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We present an approach to control the magnetic structure of adatoms adsorbed on a substrate having a high
magnetic susceptibility. Using finite Ni-Pt and Fe-Pt nanowires and nanostructures on Pt(111) surfaces, our
ab initio results show that it is possible to tune the exchange interaction and magnetic configuration of
magnetic adatoms (Fe or Ni) by introducing different numbers of Pt atoms to link them, or by including
edge effects. The exchange interaction between Ni (or Fe) adatoms on Pt(111) can be considerably increased
by introducing Pt chains to link them. The magnetic ordering can be regulated allowing for ferromagnetic or
antiferromagnetic configurations. Noncollinear magnetic alignments can also be stabilized by changing the
number of Pt-mediated atoms. An Fe-Pt triangularly-shaped nanostructure adsorbed on Pt(111) shows the
most complex magnetic structure of the systems considered here: a spin-spiral type of magnetic order that
changes its propagation direction at the triangle vertices.

magnetic properties of nanostructures, which play an important role in the design of new devices, is the

exchange interaction between their constituent atoms'. Depending on the strength and sign of the
exchange interactions, one can achieve ferromagnetic or antiferromagnetic alignment, and even more complex
spin structures in these nanostructures®>. Recent experiments have shown how the exchange interaction between
supported magnetic dimers can be determined®”. Moreover, by using spin-resolved scanning tunneling micro-
scopy, it is now possible to determine and control the spin direction of single atoms on metallic surfaces’.

Concerning the magnetic behavior of one-dimensional atomic chains, an enhanced anisotropy and large
magnetic moments have been reported for nanowires of Co on a Pt surface'®'". For very small coverages of Ni
on a Pt surface, experimental studies have dealt with the peculiar structure and composition of these systems,
indicating the formation of a one-dimensional ordered Ni-Pt alloy at the step edges of the Pt surface'. Several
open questions involving the relationship between chemical and magnetic order in such nanostructures remain.
Correlations between magnetism and atomic structure have also been experimentally investigated in Fe-Pt
monolayer alloys" and corrugated Fe islands'>'* on Pt surfaces, suggesting the formation of a complex magnetic
phase, due to the influence of the local environment.

In this article, we present first-principles calculations of the electronic structure and magnetic properties of Ni
and Fe adatoms, wires and nanostructures supported on a Pt (111) surface. This study has been motivated by an
interesting discussion on the role of the mediating Pt atoms on the stable magnetic configurations of these
nanostructures'>~'*. Here, the goal is the possibility of controlling and tailoring complex magnetic configurations
on the atomic scale, by exploring the presence of magnetic frustrations. Furthermore, the use of indirect exchange
coupling to perform logical operations between individual atomic spins is a challenge for nanospintronic
research"'>'. We investigate the Fe-Fe and Ni-Ni exchange interactions by increasing the interatomic distance
of Fe and Ni dimers on Pt(111). We also discuss the dependence of these exchange couplings between the Fe and
Ni atoms, when including Pt atoms, which are known to have high magnetic susceptibility. Interestingly, our
results show that it is possible to tune the exchange interaction between magnetic adatoms (Fe or Ni) by varying
the number of Pt atoms linking them. For instance, the exchange interaction between Ni (or Fe) adatoms can be
considerably enhanced by introducing Pt chains to couple them. Moreover, the exchange interaction between the
Ni (or Fe) atoms switches sign as the width of the Pt spacer thickness varies. Also, we show that not only a
ferromagnetic or an antiferromagnetic configuration of magnetic adatoms can be adjusted by introducing non-
magnetic chains to link them'”, but also a non-collinear magnetic ordering can be stabilized via the variation of the
Pt-linker atoms, or by including edge effects in the choice of the system geometry.

M agnetism of nanostructures adsorbed on metallic surfaces is a subject of intense research. One of the
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Figure 1| Structures of the systems considered: (a) Dimer, ((b1)-(f1)) finite monoatomic chains of Ni or Fe, and alloyed ((b2)-(f2)) Fe (or Ni)-Pt
chains adsorbed on a Pt(111) surface. The red (dark) and gray (light) balls indicate Fe (or Ni) and Pt atoms, respectively.

Results

Geometrical aspects. In order to study the complex correlation
between structure and magnetism in one-dimensional chains on
metallic surfaces, we performed calculations (c¢f. Methods section)
for several Ni structures supported on Pt(111), of different size and
geometry, as shown in Fig. 1 and 2. We have in our investigation
considered the following systems: Ni adatom; Ni dimer (Fig. 1(a));
monoatomic Ni wires (Fig. 1(b1)-Fig. 1(f1)), and alloyed Ni-Pt
chains (Fig. 1(b2)-Fig. 1(£2), Fig. 2(d)), with up to 7 atoms; trian-
gular Ni trimer (Fig. 2(a)); double Ni wires (Fig. 2(b), Fig. 2(c)); step-
edge alloyed Ni-Pt wires (Fig. 2(e)) and monoatomic Ni wires
(Fig. 2(f)) with up to 5 atoms. These choices of structures for the
alloyed Ni-Pt wires on Pt(111) are based on theoretical'® and
experimental'? investigations, where in the latter, the formation of
a one-dimensional ordered Ni/Pt alloy at the step edges of a Pt(997)
surface was observed". For some of the geometries in Figs. 1 and 2 we
also considered Fe clusters and chains, see below.

Ni based linear chains. The magnetic moments for the Ni atoms are
found to be rather sensitive to the number of nearest neighbor Ni and
Pt atoms, and in general fewer neighbors yield higher magnetic
moment (as shown in Fig. 3). Moreover, the presence of Ni-Pt
mixing tends to decrease the local moment of the Ni atoms. This
tendency is seen in Fig. 3, where we plot the average spin and orbital
(with and without orbital polarization - OP'?) moments as a function

of the corresponding average number of nearest neighbors (Ni + Pt).
The data in Fig. 3(al) and Fig. 3(a2) give a linear decay of the spin
moment with increasing number of nearest neighbor atoms (Fe, Ni
or Pt). This can be understood from a tight binding analysis in which
the band width is proportional to the square root of the coordination
number. From such an analysis one can deduce that the maximum
moment (M,,,,) possible, as a function of band filling, is proportional
to the inverse of the square root of the coordination number, i.e.
Mypax = C / \/(N), where C is a constant. Making a Taylor expan-
sion of this relation around some selected coordination, e.g. N = 5,
results in an expression M,,,;, = M. (N = 5) — C * AN. This is
roughly the behavior found in Fig. 3.

Regarding the values of the orbital moment values, a comparison
between theory and experiment often indicates that OP overesti-
mates the enhancement of the orbital moment by roughly a factor
of 2. Therefore, it has been suggested'® that better theoretical evalua-
tions for the orbital moments can be obtained by dividing the Racah
constant in the OP calculation by a factor of 2 or by taking an average
between results obtained with and without the OP terms**'. Our,
results from such an average predict an high orbital moment for the
Ni adatom on Pt(111) (~0.9 ug), and an orbital moment of around
0.3 pp/atom and 0.4 yp/atom should be observed in the limit of very
large Ni nanowires on Pt(111), with and without a step, respectively.
Note that an orbital moment of 0.30 pp/atom represents a large
enhancement compared with the Ni bulk orbital moment (0.05 z5/

Figure 2 | Structures of the systems considered: (a) Triangular trimer, and (b)—(c) double-chains. (d) Alloyed and (e) step-edged alloyed Ni-Pt chains,
and (f) monoatomic Ni wire at the step-edged on Pt(111) surface. The red (dark) and gray (light) balls indicate Ni (or Fe) and Pt atoms, respectively.
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Figure 3 \ (al) [a2] Average spin, mg, and (b1) [b2] orbital moments, m;, at Ni [Fe] sites on Pt(111), as a function of the average number of nearest
neighbors (including substrate atoms) of Ni [Fe] and Pt (marked as N). OP (NO-OP) denotes calculations performed with (without) Orbital
Polarization. (c) The values of N for geometries shown in Fig. 1 and Fig. 2. Note that in Fig. 3(c) the atoms of the substrate are not shown, only the atoms of
the supported cluster. Grey spheres denote Fe or Ni atoms, open spheres denote Pt atoms.

atom)”*. We find that the orbital and spin magnetic moments are
coupled in parallel, which is also observed in bulk Fe and Ni, due to
that the electronic shell is more than half filled. Spin induced
moments on the Pt sites, which are nearest neighbors to Ni atoms,
were also calculated, and they vary from 0.08 pp/atom to 0.30 g/
atom, where sites with larger number of Ni nearest neighbors present
larger magnetic moments. The orbital contribution to the magnetic
moment of Pt atoms is significant, with computed ratios of orbital
moment () to spin moment () ranging from 0.3-0.6, for cal-
culation without OP. When OP is included, the calculated m;/mg
ratios vary between 0.5 and 0.8. For Ni,,/Pt,(111) multilayers, ab
initio results” and XMCD measurements™ > also give large values
for the induced moment of Pt at the Pt-Ni interface, and a similar
behavior is found for the magnetic moments of Ni as a function of Pt
neighbors. Nevertheless, to the best of our knowledge, there are no
experimental results for the magnetic moments of Ni nanostructures
on Pt(111).

In order to explore the origin of our calculated ground state mag-
netic configurations, we have computed the exchange-coupling para-
meters between Ni and Fe local moments for several nano-
wires deposited on Pt(111) substrate. Within the RS-LMTO-ASA
method® the exchange integrals (J;;) are calculated from perturba-
tion theory in conjunction with multiple scattering theory of the

electronic structure®, assuming neighboring spins are rotated rela-
tive to each other by an infinitesimal amount from a collinear spin
configuration. The convention we use is that the energy of the spin
system is written in the form — 21] Jijéi-¢j, where &; is a unit vector
along the direction of local magnetic moment at site i. Note that the
magnitudes of the moments have been incorporated into the effective
Jij interactions. However, in the quantum Heisenberg model used
to interpret the experiments reported in Ref. (7) one has H=

— Z; jiijSj. Therefore, in order to compare our calculated values

of Ji; with the experimental ones 7,-]», we may assume that S=Se, so
Jii=J;i/S?, where S =~ m/2.

The dependence of the exchange coupling parameters (J;;) on the
distance between the adatoms and the number and type of such
atoms are shown in Fig. 4(a), for three different situations. (i)
(squares) Ni dimers, with interatomic distances varying from
2.77A to 8.31A. (ii) (circles) Ni wires with different lengths, including
2-7 Niatoms. Here J;; values were calculated between the Ni atoms at
the edges of the wires (denoted by sites i and j on Fig. 1(a),(b1)-(f1)).
The third geometry considered is (iii) (triangles) Ni dimers, with
different number of Pt atoms (from 1 to 5) separating the Ni atoms,
in a geometry as is shown in Fig. 1(b2)-(f2). The interaction between
nearest neighbor Ni atoms for different dimers is strong and
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Figure 4 \ (a) [b] Exchange coupling parameters (Jni_ni) [Jr._r.] between: (squares) Ni [Fe] dimers for different interatomic distances, (circles)

Ni [Fe] atoms at the edge of monoatomic Ni [Fe] chains, and (triangles) Ni [Fe] atoms at the edges of Pt chains adsorbed on Pt(111) surface. The inset (c)
shows the magnetic configuration and angles between magnetic moments for a Fe dimer separated by one Ptatom ona Pt(111) surface. Full lines refer to a
RKKY model fitting (with an oscillation decaying as 1/d” - see text) for the interaction between Fe (or Ni) adatoms mediated by Pt atoms on a Pt(111)

surface.

ferromagnetic. The exchange interactions between Ni adatoms (situ-
ation (i), above), separated by 4.80A and 5.54A, remain ferromag-
netic, but they are strongly reduced in magnitude. At further
separations the exchange coupling decays to zero. For the Ni chains
(situation (ii), described above), the J;; values between Ni atoms at the
edge of the chain are slightly enhanced in comparison to case (i), and
for some distances the exchange interaction becomes antiferromag-
netic between the edge atoms. However, taking into account all
exchange interactions in these chains we find that for wires with
length up to 1.1 nm the FM order prevails. The same behavior is
obtained for the double and the step-edge Ni wires on Pt(111).
Nevertheless, by introducing Pt chains between the Ni atoms (situ-
ation (iii), described above), the magnitude of the exchange inter-
action between Ni adatoms considerably increases, and the magnetic
behavior is different. Ni atoms linked by one or two Pt atoms
(Fig. 1(b2),(c2)) present exchange coupling interactions with the
same magnitude, but with opposite signs. By introducing 3 or 5 Pt
atoms linking Ni ad-atoms (Fig. 1(d2),(f2)), the Ni pair becomes
antiferromagnetically coupled, whereas 4 Pt linker atoms (Fig. 1(e2))
lead to a ferromagnetic coupling between the Ni atoms. The value of
the exchange coupling parameters (Jy;— p;) between a Ni atom and its
Pt nearest neighbors located above the surface layer (in the surface
layer) is always positive and of order of 1.4-2.7(0.7)meV/atom,
which is weaker than the Ni-Ni interactions. For the ordered
(step-edge) alloyed Ni-Pt chains, with only one Pt atom between
Ni atoms (Fig. 2(d),(e)) we obtained a ferromagnetic configuration.
Nevertheless, for alloyed Ni-Pt wires with 2 or 3 Pt linker atoms, we
infer an antiferromagnetic configuration.

Fe based linear chains. We have also analyzed the magnetic pro-
perties of Fe nanostructures on Pt(111), as shown in Fig. 1 and
Fig. 2(a)-(c). The values for the magnetic moments on Fe sites,
shown in Fig. 3(a2,b2), follows the same behavior of the corre-
sponding Ni nanostructures on Pt(111). Similarly, previous
theoretical results reveal this dependence of the magnetic moments
with the number of nearest neighbors for 34 atoms on a Pt(111)
surface'™”. The strong hybridization between the Fe 3d and Pt 54

states induces large moments on Pt nearest neighbors localized above
the surface with values that vary from 0.15 pp/atom to 0.37 up/atom
for the spin moments, and 0.10 pp/atom to 0.20 up/atom for the
orbital moments (without OP). It is worth noting that experi-
mentally” an induced moment of ~0.27 ug/atom at the Pt site was
suggested for Fe-Pt monolayer alloys on Pt surfaces. Concerning the
spin (ms) and orbital (m;) moments of the Fe atoms, we find that in
some systems they are not parallel to each other. For instance, for the
triangular Fe trimer on Pt(111) (Fig. 2(a)), the angle between mgand
mp, on the Fe sites is approximately 10°. For the induced Pt magnetic
moments, we obtained a parallel alignment between g and my.

In Fig. 4(b) we present the calculated J;; between Fe atoms for
dimers adsorbed on Pt(111), with the interatomic distance varying
from 2.77A to 8.31A, and for Fe pairs linked by other Fe atoms or Pt
chains, as shown in Fig. 1. We find that nearest neighbor Fe atoms in
a dimer adsorbed on Pt(111) are strongly coupled ferromagnetically
with Jre—p. = 61.2 meV for a calculation without structural relaxa-
tions. An inward perpendicular relaxation towards the Pt(111) sur-
face of 10% causes the exchange coupling parameter to decrease to
Jre—re = 39.4 meV, without considerably changing the Fe local mag-
netic moments (they change by less than 0.1 up/atom). As pointed
out in the Methods section, in order to compare our theoretical
results with the experimental value j,-j =16+1 meV reported in
Ref. (7), we note that the calculated values (Jz,_ r.) should be divided
by &%, where S ~ mygy/2, leading to Jp,—p/S* = 18.9 meV without
relaxation, and 12.6 meV with 10% relaxation, which agree reas-
onably well with the observed value. For Fe pairs at further distances,
and without atoms linking them, the magnitude of J,— . decreases
substantially. Adding another Fe atom to form a linear trimer
(Fig. 1(b1)), the exchange interaction between Fe nearest neighbors
decreases by ~30%, and a much weaker negative value is obtained for
Jre—re between atoms at the edge of the chain. For larger Fe chains on
Pt(111) (Fig. 1(c1-f1)), the exchange interaction between first neigh-
bors remains strong and positive, and between Fe atoms at the edges
oscillates, and is decaying to zero. For the Fe wires on Pt(111) the
most stable magnetic configuration is the ferromagnetic one, when
taking into account all interactions.
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By including Pt chains to link Fe atoms on Pt(111) (Fig. 1(b2-£2)),
a different scenario is revealed. In the case of one Pt atom inserted
between Fe dimers (Fig. 1(b2)), the exchange coupling between the
Fe atoms at the edge of the wire is negative and of the same order of
magnitude as the positive exchange coupling between the Fe atom
and the large induced moment at the Pt atom (Jr,—p, = 5.4 meV).
The competition between these interactions leads to the magnetic
configuration shown in Fig. 4(c), where the Pt moment is almost
perpendicular to the Fe moments, and a canted antiferromagnetic
configuration is obtained for the Fe atoms. This canted magnetic
configuration is also stabilized by the Dzyaloshinskii-Morya (DM)
interaction, since it favors perpendicularly arranged moments. By
inserting two Pt atoms linking Fe atoms (Fig. 1(c2)), this latter pair
exhibits a strong antiferromagnetic coupling. The exchange inter-
action between an Fe atom with its nearest neighbor Pt localized
above the surface is always ferromagnetic (~5 meV), and the value
of Jp—p: between first neighbors Pt atoms is much smaller
(~0.1 meV). Hence, a collinear antiferromagnetic structure between
the Fe atoms at the edges of the chain is obtained. The structures with
three or four Pt atoms between Fe show ferromagnetic exchange
interaction between the Fe pair, which is larger than the inter-atomic
exchange interaction between Fe atoms at the edges of linear chains
solely composed of Fe atoms. At larger distances of the Fe adatoms,
and including five Pt in between, the exchange interaction between
the Fe sites reverses its sign to become negative.

We also explored the interaction between Fe chains on Pt(111),
carrying out calculations for Fe double-wires, where the inter-wire
distance was increased from 2.77A to 11.09A (Fig. 5((a),(b1),(cl)),
and also decorated laterally by Pt atoms (Fig. 5((b2),(c2),(d)). The
exchange interaction between the Fe chains is shown in Fig. 5(e).
Note that this interaction is calculated as the average interaction
between all Fe atoms on one chain in Fig. 5, and all the Fe atoms
of the other chain. Analogous to the behavior of the Fe adatoms
(Fig. 4), the magnitude of the exchange interaction between Fe chains
is enhanced by introducing Pt atoms to link the Fe chains.

We now proceed with an analysis of the exchange interactions
displayed in Figs. 4 and 5. As shown in Fig. 4 (full lines), the inter-
action between Fe (or Ni) adatoms, mediated by Pt atoms, may be

fitted by a Ruderman-Kittel-Kasuya-Yoshida (RKKY) model******!
Jpe—re(d) o< cos(kpd + f)/d", n = 2), where d is the distance
between the atoms, f is a phase, and the Fermi wavelength (1 =
27/kr) has been fixed to the value known from Pt(111) surface state
(A = 1.6 nm)*\. The interaction between line defects, as shown in
Fig. 5(e) (full [red] line), could also be analyzed in terms of the RKKY
interaction, while the oscillation decays as 1/d* (J/IN o (cos(2kpd) +
sin(2kpd))/d>?)*. Both Fig. 4 and 5(e) shows that the RKKY expres-
sions makes a rather good fit to the calculated data, which demon-
strates that it is indeed the RKKY interaction which is relevant. This
motivates a detailed comparison between the exchange interaction
between two Fe (or Ni) atoms at the edge of a chain, when there is
either Pt connecting the edge atoms, or if there are Fe (or Ni) atoms
connecting the edge atoms. This comparison is shown in Fig. 4(a) for
Fe and Fig. 4(b) for Ni. It is seen that magnetic edge atoms (Fe or Ni)
connected by Pt atoms, have a much stronger long ranged exchange
interaction, compared to magnetic edge atoms that are connected by
other magnetic atoms of the same kind, i.e. Fe (or Ni). Hence it seems
that the RKKY interaction is heavily damped when the medium
mediating it has a large spin-polarization or is composed of the same
element.

In order to analyze this phenomenon, it is useful to recapitulate

that the coupling between local moments on sites i and j is given
b}r'52,33
_ ImTr

i 4r

J: [6:(E)G}(E)o (E)GL(E)| dE, (1)

where the trace is over orbital indices, and G;; is the propagator

between sites i and j, for electrons with spin o, in the ferromagnetic
configuration. The quantity J,(E) has units of energy and yields the
local exchange splitting between the up- and down-spin bands, at site
i. Since in transition metals the exchange potential acting on d states
is substantially larger than that acting on s — p states, the spin
splitting of s- and p-like states is relatively small. This might lead
one to neglect the latter and restrict the trace over orbitals in the Eq.
(1) to those with d-symmetry. Moreover, the values of 6,(E) for wires
composed by Fe (or Ni) atoms linked by Pt or linked by Fe (or Ni)
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Figure 5 | (a)—(d) Schematic representation of double Fe chains on Pt(111); the blue (dark) and gray (light) balls indicate Fe and Pt atoms, respectively.
(e) Exchange interaction (J/N) between two parallel Fe chains divided by the number of Fe atoms (N) in each chain; full squares (open triangles)
refer to J/N between ad-chains without (with) Pt atoms linking the Fe chains on Pt(111). (Red) Full line representing the fitting of RKKY interaction

between Fe line defects on Pt(111) surface.
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atoms are similar, indicating that the large difference between the J;
values in these two situations comes from the different behavior of
the propagators, as discussed below. Evaluating Eq. (1), it can been
shown that, in order to have non-zero Jij» one needs products of

ReG,Tj-ImGjli, and (or) ReG}i-ImGlTj to be non-zero. This indicates that
1

a considerable overlap between ReG;; and ImG]-li (or between ReGjl,.
and Im G,Tj) functions, is needed over a large energy interval, in order
for Ji; values to be different from zero. Taking as an example the
system composed by two Fe atoms separated by 5 Pt atoms (see
Fig. 6(a)), we obtained indeed a large overlap between the G;; pro-
pagators for electrons with different spin, resulting in an exchange
coupling parameter of J;; ~ —4 meV. For the monoatomic Fe wire
with the same size (Fig. 6(b)), there is essentially no overlap between
these functions, and Jij~ 0. An analogous behavior was also verified
for the other nanowires studied here. The larger overlap obtained for
the Fe atoms linked by Pt atoms, is a consequence of the more
extended states involved, i.e. the Pt 5d orbitals, which allow a more
long-ranged interaction.

Triangular clusters. In order to verify the combined influence of
edge effects’* and the intriguing exchange coupling between Fe
atoms linked by Pt atoms on the magnetic properties of these
nanomagnets, we also performed calculations for triangular Fe-Pt
nanostrucutures on Pt(111), as shown in Fig. 7. It is important to
note that calculations of pair exchange can for particular systems
become quite complex, and higher order interactions or tensorial
contributions have been discussed®. This is particularly true for
relativistic theories, where the magnetic anisotropy starts to come
close to the exchange interaction, e.g. in systems with large spin-orbit
effects like Pt. The present calculation did include spin-orbit
coupling, and the spin-configurations reported here contain on
equal footing exchange and spin-orbit effects. However, for the
calculation of pair-exchange we used the simpler non-relativistic
formulation of Ref. 33.

For a triangle composed by 3 atoms of Fe in the vertices connected
(attached) by Ptatoms (Fig. 7(al)), we calculated a negative exchange
interaction between the Fe atoms (Jr,—r, = —12.2 meV), and a pos-
itive value between Fe and Pt nearest neighbor atoms (Jp.—p; =
+4.1 meV). This nature of exchange interactions, coupled with
the geometric frustration imposed by the structure, leads to the

noncollinear magnetic structure shown in Fig. 7(al), where the Fe
spin moments (~3.6 i) are not inplane and the angle between them
is ~120°. The orbital moments at the Fe sites (m; ~ 0.1 up) are not
aligned to the spin moments, with angles between them of order of
30°. The induced moments on the Pt sites (mg = 0.3 ug and m; =
0.15 pp) are almost parallel to the nearest neighbor Fe moments. To
extract the influence of the Pt atoms linking the Fe atoms on the
magnetic structure of this nanostructure, we also performed calcula-
tions for only the 3 atoms of Fe located in the vertices of a triangle on
Pt(111), as shown in Fig. 7(a2). In this example the exchange inter-
action between the Fe atoms is negative, but much weaker (J,— . =
—0.1 meV). In this case the exchange interaction is small, and hence
the effect of the DM interaction and the MAE become relatively more
important. As a result of the competition between these three inter-
actions, we obtained a canted ferromagnetic structure, shown in
Fig. 7(a2), where the Fe spin moments (~3.7 up) are almost perpen-
dicular to the plane and the angle between them is ~20°. Fig. 7(a2)
displays a magnetic structure that possesses a lower symmetry than
the C;, symmetry of the cluster geometry. When spin-orbit coupling
is treated together with the exchange splitting of the valence states, in
general the symmetry of the combined crystalline and magnetic
structure is lower than that of the crystalline structure alone® .
For example, for bcc Fe the crystalline structure is cubic but when
the easy axis of the magnetization ([001] direction) is taken into
account, the combined magnetic and crystalline structure has a
reduced symmetry, tetragonal to be precise, which also leads to a
small exchange-striction. Fig. 7(a2), as well as Fig. 7(b1) and (b2),
display a similar effect. To be more concrete, the spin-structure in
Fig. 7(a2) does not rotate into itself under a 120 degrees rotation
along an axis out of the plane. This also implies that there are several
possible magnetic configurations that are degenerate with the one
shown in Fig. 7(a2), provided that the relative orientations of the
spins are preserved. For instance, the spin structures obtained under
a * 120 degree rotation of Fig. 7(a2) are degenerate with the one in
Fig. 7(a2).

In Fig. 7(b1,b2) we present our calculated results for ground state
magnetic configuration of a Fe-Pt triangularly-shaped nanostructure
adsorbed on Pt(111), where 15 Fe atoms form the lateral edges of a
triangle, and its inside is decorated by 6 atoms of Pt. For this complex
magnetic structure, the Fe spin moments form a spin-spiral type of
magnetic order that changes its propagation direction at the triangle
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Figure 7 | Noncollinear magnetic configurations for Fe-Pt triangularly-shaped structures on Pt(111). (al) a triangle composed by 3 atoms of Fe in the
vertices connected by Pt atoms. (a2) three atoms of Fe in the vertices of a triangle. (b1) and (b2) top and lateral views, respectively, of a Fe-Pt nanostructure
where 15 Fe atoms form the lateral edges of a triangle, and its inside is decorated by 6 atoms of Pt.

vertices. To evaluate the possible subtle dependence of this complex
noncollinear magnetism to the Dzyaloshinski-Moriya (DM) inter-
actions™*, we also performed calculations without spin-orbit coup-
ling, obtaining a canted FM order as the most stable magnetic
configuration. Therefore, as depicted in Fig. 7(b1,b2), calculations
taking into account spin-orbit coupling show a spin twist, that is
caused by non-negligible contributions of the DM interaction.

Discussion

We presented ab initio calculations of arrays of Fe and Ni adatoms
adsorbed on a Pt(111) surface. We predict a huge orbital moment for
a Ni adatom adsorbed on Pt(111) surface. The magnetic behavior of
1D monoatomic and alloyed Ni-Pt atomic chains is revealed.
Monoatomic Ni chains display a ferromagnetic configuration with
large magnetic moments per Ni atom. For the alloyed chains the
magnetic behavior is different. Ni atoms linked by one or two Pt
atoms present exchange coupling with the same magnitude, but with
opposite signs, revealing the possibility of stabilizing ferromagnetic
or antiferromagnetic configurations in alloyed Ni-Pt nanowires on a
Pt(111) surface. For Fe-Pt nanomagnets on Pt(111), we have found
large induced moments on the Pt atoms, leading to competing Fe-Pt
and Fe-Fe pairwise exchange interactions, and a strong dependence
of the exchange interactions between Fe atoms on the number of
linker Pt atoms. As a consequence, either a ferromagnetic or an
antiferromagnetic configuration between magnetic Fe adatoms can
be stabilized depending on the Pt spacer thickness. Moreover, a
non-collinear magnetic ordering can be obtained for non-frustrated
geometries tuned by Pt-mediated atoms. These complex ordering
phenomena are in general due to a competition between exchange
interactions between different atoms and atom types, the Dzyaloshinskii-
Morya interaction and the magnetic anisotropy energy.

We have also demonstrated that the interatomic exchange inter-
action has much longer range between two Fe (or Ni) atoms sepa-
rated by a chain of Pt atoms, compared to a chain of Fe (or Ni) atoms,
and provided a microscopic explanation for this unexpected finding.
Also, for a triangular shaped Fe-Pt nanostructure on Pt(111), the
edge effect was explored, showing a complex magnetic structure such

as a spin-spiral type of magnetic order with a pattern which changes
its propagation direction at the triangle edges. Some of the magnetic
structures identified here have a low symmetry enabling a complex
energy landscape. The types of low symmetry magnetic structures
investigated here, have recently been discussed in terms of unusual
magnetization dynamics in which the relationship between switch-
ing time and driving forces can be seen as an analog of non-
Newtonian dynamics*. In the work of Etz et al.*' the switching
imposed by an external magnetic field was found to have a non-
monotonous dependence upon field strength. Further studies of this
effect on the nanostructures presented here will be undertaken in
near future.

Methods

The calculations were performed using the first-principles, self-consistent RS-
LMTO-ASA (real space - linear muffintin orbital - atomic sphere approximation)
method*>*, which has been generalized to the treatment of non-collinear magnet-
ism*****, This method is based on the LMTO-ASA formalism®, and uses the recur-
sion method"” to solve the eigenvalue problem directly in real space. The calculations
presented here are fully self-consistent and performed within the local spin density
approximation (LSDA)*. We included the spin-orbit coupling term «L.S self-con-
sistently at each variational step, where o is the spin-orbit coupling strength, L and S
are the orbital and spin angular momentum operators'**°. We also present results
taking into account the orbital polarization (OP) correction'. The noncollinear
calculations presented here were performed including the spin-orbit coupling. Hence,
all calculated magnetic properties are influenced by exchange and relativistic effects,
on equal footing, by the relativistic Kohn-Sham equation. This means that implicitly
Heisenberg exchange, Dzyaloshinskii-Morya (DM) and magnetic anisotropy effects
(MAE) are included in these calculations, albeit the DM and MAE interactions are not
explicitly identified in the self-consistent calculations, whereas the exchange inter-
action in some cases is explicitly extracted from the calculations.

Here, we have considered Ni and Fe nanowires, and Ni-Pt and Fe-Pt alloy nano-
wires, with different sizes, supported on a Pt(111) surface. The Pt substrate was
simulated by a cluster containing ~ 5000 atoms located in a fcc lattice with the
experimental lattice parameter of Pt. In order to provide a basis for the wave function
in the vicinity of the surface and to treat charge transfers correctly, we included two
overlayers of empty spheres (ES) above the Pt surface. The continued fraction that
occurs in the recursion method was terminated with the Beer-Pettifor terminator*
after 20 recursion levels. The calculations of the Ni and Fe nanostructures were
performed by embedding the clusters as a perturbation on the self-consistently
converged Pt(111) surface. The Fe and Ni sites and those of the closest shell of Pt (or
empty spheres) sites around the defect were recalculated self-consistently, with sizes
varying from 9 up to 69 sites, while the electronic structure for all other sites were kept
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unchanged at their clean surface values. Lattice relaxations were neglected in most of
the systems considered in this study. Some examples including structural relaxation
are also presented, showing how the calculation without relaxation should give a
reliable theoretical description of the magnetic behavior of the studied nanoclusters
on Pt(111) substrate.
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