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Magnetic anisotropy of Fe and Co adatoms and monolayers: Need for a proper treatment
of the substrate
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The magnetocrystalline contribution to the magnetic anisotropy energy (MAE) of Fe and Co adatoms,
monolayers, and surface superstructures on Pt(111) is investigated. It is shown that the thickness of the slab
representing the substrate and the interaction between the atoms in neighboring surface supercells affect the
calculated MAE much more profoundly than they affect magnetic moments. Reliable theoretical values of
MAE cannot be obtained if the substrate is represented by a slab of less than about ten atomic layers. If a
surface superstructure is meant to represent an adatom by means of supercell approach, then decoupling has to

be ensured by using very large supercells.
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I. INTRODUCTION

Magnetism of clusters and monolayers exhibits larger
variability than magnetism of their bulk counterparts: small
variations in size, shape, and composition may lead to large
changes in their magnetic properties. One of the key issues in
exploiting this in technical applications is the direction of
magnetization with respect to the atomic structure. Under-
standing various aspects of magnetic anisotropy of nano-
structures is thus of fundamental importance.

Sophisticated experiments were used in the past to mea-
sure the magnetic anisotropy of monolayers or even indi-
vidual adatoms. In particular, this is the case of Fe and Co on
the Pt(111) surface.'=3 Obviously, there is a need to supple-
ment these experiments with theory. On one hand, calcula-
tions can elucidate the mechanism behind the extraordinary
large magnetic anisotropy [such as the spin-orbit coupling
(SOC) in the nonmagnetic substrate]. On the other hand,
calculations are needed to confirm the results of experiments
as those are themselves very challenging and sometimes not
easy to interpret.

To calculate the magnetic anisotropy energy (MAE), one
has to evaluate the difference between total energies of a
magnetic material for different orientations of the magneti-
zation M. This is numerically a very demanding task and it
remains challenging even if the need to directly subtract total
energies is bypassed. Calculating the MAE of atoms, clus-
ters, and monolayers is difficult also because band-structure
methods cannot be straightforwardly applied to these sys-
tems due to the lack of translational periodicity; one has to
rely on supercells if well-established bulk system techniques
are to be used.

Several calculations of the MAE of zero-, one-, and two-
dimensional transition-metal systems supported by noble
metal surfaces were done in the past. The research focused
on several aspects, such as the role of the substrate,2* geom-
etry relaxation,>>% alloying,? cluster size,"” and many-body
effects beyond the local spin-density approximation
(LSDA).""639 The agreement with experiment was usually
not very good, with deviations of tens of percent or
more, 1:36.10
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There are several possible sources of errors in MAE cal-
culations. An obvious one is the need to compromise be-
tween numerical accuracy and computational effort. For ex-
ample, the convergence of the MAE with respect to the
number of the k| points used in obtaining the self-consistent
potential and in evaluating the band or total energies is
important.'"!'> There may be similar issues connected with
the energy cutoff of the plane waves (and also with construc-
tion of the pseudopotentials).'314

Another problem is many-body effects beyond the LSDA.
The orbital magnetic moment w4 of 3d transition metals
and of their impurities and their alloys with noble metals can
be calculated correctly only if correlations are included, e.g.,
via a combination of the LSDA and the dynamical mean-
field theory (LSDA+DMFT).!>1¢ As orbital magnetism and
the MAE are governed by similar mechanisms, insufficiency
of the LSDA to yield correct values of w, suggests its in-
sufficiency to yield correct values of the MAE as well. In-
deed, for adatoms, large changes in the MAE caused by in-
cluding the orbital polarization term of Brooks or by going
from the LSDA to the generalized gradient approximation
were observed.®® As concerns bulk alloys, the role of corre-
lations on the MAE of CoPt and FePt was investigated via
the LSDA + U method.!”

The theoretical investigations done so far indicate that
calculations of the MAE with an accuracy necessary to as-
pire to a favorable comparison with experiment have to in-
clude structural relaxations and many-body effects (apart
from the obvious but nontrivial issue of numerical sound-
ness). However, there is yet another aspect that has hardly
been addressed so far. Namely, in most calculations of the
MAE of adsorbed systems, a semi-infinite substrate is repre-
sented by a slab of only a few atomic layers and an isolated
adatom is substituted by a periodic array of atoms located at
grid points of a surface supercell.>®!0 This simplification
usually has only a small effect on magnetic moments. How-
ever, the MAE is a much more sensitive quantity. It is con-
ceivable that a simplified treatment of the substrate or the
neglect of the zero-dimensional character of adatoms could
have significant influence. Exploring systematically how the
calculated MAE depends on the thickness of the slab repre-
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senting the substrate and on the size of the surface supercell
approximating the isolated adatom is thus desirable. Such a
study might have implications for experiments as well be-
cause it would suggest for which concentrations the adatoms
cannot be regarded as independent any more.

As a case study, we investigate the MAE of Fe and Co on
Pt(111). We will show that thickness of the slab representing
the substrate and the interaction between the adatoms affect
the calculated values of the MAE much more profoundly
than they affect calculated values of magnetic moments.
Without a proper treatment of the substrate and a very low
concentration of the adatoms, no calculation can aspire to a
good quantitative agreement with experiment.

II. COMPUTATIONAL SCHEME

The calculations were performed within the ab initio spin-
density-functional framework, relying on the LSDA. The
Vosko et al.'® parametrization of the exchange and correla-
tion potential was used. The electronic structure is described,
including all relativistic effects, by the Dirac equation, which
is solved using the spin-polarized relativistic multiple-
scattering or Korringa-Kohn-Rostoker (KKR) formalism.'®-2
The electronic structure of two-dimensional systems (slabs)
was calculated by means of the tight-binding or screened
KKR technique.”! Semi-infinite systems were dealt with by
means of the decimation technique.??

Adatoms were treated as embedded impurities, by solving
self-consistently the Dyson equation’?* for an impurity
cluster of 5080 sites embedded in a host. Spurious interac-
tion between adatoms, which may be present if adatoms are
treated via a surface supercell calculation, is thus avoided
and yet the whole system is formally infinite.

Only the magnetocrystalline contribution to the MAE is
considered here. We rely on the magnetic force theorem to
calculate it. Technically, this is performed by evaluating the
torque T{uf’), which describes the variation in the energy if the
magnetization direction 7 is infinitesimally rotated around an
axis . By using the magnetic force theorem, Lloyd’s for-
mula and perturbation theory, Tf{’> can be expressed as?

X 1 Ep X n X .
70 =~ ~Im f dED Tr(7 [ - D =477 @ - D)),
- , J J

—00 i

(1)

Here J is the total angular momentum operator and the ma-
trices ;5’” and zﬁf’) are the single site r-matrix and the site
diagonal scattering path operator and i labels atomic sites.
Formally, the magnetic anisotropy energy, defined as the dif-

ference E(ii,i1) of the energy for two orientations of the
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2 _FIG. 1. (Color online) Top view of 1X1,
o o V3X 3, 2X2, and 7 X7 surface superstruc-
tures on Pt(111).
O
NTx\7

magnetization 72 and 7, has to be determined by a corre-
sponding path integral

E(#,Rg) = J Tdj. )

However, if the system is uniaxial so that the total energy can
be approximated by

E(6) = Ey + K, sin?(6) + K, sin*(6), (3)

the difference E(90°)—E(0°) is equal to the torque evaluated
for #=45°.2° Thus, instead of subtracting band or total ener-
gies, we perform a self-consistent calculation with the mag-
netization tilted by an angle of 45° and sum the torque mo-
ments [Eq. (1)] exerted on each atom.

To check the stability of our procedure, we evaluated the
MAE additionally also by two other approaches for several
systems, namely, by evaluating the difference in the band
energies (again relying on the magnetic force theorem) and
by subtracting the total energies. We found a good agreement
between all the methods: the differences in the MAE calcu-
lated by different approaches were typically about 5%.

Integration over the surface Brillouin zones (BZs) was
done using a regular mesh of 80X 80 k; points, which
amounts to 1107 points in the irreducible part of the BZ if
the magnetization is oriented perpendicular to the surface.
We used this grid both for self-consistent calculations as well
as for the evaluation of the magnetic torque. For supercell
calculations (y3 X 3, 2X2, and \7 X \7 surface superstruc-
tures), the number of the k; points was scaled down propor-
tionally so that their density is maintained.

The potentials were treated within the atomic sphere ap-
proximation and for the multipole expansion of the Green’s
function, an angular momentum cutoff €, =2 was used.
These restrictions may limit the accuracy of the resulting
MAE but in any case do not hinder the investigation of the
dependency of the MAE on the thickness of the substrate
slab or on the size of the surface supercell.

III. INVESTIGATED SYSTEMS

_We_focus on Fe and _Co adatoms, monolayers and
V3 X3, 2X2, and \ﬁx V7 surface superstructures on a
Pt(111) surface (see Fig. 1). The substrate is usually repre-
sented by a finite slab; if not stated otherwise, the slab com-
prises np;=10 platinum layers. Few comparative calculations
were done also for a semi-infinite Pt crystal. The structure of
the substrate was taken as of bulk Pt (fcc lattice constant
3.91 A). The vacuum is represented by layers of empty sites,
a spill-over of electrons into three such vacuum layers is
allowed.
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FIG. 2. (Color online) Calculated magnetic moments and the MAE of full Fe (left panels) and Co (right panels) monolayers on Pt(111)
with bulklike and semirelaxed structures for different thicknesses of the substrate slab. Magnetic moments inside the Fe or Co spheres
obtained for magnetization perpendicular to the surface are shown in the upper panels (ugyi,) and in the middle panels (o). The lowermost
panels display the MAE. Values for semi-infinite substrate are shown via markers close to the right edges of the panels.

As concerns the distance between Fe or Co layers and Pt
layers, we investigated two series of systems: (i) nonrelaxed
structure, with Fe/Co-Pt interlayer distance taken as in bulk
Pt (2pe/co.p=2.26 A) and (ii) semirelaxed structure, with Fe/
Co-Pt interlayer distances estimated from earlier calculations
as Zpep=1.82 A and zc,p=1.80 A. These semirelaxed dis-
tances were taken identical for all the Fe/Co coverages and
fall between the interlayer distances for adatoms
(1.65-1.70 A) (Refs. 3, 6, and 27) and complete monolay-
ers (1.95-2.05 A).1028-30 The small difference between our
Zre.pr and zc,.p, distances reflects somewhat different atomic
volumes of Fe and Co.

IV. RESULTS AND DISCUSSION

A. Dependence of magnetic moments and the MAE on the
thickness of the slab

We begin by focusing on full Fe and Co monolayers on
Pt(111) substrate, which is represented by a slab of 1-37 Pt

layers or by a semi-infinite crystal. We calculated magnetic
moments and the MAE defined as the energy difference
E.~E,, with E, being the energy for the magnetization
along the x (z) direction and z being the surface normal. The
results for both bulklike and semirelaxed structures are
shown in Fig. 2.

One can see that wgin, tor, and the MAE are very sensi-
tive to the Pt slab thickness for np = 10. A closer inspection
of the amplitudes of the quasioscillations reveals that the
situation is different for py, and oy, on the one side and the
MAE on the other side. The variations in pgy, with np do
not exceed 2% of the value and the variations in u,,, do not
exceed 10% (if we exclude the extreme cases of np=1 or 2).
Quantitatively accurate estimates of pgy, and pyy, thus can
be made even for relatively thin Pt slabs. Analogous varia-
tions in the MAE, however, can amount to 50% or more (cf.
the numbers on the vertical axes of the lowermost graphs in
Fig. 2). Consequently, for studying the MAE, sufficiently
thick slabs of at least seven to ten Pt layers should be used to
ensure convergence.
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FIG. 3. (Color online) Calculated gy, induced in the Pt substrate for Fe (left panels) and Co (right panels) monolayers on Pt(111). The
values of wugy,(Pt) refer to a sum of contributions of all substrate layers and are related to one Fe or Co atom. This figure is analogous to

Fig. 2.

The magnetic moments given in Fig. 2 represent the Fe
and Co spheres only. In systems containing nonmagnetic el-
ements with a high polarizability such as V, Pd, or Pt, in-
duced moments can be appreciable, with important conse-
quences for the MAE. Therefore, the total ugy, induced in
the Pt substrate is shown as a function of the Pt slab thick-
ness in Fig. 3. Similarly to the MAE, oscillations with quite
large amplitude appear for less than about ten Pt layers.

Large induced magnetic moments in the Pt substrate are
probably the reason why the MAE depends on the substrate
slab thickness even for relatively large np. We do not expect
similar sensitivity to the slab thickness for substrates with
low polarizability, such as Cu or Au.

The magnetic moments and MAE obtained for a semi-
infinite substrate do not always perfectly match the perceived
npc— 0 limit in Figs. 2 and 3. There is a technical reason for
this. The np,— % sequence, namely, gradually approaches an
infinitely thick slab in such a way that the electronic struc-
ture is relaxed in each of its layers. On the other hand, when
dealing with semi-infinite crystals, the electronic structure is
allowed to relax to the presence of the surface only in a finite
number of layers (eight in our case) and then it is matched to
the electronic structure of the bulk.

To summarize this section, the strong and nonmonotonous
dependence of the MAE on the thickness of the Pt slab for
np.= 10 implies that reliable values of the MAE of adsorbed
systems cannot be obtained if the substrate is represented by
a slab of only four to five layers.>*!3! The same applies to
magnetic moments induced in the nonmagnetic substrate.®

Bloch spectral function of a finite slab and of a semi-infinite
crystal

So far we have investigated the thickness dependence of
quantities that are formally obtained as integrals over all (oc-
cupied) electronic states. In addition, it is instructive to
monitor the effect of the finite thickness of the Pt slab on
differential, state-resolved quantities. This can be achieved
by inspecting the Bloch spectral function, which is defined
via the imaginary part of the Green’s function in the k-space
representation,”

AB(K,E)=— }TIm(k|G(E)|k). (4)

Integration of A%(k,E) over the full Brillouin zone results in
the density of states

n(E) = QL PKkAP(K,E), Q)

BZJ Qpy

i.e., AB(k,E) provides a k-resolved measure for the density
of states n(E).

To demonstrate the dependence of the Bloch spectral
function on the thickness of the Pt slab, we evaluated
AB(k,E) for a Co monolayer on Pt(111) with a bulklike
structure, modeling the substrate by finite slabs of np=9 and
np=38 layers and by a proper semi-infinite crystal. Dia-
grams depicting AB(k,E) along the high symmetry lines
[-K-M-T in the two-dimensional Brillouin zone are shown
in Fig. 4. For simplicity only the minority-spin states are
shown. Local densities of minority-spin states n|(E) related
to the Co atoms are also presented. As these are obtained by
applying the integration [Eq. (5)] to the full surface Brillouin
zone, they reflect also other states than those for which
AB(k,E) is displayed.

The bottom diagram of Fig. 4 illustrates how the energy
bands of the Co monolayer (dark regions) are broadened due
to hybridization with the states of the underlying semi-
infinite Pt substrate (gray-shaded areas). For finite Pt slabs,
however, the continuum of the Pt substrate states is replaced
by discrete energy bands because of the quantum confine-
ment caused the finite width of the slab. Considerable
changes in A3(k,E) thus follow (especially for thinner slab
in the top graph). For the densities of states, the difference
between finite slabs and semi-infinite crystal is much less
pronounced, as the integration [Eq. (5)] averages over differ-
ences. We expect that the same would be true for other
k-integrated quantities.

B. Dependence of magnetic moments and the MAE
on the concentration of adatoms

In theoretical studies, periodic nanostructures described
by surface supercells are often used instead of the proper
geometry of isolated adatoms so that band-structure methods
formulated in reciprocal space can be used. To verify the
robustness of this procedure, we calculate the magnetic prop-
erties of a sequence of Fe and Co surface superstructures on
Pt(111), with different supercell sizes. The substrate is mod-
eled by a slab of ten Pt layers throughout the sequence. The
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FIG. 4. (Color online) Minority-spin Bloch spectral functions
AB(Kk,E) at the Co sites for a Co monolayer on Pt(111), with bulk-
like interlayer distances. The substrate is modeled by finite slabs of
9 and 38 layers (topmost and middle diagrams, respectively) and by
a proper semi-infinite crystal (lowermost diagram). The color-coded
scale of AB(k,E) intensities is shown at the top. In the left panels,
densities of states at the Co sites are displayed. In the case of finite
slabs, the DOS for the semi-infinite crystal is also shown via dotted
lines for comparison (topmost and middle diagrams).

results for wgy, and p,y at Fe and Co atoms and for the
MAE are shown in Fig. 5. One can see that the magnetic
moments converge rapi(#y writh the supercell dimension
(even the least diluted V3 X 3 coverage yields similar re-
sults as adatoms). On the other hand, the MAE depends on
the supercell dimensions quite strongly and in a nonmonoto-
nous way. The relative change in the MAE when going from
the largest supercell we explored (y7 X \7) to the adatom
case can be as large as 50—100 %.

The MAE for surface superstructures thus considerably
differs from the MAE for adatoms. Quantitative predictions
concerning the MAE of adatoms cannot be made if the ada-
tom is modeled by a superstructure with concentration of
adatoms =10%.'%3! As concerns more diluted systems such
as 4X4 or 5X5 supercells,s*" the situation remains unclear
(performing such calculations for np,=10 would be compu-
tationally very expensive and thinner slabs are still in the
oscillatory regime as concerns np,).

PHYSICAL REVIEW B 82, 174414 (2010)

The magnetic moments presented in Fig. 5 correspond to
the magnetization perpendicular to the surface, M|lz. We per-
formed also self-consistent calculations with in-plane mag-
netization, Mllx. We found that while w4 depends on the
direction of M considerably (variations are ~20-40 %),
Mspin Practically does not change at all; the relative variations
in pg, for Fe and Co atoms for any coverage or Zpeco-pt
distance are less then 1%. In this respect our results differ
from those of Etz et al.* who reported a larger anisotropy in
Mpin (about 3% for a Fe adatom and as much as 8% for a Co
adatom).* For Mspin induced in the Pt slab, the variations
caused by different M orientations are a bit larger, about
5-15 %. This is consistent with earlier results of Blonski and
Hafner.

The MAE presented here concerns the difference E,—E,,
with the x axis defined so that it corresponds to the horizontal
direction in Fig. 1. We assume that similar results would be
obtained if the in-plane magnetization was defined for any
other azimuth angle. We tested this specifically for the Fe
2 X 2 supercell on Pt(111) with a semirelaxed geometry and
found that Ey 4—FE, varies between 0.495 and 0.560 meV
if the azimuth angle ¢ is varied. The anisotropy in the xy
plane is thus about ten times less than is the anisotropy be-
tween the in-plane and out-of-plane directions. For adsorbed
clusters, however, the situation may be different.3?

The shape anisotropy is not the subject of our study, nev-
ertheless, it should be mentioned that its contribution is
about —0.09 meV for a Co monolayer and about —0.18 meV
for a Fe monolayer (both for the bulklike and semirelaxed
geometries). This means that for a Fe monolayer, this contri-
bution can be significant because the magnetocrystalline
MAE of a Fe monolayer is quite small. For more diluted
coverages, the shape contribution to the MAE can be ne-
glected: it is several times smaller than for a full monolayer
and, on top of that, the magnetocrystalline MAE is much
larger.

Contribution of the substrate

To understand the problem of the MAE in these systems,
one needs more information about the role of the adatoms
and of the substrate. However, energy is not an extensive
quantity and so one cannot decompose the MAE uniquely
into sums of contributions coming from individual parts. As-
signing one part of the MAE to the adatom and another part
to the substrate can be only intuitive and in principle am-
biguous. We perform this assignment by analyzing contribu-
tions of individual sites to the total torque exerted on the
system if the magnetization is tilted by 45° (cf. Sec. I). This
approach is intuitively appealing because the individual
terms we compare—torque moments exerted on atoms—
correspond to real physical quantities (even though these
moments are not independent).

To quantify the relative importance of the substrate, we
evaluate the ratio of the torque exerted on all the Pt atoms 7p,
to the torque exerted on Fe or Co atoms 7g . The results
are summarized in Table 1. It follows from Table I that sub-
strate contributions to the torque are typically not important,
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FIG. 5. (Color online) Calculated magnetic properties of Fe (left panels) and Co (right panels) surface supercells on Pt(111) with bulklike
and semirelaxed structures. Magnetic moments obtained for magnetization perpendicular to the surface are shown in the upper panels (ztgpin)
and in the middle panels (g.y,). The lowermost panels display the MAE per Fe or Co atom. The surface superstructures are depicted in

Fig. 1.

except for a complete monolayer coverage. The substrate
contribution is larger for semirelaxed systems, where the Fe/
Co-Pt distances are contracted with respect to the bulklike
distances. For these semirelaxed systems, 7p, is more impor-
tant in case of Fe adsorbates than in case of Co adsorbates.

In some respects, e.g., concerning the larger role of the
substrate for monolayers than for adatoms, our results are
similar to earlier findings of Moulas et al.? and Etz et al.*
(who based their scheme on comparing how different sites
contribute to the difference of band energies). In other re-
spects the results differ, as for instance in the case of ada-
toms, where the substrate contribution to the difference of
the band energies obtained by Etz et al.* is much larger than
the substrate contribution to the total torque found in this
work. The reason for this difference may be linked to the
ambiguity of the splitting of the MAE into individual com-
ponents. It should be emphasized, however, that the total
sum over all the sites does not depend on whether we sum
the torque or the differences in the band energy, as it was
noted in Sec. II already.

TABLE 1. The ratio of the substrate contribution 7p, to the total
torque to the contributions of Fe/Co atoms 7y, for Fe/Co surface
superstructures. The first column indicates the coverage, the follow-
ing two columns contain the ratio between the torque contributions
for systems with bulklike interlayer distances, and the last two col-
umns contain the same for systems with semirelaxed interlayer dis-
tances. A negative value means that the torque on Pt atoms has
different orientation that the torque on Fe atoms.

Bulklike Semirelaxed
Fe Co Fe Co
Tpe/ Tre 7o/ Tco Tt/ Tre ot/ Teo
1x1 -0.55 1.48 0.24 0.17
V3 X3 -0.04 0.01 0.21 0.02
2%2 -0.01 0.00 0.12 0.05
VT X7 0.00 0.01 0.16 0.04
Adatom 0.00 0.00 0.04 0.02
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TABLE II. Total g, and poy, induced by Fe and Co adatoms
in the Pt substrate, obtained if embedded clusters of 76 Pt atoms are
employed. The first column identifies the adatom type and geom-
etry, the second column contains induced pugy, if SOC is neglected,

PHYSICAL REVIEW B 82, 174414 (2010)

TABLE III. Dependence of the total pi, and total py, induced
in a Pt substrate by a Co adatom on the size of the embedded
cluster. The semirelaxed geometry is used.

and the third and fourth columns contain pgy, and pey, for the No. of Mspin Horb
substrate of SOC is included. Pt atoms (up) (up)
Without SOC Including SOC 6 0.363 0.069

15 0.536 0.115

Hspin Mspin Horb 18 0.544 0.123

Adatom, geometry (p) (mp) (18) 30 0.576 0.136
Fe, bulklike 0.57 0.49 0.080 34 0.604 0.152
Co, bulklike 0.52 0.43 0.079 76 0.611 0.143
Fe, semirelaxed 0.79 0.70 0.131 160 0.632 0.144
Co, semirelaxed 0.71 0.61 0.142 283 0.647 0.141

To summarize the whole part (Sec. IV B), the MAE of
surface superstructures differs considerably from the MAE
of adatoms. Quantitative predictions thus cannot be made if
the adatom is modeled by a superstructure with a concentra-
tion of adatoms that is larger than about 10%.1%3!

C. Comparison with other works

This work demonstrates that the MAE is very sensitive to
the way the substrate is modeled and to the size of the su-
percell used to model the adatom coverage. Earlier works
demonstrated that the MAE is very sensitive to interatomic
distances (geometry relaxation).>® Comparing different cal-
culations of the MAE thus can be strictly done only if the
structures used in the calculations are really identical, which
is usually not the case. The situation is different with mag-
netic moments of adatoms and adlayers because these are not
so sensitive to the way the substrate is modeled. If we restrict
ourselves to bulklike geometries, we find good agreement of
our values of w,i, and wqy, at Fe and Co atoms with earlier
calculations for a supported Fe monolayer,*!” for a Fe
adatom*® (though Ref. 6 reports a smaller value for u,), for
a supported Co monolayer,*’ for a supported 2 X2 Co sur-
face supercell,’! and for a Co adatom.*”’

Concerning the magnetic moments induced in the Pt sub-
strate, the agreement between different works is less good.
The total e, and ey, in the Pt substrate obtained by us for
the case of Fe and Co adatoms is summarized in Table II.
These values are much less than the moments obtained by
Blonski and Hafner.® The ratio g/ Mspin 18 very similar in
both works, on the other hand. Balashov et al.® present only
the total g, which includes contributions both from the Fe
and Co adatoms and from the Pt(111) substrate; their values
are about 0.4 up less than our values (for bulklike geom-
etry). We can also make a partial comparison with Etz et al.:*
they present pgp, induced at those Pt atoms which are near-
est neighbors to the Fe/Co adatoms and their values are
about 20% larger than our values.

Blonski and Hafner® suggest that the disagreement be-
tween their values of induced moments and the values ob-
tained by studies which employ the impurity Green’s-
function technique (Refs. 4 and 33 and this work) is caused

by a too small spacial extension of the induced polarization
cloud in the latter studies. In principle, this might indeed be
the case. Etz et al.* allow electronic-structure relaxation at 30
Pt atoms (within four shells around the adatoms), the values
shown in our Table II were obtained by allowing electronic-
structure relaxation at 76 atoms. This may seem insufficient
in the view of the fact that, e.g., for a Co impurity in bulk Pd,
the polarization cloud includes up to thousand atoms.** The
polarization cloud in bulk Pt, however, is much smaller.'® We
verified that increasing our embedded cluster so that it
contains as much as 283 Pt atoms does not lead to
dramatic changes in the total py, in the substrate (see Table
IIT). The size of the embedded cluster thus cannot be the
cause of the difference between our results and the results of
Blonski and Hafner® (who have got 125 Pt atoms in their
supercell).

Another issue linked to the induced moments concerns the
difference between scalar-relativistic and fully relativistic
calculation. Blonski and Hafner® found that switching on the
SOC reduces the total gy, at Pt atoms from 4.83 to 3.32 up
for a Co adatom in an hcp position (for a relaxed geometry).
A much smaller reduction was found for a Fe adatom in an
fcc position (from 2.38 to 2.15 up).® Our calculations lead
to a much smaller effect in the case of the Co adatom, as
demonstrated by the values of the total induced wgy, pre-
sented in Table II). If relative changes are considered, the
difference between our results and the results of Blonski and
Hafner® is not that striking but still significant: we find that
the inclusion of the SOC reduces the induced pugpy, by
11-16 % for both Fe and Co adatom alike while the reduc-
tion obtained by Blonski and Hafner® is 9% for the Fe ada-
tom and 31% for the Co adatom.

V. CONCLUSIONS

Finite thickness of the slab which represents the substrate
and interaction between the adatoms affect calculated values
of the MAE much more profoundly than they affect calcu-
lated values of magnetic moments. Reliable theoretical val-
ues for the MAE thus cannot be obtained if the substrate is
represented by slab of less than 7—10 atomic layers or if the
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surface supercell describing the adatoms is so small that the
adatoms concentration is more than few percent.

The structural relaxation highlighted earlier is clearly very
important (as it follows from this work as well). However, it
is also necessary to properly account for the semi-infinite
substrate and to make sure that the adatoms do not influence
each other. Only if these conditions are guaranteed, reliable
calculations of MAE can be performed.
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