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Inhomogeneous states in permalloy nanodisks with point defects
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We investigate the effects that lithographically defined defects cause on the vortex structure in magnetic
submicron-size disks. It is shown that the vortex is attracted and pinned by point defects. The pinning potential
is estimated taking into account both exchange and magnetostatic effects. The influence of an external mag-
netic field is also considered.
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Recent progresses of nanotechnology have resulted in m&oncerning the vortex behavior near the point defect in a
terials with large potential applications, which include high-nanodisk, our calculations are in qualitative agreement with
density magnetic storage using an array of dot structd@s  experiments and micromagnetic simulations of Ref. 11.
well as high-resolution magnetic field sensdss a conse- We shall start describing the magnetic dot as a small cyl-
quence, there is a great interest in the micromagnetic prognder having thickness and radiusR, with aspect ratio

erties of nanostructured magnetic thin films. The applicatior]_/R<1 Therefore we can assume that the maanetizadion
of magnetic particle in devices requires reproducible control- i g

lable switching behavior between well-defined magneti(:‘;’\_ﬁ:‘sg tizetﬁsxézrgiihneufrﬂlrlliﬁ: Stﬁr;rgﬁgfg;)(zzﬁ Eglfgg&oxi-

configurations. In this respect, magnetic vortex structures

which are frequently observed in submicron-sized ferromagimated by an integral over the dot plane as follows:

netic particles, may play an important role. Many features of

vortex behavior in nanodots of several shapes have been \y - }Lff A(S IR = M2 - hTUGF = Fa)d2r
studied experimentally and theoretically by many autio?s. 2 D[ (GuM(FMM) = M- AinU(F = Fo)
In general, these works do not consider possible irregularities 1
on the dot structure. Influence of defects on the magnetiza- (1)

tion distribution may also lead to interesting applications.

For insta_nce, it might be adva_ntageous to keep the magnetilgzl 2,whereA is the exchange constalih=l\7|/MS is a unit
nanoparticle of proper shape in the vortex state and t0 MOVga 1o describing the magnetization distributiovl, being

the vortex core between artificial pinning sites, instead Ok, satyration magnetizatio is the area of the cylinder
reversing the magnetization of the nanoparticle as a whole

Recently, it has become possible the fabrication of diskface,=(x.y) is a point on the face, anio=Hp/Ms is the
shaped permalloy particle, which contain a single or more&demagnetizing fielda function ofm) created by the magne-
lithographically defined defect8-12 Measurements of the tization distribution. The functiohJ(F— FO) describes a defect
magnetization reversal in these nanodisks with holes indicatBole centralized af,, and in the simplest and symmetric
that the magnetic vortex structure can be manipulate@ase, it can be defined &fr-ry)=0 if [F-ro|<p and U(F
intentionally’®-12|n fact, micromagnetic simulations and ex- —fg)=1 if [F=Fg| = p. In this definition, the defect is seen as a
periments of Refs. 10 and 11 have shown that a vortex coremall cylindrical cavity of radiup <R, hallowed out from
can be pinned at a point defect if the trajectory of the vortexhe nanodisk structure and centralized at distancaway
core moves toward the defect. However, to the author'drom origin (the disk center Such disk-shaped permalloy
knowledge, there are not any analytical results concerningarticles with diameters between 300 and 800 nm and thick-
the vortex-hole interactions for this problem. Of course, anyness from 20 to 60, which contain a single lithographically
attempts to develop an analytical approach for studying magdefined defect with an approximate diameter of 25 nm have
netic vortices in a submicrodisk is worthwhile. The object of been fabricated recentt§:!! If the exchange length or the
this paper is to study the vortex behavior near such holenit cell element sizaZ:A/47-rM§ is 4X 4 nm, the hole with
defects using analytical calculations. We employed a moded diameter of 25 nm will contain many missing magnetic
that combines the rigid vortex modéF and a recent impu- cells in each face of the nanodisk. One question is then
rity model proposed to study the vortex-vacancy interaction®pened: does a vortex in the face of a cylindrical nanodisk
in layered magnets~1¢ This combination is not so simple interact withj empty cells(neighbors or notas it interacts
since the impurity model has to be adjusted to the magnetowith only one empty cell? This problem was first considered
static energy present in a finite system such a nanoparticle. ih Ref. 15, which studied the problem of interaction between
should be noted that the rigid vortex model is consideredx vortex and nonmagnetic impurities in layered magnetic
effective for qualitative understanding for the case of smallsystems. In fact, the presence of other nonmagnetic impuri-
enough vortex displacemerit$® At the same time, the im- ties in the system must affect the influence that an isolated
purity modet*~16can make reasonable predictions about thenonmagnetic impurity has on a single vortex. It was pro-
behavior of the interactions between topological excitationgposed in Ref. 15 that the effects of two or more spin vacan-
and nonmagnetic impurities in two-dimensional magnetscies on the vortex configuration do not obey the principle of
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superposition. This assumption will be considered in this pawhen the vortex center coincides with the hole cetftén-
per to estimate the vortex-defect interactions in magneticleed, this constant can be obtained assuming that the pinning

nanodisks.
In Eq. (1), the sources of magnetostatic fidig| are both
volume and surface magnetic charges arising ffom, and

energy(the vortex energy when its center coincides with the
hole centeris of the order of —3.54.14 However, this value
for the pinning energy is valid in the limit of an infinite

from the discontinuity of the normal component of the mag-lattice. Therefore, in Refs. 14,19, it was shown that this value
netization on the surfacéi-f, where the unit vecton is  does not vary very much as the lattice is decreased and then
normal to the disk surfaces. In our case there are the externge Will use this inferior limit, which leads tb=1.054. In
surfaces of the magnetic cylinddateral and the two faces Our approximations, we also assume that the potential given
and a little internal surface inside the cavitile walls of the by Eq. (2) is valid for all range of distances of separation
cavity) of the artificial defect. Then the demagnetizing field vortex hole. It is based on the results of Zaspeehl?° and

can be expressed with the help of Maxwell equations througlalso Wysin'® They have shown that the easy-plane aniso-
its magnetostatic potentiafg,, (I)gétge and cpg‘ége which are  tropy in layered magnets necessary to keep the vortex in the
the magnetostatic potentials from volume, external edge, ang-plane form is drastically increased by a vacancy. In nano-
internal edge, respectively. The potential is thé=®,  disks, the exchange energy density increases rapidly toward
+®§§;e+<bg}§geand the demagnetizing field Is,=-V®. For  the vortex center and then the magnetization turns out of the
consideration of the vortex state it is natural to express th@lane in order to minimize the energy. Hence, for defect
magnetizationm through angular variables in the polar coor- holes with sizes of the order of 25 nm, which is of the same
dinate systenm=(sin 6 cose, sin sin ¢,cosé). As justified  order of the vortex radius, for many dot sizesR, it is
above, for thin dots the magnetization is uniform alongzhe expected that out-of-plane magnetization is not so necessary
axis and is essentially two dimensional. The vortex state in @& minimize the exchange energy.

dot without defect hole and in the absence of an external Now, we want to know what happens to E8) when the
magnetic field is given by the ansat#=6,(r), ¢  defect hole is larger, containing many neighbor cejis
=arctarty/x)= /2, where the functiors,(r) is determined ~ja j>1). The arguments used here generalize that of Ref.
numerically, having asymptotic solutions given@gr)—0  15: imaginej empty cells(j holes with sizea) distributed

for r—0 (near the disk centgrand 6,(r)=m/2 for r,<r  around the disk face and keeping fixed distances among
=R, wherer, is the vortex radius. For the determination of them_ |f the vortex is pinned on an individual hole, the pres-
hm, the above vortex distribution in the absence of defects ignce of other holes must decrease the pinning energy be-
very simple becaus¥ -m=0 and m-f|,.r=0, thereby giv- cause they also attract the vortex. Indeed, each hole attracts
ing neither edge nor volume contributions. The sole sourcéhe vortex center through an effective potential similar to that
of hy, in the ground state is the out-of-plane component ofof Ed- (2), but now the constanb should be different in

the magnetizatiom,=cos6,(r) in the cylinder faces. For a Order to give a new pinning energy. It is estimated consider-
thin enough nanodot this gives the contribution to energynd the j hole centers and the vortex center placed at the
—nﬁ-H}JZzermﬁ,” which is an effective local easy-plane same point. In the limit that the separation vanishes, the sys-

anisotropy. However, in the presence of a point defect, this i£€M IS €quivalent to a simpler problem of a vortex on a single
not the stable configuration because the vortex must be a¥&cancy, but now, to conserve th‘ze number of holes, the total
tracted to the hol&15181%hich, in general, may not be Pinning energy |s{7rA/2)In(l—a2/bj )), which must be equal
located at the nanodisk center. To see this effect we considé® —3.54A. It means thab;=a[1-ex{-2.254/)] "?and as a
first a simple calculation based only on the exchange energgood approximation we can uge-b;. Essentially, the pin-
using a hole with radiua (the cell siz¢. Later we generalize ning energy now depends not only on the number of holes
the calculations to larger defects and include the magnetdsut also on their distribution on the space. However, our
static energy as well as the influence of an external magnetinterest is in the case of only one hole with arbitrary giake
field. For a vortex center located at origin in the presence otourse,p<R). Here, a typical defect hole is then composed
a hole(of radiusp=a), which the center is placed at distance by j neighbor empty cells of radius preferentially ordered

ro away, the effective potential experienced between the twgo form a larger empty circle with radiys Volumetrically, it
defects due to the exchange energy is defined@&o)  is a cylindrical cavity inside the dot, which the symmetry
=e€noidll0) — € Where €,qdro) and e are the reduced vortex axis is parallel to the dot axisee definition ofU(F-ry) in
energies in the presence of the hole placedyand in the  Eq.(1)]. We will assume that the defect hole is placed along
absence of a hole, respectiveély,e=Whs/L, e=WE*/L). If the x axis atry=xy>0.

ro is large enough, i.erg>r, <R, the reduced effective po- The above calculations only consider part of the exchange
tential can be approximated Hy energy. In this case, if a vortex is initially located at the dot
center, the hole placed @=x,X will make the vortex to
dislocate in its direction, pinning the vortex center on its
center, minimizing the system energy. Based on the “rigid”
vortex model, Guslienket al.” have shown that, for small
whereb is a constant of the order of the cell siaeintro- displacemend (d<R) of the vortex center from the disk
duced to avoid spurious divergence in the vortex energgenter, the reduced exchange energy is also decreased by

A a’
veﬁ(ro)=?|n<l—r2+b2>, (2
0
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, ,
w(d):%Am(l—%). 3 % /

Thus, a displacement of the vortex center towards the defec ,, |
hole center decreases the exchange energy as follows: /

2 J
Uex(31r0):W?Aln[(l_sz)(l_(a—>:|, (4) >§ 84

_ 2 2
ro—sR“+b d -
where s=d/R. However, for a nanodisk, if the vortex is 1
shifted from the dot center due to the potential in B, a 4'_
restoring force acts on it. Of course, the restoring force ap-  , | N

pears due to finite dot in-plane size and is directed toward the ;
dot center. It is calculated by considering magnetostatic con- 0 T
tribution to the total vortex magnetic energy in the dot and is =010
related only to surface magnetic charg@sin appearing

along the envelop of the disk and along the wall of the hole FIG. 1. The effective interactiofin units of the exchange con-
cavity. The contribution along the disk envelop was calcu-stantA) of a vortex with a hole and the disk surfaces in a permalloy

T T T T T T
-0.05 0.00 0.05 0.10 0.15 0.20
]

lated in Ref. 7 and is given by nanodisk. the origin of the coordinate system is the center of the
disk and the hole center is placedrgt20 nm(or s=0.08 along
S) =W (S) =W (0) = 2MAR2 - p2 = 13(s , the x axis. The material is described in the text. At the hole border
v1n(S) () m(0) s P )go 7('81"]) 7( ) (the pointss~0.03 ands~0.13, the potential suffers a strong
change.
(5) ?
where A a?
Vet == In (1—§)<1—ﬁ> + 2m2M2
aodt 1_eq 2 (rO_SR) +bJ
— = 2 -1 -
ol Bun) = f (BB, H@=1-=5, (©) X (R = pAF 3 Ba) 2+ 20mMRE ~ p2)F 4B
X (5= ro/R)Z + 2vmPM2(R% = p>)F1(Bom) (p/R)?,
i sin(7)si (10
I (s)= 2[ g 200D )
V1-2scogn +¢°

where a=1, v=0 if |s-ro/R|<p/R and «=0, v=1 if |s
-1o/R|=p/R. For estimates we use typical parameters for
permalloy, AY?/M¢=17 nm, givinga=4.8 nm. Considering
R=250 nm, L=30 nm, p=12.5nm, one getsF(8im)

y=1,2,...,J, are Bessel's functions angi,=L/R. The con-

tribution of the cavity surface is estimated considering two
distinct regions{s—ro/R|<p/Rand|s-ro/R|=p/R Dueto N :
the symmetry, if the vortex center coincides with the hole . 0.07 andF;(B,m) =0.364. In Fig. 1, we plotted the effec-

center|s—ro/R|=0, this contribution vanishes. Then, for the V€ pgter;tial we_zll_lba_s a furlwctiofn qfhfor ro=20 nm. As .zx'
first region|s—rq/R| < p/R, the contribution of the magneto- pected, the equilibrium value for the vortex cengginside
static energy can be written as the hole(the bottom of the wel| obtained by minimizing

Vei(S), is not located at the hole centgy. In fact, in this
case, the magnetostatic energy pushes the vortex toward the
dot center, dislocating the vortex center frogby a distance

that depends on the size and position of the deffectin-

®) stance, forry=20 nm, the vortex center is shifted from the
hole center by a distance3 nm). Forry<p there is essen-
tially only one minimum in Eq(10). In contrast, fory>p,

vam(S) = 2M3(RZ - p?)(s— ro/R)ZEO Fy(Bam)2(s—To/R),
y>

where B,,=L/p. By the other hand, in the second regisn
-1o/R|=p/R, in which the vortex center is outside the hole, . o
there are two minimgan absolute minimum and a local

the productm-i will be negative on one half of the cavity minimuny) due to the competition between exchange and
surface and positive on the other half. In this circumstance P g

the symmetric distribution of “magnetic charges” in the C(,jw_l’nagnetostatlc energies. Indeed, fgrsmaller than a critical

ity wall does not change appreciably as the distance betwe %i:n()cric,i;r}iciezgll:teorrriwi]:]mSVrEils ]lcgsger thgnréo:sazrlﬂethe
the vortex and the hole centers changes. Thus, we approxi- an, 0= T

oo : oppositive situation. The critical sizg is estimated taking
mate the contribution of the second region as Vor(S0)=Var(0). For the above exampi¥eq(0) ~ 3.79A, giv-

ing r,=31 nm. At zero field, it is conceivable that, fo
van(S) = 2ME(RE = p?) (o R)Zgo F(Banl3(pIR). (9) <?C,Cvortex configurations would preferentially nuclgate
7 about the hole. Figure 2 shows how the reduced vortex cen-
For small displacemeris<1), the total effective interac- ter equilibrium positions, varies as a function of the hole
tion vortex-defect-surface can be written as center positiorr,.
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0.18 plied along they axis (hg,=-0.05 andh=0.09. It was
used the same parameters for the case without a field. Note
] that an external magnetic field can control the depth of the
0.14 4 potential well induced by the defect, permitting a convenient
012 control of the trapped state for a vortex in nanodisks. The
attractive well generated by the point deféictthe presence
] or absence of an external figlsuggests that such defect may
o 0.084 induce interesting magnetization dynamics. It is possible that
0.06 4 a vortex develops small amplitude oscillations around the
bottom of the well. Possible oscillatory motion was predicted
for topological excitations around a nonmagnetic impurity in

0.16 4

0.10 4

0.04 +

0.02- layered magnet¥21:22
0.00 4 In summary, we have investigated analytically the prob-
1 lem of vortices(in the presence and absence of an external
-0.02 . . . . . . . . . . . . . L - . . . . .
0 10 20 20 40 50 magnetic field interacting with a lithographically defined de-
r,(nm) fect in submicron-sized disk-shaped magnetic elements.

Such disk permalloy particles were fabricated receffthy.
FIG. 2. The dependence of the equilibrium position for the vor-We have used the rigid vortex model combined with an im-
tex center(inside the holgon the hole position is linear. purity model employed to study vortex-vacakty® and
soliton-vacanc$*?? interactions in two-dimensional mag-
The presence of an external magnetic field along the dinets. The rigid vortex model is based on the assumption that
rection perpendicular to the line joining the disk-hole centersyortices are rigid objects that do not deform as they move. A
can also contribute to the vortex dislocation along xhéi-  detailed discussion of the applicability of this model is pre-
rection. Supposing that the field is applied alongytdirec-  sented in a recent interesting paper by Sarvel’ev and Nori.
tion, the Zeeman energy contribution can be approximated tFhese authors have used the rigid magnetic vortex model to
be Whexlz—WMi(RZ—PZ)hext[(S—So)+O(53)], where gy develop a substantially modified Landau theory approach for
3 analytically studying phase transitions between different spin
arrangements in circular submicron magnetic dots subject to
an applied magnetic field. Some predictions of their work are
consistent with recent and earlier micromagnetic
computationg4-26 At the same time, the impurity model is
based on a support manifold being not simply connected and
Pras been shown to be very useful to predict some features of
the vortex-vacancy interactions in layered magh&ts.
However, in reality, the vortex configuration suffers small
changes when the vortex moves and when the vortex is
around large hole¥ Nevertheless we believe that our ap-
proach is a good approximation and useful for qualitative
understanding of the mechanism of the vortex-defect inter-
actions in nanodisks in the case of a h@e holes near the
disk center(and hence, involving small vortex displace-
ments. In fact, concerning the vortex-defect interactions, the
analytical results obtained here indicate that the vortex core
can be pinned by a point defect, in qualitative agreement
with recent experiments and micromagnetic simulations of
o Refs. 10 and 11. Our calculations give the vortex-hole effec-
tive interaction potential as a function of the relevant disk
T 7 T T T T T parameters and the defect position. Only the case in which a
-0.10 -0.05 0.00 0.05 0.10 0.15 0.20 . . . . . . L
s magnetic field is applied perpendicularly to the line joining
the hole center and the disk center was considered. Of
FIG. 3. The potential wellin units of A) induced by the point  course, the path of the vortex core depends on the direction
defect in the presence of an external magnetic field applied perpemsf the external field and it can lead to interesting new situa-
dicularly to the line joining the disk-hole centers. Solid and dottedtions not investigated here.
lines correspond td,=-0.05 andhg,=0.05, respectively. The
field can control the depth and the position of the bottom of the We acknowledge support from CNPq and FAPEMIG
well. (Brazil).

=He/ Mg is the external magnetic field. The energy is now
given byV:Veﬁ+Whext. Here, if the magnetic field is positive
(hex>0), the new equilibrium position is, > s, (right shiff).
On the other hand, i.e., H,;<0, the new equilibrium value
obeyss, < s, (left shift). Figure 3 shows the interaction po-
tential vortex defects in the presence of a magnetic field a

20 -
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