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Ab initio spin dynamics applied to nanopatrticles: Canted magnetism of a finite Co chain along a
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In order to search for the magnetic ground state of surface nanostructures we eXiestdpdnciples
adiabatic spin dynamics to the case of fully relativistic electron scattering. Our method relies on a constrained
density functional theory whereby the evolution of the orientations of the spin-moments results from a semi-
classical Landau-Lifshitz equation. This approach is applied to a study of the ground state of a finite Co chain
placed along a step edge of dLtl) surface. As far as the ground state spin orientation is concerned we obtain
excellent agreement with the experiment. Furthermore we observe noncollinearity of the atom-resolved spin
and orbital moments. In terms of magnetic force theorem calculations we also demonstrate how a reduction of
symmetry leads to the existence of canted magnetic states.
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Stimulated by the need for ever higher density recordingwithin the full relativistic Green'’s function embedded cluster
media, atomic scale magnetic devices are presently at th@ethod is the major technical innovation of this paper and
focus of experimental and theoretical reseais#e, e.g., the provides a quite general capability for studying the magnetic
“viewpoint” drawn by Kiiblet ). Without a doubt, the under- state of isolated surface nanostructures. The strength of this
standing and design of the relevant physical properties—pproach is that interactions that are on substantially differ-
magnetic moments, magnetic anisotropy energies, thermahnt energy scales—the exchange interactigypically mRy)
stability, switching—of atomic scaled magnets demand a dethat determine the local magnetic order and the magnetocrys-
tailed knowledge of their electronic and magnetic StrUCtureta”ine anisotropy energyypica"y MRy) that determines the
Several studies based on the Hubbard niotlet on density  final orientation relative to the crystalline axes—are treated
functional theory(DFT)*-8 have attempted to explore the, self-consistently.
mostly, noncollinear spin ground state of free and supported
metallic clusters. While noncollinearity due to frustrated ex-
change interactions can be described in terms of a nonrela
tivistic theory?~" general spin structures are subject to an z
interplay between the exchange and the spin-orbit interactior

y’
periments on well characterized finite linear chains of Co ‘
atoms located at a step edge of &1Rfl) surface terrace. At
45 K the formation of ferromagnetic spin-blocks of about 15
atoms was observed with an easy magnetization axis norme oy iy iy y yyy v y
to the chain and pointing along a direction of 43° towards the AT A ADVNDINEA
step edgedas is indicated by the arrow in Fig).1This very I’I I I I I I L(I.Z
surprising result cannot be readily understood on the basis o T.I.I‘I.X.I.I.A.f A x
simple symmetry considerations or spin models and presum@ SV ¥ T T (
complexity. The approach that we take is to model a finit€;rcies: pt atoms, open circles: empty spheres. Top: side view, bot-
chain of Co-atoms proximate to a nascent step edge as &n: top view of the surface Pt layer with the Co chain. The em-
extended impurity on an otherwise pristine Pt-surface as igedded cluster is indicated by solid lines. The coordinate systems
shown in Fig. 1. We use first principles spin-dynami&®)  give reference to the azimuthal and polar angiesaind ¢, that
to search for the equilibrium spin arrangement of characterize the orientation of the magnetization. The easy magne-
a—generally speaking—spontaneously magnetized systetization direction as measured in Ref. 9 is also sketched by a thick
by tracing the time evolution of the spin moments until aarrow in the top panekNote that in Ref9 a different coordinate
stationary state is achieved. The implementation of SDsystem and the opposite notation for the angles is ysed.

and, therefore, can only be studied within the framework of a
relativistic electron theor.

Recently, Gambardellat al® reported the results of ex-
ably arises from the details of the electronic interactions of
the Co atoms with the Pt-step edge. In this paper, we report FIG. 1. Schematic view of the geometry of a seven—atom Co
the first attempt to study this canted magnetic state in its full.y, i, along a R111 step edge. Full circles: Co atoms, shaded
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The foundation of first principles adiabatic spin-dynamics
(SD) for itinerant electron systems was set out by Antropov
et all® For systems with well-defined locghtomic mo-
ments, the evolution of the time dependent orientational con-

figuration, {e(t)}, is described by a microscopic, quasi- g
classical equation of motion, ;‘
de _ eff eff
PR RS +\[e X (e X B, (1)

whereB¢'" is an effective magnetic field averaged over the i S
coh ; ; : : : 200 .
cell i, y is the gyromagnetic ratio and is a dampingGil- -

bert) parameter. In this equation, the instantaneous orienta- 150 4 °

tional state is evaluated in terms of a self-consistent calcula- §

tion within DFT. L. 1004
This formalism was further developed by Stoeksal 112 ©

employing constrained density functional thebtyere, a 50 o

local (transversg constraining field and°"—that can be

determined self-consistently—ensures the stability, within 0

DFT, of the nonequilibrium orientational state demanded by
the equation of motion. In a fully relativistic theory, the con-
strained DFT-SD scheme means that we must solve the £ > Arificial time evolution of the angleg (top) and thed
KOhnl:Sham_D'raC equation augmented by the constrainingsttom angles defining the orientation of the spin moments for the
field, seven Co atoms in the finite chain depicted in Fig. 1. The symbols

.0+ + + . (BX(r) + RCON _ refer to the following Co atoms numbered from the left to the right
[car-p+ BMC+ V(1) + pgB & - (BX() + BN ~EJAN) N tiom part of Fig. IM 1.0 2. A 3, ¢ 4, A5, @ 6,01 7.
=0, (2 Shown are the results for only the first 100 time steps. During the
next 900 time steps the angles converge very smoothly.

time step

wherea and 8 are the usual Dirac matrices; are the Pauli
matrices V(r) includes the Hartree and exchange-correlationself-consistently. A seven-atom chain of Co together with 10
potentials. Clearly, the internal effective field that rotates theempty(vacuum) spheres were embedded into the topmost Pt
spins in the absence of a constraint and, therefore, has to leyer as schematically indicated in Fig. 1 in order to create a
used in Eq(1), is just the opposite of the constraining field, nascent step edge and nested Co-chain. Simultaneously, all
Be''=—B°" (Ref. 11) appearing in Eq(2). Although implied  the nearest neighbors of the Co atoms were re-embedded into
by use of Eq.2) with Eq. (1), we do not include a torque the respective Pt or vacuum layers to allow for the relaxation
coupling the spin and orbital degrees of freedom. As pointedf potentials around the Co chain. Thus, an effective embed-
out by Antropovet al,' this is only applicable when the ded cluster of a total of 55 atoms was treated self-
deviation between the orientations of the spin and orbitatonsistently. Although the number of Co atoms we used in
moments is small. Used with the locally self-consistent mul-our model chain is substantially less than in the experiment,
tiple scattering LSMS) method, this formulation of SD has our previous experience in calculating magnetic properties of
been applied to study complex magnetic orderings in its nonfinite chains suggests that the local moments and the mag-
relativistic form11:12.15 netic anisotropy energy contributions of atoms in the interior
In order to apply SD to nanostructures of finite size, weof the chain quickly approach the corresponding values of an
have implemented the above first principles SD methodnfinite chain®
within the multiple scattering theoily§MST) Green'’s function From the point of view of searching for the magnetic
embedded clusteaiGF-EQ method for calculating the elec- ground state of a system, it is sufficient to consider only the
tronic structure of extended surface defects developed bgeconddamping term on the right hand side of E€l). The
Lazarovitset al® An important advantage of this method is evolution of the spin orientation is then measured on a time
that an isolated nanostructure on an otherwise semi-infinitecale with a unigtime step of 1/\. A stable ground state is
surface is modeled directly; as opposed supercell approachsgnaled by convergence of tifeand ¢ angles to a constant
where some artificial periodicityand consequently interac- and concomitant convergence of the constraining fields to
tions) is introduced. Use of the GF-EC method involves twozero. In Fig. 2 the evolution of thé and ¢ angles is plotted
distinct steps. First, a self-consistent calculation for the prisfor the first 100 steps in this artificial time scale for each Co
tine surface system in terms of the relativistic Screeneditom in the chain. Initially the directions of the atomic mag-
Korringa-Kohn-Rostoker methdd. The nanostructure is netic moments were set by a random number generator. It
subsequentlynsertedinto this host using the standard MST can be seen that after some oscillations both dhend ¢
embedding approach. angles approach a very similar value for all the Co atoms.
To model Co-nanowires next to a Pt-step edge, we firsThis means that the system rapidly tends to a nearly ferro-
performed a calculation for a @tl1) surface in which 8 magnetic order due to the strong ferromagnetic exchange
layers of Pt together with 4 layers of vacuum were treatedcoupling between the Co atoms. The initial rapid oscillations
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TABLE |. Calculated magnitudes and orientations of the spin 6 -
and orbital moments in a seven-atom Co chain along HLBtstep ] //.
edge. S 4
(4]
. . E 1/ "
Spin moment Orbital moment = o]" \ /'
Atom Moment(ug) O (deg Moment(ug) O (deg P o
i © — A Ay 7
1 2.23 41.1 0.25 39.1 u.| ; ,‘A*A \ e A
= o4 A-a-AS " Ao A
2 2.18 42.5 0.20 41.5 g: AN
3 2.18 42.3 0.19 40.1 o _4_' \\r
4 2.18 42.4 0.20 41.3 e
5 2.18 42.3 0.19 40.2 %0 60 -30 O 30 60 90
6 2.18 42.5 0.20 41.5 0 [deg]
7 2.23 411 0.25 39.1

FIG. 3. Energy curves calculated using the magnetic force theo-
rem for a ferromagnetic seven—atom Co wire at @t surface
seen in Fig. 2 are the consequence of the relatively largetep edge as a function of the azimuthal angleM: ¢=90°, A:
constraining fields caused by the large exchange energia&=0°. Solid lines serve as a guide for eyes.
that result whenever the individual site moments point in
very different directions. Once a nearly ferromagnetic contespective spin and orbital moments. This fact underlines the
figuration is achieved, the constraining fields drastically depoint made by Jansé that within DFT the spin and orbital
crease, and a rather slow convergence of the orientatiorsoments are aligned only when the ground state refers to a
results. This slow convergence is due to theich smaller  high-symmetry direction.
spin-orbit interaction energies and it takes about 1000 time While it is necessary to perform fully self-consistent cal-
steps for theg and 6 angles to converge. At this point the culations to obtain the details of the noncollinear ground
constraining fields are essentially zero, as is required for gtate, it is interesting to study this result in terms of the
ground state. The final converged state is characterized bymagnetic force theoreniMFT).?! Assuming ferromagnetic
¢ angle of 90°, i.e., normal to the chain, with a spread of lessrder, great simplifications can be achieved by calculating
than 1°, and angles of 42°. These results are in remarkablethe energy of the system as a function of the orientation of a
agreement with experimeht$p=90°,0=43°. It is important by then uniform magnetizatiofE(6, ¢), such that the effec-
to mention that the obtained ground state is apparently naive potentials and fields are kept fixed. Within this approach
induced by any symmetry of the system. only the single particlgband energy has to be taken into

Once such a stable state has been established we can faecount. Figure 3 shows the calculated curvesEod, ¢
ther analyze the resulting magnetic state in terms of the spig°) andE(8, ¢=90°). In these calculations we used ground
and orbital moments. For this purpose their size and the Cokstate self-consistent potentials and fields obtained from the
responding azimuthal angtefor each Co atom are shown in sp procedure. Clearly, the easy axis predicted by the MFT
Table | for each of the Co atoms in the chain. The first thingca|culations, #=38° and $»=90°, is near the one obtained
to notice is that the calculated spin moments for the inner Cgrom the SD calculation. Furthermore, the hard axis is ob-
atoms(2.18 ug) are in good agreement with the value de-ained atg=-52° and$=90°, i.e., byA#=-90° away from
duced from experimen(2.12 ug) (Ref. 9 and also with  the easy axis. This is again in good agreement with
other theoretical studies on infinite wir€s2°Atoms at both  experiment
ends of the wire have larger spiand orbita) moments than For surfaces and interfaces with uniaxial symmetry the
those within the wire similarly to our previous findins. easy magnetization axis most often refers to either a normal
Although our calculated orbital moments for the inner atomsor a parallel direction with respect to the planes. In case of a
(0.19-0.20up) are somewhat larger than the corresponding(y,z) mirror plane the energy of a ferromagnetic system can
values from other LSDA calculatiorj§.16 ug (Ref. 18 and be written up to second order as
0.15 ug (Ref. 20], they are still much too small when com-
pared to the experimental vali®.68 ug).° This aspect is a
well-known deficiency of the LSDA and often patched up
using the so-called orbital polarization method or the LDA
+U method.

Another interesting feature of the magnetism of finite
nanostructures is the noncollinearity of the moments. As cawhere K,; (i=1,2,3 are so-called anisotropy constants.
be seen from Table | the spin moments of the inner atoms arBoth calculated trajectories displayed in Fig. 3 coincide
quite parallel while those at the end of the chain are misalmost perfectly with the above function when using the
aligned by more than 1°. This can be traced to larger anisgparameters K, =-0.16 meV, K;,=-1.06 meV, and
tropy energy contributions at chain end sites observed in fiK; 3=—4.81 meV. It should be noted that, in terms of these
nite chains earliel? Most interestingly Table | also reveals anisotropy parameters, the easy axis corresponds to a direc-
differences of as much as 2° between the orientations dfon, ¢=/2 and

E(6,¢) =Eo+ Ky 1 cos 2+K, (1 - cos @) cos 2p
+Kj 3 sin 26 sin ¢, (3
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Kas

—= 4
K2,1+K2,2> @

0= larctan(
T2

The anisotropy energy as defined by the energy differencE
between the hard and the easy axes can also be read off Fig
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experiment, we obtained a canted ground state for a Co wire
along a Pt111) surface step edge. We also found that this
magnetic state is noncollinear: a feature that is expected to
lay a key role in nanostructures having complex geometry.
or the present relatively simple geometry the magnetic
rce theorem proved to be a useful tool to interpret the

3: the corresponding value of 1.42 meV/Co atom comparefsgits of spin dynamics calculations and providing addi-

favorably with the one deduced from the experiment

(2.0 meVj.2 It is worthwhile to mention, that in terms of
similar MFT calculations Shiclet al. obtained an easy axis
along #=18° and an anisotropy energy of 4.45 m&\The

tional information such as anisotropy constants and the an-

isotropy energy.
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