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The quantized mode spectrum of standing spin waves and edge modes in cylindrical Permalloy dots with a
radiusR in the range between 100 and 500 nm, thickness50 nm, and separationR2 is examined from
both experimental and theoretical points of view. Brillouin scattering measurements in the Damon-Eshbach
geometry give evidence of a marked discretization of the spectra with respect to that of the continuous
Permalloy film. The modes can be classified into two distinct families according to their frequency. The upper
one consists of the usual Damon-Eshbach, dipole-exchange modes. The modes belonging to the lower family,
instead, oscillate parallel to the applied field and are reminescent of the backward modes of the film. Brillouin
measurements performed with the applied field parallel to the transferred spin-wave wave vector, confirm this
interpretation. The frequencies of these waves have been calculated using a simple theoretical model including
the exchange field. Also, a laterally confined mode belonging to this family is observed and its frequency is
independent on the dot radius.
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[. INTRODUCTION of magnetostatic spin waves in an infinite circular cylinder. A
more general approach by Joseph and Sohtu? extended

In the last decade, thanks to the progress in lithographithe calculation of magnetostatic mode frequencies to the
techniques, it has become possible to fabricate ordered arrajamily of volume modes in axially magnetized cylinders. A
of magnetic elements in the nanometer scale with enhancetieory of normal mode frequencies in a sample of arbitrary
physical properties which have no counterparts in bulk mashape based on a variational procedure was developed by
terial and largely depend on the element shape and!sizeSparks’ On the other hand, an analysis of the absorption of
Among these, the magnetization reversal dynamics at nanenicrowave in a normally yttrium iron garné¥1G) magne-
second time scales is an important subject for many techndized disk have been highlighted the characteristic of radially
logical applications of magnetic materidlén the magnetic ~propagating waves and the related quantization effets-
recording industry, the fast magnetization reversal in storagéher calculations of resonant frequencies on rectangular thin
media and read heads is primordial to guarantee a high dafdms of YIG were performed by Storegt al® using the
transfer rate. Read and write speeds are today of the order gliantized slab method, and compared to microwave absorp-
300-400 MHz and are not limited by the magnetization retion measurements. An improved method for determining the
versal times. As these times will evolve towards the GHzmagnetostatic spectrum of rectangular ferromagnetic
regime, limitations due to magnetization reversal speeds caparticles® has included the elliptical character of the mode
be expected because the finite lateral dimensions greatly irprecession and edge effects.
fluence the spin-wave spectrum, giving rise to discretization In the last few years extensive experimental work has
effects which are not observable in a continuous magnetibeen carried out to study the effects of lateral confinement on
film.® the dynamical properties of spin waves. In particular, the first

The shape induced modifications of the magnetostati@rillouin scattering observations of the discretization of the
modes have been theoretically investigated since a long timBamon-EshbackiDE) modé*! in magnetic micron-size Per-
ago. After the pioneering work of Walkkon magnetostatic malloy (PY) wires® and circular dots with a 2-micron
modes in spheroidal samples magnetized along their axedjametet® have been reported. In the case of wires, the ob-
Fletcher and Kittel gave the first derivation of the spectrum served discrete spectrum was interpreted in terms of reso-
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nanting standing waves within the wire. A quantitative inter- DE pSsw
pretation of the circular dots spectrum, instead, was not PY film
possible because of the more complicated boundary condi-
tions. However, it was noted that the measured frequencies
were above that of the uniform precession madéttel
mode of the corresponding ellipsoid, as expected for modes
resulting from the discretization of the usual DE surface
mode. Only one mode was found at a frequency below the
Kittel mode, and it was supposed to be of backward magne-
tostatic nature. More recently, in a theoretical work by Gus-
lienko and Slavin on the quantization of DE modes in tan-
gentially magnetized circular ddfs the measured
frequencies of discretized DE modes were reproduced.

The aim of this paper is to investigate the dynamical prop-

Intensity

erties of tangentially magnetized PY submicron-size cylin- R=300 nm
drical dots of different radii. The discretized spin-wave spec-

trum is investigated both theoretically and experimentally. J

For a deeper understanding of the character of the spin wave

modes, measurements in two different scattering geometries, R=200 nm

i.e., with the transferred wave vector parallel and perpen-
dicular to the applied fieldH, respectively, have been per-
formed.

The paper is organized as follows. In Sec. Il the prepara-
tion of the sample and the experimental setup are described. J
Section Il presents the experimental results, while the theo- TN .h. A
retical model used for the frequency calculation is presented 25-20-15-10 -5 0 5 10 15 20 25
in Sec. IV. Section V is devoted to a discussion of the results. Frequency shift (GHz)
Conclusions are drawn in Sec. VI.

FIG. 1. Set of BLS spectra in the DE geometry of the PY cy-
lindrical dots of different radiusR=100-500 nm) compared to the
Il. SAMPLE PREPARATION spectrum of the continuous film &t=2 kOe andf§=1C. At R
AND EXPERIMENTAL SETUP =100 nmLM labels the peak corresponding to the laterally local-

S d f lindrical  f . PY ized modeB,, B,, andB; indicate the peaks due to the backward
Quarec arrays of cylindrical ferromagnetic modes corresponding =1, 2, and 3 nodes, respectively; ,

(NigyFe ) dots were prepared using electron-beam lithograp ) andp, are the peaks which correspond to the three observed
phy and electron-gun deposition in a vacuum of 1pamon-Eshbach like standing waves.

x 10~ 8 Torr. Prior to deposition of the PY layer, the desired

patterns were defined on thermally oxidized Si substrateghe dots saturation for all the different radii investigated, as
capped by a layer of resist. The resist was removed by fhferred by the shape of the Kerr effect lod3sThe sample
lift-off process, and PY dots remained on the surface of theyas mounted on a goniometer to allow rotation around the
substrate. Several arrays of cylindrical dots were preparefleld direction, i.e. to vary the incidence angle of ligit,
with a fixed thicknesd. =50 nm and with radii oR=100,  petween 8 and 70. In addition, we took also measurements
200, 300, 400, and 500 nm. For all the samples the dot sepgith the field parallel to the transferred spin-wave wave vec-
ration is equal to the diameteR2 Scanning electron micros- tor, in the so-called volume magnetostatBWVMS) spin-
copy and atomic force microscopy images confirmed that thgyave geometry, for a fixed angle of incidenge: 10°. The
morphology of the patterns was of good quality, concerningamplitude of the spin-wave-transferred in-plane wave vector
both dimensional control and uniformity.Part of the mag- is related to the angle of incidence by the relationg
netic film was left unpatterned to compare the consequences (44/\)sin g. Therefore, the wave vector interval investi-

of patterning as measured by Brillouin light scatteringgated is in the range (0.3—2:2)10° cm™ L.
(BLS). The BLS measurements were carried out at the

GHOST laboratory, Perugia Unive_rsi"t?/using a Sandercock IIl. EXPERIMENTAL RESULTS

(3+3)-pass tandem Fabry-Perot interferom&t¢o analyze

the frequency shift of light from a single-mode diode A complete set of experimental Brillouin spectra taken in
pumped solid state laser operating\at 532 nm. The inelas- the DE geometry, for a fixed value of the applied fiéld
tically scattered light was sent through a crossed analyzer ir=2 kOe and of the incidence angle of lighit=10° (q

order to suppress the background of elastically scattered light 0.41x 10° cm™ 1), is shown in Fig. 1. In the spectrum of
and surface phonons signal. As usual, a dc magnetic fieldhe continuougunpatternegdPY film one can see peaks cor-
variable between 1 and 3 kOe, was applied in the sampleesponding to the DE surface mo@E5.7 GH2 and to the
plane and perpendicularly to the transferred wave vectofirst perpendicular standing spin wave, at about 18 GHz. In-
scattering plane, i.e., in the DE geometry. These fields ensuistead, a number of discrete peaks corresponding to quantized
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FIG. 2. Spin-wave frequencies vs transferred in-plane wave vegfprof the R=100-500 nm dot arrays fdi =2 kOe together with
the Damon-Eshbach and the first bulk perpendicular standing wave of the continuous film. Full circles: measured frequencies; continuous
lines: calculated frequencies of the DE like waves; dash-dotted lines: calculated frequencies of the backward modes. The dotted line indicate
the calculated frequency of the Kittel uniform mode<0, n=1).

modgs is observablg in BLS spectra taken from the patternq@.ey are detectable in the wholg interval only for R
specimens. Interestingly, the number of resolved modes in= 100 nm, This is an important characteristic which suggests
creases for dots with the smaller radifts To identify the ot these modes can be interpreted as resulting from a dis-
nature of the Ob.serVEd ques, 'Fhe|r frequency OIISperSIOE'retization of backward modes. This kind of excitation in
with the angle of incidenc, i.e., .W'th the magnitude of the extended films has a wave vector parallel to the applied field,
transferred wave vectoy, was investigated at a constant so it is not usually observed in BLS spectra taken in the DE

applied field. The resuilts are displayed in Fig. 2 for the eometry. However, in the case of very small magnetic dots
whole set of samples. It can be seen that all the modes a Y- ' y 9 ’

dispersionless, a typical behavior for confined modes. Irji e lateral confinement breaks_ the translational symmetry
more detail, one notes that the discretization is evident in thémd the wave vector conservatlon law, so that these modes
whole range of wave vector investigated only for specimen&@n be detected. In particular, for each valueRobne can
with smaller dots. In addition, in these specimens the numbefasily estimate which is the intervalq where such modes

of detected modes is larger. As discussed in the next tw@'e detected, according to the simple formilgy=2/2R.
paragraphs, the high-frequency modes a reference the Remarkably, one obtains that fdR=100 nm, Aq=3.2
frequency of the Kittel uniform precession Mod&iie X 10° cm’l, i.e., is larger than the experimentally accessible
=10.47 GHz(Ref. 2)) is represented by the dotted line in interval, while for R=200 nmAq=1.6x10° cm™*, in

Fig. 2], can be classified as typical standing waves resultingjood agreement with the experiméfig. 2). For larger val-
from a discretization of the surface DE mode. With increas-ues of R the low-frequency modes are not experimentally
ing radius, frequencies of these modes shift toward that ofletected due to the reduction of thej; interval.

the DE one in the continuous film represented in Fig. 1 by In order to achieve a direct proof of the above-mentioned
the highest intensity peak at 16.7 GHz. Qualitatively, thischaracter of the low-frequency modes, we measured Bril-
frequency upshift can be attributed to a reduction of the in{ouin spectra in the BWVMS geometry, for both the continu-
plane static demagnetizing field with increasing dot radiusous film and the patterned samples, as shown in Fig. 3. The
Concerning the low-frequency modémdicated below by spectra are recorded in the same experimental conditions
Vkitel)» it iS important to notice that they are only observed at(H=2.0 kOe andd=10°) of those shown in Fig. 1. The
low values ofR (i.e., for R=100, and 200 nm In addition,  band of the backward waves in the PY film presents its peak
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FIG. 3. Sequence of BLS spectra in the BWVMS geometry of FIG. 4. Sequence of BLS spectra in the DE geometry for the
the PY cylindrical dots of different radius= 100-500 nm) com- ~ Saturated state foR=100 nm and at=10’ at different applied
pared to the spectrum of the continuous filmHat 2 kOe andg  fields.

=10°. For the continuous film the backward peak is at 14.4 GHz. . o
The meaning of the labels is the same as in Fig. 1. completely. In general terms, the dynamical magnetization of

a given mode should be a superposition of standing waves

with a maximum at about 14.37 GHz. Different discretetraveling at different angles with respect to a given in-plane
peaks are present in the patterned samples and, in particulirection, in particular that of the applied magnetic field.
the low frequency modes are also present in this experimerSecond, the existence of laterally localized mo@es, edge
tal configuration at the same frequency values of those renodes cannot be excluded, as in the case of rectangular dots
ported in Fig. 1. In order of increasing frequency, one findsor stripes.* However, a theory which encompasses all these
the lowest laterally localized modeM, which will be dis-  features at the same time does not exist. Therefore, in order
cussed in Sec. IV, and three backward volume modigs ( to provide at least a qualitative understanding of the BLS
B,, andB3) observable on the anti-Stokes side of the specSpectra, we restrict ourselves to particular models suitable for
tra. In particular the modeM, more visible by about 6 GHz describing families of modes of anpriori defined character,
on the Stokes side, is present in all these spectra. This coff? particular standing waves in the direction of the applied
firms our hypothesis about the nature of these modes. Orféeld (that we already called backward-like mogleand
also notes that in the BWVMS geometry, in the case of thestanding waves in the direction normal to ([Damon-
smaller dots, it is possible to observe three modes at largdgshbach-like modesAlthough this nomenclature is, strictly
frequency, coming from the splitting of the DE wave in the Speaking, only valid for a system which is not laterally con-
continuous film. fined, we continue to adopt it in the present context in order
To Comp|ete the ana|y5i5 of the Spin-wa\/e mode naturéO maintain a Correspondence with the films. In the case of
we have measured the dependence of the Spin-wa\/e er.OtS, modes which mix the above-mentioned characters are
quency on the intensity of the external magnetic field foralso certainly possible; however the BLS cross section for
dots in the saturated state. A series of representative BLSHCh standing waves, rapidly oscillating along several direc-
spectra in the DE geometry for different applied fieldRat tions, should be smaller than that of the low-frequency lying
=100 nm is shown in F|g 4. The peaks Corresponding td)ackward and Damon-Eshbach modes, presenting only a few
both DE and backward modes are clearly visible on bottlodal surfaces. In fact, to a good approximation, the BLS
sides of the spectra, and are well resolved on the whole rang&attering amplitude in small dots and in the long wavelength
of fields investigated. Figure 5 presents a summary of thdMitis simply proportional to the integral of combinations of

measured frequencies as a function of the applied field fofhe components of the dynamical magnetization.
the different specimens. In order to quantitatively reproduce the experimental re-

sults relative to the surface dipole-exchange modes, their fre-
guencies have been calculated in the framework of the
Guslienko-Slavin modé&t applied to an isolated cylinder. As
The treatment of spin waves in tangentially magnetizech matter of fact, the interdot magnetic coupling has been
dots is a formidable problem which has not yet been solvedssumed negligible since the interdot distané&ei® larger

IV. THEORETICAL MODEL
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FIG. 5. As in Fig. 2, but as a function of the external fiéldDots are in the saturated state.

than the dot thicknesk for the whole set of dots. In the dots which may not be considered as thin dots. The in-plane
calculations, the static magnetizatidh is assumed to be wave vector, is quantized under the hypothesis of no pin-
parallel to the in-plang/ axis and uniform across the dot ning following the same approach already used in the case of
thickness ¢ direction. The eigenfunctions of the exchange DE modes. In this case we have used eigenfunctions in the
operator, given by the in-plane and perpendicular compoform of stationary waves assuming a propagation along the
nents of the dynamic magnetization, have the form of direction. For the whole set of backward volume modes the
Bessel functions of the first kind,,, (the integer indexnm  perpendicular wave vectay, may be found from the tran-
=0,£1,+2,... gives the ordertimes their corresponding scendental equatioh g.tan(@,L/2)=qy.
angular functions of the kind™? (¢ is the in-plane angle The quantization ofy, leads to that ofy,, which is ob-
The radial boundary condition am are imposed, supposing tained numerically solving the above transcendental equa-
that no pinning is present on the lateral surface of the dotdion. We suppose that the whole set of backward modes be-
The above-mentioned modes have frequencies larger thdangs to the set of solutions related to the first branch of the
the resonant modé which represents the lowest excitation functiong,tan(q,L/2). An analytic formula which gives their
and whose frequency in a particle of cylindrical shape andrequencies is directly obtainable from the Landau-Lifshitz
in-plane magnetization is given byvgiwe=y/27[H(H  equation of motion:
+47M¢(1-3N))]¥2 whereN; is the effective in-plane de-
magnetizing factor. 1dM off

Let us now come to a qualitative description of the low- Sy dt M>H™, 1)
frequency modes of the spectra, as the analogous of the
backward magnetostatic waves of fith&23with an in-  wherey is the gyromagnetic ratio and®"(r t) is the effec-
plane wave vector component along the direction of the extive field. To solve Eq(1) we decompose the effective field
ternal fieldH (y direction. Even if these modes have already into a static and a dynamic part, i.eH®(r,t)=H
been detected in dots of different shdpayp to now no  +H®Mr)+h®"+h(r,t), where H, H®"(r), h®" and
quantitative comparison between experiments and calculd¥(r,t) are the applied, static demagnetizing, effective ex-
tions has been reported in the literature. As in the case ofhange, and dipolar dynamic fields, respectively. We also
magnetic films we suppose that these modes are charact@pply the linear approximation to the total magnetization in
ized by both perpendicular and parallel wave vector compothe formM(r,t) =Mg+m(r,t) with M the saturation mag-
nents,q, and q,, respectively. The introduction of the de- netization andm(r,t)=my€e?"e'“! the dynamic magnetiza-
pendence of the dynamic magnetization on thewave tion; mg, g, andr are the magnetization amplitude, the total
vector component is reasonable, especially for the low radiivave vector, and the generic position vector, respectively.
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We also assume thaHY™ depends only on the the DE, the first and second standing bulk modes of the
coordinate-dependent demagnetizing fadi(r), y being  continuous PY film. Therefore, we have used the following
the axis along whiclH is applied. Under this hypothesis the parameters: #M;=9.5 kOe, y/277=2.996 GHz/kOe, and
three Cartesian components of the internal field including thex/47=2.42< 10" 12 cn?. The continuous film fitting proce-
exchange term Hi(r,t)=H-+H%®Nr)+h®Nr,t)+h(r,t)  dure has been carried out, taking into account the dispersion
may be expressed, omitting the dependence, as relation both as a function of the transferred wave veggor

) and the applied magnetic field.
HY (D) =h,&(r)+hy(r),

H(r)=H—4aNy(r)M¢+h,&Nr), @) V. DISCUSSION

i Let us now discuss in some detail, in particular for the

HY(r) =h,{r)+h,(r), specimens with smaller dots size, how the spin-wave fre-

wherem, andm, are the components of the dynamic mag_quenues calculated using the models described above com-

netization. In the magnetostatic approximation the amplitudé?are with those measured by BLS. A direct comparison for

hy of the dynamic field may be expressed in terms of thethe whole set of samples as a functionggfat H=2 kOe is

: o ; : hown in Fig. 2. For all the radii a calculation of the DE
| Ref. 24 in the f S ; .
gzzaTA;$ii];;t&€atlon amplitudeo (Ref. 24 in the form modes coming from the zeros of Bessel functidgsandJ;

After averagingN,(r) along thex and z directions, we has been carried out. The former type of solutidg)(is

have solved Eq(l) in terms of the dynamic magnetization axially symmetric, the latter)y) antisymmetric With. rgspect
amplitudes components, obtaining to the plane normal to the dot surface and contairtingas

stated in Sec. IV. In the limit of small dots, we expect
that only the symmetric modes give contribution to the scat-

w
i —Mmyo=(—47M0.d,/q%)Myg tering intensity, however in general also the modes may
Y contribute.
—[H+aquz—4wNy(y)Ms+q§/q2]mZo, In particular, in the dot with the smallest radiug,

=100 nm, the three DE mode®¢(, D,, andD3) observed
in Fig. 1 are in good agreement with some calculated from

LW
';szZ[H +aMg?— 47N, (y)M+a3/g?m,g the zeros of the solutions related to the Bessel functions of
the first kind,Jo andJ4, as shown in Fig. 2. The experimen-
+(47M 0,0,/ 9%) My, (3) tally observed backward modes ldt=2 kOe present at 8.0

(B,), 9.3 (B,), and 10.5 B;) GHz are well fitted using Eq.

2_ 2 2 2 H .
whereq“=0q,+0,+q; anda is the exchange stiffness con- (4“1 the calculations we have supposed that these modes
stant. The vanishing of the coefficient determinant gives the, . affected by the internal field at the dot centef(y

frequency of the generinth backward mode: =0), which for R=100 nm turned out to be 872 Oe. The
theoretical frequencies obtained taking into account the
_Y 2 2 boundary condition on the, and g, wave vector compo-
==—| (H(y)+aM Hi(y)+aM y z
Vn= 5| (HiY) T aM@)] Hi(y)+aMg nents arev;=8.46 GHz forn=1 andv,=9.69 GHz forn

=2 for the two lowest modes. One notes R+ 100 nm that

1/2 . .
92+0; 5 ‘a2 the experimentaB; mode is also well reproduced by the
+a4mMs o —(47My) q | (4 calculated uniform Kittel mode frequency in a circular cyl-

inder (viwei=10.47 GHz). Nevertheless, since a well re-
where H;(y)=H—4mN,(y)Ms is the y-dependent internal solved peak is also present at the same frequency in the
field andqy, gy, andq, are the quantized wave vector com- BWVMS geometry, as shown in Fig. 3, we believe that this
ponents defined above. In E¢) the dependence on the mode presents a backward nature. Moreover,gg, fre-
in-plane g, component is also included. However, due toquency is calculated in a first approximation neglecting the
their nature, the backward modes havegawave vector nonuniformity of the corresponding dynamic magnetization
component larger than the correspondeypt therefore, we  with a maximum in the center of the dot which would upshift
have neglected the, dependence in the calculated frequen-the frequency to a value approaching that of the mea-
cies. In the followingN,(y) has been calculated generalizing sured mode.
the Joseph-Schimann demagnetizing factor formalism valid  In order to assign the low-lying excitation measured at
for axially magnetized cylindrical dot$to cylindrical dots ~ about 6 GHz we have applied the quantization condition for
with in-plane magnetization. localized spin-wave states described in Ref. 14. Following
At low wave vectors, due to the dipolar field, the fre- this procedure we have obtained that this mode may exist in
quency decreases with an increasing numbén half doy  the spatial regions where tigg component is real and has an
of nodes related ta,. When the exchange field becomes exchange-dominated character corresponding to an internal
important the behavior is inverted and the frequency infield in the rangeH;=0-750 Oe. The calculated region
creases with increasing the number of nodes. where it is strictly localized is 04y/R<0.8, but we have
The magnetic parameters used in the calculations havassumed that the localization of this mode also includes the
been extracted from a fit to the experimental frequencies ofegion where the internal field is assumed to be equal to zero
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near the dot boundary, i.e., for &:/R<1. The resonance mental frequencies is fairly good, especially for tie
guantization condition gives a frequency of 7 GHz which =100 nm sample.
overestimates the experimental frequency by about 1 GHz.
The reason for this discrepancy may be due to the applica-

tion of this condition on a submicrometric scale where this  The dynamical magnetic properties of cylindrical PY dots
treatment is not completely valid. In fact, in any case thehave been studied as a function of their diameter, in the
wavelength of the spin mode is of the same order of magnisubmicron range. Both quantized dipole-exchange DE and
tude of the dimensions of the sample. Due to a low numbebackward modes have been observed in Brillouin spectra.
of in-plane oscillations of the magnetization of this mode itsThe measured frequencies of the former modes have been
contribution to the scattering cross section becomes relevatiteoretically reproduced by taking into account both zero
in both scattering geometries. and first order Bessel solutions.

For R=200 nm the behavior of the DE modes is similar ~ The low-frequency modes are the analogous of the back-
to that atR=100 nm. Instead, the more limitej range of ward magnetostatic volume waves present in extended films.
existence of the backward modes is evident. In particular, thdhe dynamical properties of these modes are affected by a
LM mode forR=200 nm is observable in @ range which non uniform demagnetizing field and feel the boundary con-
is approximately half that foR=100 nm, because of the ditions on the wave vector components. These modes are
reduction of theA g indeterminacy. One notes a remarkable Well observable as resolved peaks in the spectra measured in
difference when the dot radius increases abBwe200 nm. the BWVMS geometry, bu; are a!so observable in the DE
No backward mode is observable in the range investi- geometry for small dot radius. Using a resonance quantiza-

gated. Again, DE modes are well reproduced by the zeros Ot}on condition we have found that the lowest mode of this
the Béssel fu'nctionslo andJ, family is a laterally localized excitation.

Finally, concerning the frequency dependence on the in-
tensity of the external fieldFig. 5), one can notice that the
backward mode frequencies increase almost linearly iijth The authors acknowledge Dr. S. Demokritov for helpful
presenting a behavior which is very similar to that of the DEdiscussions. Support by the FIRB Project RBNEO17XSW of
modes. The agreement between the calculated and expeNtinistero Istruzione, Universita Ricerca is acknowledged.
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