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Size-dependent spin reorientation transition in nanoplatelets
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We demonstrate that in nanometer-size magnets the superposition of the lattice dependence of the dipolar
energy and the truncation of dipolar sums leads to size- and lattice-dependent effective perpendicular anisot-
ropy. As a consequence, the spin reorientation transition in small platelets of identical shape on different
lattices occurs at different sizes for identical anisotropy energy. In contrast to conventional results influences of
size on the magnetic behavior can be found even at large aspect ratios of size to thickness.
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The patterning of a continuous magnetic film into an arraythin films®>~® and observed experimentally. In Co/@d1)
of small magnetic particles can potentially provide a hugethin films, for example, a transition from verticdbw thick-
gain in information storage densityThe increased ratio of nes$ to in-plane magnetizatiothigh thickness was found
boundary to nonboundary atoms in such nanostructures wiground 5 monolayeréML ).’
lead to changes of physical properties. Hence, the under- Sufficiently large and thin disc-shaped platelets>(t)
standing of the influence of the finite size on magnetic beare usually considered to have the demagnetizing energy of
havior in small magnets is of high significance for the fun-an oblate spheroida special case of ellipsdidThe shape
damental physics of magnetic materials as well as fo@Nisotropy of such spheroids is well knolh For an oblate
technological applications. spheroid the shape anisotropy depends only on the katio

Theoretically, magnetic materials can be successfully~L/t and can be represented by a universal cuB

treated as an ensemble of classical magnetic momgnts — | (k) (Fig. 1). For the sake of simplicity the shape anisot-
which are regularly arranged on a crystalline latficehe ~ OPY energy is normalized with respect tor®s in Fig. 1.

configuration of these moments, i.e., the magnetization cor=D dewagTs from unity only for structures wheireandt are
figuration in the absence of an external magnetic field defomparabie. . . :
The magnetic anisotropy is a local property and is con-

pends on the balance between the exchange energy, the di- . . :
. . Stant for a given thickness. Thus, it can be represented by a
polar energy, and the magnetocrystalline anisotfofye . A . . .
- . ; ; . straight line in Fig. 1. The intersection & andE, gives a
contribution of the dipolar interaction to the anisotropy en-"_ . -~ . . !
. - . critical lengthL =k -t where the magnetization orientation
ergy is called demagnetizing energy or shape anisotropy. |

27 - . . witches, i.e., reorientation appears. Since the shape anisot-
thin films the demagnetizing energy is often responsible forr bp b

. L X i , opy in ellipsoid approximation deviates from unity only at
in-plane magnetization. It is usually determined as the d'ﬁer'small k the reorientation can happen only la&t (Fig. 1).

ence between the dipolar energy of the up- and the in-plangp s it is commonly assumed that the orientation of mag-
single-domain stateEp=¢,—&_,. The infinite continuous

magnet hagp=const ZwMg, whereMg is the saturation square lattice
magnetization.Mg is defined as magnetic momest per 1.0 T

atomic volumeV, Mg=S/V. We takeV=a®, with a the P continuous spheroid
nearest-neighbor distance, for a square lattice that corre- = 092> ==
sponds to the simple cubic stacking awd-a%/2 for a § 7 ,/x!anglf'ar lattice
triangular lattice that corresponds to the (@01 or . 0.8 27 E, |
fce(11)) stacking. The magnetocrystalline anisotropy energy w A

(&5) may be responsible for a perpendicular magnetization. 0.747 i

&x depends only on the orientation of the moment with re- L L . L
spect to the film normal and does not depend on the neigh- 0.6, | G continuum ; C2
boring moments. For a uniaxial system with a perpendicular 10 100 600
easy axis the angle dependence of the free energy can be log(L) [a]

written asé, =K, 3, sirfg, whereK, is the first-order anisot-
ropy constant and is the angle to the film normaiThe total energy densitEp = &o;— &p_, of a continuum oblate spheroid and
. . . 17 &b
anisotropy energy is defined & =¢{a;—&a - the numerically calculated shape anisotrdy of a disc on a tri-
The competition between the demagnetizing and the peigngular and a square lattice as a function of the diameter of a
pendicular magnetic anisotropy energy determines the magpheroid. The demagnetizing energy is normalized with respect to
netization direction. If the relative Strength between thESQﬂ-Mél The straight horizontal line corresponds to the perpendicu-
quantities is reversed a change of the magnetization orient@ar magnetocrystalline anisotrof, . The vertical lines denote the
tion will occur. One such phenomenon called the spin reoricritical sizesLc;, Ley, andLcconin OF the reorientation for a tri-
entation transitior(SRT) has been studied for infinite ultra- angular and square lattice, and an oblate spheroid.

FIG. 1. Comparison of the analytically calculated magnetostatic
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netization in structures with>t depends only on the thick-
ness and the temperature of the sampld Afis larger than
the demagnetizing energy of the infinite film the reorienta-
tion of magnetization will not appear. However, the so-called
effective anisotropy Eqs=EA—Ep Wwill increase with
shrinking size due to the truncation of the lattice sum.

On the other hand the demagnetizing energy of an infinite
monolayer depends on the lattice structlifthe superposi-
tion of the lattice dependence and the shape dependence of
the demagnetizing energy can leadLtg different from that
expected from continuum theory.

This study is devoted to analysis of the validity of the
continuum ellipsoid approximation for ultrathin films on a
discrete lattice. It turns out that the superposition of two
effects—the lattice dependence of the demagnetizing energy FIG. 2. The low-temperature magnetic microstructure of two
and the truncation of dipolar sums—Ileads to a size- and discs on a triangular lattice with;=100 and L,=330; Ep
lattice-dependent change of the magnetization orientatiorr 0.9(27M%). The exchange, the anisotropy, the dipolar energy
and an apparent enhancement of the perpendicular magnetienstants, and the temperature are identical for both samples. For
anisotropy. the sake of an appropriate representation a perspective view of an

We have investigated discs of finite diameteon a dis-  enlarged part of each sample is shown. For clarity, only one spin
crete lattice by means of Monte Carlo simulations. Theow out of two is drawn as cones. The smaller island has a vertical
Monte-Carlo procedure is the same as in Ref. 6. The Ham“_s!ngle-doma!n structur‘e. The Iarger strgcture presents an in-plane
tonian of the problem includes exchange, dipolar interacSingle-domain magnetization configuration.
tions, and perpendicular anisotropy:=§q,+ &p+&x. The
ratio of dipolar to exchange constabfJ~10 ° used in the smaller than M2, i.e.,E,~0.9- 277M§. In the continuous
calculations corresponds to real materials. Hence, we do nellipsoid approximation the selected sizes and anisotropy al-
use any rescaling of the sample size. For the chd¥eme low any shape effects to become effective lat~30t.
expect to find a single-domain magnetization configuratiorHence, in all calculated structures with>10Q an in-plane
in the samples. In that case the exchange energies of anagnetization configuration should be expected. We have
in-plane and an out-of-plane configuration are identical for anot considered different anisotropies for edge atoms since
collinear solution. First, we prove whether it is also true forthis goes beyond the scope of our paper.

the relaxed solution. Then we compdeg=f(L) and E, The results of the simulations for a triangular lattice are
=f(L) for the relaxed and nonrelaxed solutions with thepresented as magnetization configurations in Fig. 2. Above
analytical ellipsoid approach. L =300a the magnetization forms a single domain within the

For the computations we have taken a monolayer of threefilm plane in agreement with the ellipsoid approximation
dimensional classical magnetic momef®f a unit length  (Fig. 1). Surprisingly, we find a vertical monodomain below
on a triangular and a square lattice. We have investigated tHe=230a. For sizes betweenL=230a and L=300a
low-temperature magnetic microstructure in samples of sizeitermediate-spin orientations are found. Thus, in contradic-
100a<L=350a wherea is the lattice parameter. Thus the tion to the analytical approximation the reorientation of the
lateral size of the platelets has been chosen to be much largeragnetization on a triangular lattice takes place far beyond
than the thickness (L>10Q). thek range that is deduced from the ellipsoid approximation.

For D/J=10 2% and L=<300a the exchange energy in- Thus, the results of the Monte Carlo simulations demonstrate
crease with increasing temperatdrés size independent and that the magnetization direction can change by shrinking the
proportional toM(T)?, with M(T) the magnetization. For lateral size without changing parameters such as thickness or
given L the exchange energy of the relaxed solutiontemperature.
éox(relax) is identical for the up- and the in-plane configu-  For the square lattice the results are completely different.
rations. This means that the deviation from the collinearity isWe find for all structures witi.>10Q an in-plane single
merely due to temperature fluctuations and not to changes idlomain in accordance with the ellipsoid approximation. By
the magnetic microstructure arid, does not influence the comparison with the triangular lattice we see that the critical
value of L. For D/J>10"2 or for D/J=10"2 and L size of the reorientatioh depends on the type of crystalline
>300a the microstructure, of the relaxed configurati@s- lattice.
pecially in plang deviates from that of the thermally agitated  To find an explanation we have calculated the anisotropy
monodomain. Different magnetization patterns can be oband the demagnetizing energy for a range of sizésr col-
tained for different sets db, K4, andJ. &.,(relax) is very linear and relaxed magnetization orientations. In the collin-
sensitive to the type of microconfiguratiquortex, flower, ear(nonrelaxeglcase the anisotropy cannot be the reason for
leaf, etc) and should be taken into accodfit! However, size-dependent transition sinkg is a constant in the simu-
that investigation goes beyond the scope of the present papéations. The function€Ey(collinear)(L) are presented in

We have explored a wide range of the total anisotropyFig. 1. We obtain three different curvés, (L) for the spher-
energy. Here we report on the case in whief is slightly  oid and the platelets on the triangular or the square lattice.
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L . FIG. 4. Comparison of the demagnetiziBg and the anisotropy
FIG. 3. The deviation of the demagnetizing energy from theEA energy of a disc on a triangular lattice as a function of size for

i = - .1009 : . . .
saturation valus=[Ep(L—c) —Ep(L)]/[Ep(L—)]-100% for strictly collinear and relaxed solutions. All energetic parameders

a square and a triangular Iattlc.e as _afunctlon of Siz€. D_ashgd Vep, andK are identical in both cases. The energy is normalized with
tical lines denote the hypothetical sizes at whiglis identical in respect to M2 KT/J=0.05. andD/J=10"2. The vertical lines

. . . . . S — U, y - .
both lattices. AL denotes the shift of those sizes in different lat- denote the critical sizelsc; andL, of the magnetization reorien-

tices. tation for collinear and noncollinear configurations.

For the triangular lattic&p, (L) lies below 2rM%. For the . ) ) )
square latticeEp (L) is larger than %M% already forL on the ratio of the object dimensions. The effect found for

~60a. The critical size of the SRT can be derived from theth® monolayer example is even more pronounced in thicker
data of Fig. 1 for a given value &, . For the case in which Samples due to the thickness dependence of the demagnetiz-

reorientation should happen, i.E,<27M2 (horizontal line N9 energy of platelets on a discrete lattice.
in Fig. 1) we might find one critical sizeL¢ For Eps(L—)<Ea<Epp(L—) the reorientation of
=Lc(continuun) in all platelets.L¢ of the triangular lat- Magnetization will appear only in the platelet on a square
tice, however, varies by more than a factor of 10 from thafattice. The effective perpendicular anisotropy of a triangular
expected from the ellipsoid approximation and that for thelattice will increase due to the shape and the lattice depen-
square lattice I(c,>10-Lcp). For a different value oE,  dence ofEp. This is sometimes erroneously interpreted as
one can get different values of critical size Hug, will the increase of perpendicular magnetic anisotropy with
never equal - as expected from the ellipsoid approxima- shrinking size, sincé&p is commonly assumed to be con-
tion. The slope of théep(L) curves is different for square stant. Experimental findings pointing in this direction have
and triangular lattices. At large sizes the difference is lesdeen published recenth).
than 1%/(see Fig. 3 However, even such small deviations  The size and lattice dependencies of the shape anisotropy
lead to the remarkable shift of the critical siadd -~100a  arise from the inhomogeneity of the dipolar energy in ultra-
for large sizes whilAL -~ 25a for smaller sizes despite the thin ferromagnet$? The dipole field in such magnets
larger difference in curvaturé-ig. 3). changes with depth and depends on the film thickfe$ae

Ep and E, of the noncollinear solution due to thermal dependence of the dipolar energy on the lateral position of an
disorder are smaller than those of the collinear case. Figure @om is just a consequence of the long-range character of the
givesEp(L) andEA(L) of platelets on a triangular lattice for interaction. As the ratio of boundary to nonboundary atoms
strictly collinear and noncollinear solutions. The dipolar andincreases an influence of the inhomogeneous demagnetizing
the anisotropy energies exhibit different temperature deperfield on the shape effect appears.
dencies which is exactly the reason for the temperature- In conclusion, we demonstrate that in laterally confined
induced magnetic reorientation in a ferromagnetic monowultrathin magnetic structures the magnetic behavior depends
layer. Interestingly, the anisotropy energy of the relaxedon the type of the lattice and the sample size. As a conse-
solution is no longer a constant but is size dependent. As guence, the spin reorientation transition in small platelets of
consequenck. is shifted to smaller sizes comparably to the identical shape on different lattices occurs at different sizes
collinear case. for identical anisotropy energy. F&p<Ep(L—x) the re-

Thus the critical size of the reorientation is dependent ororientation from an in-plane configuration for larger sizes to
the lattice type and can be very large comparably to then out-of-plane configuration below a critical sizg occurs.
thickness of the sample. This documents that the size depeh can be very large compared to the film thickness. We
dence of the reorientation transition in discrete lattices is nohave shown that an enhancement of the effective perpendicu-
due to the shape effect of the continuous model that dependar anisotropyE.¢s can occur with shrinking size.
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