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Curling spin density and orbital structures in a magnetic vortex core of an Fe quantum dot
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First results of the spin and orbital structures in the vortex core of an Fe dot obtained using highly precise
first principles calculations that include intra-atomic noncollinear magnetism are reported. We demonstrate that
a curling magnetic structure is stabilized withd 4 nmradius dot as inferred from spin-polarized scanning
tunneling microscopy experiments in which the spin directions close to the center of the dot turn up along the
perpendicular orientation to the curling plane—and also predict a complicated curling intra-atomic noncol-
linear magnetism near the center in which the spin moments continuously cant in circular directions on a
smaller length scale inside the atoms. Importantly, these rotation properties in the spin density couple to the
orbital motion and induce orbital moments oriented perpendicular to the curling plane, which is a first predic-
tion of quantum phenomena induced in the nanoscale vortex core.
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In ferromagnetic dot nanostructure$yhich are promis-  pendicular orientation to the curling plane in which, we find
ing candidates for nonvolatile memory applications, curlingthat the rotation properties in the spin density couple to the
magnetic structures that determine their properties are knoworbital motion and induce orbital magnetic moments orient-
to form in order to reduce the demagnetization energy of théng along the perpendicular direction. These predictions in-
dot volume. However, the magnetization close to the centeyite experimental confirmation, possibly with magnetic cir-
of the dot, the so-called singulgor Bloch) point, cannot cular dichroism, hyperfine interaction, or neutron
remain circular because the short-range exchange interactiocheasurements.
energy becomes dominant; thus, to avoid the singularity, the In noncollinear magnetic systems, such as vortex struc-
magnetization is expected to turn up along the perpendiculdtires where a spatial variation of the magnetization orienta-
orientation. Understanding the nature of the Bloch pointtion is allowed over all space, the electron density and the
which is thought to spatially link classical and quantumeffective potential in density-functional thedfy'? are
magnetisnf, represents a severe challenge. The characteristiteated with a X2 density matrixp(r)=po(r)I+m(r)- o
length resulting from the competition of the exchange andand the effective potential matrix Veg(r) =Vo(r)l
dipole-dipole interactions, defined gs,= VA/Ky4, whereA  +V(r)- o, wherel ando are the unit matrix and Pauli spin
is the exchange stiffness constant dfglis the stray field matrix, respectively, angho(r) and m(r) correspond to a
energy density, is only of the order of nanometer for softcharge density and a magnetization density. Vigr) con-
magnetic materialSe.g., 5 nm for permalloy and 3 nm for tains a nonmagnetic pa¥y(r) and a vector magnetic part
Fe. Hence, the ground state of the vortex structure appears ¥y(r), which are given by external, Coulomb and exchange-
be governed by atomic-scale considerations and needs to eerrelation potentials. The potential is represented within the
treated with quantum mechanics. full-potential scheme prescribed by Weirtérand applied in

Experimentally, the magnetic vortex structures inferredthe local spin-density approximatighSDA) using the von
using holographic interference electron microscdpyd re-  Barth-Hedin exchange correlatidhThe basis functions are
cent magnetic force microscopFM) investigationd pro-  specified with the spin-independent LAPW b&Sig order
vided clear evidence of the vortex core structures in whichio avoid discontinuity in augmentation of the basis functions
the magnetization near the center assumes a perpendicukdrthe muffin tin(MT). The diagonalization is carried out in
orientation. Furthermore, spin-polarized scanning tunnelinghe whole spin space since spin-up and spin-down wave
microscopy(SP-STM (Ref. 5 observed that the core struc- functions are no longer independent. Now the calculations
tures were confinedta 4 or 5 nmradius, which is compa- require full self-consistency for the density matrix, i.e., the
rable with the above characteristic length. magnetization direction as well as the magnitude is deter-

Aside from these investigations, little is so far known mined self-consistently.
about their electronic and magnetic structures based on quan- As a model of the dot shown in Fig. 1, we employed a
tum mechanics. Here, we investigate the vortex core struoepeated disk structur@od) with 29 Fe atoms in a unit cell;
ture in an Fe dot from first principles, using the highly pre-the rods are placed on a square lattice separated by vacuum
cise full-potential linearized augmented plane-waveregions with 5/2a , wherea is the experimental lattice con-
(FLAPW) method including noncollinear magnetism at the stant of bulk bcc Fe. The self-consistent LSDA calculations
electronic scale with no shape approximation to the spirwere performed with the scalar relativistic corrections, i.e.,
magnetization density;® and demonstrate how the spin excluding the spin-orbit couplingSOQ (Ref. 14 without
magnetization near the Bloch point turns up along the perany constraints except that the spin magnetic orientations in
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FIG. 1. (Color online Model of the disk/rod structure em-
ployed: (a) top view, (b) side view. Light and dark circles indicate
atoms on alternatin¢002) planes.

FIG. 2. (Color online Spatial distribution of the calculated spin
magnetization densityn(r), in a magnetic vortex Fe dot. The large
arrows on the atom sites show the average direction in the MT

. . . spheres, which turns up along the out-of-plane orientatiepre-
the outer atoms of the disk are fixed along the tangentialenteq by red arrowsrom the in-plane orientatiofblue arrows,

directions. As a reference, we performed self-consistentn moving to the center of the dot. The blow-ups show details of
LSDA calculations for a system without the vortghe., a  the intra-atomic spin-density distributions on selected sites.
collinear ferromagneti¢FM) dot] with the same lattice and

computational parameters. oms, which directly hybridize withd,,,, orbitals, are pre-

The spatial distribution of the calculated spin magnetiza-dicted to curl in a counterclockwise direction, while those

tion m(r) and the integrated out-of-plane components in the,e5 the nucleus cant in the oppositiockwise direction
MT spheresM, =fyrm, (r)dr, are shown in Figs. 2 and 3 ¢ ¢ rig 4a)]. An oppositely directed curling spin density is
(with solid circles, respectively. The spin moments aligning 55 found throughout the outer interstitial region due to the

almost collinearly at each atom are localized near thgeqative polarization of the delocalizecand p electronst®
nucleus, and clearly orient in the tangential directions aroungl '\ it o very small moment.

the center of the dot. Upon moving to the center, the in-plane The formation energy of the vortex cordE,., calcu-
VW—\C

components gradually decrease while the out-of-plane COMzia a5 the total energy difference from that of the FM dot
ponents increase, so that the spin directions contlnuouslgtate is found to be 88 meV/celB meV/atom—which

turn up along the perpendicular orientation to the curlingq hiy corresponds to the demagnetization enefgysnm
plane, as predicted from classical micromagnetic

calculations-*

By forming the vortex core, the magnitude of the spin
moments is reduced, however, from that in the FM dot as a 20b 101
result of changes in the electronic structure: Fig(open
circles shows the difference in magnitude of the total mo- 2157 -0 00 @
ments in the MT spheres between systems with and without ~ §
the vortex coreAM. The reduction of the moments in the S 10 o_- o1
center region reaches the sizeable value of @gl4 s Loo
Furthermore, a rather complicated pattern of the spin ' ’
magnetization density is found near the center in which the 0.0Lt . . . :
moment directions vary continuously on a smaller length 00 05 10 15 20 25
scale inside the atoms. Figure 4 shows the in-plane compo- distance from center d/a
nentsm(r) of the spin magnetization density dia) the FIG. 3. Out-of-plane components of spin moments inside the

(001) plane through the nucleus of the center atom, on parmuyffin-tin spheresM , , and the difference in the magnitude of the
allel planes(b) 5;a (a=bcc lattice constaitand () 158 total moments in the MT spheres between systems with and without
above the nucleus. Surprisingly, the spin moments in theéhe vortex coreAM, as a function of the distanad/a from the
outer portions directed toward the nearest-neighbor Fe atenter of the dot, whera is the bcc lattice constant of bulk Fe.
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FIG. 4. (Color onling In-plane components of magnetization 00 05 10 15 20 25

densitiesm;(r), on (a) the (001) plane at the center atom, on par-
allel planegb) %,a (a is the bcc lattice constanand(c) ﬁ)a above
the nucleus, where the magnitude of the moments represented by 5 5 Out-of-plane components of orbital momemmirbit as
blue arrows are enlarged three times that of the red arrows. Thg g,nction of the distance/a from the center of the dot. Solid and

average moment orients in an out-of-plane direction. The areg,en circles represent results without and with spin-orbit coupling.
shown isa/2x a/2.

distance from center d/a

radius FM dot found by phenomenological calculatibns. orbital moments along the perpendicular direction, the or-
This may indicate that the vortex core will be stabilized bital moments do not coincide with the spin directions. The
when the radius becomes of this magnitude, which agreesut-of-plane components are enhanced by about a factor of 2
with the SP-STM observatiorisin determining these struc- from the states without SOC, as seen in Fig. 5. The magni-
tures more quantitatively, of course, further investigationgude at the center atom, 0.089, is larger than that in the
will be necessary. _ o ~ FM dot, 0.05%. The small hump at a distana#a of

The curling of the spin magnetization produces rotation 5_» 1 s due to the well-known surface effects that enhance
structures in the effective LSDA potential, which lifts the 4 magnitude of the orbital momertfs.
orbital degeneracy and leads to a nonzero orbital angular Finally, we comment briefly on the behavior of two vortex

momentum. '”de‘?dv we observed.orbnal magnetic Momentgaas whose spin densities rotate in clockwise and counter-
oriented perpendicular to the curling plane in which no in-¢|q0yyise directions, i.e., right- and left-handed chiral struc-
plane components were observed. The out-of-plane compQgres These structures were experimentally confirmed by
nents of the orbital moments$™", calculated within the | orent microscopy and the MFM,and the circular direc-
s<_:a|ar relativis_tic approximati_on without SOC, are shown intion can be controlled by introducing an asymmetry into the
Fig. 5 as solid circles. Orbital moments near the centergepmetrical shape of the circular dot with a field applied
0.03u—0.06ug, are clearly induced in the perpendicular jn_pjane to the dot® Indeed, both energy states are not de-
orientation to the curling plane. Thus, the rotation propertiegenerate since a current field due t&va< m(r) term pro-

in the spin density couple to the orbital motion, and may 'ea%uces a chirality which breaks the symmetry of the two vor-
to an uniaxial magnetic anisotropy in the perpendicular diyey states. While these current effects may be so small that
rection. no preferential chirality would appear in say, MFM

Now, when the SOC is introduced, the vortex core struCeyperiments? their pursuit provides a meaningful and inter-
ture is stabilized by 1 meVi/cell in theE,; the spin-density  egting challenge.

structures are not significantly changed. Since the SOC in-

duces the atomic orbital moments along the spin moment We thank R. Wu, M. Weinert, T. Ocuchi, T. Jo, and A.
orientations® the orbital moments also curl around the cen-Tanaka for fruitful discussions and suggestions. Computa-
ter of the dot, in which the moments turn up along the pertions were performed at the Supercomputer Center, Institute
pendicular orientation at the center. However, due to the infor Solid State Physics, University of Tokyo, and the Coop-
teraction with the curling spin density which induces theerative Research Center, Mie University.
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