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Buckling instability in thin soft elliptical particles
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Buckling instability is proved to be the easiest nucleation mode for an elongated soft elliptical particle with
a thickness of the order of the exchange length. The nucleation field saturates as a function of the particle
length, and approaches that of a very long bar with a rectangular cross section. The bar nucleation field is
estimated theoretically as a function of the bar width, thickness, and material parameters. A step like behavior
of nucleation field is revealed by means of a numerical simulation for elliptical particles with a moderate aspect
ratio.
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[. INTRODUCTION more stable with respect to shape deviations, the presence of
imperfections, etc.

Understanding magnetization reversal in thin ferromag- The goal of the present paper is to estimate theoretically
netic particles and patterned ferromagnetic structures is inthe characteristic field for the onset of a buckling instability
portant both for fundamental magnetism and for variougn @ thin elongated elliptical particle. Using the variational
techno|0gica| apphca“on%n is found experimenta"y that approacf?,in Sec. Il we first calculate the nucleation field for
there is a difference in magnetization reversal mechanism3 Very long bar with a rectangular cross section. Then this
for particles of rectanguldr*and smooth elliptical shap&é. result is generalized to the case of an elongated elliptical

For soft rectangular particles of submicron sizes there is ®27tiCle taking into account a demagnetizing field near the
closure domain structure near the particles’ edges. As a re- 'P'd'e part of the .part.'dé'Thef re;ults ofa ngmencal simu-
ation of the buckling instability in a soft elliptical particle,

sult, for these particles magnetization reversal begins fro as a function of the particle aspect ratio, are presented in Sec
the end domain$.Also, trapped vortices can cause an P P ' P '

anomalous switching between stable magnetization states Iin’
rectangular particles. To expel the vortices a large external
magnetic field, of the order of the saturation magnetization, Il. BUCKLING INSTABILITY

is required? . . .
Quite a different scenario of the magnetization reversal Consider a very long ferromagnetic bar with a rectangular

was revealed recently in cylindrical and elliptical cross section W't.h a width,, =2a and a th'CknessZ:.Zb'
particles~” As numerical simulations showddior a soft Due to shape anisotropy the bar, with a large saturation mag-
L ) i~ L netizationM ; and small magnetic anisotropy const&nt is
elliptical particle the range of stability of a quasiuniform uniformly magnetized along thedirection, the unit magne-
magnetization increases considerably with an increase of ﬂ}?zation Vector beinga=(1,0,0). Let an ,external uniform
particle aspect ratid,,/L,>1. Therefore, after saturation of magnetic fieldH, be applie’d ’opposite to the bar magnetiza-
an elongated submicron particle in a large external magnetig, " o typical problem of micromagnetitss to find a criti-
field the quasiuniform state remains stable when the appliegy) yajue of the applied field, the so-called nucleation field
field decreases to zero. Magnetization reversal starts at g at which the bar magnetization deviates from the uni-
negative field due to the development of a certain instabilityform one. It is sufficient to consider a small perturbation of
mode. The shape of the mode obser{ed, shown in Fig. 1,  the unit magnetization vectofa= (0,ay, @), and minimize
resembles a buckling mode known for an elongated ellipsoiits free energy associated with this deviatfon,
dal particle®
According to a numerical simulation carried out in this

paper, for an elliptical particle with a moderate aspect ratio A, Wy

. - . Rererpom, 2, = e 7
LX./L.y<2~2.5, the instability mode can be stable in a cer- \§§§tﬁ;ﬁ§§ VIR Cplpigls s
tain interval of the external magnetic field, though in this ¥y ot e G0 N L
interval the mode amplitude increases gradually as a functior§§§§ kel :EEE o %; e ,f%gf
of the field. Eventually magnetization reversal occurs due to = - S ik &
a penetration of several vortices across the particle. On the o plek

other hand, for elongated elliptical particles with/L,>3
the buckling occurs at large enough reversed magnetic field. FiG. 1. The buckling spin configuration in an elliptical element
As a result, there is no interval for mode stability, the hys-under the reversed magnetic field 980 Oe, which is smaller than the
teresis loop is rectangular, and the vortices can exist only aswitching field 1000 Oe. The dimension of the element is 360 nm in
transient magnetization states. Thus one may hope that thiee long axis, 120 nm in the short axis, and 30 nm in thickness,
magnetization reversal in an elongated elliptical particle isespectively.
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C ) ) dependence of the, component, setting all the coefficients
W= EJ dv[(Vay)*+ (Vay)?] a,=0. This means that one takes into account only magne-
tostatic energy contribution of the surface magnetic charge

HoMg 5 ) located at the lateral sides of the bar. Then, the corresponding
Kt — f dif(ay)+(a)1+Wn, (1) free energy of the buckling mode is given'By
whereC is the exchange constant alid,, is the magneto- W(E) o R_S , Ho

K 2L, (1
static energy contribution. The easy anisotropy axis is taken > S &5+ YTV + —12+ L_Zf dt(1-t)
to be parallel to the long side of the bar. In the present paper MsV 4Ly s 2Mg  hyJo

we are interested in the case of a sufficiently flat teg

<1. One can expect that in this case the buckling mode STKa(EL /L) — K 1+ (Lt/L)2
discussed earlier for infinite ferromagnetic cylinftibas the {Ko(£L /L)) Kol € (Lt/Ly)
lowest nucleation field. Note that this possibility was not ) )

considered in the Refs. 10 and 11. HereV is the bar volume§=KL, is the reduced wave num-

For a bar with an aspect ratiya<1 one can neglect the ber, andKo(x) is the modified Bessel fqnctidﬁ.Using an
transverse magnetization compongmf|<|a,|. In addition, ~a@nalytical approximation for the functioi,,™ one can
in the case when the bar thickndsgis of the order of the Mminimize Eq.(7) with respect tof numerically. Evidently,
exchange lengtiR,=/C/M;, the a, component does not the result of minimization depends on two dimensionless pa-

depend on the coordinate. Therefore, Brown's equatidor ~ fameters,L, /Ry and L,/L,. The nucleation field for the
the a, component can be written as buckling mode can be obtained then by equating the bracket

in the right hand side of Eq7) to zero. Actually, the mode
c( Pa,  Pay

@)

amplitude is zeroA= 0, while this bracket remains positive.
2 2 For more accurate estimation of the bar nucleation field
X ay .
they dependence of the, component have to be taken into

U
) +(2K1+MgHp) ay+ MSW=0,

day account. It is found that for a bar with moderate aspect ratio,
W =0. ) 3<L,/L,<8, the Fourier seriefEq. (6)] converges suffi-
y==a ciently fast. Therefore, one can take into account the first

Due to the small thickness of the bar, it is sufficient to de-Fourier coefficient only. The typical value of this coefficient,
termine a magnetic potenti&l near the middle plate of the a;~0.3-0.4, accounts for a relative value of the surface
bar, atz=0 only, so that)=U(x,y,0). One can separate the magnetic charge scattered into the bar volume. The corre-

variables in Eq(2) setting sponding correction to the nucleation field is found to be of
the order of 15-20%. For a wider bar the Fourier series for
ay=cogkx)f(y), U=Mscodkx)®(y), (3 function f(y) converges more slowly. In this case the Ritz
wherek is the mode wave number adé(y) has an integral ~function
representatioft

) f(y)=1—y{exd n(y—Ly/2)]+exd — n(y+ Ly/2)]}( )
o a 8
‘D(y):f dxlf d)hf dz;cogkxy) f(y1) ) ) )

- -a —b turns out to be useful. This function describes the layers of
the volume magnetic charge with characteristic widthy 1/

7 ! _ (4 <Ly located near the lateral sides of the bar. Coefficignt

W1 [ X5+ (y—y,)2+22]Y? controls the density of the surface magnetic charge. With this
Therefore, the functiori(y) satisfies a one-dimensional in- function a reduction in the nucleation field of the order of
tegrodifferential equation 50% with respect to the value given by E{) is obtained

for a sufficiently wide bat®
ob Figure Za) shows the reduced nucleation field for the
+(2K 4+ MSHO)f+M§ﬁ—:0, (5) buckling instability as a function of the dimensionless pa-
y rameters mentioned, the magnetic anisotropy being ne-
with the boundary conditiodf/dy=0 at the lateral sides of 9l€cted. The reduced wavelength of the maxig,,, where

d2f
C| — — +K2f
dy?

the bar,y=*a. N=2m/K, is shown in Fig. ?). One can see in Fig(d that
A soiution of the boundary value probldiig. (5)] can be at a fixed thickness the absolute value of the nucleation field
presented by a Fourier series for the buckling mode decreases considerably as the bar

width decreases. Wheh,/Ry<1 the wavelength of the

mode can be very large and the buckling instability is close
fy)=A| 1+ 2 ay(k)cog2mny/L,) |, (6)  to a uniform rotation. On the other hand, it becomes compa-
" rable with the bar width iL,/R,>1.
where A is the mode amplitude. The coefficierdg(k), n The latter fact means that in the first approximation one
=1,2,..., in Eq.(6) can be estimated by taking into ac- can use a similar approach to estimate the nucleation field of

count the magnetostatic energy of surface and volume magn elongated elliptical particle with sizek,>L, and
netic charges. In the simplest situation one can neglecy thelL,/Ry=1. Actually, the width of the elliptical particle is a
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(b) Particle's aspect ratio, L / Ly
10 —=— Lz/R;=0.5 1 FIG. 3. Analytical estimation of the onset of instability in a soft
- —e— Lz/R =1 type elliptical element with a thickness =20 nm and a width.,,
5 8¢ —s— Lz/R;=2 1 =100 nm in comparison with the numerical simulation data. The
= —v— Lz/R,=3 quasiuniform magnetization is certainly stable above the upper
s 6k i bound and unstable below the lower bound.
g ]
T 4l i X108 erg/cm), as a function of the particle length, is given
; I in Fig. 3. To check and validate the assumptions made in
.| \\ | Sec. Il, a numerical simulation of the magnetization reversal
s, ——— o in a flat elliptical particle, with thicknest,=20 nm and
[ Yy ——¢ ’ . : pE— ; _ ; : ;
0 X =V ’ , ¢ ¢ $ $ width L,=100 nm, is performed for different aspect ratios
2 4 6 8 10 12 14 16 18 20 1.3<L,/Ly<10. The numerical simulation data are com-

pared with the variational estimation of the particle nucle-
ation field in Fig. 3. For a numerical simulation an elliptical
particle is subdivided into an array of uniformly magnetized
cubes of fixed sizé;=5 nm, small enough with respect to
decreasing function of the longitudinal coordinatg,(x)  the exchange lengtRo= JC/M¢~18 nm. A direct integra-
=Ly(0)[1_(2X/Lx)2]l/2- This function is smooth enough tion of_ the _I_anda_u-Llfsh|tz-G_|Ibert equation is used in the
near the middle part of the particle,»at 0. Suppose that for numerical simulations according to the usual schénfelu-

an elongated elliptical particle there is a local nucleation fieldnerically, the nucleation field is determined with accuracy of
H(x), which depends on the local width of the particle, 50 Oe for elliptical particles with an aspect ratio lof/L,
L,(x). This suggestion can be justified if the wavelength of=3, when the particle nucleation field is rather high,

the mode is of the order of the particle width~L,(0) >1000 Oe, and with an accuracy of 20—30 Oe for smallgr
<L,. In this case the lowest local nucleation figkdgebra- v_alues of the_ aspect ratio. The upper bound to the nucleation
ically) corresponds to the middle part of the elliptical ele-field shown in Fig. 3 corresponds to the value of a reversed
ment, x~0. On the other hand, in contrast with the bar, aexternal magnetic field when the quasiuniform magnetization
demagnetizing fielH 4 has a nonzero value near the centerOf the particle is certainly stable. The lower bound gives the
of a thin (L,<L,;L,) uniformly magnetized elliptical par- value of the external magnetic field under which the quasi-

Width / Thickness

FIG. 2. Nucleation fielda) and wavelengtlib) of the buckling
instability in a very long bar as a function of the bar aspect ratio.

ticle, uniform magnetization becomes certainly unstable during the
time evolution according to the Landau-Lifshitz-Gilbert
L,L, equation.
Ho~—8Ms——[K(p)—E(p)], p=1—(L,/L)?% (9 One can see in Fig. 3 that the nucleation field of the
Lip elliptical particle estimated numerically saturates as a func-

tion of particle aspect ratio, in qualitative agreement with the
experimental datd.In addition, the numerical simulation
data turn out to be in reasonable agreement with the varia-
tional estimation except for the case of small aspect ratios,
L,/Ly<2.5, when the basic assumptibfy ¢;=H¢ par—Hg

can hardly be justified. It is also interesting to note that the
numerical data show a steplike behavior of the particle
nucleation field. The latter is clearly visible in Fig. 3 at small
enough aspect ratios.

whereK(p) andE(p) are the complete elliptic integrals of
the first and second kind, respectivéfyThen the nucleation
field of an elongated elliptical particld{. o/, can be esti-
mated using the approximate relaffoH ¢ ¢;=H¢ par—Hq,
whereH_ p,, is the nucleation field of a very long rectangu-
lar bar with the same thickness and width.

IIl. NUMERICAL SIMULATION

The variational estimation of the nucleation field of
Permalloy elliptical particles(M,=800 emu/cm, C=2

Figure 4 shows the shape of the nucleation mode, i.e., the
a, component, as a function of the reduced coordinats,
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05 051 these regions would lead to a strong in-plane demagnetizing
Lx/Ly=13 L/L,=30 field. Of course, the dependence of the mode amplitude on
O o 00 Py 10 the x coordinate makes an additional contribution to the ex-
.o.sj'"' ’ ' change energy, given by the first term in Ef), but one can
os] Lxily=15 05 L/L,=40 prove that for an elongated particle this contribution is small
00 e 00 o To compared to the total mode free energy. Conversely, as Fig. 4
4,5"12 - 10 .05 shows, for particles with an aspect ratig/L,<2.5 the
s X/ Ly=18 0.5 L/L,=55 maximal deviation of the magnetization occurs near the par-
' 0.0 hems?”™, t S' S ticle ends. Also, the onset of the instability deviates consid-
00, 7o M°j° 5 10 erably from the simple theoretical estimation, and shows a

steplike behavior. As we mentioned in Sec. |, for these par-
ticles the mode amplitude is stable in some interval of fields
after nucleation. The shape of the mode changes consider-
ably with an increase of the particle aspect ratio. It resembles
different stable bending states owing to an instability of the
quasiuniform magnetization in thin elliptical particles at suf-
ficiently large in-plain dimensions®® Clearly, the nucleation

of different bending states is responsible for the steplike be-
havior of the nucleation field in Fig. 3 at small aspect ratios,
but the conditions for the bending state nucleation need to be
investigated separately.

Lx/Ly=23

051 0.5 L/L =80
| 0.0

9%l Y By Y ﬁ? >

0.5 0.5

o, component of the magnetization

0.5 0

057 x/Ly=25

0.0 . .
DH 05 g0
05

The reduced coordinate, x/L,

. . . IV. CONCLUSION
FIG. 4. The instability mode as a function of the reduced coor-

dinatex/L, for elliptical particles with different aspect ratios. The
thickness and width of the particles are the same as in Fig. 3.

In summary, magnetization reversal in a soft elliptical par-
ticle is studied both numerically and analytically as a func-
tion of the particle aspect ratio. It is shown that, unlike par-

along the long particle axig=0, for particles with different fiCleS with a moderate aspect ratio where the maximal
aspect ratios. These data are obtained in reversed magneflgiation of the magnetization occurs near the particle ends,

fields equal to the corresponding lower bounds to the particlg1 an glongateq elliptical particle the. magnetization reversal
nucleation field shown in Fig. 3. Comparing Figs. 3 and gstarts in the middle part of the particle. One can therefore

one can see that the steps in the nucleation field shown {XPeCt that the magnetization reversal in an elongated ellip-
Fig. 3 correlate with the abrupt changes in the shape of thHcal particle is more stable with respect to the edge rough-
nucleation mode as a function of the particle length. ness, the presence of imperfections, etc., and, consequently,
As we mentioned in Sec. |, the mode structures shown it is easier to contro_l. I_t is also_found that the nucleat|on_ field
Fig. 4 are stable for small aspect ratibg/L,<2.5. For in an elpngated elliptical particle saturates as a fun_ct|on of
more elongated particles they are transient pictures only€ Particle length, and approaches the nucleation field of a

During the time evolution governed by the Landau-Lifshitz- V€Y Iong bgr W.ith th.e same Width and thickness'. The bar
Gilbert equation the mode amplitude increases gradually, anlaucleatlon field is estimated analytically as a function of the

magnetization reversal eventually occurs due to the penetrgl)-ar width, th|ckness, and material parameters. The_zrefo_re, the
tion of several vortices across the particle. results obtained enable one to predict the nucleation field of

One can see in Fig. 4 that in accordance with the argu‘?n elongated elliptical particle with reasonable accuracy.

ments given in Sec. Il, for elongated particlsgL =3, the
deviation of the magnetization is maximal at the particle cen-
ter. Both the period of the oscillations and the nucleation
field approach the corresponding valuaséLy~1.8 and
Hc par=1400 Oe obtained for a long bar with the same This work was supported in part by the Republic of China
width and thickness. However, the amplitude of the oscilla-National Science Council Grant No. NSC 91-2119-M002-
tions is suppressed considerably close to the particle end®01 and Technology Development Program for Academia
since elongated particles any magnetization deviation irfsrant No. 91-EC-17-A-08-S1-0006.
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