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Micromagnetic simulations of vortex-state excitations in soft magnetic nanostructures

F. Boust
Onera, 29 Avenue de la Division Leclerc, 92320 Chatillon, France

N. Vukadinovic¢
Dassault Aviation, 92552 St-Cloud, France
(Received 30 April 2004; revised manuscript received 10 September 2004; published 17 November 2004

The dynamic susceptibility spectra of Permalloy nanodots, supporting a vortex-type magnetic configuration,
are studied within the frequency range 0.2—20 GHz as a function of dot thickb@ssn<L,<80 nm by
means of three-dimensional dynamic micromagnetic simulations. In addition to the low-frequency vortex
translation modegyrotropic motion of the vortex coyea second vortex core mode is revealed at a higher
frequency for thicker nanodot§n-plane pumping field This mode whose resonance frequency decreases
rapidly with increasing dot thickness originates from the nonuniform vortex structure along the dot normal
axis. Higher frequency modes are also observed for both in-plane and perpendicular pumping field orientations
and correspond mostly to spin excitations localized outside the vortex core. The possible detection of the two
vortex core modes within an individual nanodot using resonance experiments is discussed on the basis of the
dispersion relation frequency versus perpendicular static magnetic field.
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The magnetic properties of nanoscale objects such as cilations. The emphasis is placed on the effect of dot thickness
cular nanodots are today under great consideration mainlgn the dynamic susceptibility spectra. In addition, the role
due to their potential applications in high-density magneticplayed by a polarizing magnetic field applied along the dot
storage and spin electronic devidest has been clearly normal on the magnetic excitation spectra is also investi-
stated that the equilibrium magnetic configuration within agated. . o . _
soft ferromagnetic circular nanodot, depends on the nature of The dynamic susceptibility spectra were determined using
the magnetic materighmainly through the saturation magne- tWo _three-dimensional(3D) codes ~ developed by the
tization M, and the exchange constakitand on geometrical authorst> The_flrst one calculates a stable conﬂgura’qon.of
properties, the dot radiu® and the dot thicknesk,. A rich tehqeuartri]gr?r;r?tltﬁae“toirr;levggtrz;irtm)yT?loelvslggog:jeohgngsnli_pﬁzglttzhe
variety of nonuniform micromagnetic statégortex, onion, full dynamic susceptibility tensog (am=dh, whereém is
the dynamic magnetization response to a weak rf magnetic

thick diu®3 A th i fi Sield oh) from the linearization of the Landau-Lifshitz equa-
(thickness, radi mong these nonunitorm contigura- i, 419 nd the equilibrium configuration. The used material

tions, the vortexlike structure aggeazrs. in dots Sa“Sfy'ngparameters are typical for isotropic Permalloy, namely,
L,>A andR>A, where A=2A/(uoMy) is the exchange =g 1¢ A/m, A=1.3 101 J/m, and the gyromagnetic ra-
length®° Such a vortex structure can be viewed as a curlingjg y=1.76 16* s T~1. The damping parameter corresponds
in-plane magnetic configuration with a central region, theto »=0.025. The dot radius value is fixed B=80 nm to
vortex core, in which the magnetization is tilted out of thekeep reasonable computation time. The mesh sizes are
dot plane[Fig. 1(@]. The vortexlike magnetic configuration A,=A,=A,=2.5 nm.
and several details of the vortex core region were evidenced Figure 1b) represents th& component of the zero-field
by various experimental methoes. static magnetizatio, in the (x,y) plane for nanodots with

In addition to these studies focused on the static magnetic,=20 and 80 nm and for differert positions. The spiral
configuration, the small-amplitude vortex state magnetic exspin arrangement is observed in whibh, varies continu-
citations are the subject of an increasing scientific interesbusly from negative valugblue coloj to positive onegred
during the past few years. Great efforts have been devoted wplor) as we turn around the dot center. For the thinnest
the development of analytical mod&s'?in order to analyze nanodot, the maps dfl, are nearly identical between the
the magnetic excitation spectrum. A low-frequency vortexlower and upper dot surfaces. As the dot thickness increases,
translation mod¥-1? and higher frequency spin wave a twist appears between the two opposite surfaces. Such a
moded? have been predicted assuming the invariance of theleformation was previously reporfefibr the case of the on-
vortex magnetic configuration along the dot norrgethit of ion state structure and arises from the search for the best flux
flat nanodotd ,< A). On the other hand, several preliminary closure between the end surface magnetic charges. It is worth
numerical simulations of vortex state resonance modes haveoting that the vortex core radius depends significantly of the
recently been reportéd:*4 z coordinate with the smallest values at the dot surfaces

The purpose of this paper is to investigate the high-(bottle-neck effed. Furthermore, a sizeable radial compo-
frequency linear magnetic excitations existing in a vortexnent of the magnetization exists at the dot surfaces for the
magnetic configuration using dynamic micromagnetic simu-thickest nanodots.
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FIG. 1. (Color) 3D static micromagnetic simulations of nan-
odots with radiusR=80 nm supporting a vortex magnetic structure Frequency (GHz)
at the remanent statéa) Representation of the vortexlike structure E 15 :
and coordinate systentb) My, maps for the two thicknessds, 0] (C) P
=20 nm and_,=80 nm. The color maps correspond to views in the ; A A A A A
plane(x,y) at differentz positions(high level in red and low level 2 A N A ()
in blug). @ 10 " fal = (2)

T *

Figure 2 shows the imaginary part of the computed zero- &’
field susceptibility spectra, in-plane elemedjt,?® within the ® 5 *
frequency range 0.2-20 GHz. For the nanodot with thickness 2 ¢ o
L,=20 nm [Fig. 23], three magnetic excitations, labeled &  _____ (1)
(1), (2), and(3), respectively, are observed. The spatial dis- 3 .’,_.,g*—f:f == 1))
tribution of resonance modésolor inset$ indicates that the &':’ 0 0 2‘0 4‘0 6‘0 8‘0

low-frequency resonance peakresonance frequency
f,=0.94 GH3 arises from the spins localized within the vor-
tex core. The resonance li@) (f,=10.15 GHz results from
spin regions with high values d¥l, or M, (excluding the
peripheral zone of nanodgteshereas the resonance li®)

Dot Thickness (nm)

FIG. 2. (Color) 3D dynamic micromagnetic simulations of the
nanodots defined in Fig. 1. Zero-field susceptibility spe@treagi-
. N . .., nary part x%,) for two dot thicknessed ,=20 nm (a) and L
(fr:12.18 GHz is dug to the excitation of spin areas with :83/ nFr)n (b)),(X-T-)he spatial distribution of reszonant mo(dt)es withinZ the
high values ofM, outside the vortex core. _ _ nanodots is displayed in the color insétsgh level in red and low

For a thicker nanodol.,=80 nm), a new magnetic exci- |eyel in blug. (c) Thickness dependence of resonance frequencies
tation, labeled1’), appeargf,=3.55 GH32. The spatial dis-  for the four main modes. The dashed line corresponds to the Gus-
tribution of the resonance modes shows that the resonandienko’s model(Ref. 11).
lines (1) and(1’) correspond to vortex core spin excitations.
For both modes, a twisted dynamic structure develops beFhe demagnetizing contribution includes only the volume
tween the upper and lower dot surfaces. These modes appeaagnetic charges and not the side magnetic charges usually
nonuniform along the axis, the resonance mod#’) being  considered in the rigid vortex modéfanslation of the rigid
strongly confined near the dot surfaces. The thickness depenore without deformation'® This model reproduces
dence of resonance frequencies for the four resonance linée thickness evolution of the resonance frequency computed
is displayed in Fig. &). For the resonance lind), the reso- by the dynamic micromagnetic simulations very well for
nance frequency increases with dot thicknesd.fer 50 nm,  L,=<50 nm. The resonance lir{&’) depends strongly on dot
and then passes through a maximum before decreasing. THisckness. This behavior is similar to the one of flexural do-
evolution is compared with the one deduced from the anamain wall modes existing in perpendicular magnetic thin
lytical model of Guslienkd! This model computes the reso- filmst”:18and is related in both cases to theependence of
nance frequency of the low-frequency vortex translationmagnetic static structure. The resonance frequencies of
mode corresponding to the precession movement of the vormodes(2) and(3) vary weakly with dot thickness.
tex core around the dot center in the limit of flat nanodots. The zero-field spectra ¢f,, (perpendicular element of the
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FIG. 4. (Color) Computed static and dynamic properties of the
vortex core in the presence of a static magnetic field applied along
the dot normal(z axis). The dot radius iSR=80 nm and the dot

4 8 12 16 20

N 20 Frequency (GHz) thickness isL,=80 nm. (a) Cross-sectional viewvertical plane

T L = ’ through the dot centgiof M,. (b) Magnetic field evolution of the

O] (C) . A (7) resonance frequencies for the two vortex core ma@gmbols.

15 L * (6) | The dashed line correspond to Kittel’s law for an uniformly perpen-

c e N ' i

S . . ° o ) dicular magnetized dot.

g 10 - o * 1 f,=18.06 GH3. These modes are confined within a volume

L v ¢ (5) delimited by two concentric cylinders of theaxis. They are

3 mainly distinguished by the radius of the cylinders which are

g ° greater for the modér) than for the mod€6). The thickness

5 1 evolution of the resonance frequency for each resonance line

3 0 ‘ ‘ , ‘ is reported in Fig. &). Within the investigated frequency

o 0 20 40 60 80 and thickness ranges, the resonance frequencies of(byes
Dot Thickness (nm) and (6) decrease with increasing dot thickness whereas the

one of the line(4) is an increasing function df, for small
FIG. 3. (Color) 3D dynamic micromagnetic simulations of the thicknessegL,<40 nm. The thickness dependence of the

nanodots defined in Fig. 1. Zero-field susceptibility spe@trmgi-  resonance frequency for the ligd) can be compared quali-
nary part x,) for two dot thicknessed ,=20 nm (a) and L, tatively with the one deduced from the analytical model re-
=80 nm(b). (c) Thickness dependence of resonance frequencies foported in Ref. 19. This model allows the computation of
the three main modes. The conventions are the same as in Fig. 2gigenfrequencies of magnetostatic-type mo@ssamic ex-

change contribution is neglectedxisting in a flat nanodot.
dynamic susceptibility tensprfor the nanodots with In the limit of an edge-localized mode, this model leads to
L,=20 nm andL,=80 nm are displayed in Figs(& and the lowest-order resonance frequendy=8.6 GHz for
3(b), respectively. By comparison to the spectrumy@f no  L,/R=0.15, which is consistent with our numerical results
magnetic excitations are observed below 8 GHz whateve(f,=11.3 GH2. A better agreement would need the introduc-
the dot thickness is. The maps of modes confirm that naion of a more realistic mode profilsee Fig. 8)] in the
vortex core excitations are detected for this pumping fieldanalytical model.
orientation due to the large values Bf, within the vortex Let us consider the effect of a polarizing magnetic field
core. ForL,=20 nm|[Fig. 3@)], the predominant resonance applied along thez axis (decreasing magnetic field values
line (4) (f,=13.27 GHz is ascribed to the peripheral spin from uH,=0.5 T down tougH,=-0.3 T) for a nanodot with
zone of the nanodot. The subsidiary resonance (f)eat a  L,=80 nm. Figure @) shows theM, component in a vertical
higher frequencyf,=15.7 GH2 corresponds to a mode lo- plane crossing the dot center for different magnetic field val-
calized within a transition zone surrounding the vortex coreues. ForuoH,<uoH,:=0.19 T, a vortex configuration is
For L,=80 nm[Fig. 3b)], two additional magnetic excita- stabilized. A diminution of the magnetic field value leads to a
tions appear in the high-frequency side of the spectrunprogressive decrease of the vortex core radius down to the
[resonance ling6) f,=15.65 GHz and resonance lin&)  vortex core switching, occuring atoH,=-0.37 T.
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The magnetic field evolution of the resonance frequenciebehaves similar to a flexural translation mode in perpendicu-
for the two-lowest resonance lines is plotted in Figb)4 lar magnetization thin films. These results can provide a
Two regimes are clearly observed. Réys<H,<H,c;, the  guide for experimentally evidencing such modes. A first ob-
resonance frequencies of mode¢$) and (1') increase  ggrvation of the lowest-frequency vortex core mode on an
slowly with increasing magnetic field. The frequency gapjngividual micron-scale dot was recently repoRedsing the
between the two resonance frequencies is nearly constanfe resolved Kerr microscopy. It would be of great interest
ForH,=H, ., the slopes of the curves, resonance frequenc o extend this work and to try to detect, in particular, the

versus magnetic field, are markedly steeper. Lastly, fo d ; de. Due to the wide f d
uoH,>0.5 T (saturated regimeonly the mode1’) subsists, S€CONd vortex core mode. Due 1o the wide frequency an
agnetic field ranges where the vortex core modes exist,

Its frequency-field dispersion curve approaches the one fdf" ;
the uniform gyromagnetic mode predicted by Kittel's law Nigh-frequency resonance methods such as magnetic-
ol y=uo[H,—(1-3N)Mg], where N;=0.2627 is the trans- resonance force microscopgMRFM),22 microwave mi-
verse demagnetizing factét. croantenna techniqué,or the use of a dc superconducting
In summary, the vortex state excitations existing in mag-quantum interference devitée could provide alternative
netic nanodots, have been investigated using 3D dynamimethods to detect such excitations.
micromagnetic simulations. For an in-plane pumping field, i ) )
three thin dot or four (thick dot magnetic resonance lines e authors thank S. Labbeé for his help on numerical
are observed within the frequency range 0.2—20 GHz. FoProblems, B. Barbara for stimulating discussions, and the
the thick nanodots, the two-lowest resonance lines are attrif?€légation Générale pour '’Armeme(@GA) of the French
uted to vortex core modes. The second one at a higher frd2efense Ministry which has supported the development of
quency originates from the twisted static vortex structure andhe micromagnetic codes.
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