. equivalent to a domain-wall resonance in a magnetic fim.
The “curling magnetization distribution,” also referred to as Excitations of the vortex state have been discussed for infi-
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FIG. 1. Measured in-plane hysteresis curve for the array of per-
malloy disks investigatedl(=60 nm,R=400 nm). 15 10 I 0 s 10 15

/2r (GHz)
nite films'® taking into account only the exchange interac-
tion. This is, however, an unsuitable approximation for mag-high fields and then reducing it to 0.5 k@apper plof, i.e., in the

netization dynamics of submicron magnetic particles, Wher%aturated state above the nucleation field, and at 0.2 (kideer
the exchange contribution to the low-lying eigenfrequencie%mt) with the sample in the vortex state.

is smaller than the magnetostatic contributi®®{(&.,). The
magnetization dynamics in this case is governed by the lon
range dipolar forces arising from oscillations of surface an

FIG. 2. Brillouin spectra obtained after saturating the sample at

a'?efs. 19 and 20. For the vortex state considered here the

| tic ch Wi ¢ ¢ th excitations should reflect the circular symmetry of the static
volume magnetic charges. We are not aware of any theorelg iy, yrion of magnetization and dipolar field, as opposed to
ical or experimental investigation of dipole dominated spiny,o niaxial symmetry of excitations in the saturated Shte.

excitations in a magnetic vortex state. By analogy with spin- | order to interpret the experimental data on spin dynam-
dynamics in thin films, the frequency range of such excitajcs jn 3 magnetic vortex trapped in a circular ferromagnetic
tions is expected to be comparable to that probed by ferrogot, we have performed micromagnetic calculations based on
magnetic resonancéMR), and therefore it can be studied a |andau-Lifshitz-Gilber{LLG) equations approach.The
using the Brillouin light-scattering technique. material parameters are: the saturation magnetizaliQn
The array of dots with nominal diameteR2800 nmand =8.0x10° A/m, and the exchange stiffness constakt
thicknessL =60 nm, arranged on a square lattice with a pe-=1.3x 10" J/m. The dot diameter and thickness are 800
riod of 1.6 um, was prepared using electron-beam lithogra-and 60 nm, respectively. In our 2D calculation, the particle is
phy and lift-off techniques. The hysteresis loop for this array,composed of & 6 nm interacting cells. The dynamics of
shown in Fig. 1, is typical for dots that undergo magnetiza-each element obeys the LLG equations, which describe the
tion reversal via formation of a vortex state. Details of theresponse of a “spin” to an effective magnetic field consisting
sample fabrication, and magneto-optical Kerr effédOKE)
characterization of its vortex ground state have been given in
Refs. 9 and 17. 14} J
Brillouin spectra were recorded on a five-pass Fabry- .7
Perot interferometéf The incident and scattered beams
were at 45° and 0° from the substrate normal, respectively.
Although, due to the very weak signals, the quality of the
spectra was not optimal, it was possible to track the peak
positions as a function of applied field. In Fig. 2 we show

o/2n (GHz)

two Brillouin spectra. After saturating at high fields, the field or
was reduced to 50 m{upper ploj, i.e., in the saturated state 4l
above the nucleation field, and at 20 rfidwer plob with the . : ' . '
. 0 50 100 150 200
sample in the vortex state. Two modes are always observed H ()

in the vortex state. Three modes are observed in the saturated
state at 50 mT but they coalesce and become unresolved at |G 3. The symbols are the frequencies obtained from Brillouin
higher fields. The measured frequencies are plotted as a fungpectra like those in Fig. 2. The solid and dashed lines are micro-
tion of field in Fig. 3. Full symbols correspond to the vorteX magnetic simulations, the dotted line is the calculation using Kit-
state, and open symbols to the saturated state. We concegts equation for the saturated sample, as explained in the text. The
trate below on the modes observed in the vortex state. Theymbols with different shapes correspond to different experimen-
high-field measurements and quantitative description of theal points obtained from Stokes- and anti-Stokes parts of the BLS
spin excitations for in-plane saturated dots were reported ispectra.
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vortex stafe N T ] the vortex state. Calculations performed for dots with differ-
ent thickness and radii show that the frequencies of the two
modes in vortex state are strongly dependent on the dot as-
pect ratio3=L/R, consistent with expected magnetostatic
nature of the observed spin excitations.

To consider the effect of the exchange interaction on the

‘ , . . frequencies of these excitation modes we performed addi-
saturated state ] . . . .
tional micromagnetic calculations where we treat the ex-
‘ IAAARALAS h tff taAt iable. Although the ex-
UWUUU\JUUWU change surness cons as a varianle. oug e ex
change constant has a clear effect on the structure of the
vortex core, the frequency of higher excitation mode
GHz) appears to be essentially independemoivhereas the
frequency of lower mode increases only slightly with de-
creasingA. This supports the validity of our assumption
about the magnetostatic nature of the observed excitations,
especially the quasiuniform mode.

FIG. 4. The peaks in the Fourier transfof#T) correspond to Spin deviations from their equilibrium position result in
the frequencies of the normal modes of the system. The timerestoring torques due to exchange, Zeeman, and demagnetiz-
dependent oscillation of magnetization is shown in the inset. ing fields. The magnitude of the torque determines the exci-

tation frequencies. Note that real microfabricated dttst
of the exchange coupling from its neighboring cells, magneare not ellipsoids of revolutigrhave an inhomogeneous de-
tostatic fields resulting from the divergence of magnetizatiormagnetizing field. It may lead to magnetostatic spin excita-
M, and an applied external field. tions that have spatially varying amplitudes near the vortex

First, we calculate the spin distribution in the presence ofcore, in the central area of the dot, and at the edges. This was
an in-plane magnetic field, in the range from 0 to 250 mT confirmed by plotting the time evolution of the profile of the
and a small magnetic fieldl,=5 mT applied perpendicular out-of-plane magnetization componenbt show herg In-
to the dot plane. During this portion of the calculation thedeed, one can clearly see that the spins located far from the
damping coefficientr is set to 0.1 in order to quickly relax edge and from the vortex core behave collectively, and have
the magnetization to its equilibrium state. The resulting spirin-phase precession, reminiscent of a uniform excitation
configuration is then used as an initial state for the followingmode. The period of this oscillation corresponds to our
calculation of spin dynamics. Retaining the valugHgf, and  higher-frequency(12 GH2 mode. On other hand, the spins
settingH,=0 to zero anda to 1X 104 (in order to have located at the dot edges show a different behavior. Tieir
underdamped precessjorthe time dependencies d¥l,, component, as obtained with micromagnetic solver, has a
M,, andM, were recorded. Typical outputs are shown for maximum amplitude at the dot edgeherep=R, Ris the

, in the inset to Fig. 4. When the in-plane fid, exceeds dot radiug and decreases toward the dot center. The fre-
the value of the annihilation field and the vortex is swept outquency of this edge-localized mode is lower than that of
of the dot, and we obtain information on the magnon fre-quasiuniform mode and is at6.5 GHz(vs 7.8 GHz in the
quencies in the saturated, single-domain state. experimenk A theoretical solution to the general problem of

The Fourier transforniFT) of the magnetization oscilla- Magnetic excitations in a vortex state has not yet been re-
tions, shown in Fig. 4, yield the corresponding eigenfrequenported. However, by making approximations suitable for the
cies of the spin excitations. Note that with conventional mi-low-lying excitations investigated here, the problem can be
cromagnetic codes, such as the one used Heiteis only ~ addressed analytically as described below.
possible to observe spin excitations for which the spatial By analogy with excitations in thin films we expect that
average of the time-dependent magnetization is nonzero. TH&/namic exchange contributions to the long-wavelength
most intense peaks in the FT b, andM,, are shown in Fig. mode frequencies will be small. Furthermore, due to the
3. Full lines correspond to the vortex state and the dashesmall radius of the vortex coré{,<R) we can assume that
lines are for the saturated state. We can also calculate tHBe contributions of the vortex core region to the dynamic
FMR frequency using the Kittel's equatianZ,,z= y*H{H magneti.zation wiII.aIs_o pe sm_all. Within thi; approximation,
+47MJ1-3F(B)]}, whereF(B) is average in-plane de- the static magnet|zat|o(1n cylindrical coordinatescan be
magnetizing factor of a saturated circular dot with an aspec\lfVrltten asmy=(0,m;,0) and the dynamic papt of the mag-
ratio B=L/R. For B=0.15<1, F(B)~2pB[In(8/8)—%] netization (associated with the spin precession about the
=0.083° Agreement between the micromagnetic and calcu€quilibrium direction as u=(u,, 0, 4,). Restricting the
lated FMR frequencydotted lind in Fig. 3 is a clear indi- discussion to the zero applied field case, and considering
cation that the use of micromagnetics to extract dynami@nly modes that have radial symmetry and are uniform along
properties is valid. The experimentally observed frequencief€ cylinder, the total “dynamic” energyWV) can be written
in the saturated stai®pen symbolshave been identified as as
standing-wave excitatior’S. This explains why they lie
above the FMR frequency. The micromagnetic calculations
also reproduce the general trends of the experimental data in

Amplitude

Amplitude

6 8 10 12 14 16
o/2r (GHz)

W=—7TLfdppHm(p)~M(p), M=mMjs. (1)
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The magnetostatic fieldd,=(H,, 0,H,), can be ex- of the dynamic magnetization will result in additional con-
pressed via a tensorial magnetostatic Green's functiotributions from the magnetostatic and exchange interactions,
Gp(r.r’) with (a,8=p,¢,2).?° Due to the radial symme- which will lead to higher eigenfrequencies than considered
try of m(p), only the pp and zz components of the herein. The functiory,,(p,p’) has a sharp maximum near
G,p(r,r’) are nonzero. The equation of motion for the mag-the pointp=p’'. The eigenfunctions in Eq2) are approxi-
netization components —(Mg/y)dm/dt=mX(dw/dm),  mately proportional to the component of the dynamic di-
wherew is the energy density corresponding to the magnepolar field. If we assume that,(p) is localized at the dot
to.static energy in Eqg(l), can be linearized by substitution edge p=R, then we can get, in a self-consistent way
with m(p,t) =mo(p) + p(p.t). un(p)~9,,(p,R) and find the corresponding eigenfre-

For small amplltudt_as of thﬁ components, we get a sys- quency. For permalloy dots with =800 G, L=60 nm, R
tem of two coupled linear integral equations of Fredholm_ ,q, M, y/27=2.95 GHz/kOe, andwy/2m=29.7 GHz

4\ .
type’ with kemels expressed via thg;,, and g,, compo- the expressiori2) yields an approximate eigenfrequency of

nents of the average@,z4(r,r') tensor. The solution of this . . .
problem for a thin disk yields a discrete set of magnetostati(?"6 GHz for this mode. We get an approximate eigenire-

ienfuncti : igent ._quency of 14.4 GHz for an almost uniform amplitude profile
ngr; L;Qﬁ:gv?lz.sﬂn(p) and corresponding  eigen requenmes,u(p)zx/i/R. More exact mode profiles should be found
n :

from the solution of the integral equation with the kernel

9pp(psp").
wn |2 1 (R (R ppBoth the calculated modes are magnetostatic in nature and
(m) =T an Jo PJO P'9pp(psp" ) n(p) mn(p")dpdp’ are concentrated in the area outside of the vortex core. Full
) details of the analytical model procedure will be reported
_ . elsewhere.
with — g,,(p.p") = —4m[okf(kL)J1(kp)Ji(kp")dk, @y In summary, we experimentally show that in the vortex
=y4mMs, andf(x)=1—(1-e)/x. state, in addition to translational mode, there are other exci-

From Eq.(2) we obtainwy=wy ! (L/R), where the func-  tation modes, whose frequencies are determined principally
tion I(x) depends only on the dot aspect ratio and on the,y dynamic demagnetizing fields. By comparing our experi-
magnetization distribution of the normalized to unieigen-  mental results and micromagnetic calculations we are able to
modeun(p). The eigenfunctiong.,(p) are orthogonal with  concjyde that these modes correspond to the excitation

real eigenvalues because the kemiel(p,p") =9,,(p",p) IS mainly at the dot edge and another that is fairly uniform over
symmetric and reat’ The functionl(x) to a good approxi- the disk diameter.

mation is linear inL/R and therefore we get the simple re-

lation w,(L/R)Y2. These frequencies are well above the Work at Argonne was supported by U.S. Department
translational mode eigenfrequeney= (5/97)wy(L/R) cal-  of Energy, BES Materials Sciences, under Contract No.
culated in Ref. 14. Accounting for the azimuthal dependencéV-31-109-ENG-38.
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