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Magnetism and structure on the atomic scale: Small cobalt clusters in Cu(001)
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The interplay between structure and magnetic properties of small cobalt clusters embedded @& Cu
surface is studied performinab initio and tight-binding calculations in a fully relaxed geometry. We reveal
that, despite the small macroscopic mismatch between Co and Cu, the strain relaxations at the interface have
a profound effect on the structure of the clusters and the substrate. The physical mechanism responsible for the
strain relaxations in embedded clusters is related to the size-dependent mesoscopic mismatch which has been
recently introduced to understand homo- and heteroepitaxial growth at the meqd@c®leLysenkoet al.,
Phys. Rev. Lett.89, 126102(2002]. We show that the atomic relaxations strongly reduce the magnetic
anisotropy energyMAE) and the orbital magnetic moments of embedded clusters. The largest MAE of about
1.8 meV is found for a single Co atom in the (©Q1) surface. A strong enhancement of the spin magnetic
moments in embedded clusters as compared to a single atom of Co incorporated in(GB&) Gurface is
found. Magnetic properties of embedded and supported clusters are compared. While in supported clusters the
MAE is strongly enhanced at the edge atoms, the immersion of the cluster into the surface and atomic
relaxations make the distribution of the local MAE contributions and orbital-moment values almost

homogeneous.
DOI: 10.1103/PhysRevB.70.224419 PACS nuni®er75.30.Gw, 75.75ta, 73.22—f
[. INTRODUCTION Pastor about a strong enhancement of the MAE in tlle 3

Recent remarkable experiments on small magnetic C|u§_ransition—metal chain§.The first calculations for adatoms
d small clusters on metal surfate8 have found very

ters on metal surfaces have opened up unprecedented opp?F1 bital q
tunities for atomic engineering of new magnetic materiafs. argrigraggvén?nrgﬁgéisg eyélrzifnents equire low oeratin
By increasing the cluster size in an atom-by-atom fashion p q p g

Gambardellzt al! have studied how the magnetization and emperature down to several tens of Kelvins or even lower.
the magnetic anisotropy energWIAE) develop in cobalt With increasing temperature adatoms and small clusters
nanoparticles on Pt11). They have reported the MAE of would become unstable due to the thermally enhanced sur-
9 meV for single cobalt adatoms, which is about 200 timesface diffusion and the interfacial intermixing may take place.

larger than that of cobalt atoms in a bulk crystal. The Iargerfo‘tomIC exchange processes for single adatoms and burrow-

the MAE, the more stable is the magnet. These results su ing of clusters into the substrate have been reported in sev-

ral experiments and calculations even for metals immiscible
gest that only a few hundred atoms would be needed to malﬁ b

bl ic bi ;  th f Crord f the bulk!-13 Experiments of Kurnosikowt all4 have
a stable magnetic bit. Experiments of the group of Crommie gy that it is possible to manipulate single atoms of Co

have raised the possibility to study the Kondo effect in smallsypedded into a Q001) surface with scanning tunneling
clusters and interactions between magnetic adatoms. Vejicroscopy (STM) tip and to create in a controlled way
recently the superlattice of magnetic adatoms has been crgmall clusters which are stable at room temperature. In very
ated by Schneidegt al? by exploiting the surface-state me- recent scanning tunneling spectroscof§TS studies of
diated long-range adsorbate interactirRusponiet al?  Quaaset al.® the Kondo resonance was revealed on single
have revealed that the MAE in supported clusters is nearlCo atoms embedded in the @a1) substrate. The Kondo
exclusively caused by the edge atoms alone. This findingemperature was reported to be about 400 K which is signifi-
opens new possibilities to tune the magnetic anisotropy andantly higher than for Co adatoriWe believe that the
moment of nanostructures. The central role that have thabove experiments will undoubtedly stimulate experimental
edge cluster atoms in the MAE indicates that it could beand theoretical studies of small clusters in subsurface layers.
possible to reduce the cluster size without running into thelo the best of our knowledge there have been only a few
superparamagnetic limit and to use small clusters for singlecalculations of magnetic properties of surface embedded
bit magnetic data storage. The existence of both short- andusters. For example, Klautau and Frota-PeSsibave per-
long-range ferromagnetic order for finite monoatomic cobaltformed anab initio study of spin magnetic moments of non-
chains on a Pt substrate was reported by Gambardel#®> relaxed Co agglomerates of different sizes and shapes em-
It has been found that by decreasing the coordination of theedded in C(001). They have found that the variation of the
magnetic atoms, values of the MAE are obtained that are twéocal moments in the clusters is mainly governed by the po-
orders of magnitude larger than those in bulk. These resultsition of the site relative to the surface and the number of Cu
confirm the theoretical prediction of Dorantes-Davila andneighbors.Ab initio calculation$® have demonstrated that
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the coating of the Co clusters by Cu atoms strongly reduce®rmulated in the second moment tight-binding
spin magnetic moments. Robles all® have shown by per- approximatior?? .
forming a self-consistent tight-binding study that, unlike the The band energgattractive term E;; contains many-body
free clusters, magnetic Co clusters embedded in Cu do naémteractions. The repulsive terf; is described by pair in-
exhibit “magnetic magic numbers,” i.e. their spin magneticteractions(Born-Mayer form. The cohesive energg.., is
moments per atom decrease essentially monotonically ake sum of band energy and repulsive part:
cluster size increases. There are also some reports of calcu- o
lations of magnetic moments of cobalt clusters embedded in Econ= >, (ER+EL), (2
a copper matrix®-23 i

Our goal in this work is to preserab initio and tight-
binding (TB) calculations of spin and orbital magnetic mo- , [
ments, and MAE for small Co clusters embedded into the Er=> Aus exp(— pag(—,f,; - 1)) Q)
Cu001) surface in a fully relaxed geometry. To the best of j fo
our knowledge, for the first time we demonstrate how em-
bedding and atomic relaxations at the Co-Cu interface affect P ) T 12
magnetic properties. We show that the mesoscopic relax- Eg=- 2 Eap XD ~ 200 raB 1 ' (4)
ations in the island and the substrate lead to a strongly inho- !
mogeneous strain distribution at the interface which is deter,-ij is the distance between the atomandj. ré* is the first

mined by the size-dependent mismatch. We discover that thgsjghbors distance in the crystalline structures of pure metals
mesoscopic relaxations strongly reduce the MAE and orbitafor atom-like interactions and becomes an adjustable param-
magnetic moments. In contrast to supported clustetSe  eter in the case of different atom interactidris an effective
MAE of the edge atoms and the central atoms of embeddeﬁopping integralp,; and g, describe the decay of the in-
clusters are close. The largest MAE and orbital magnetiGeraction strength with the distance of the atoms.

moment are found for a single Co atom in(G01), and they In the last decade a number of new schemes to construct

strongly decrease in small clusters. interatomic potentials from a large amount of data produced
by first-principle calculations have been develop&dhey

II. COMPUTATIONAL METHODS have significantly increased the range of systems and types

o . ) . of process that can be studied in material science. In the
For ab initio calculations of electronic states and spin present work we use the KKR Green’s function method to
magnetic moments of embedded clusters we apply thggnsiruct the interatomic potentials. It is important to include
Korringa-Kohn-Rostoke(KKR) Green’s function method in i fitting data relative to different geometries and physical
the full potential approximatioff This approach is also used situation (supported and embedded clusters, bulk, defects,
to construct in;eratomic potentials for atomic-spale relax-etc) to achieve a good potential transferabify?” Param-
ations and to fit the TB parameters for calculations of thegters of potentials are fitted &b initio spin-polarized calcu-
MAE and orbital moments of embedded clusters in a fully|ations of binding energies of supported and embedded clus-
relaxed geometry. _ _ ters of different sizes and geometries, and to the HF forces
_In the KKR Green’s function method the surface is con-acting on adatoms on the surface. To link the interaction
sidered as a two-dimensional perturbation of the bulk. Firstpyatween atoms near the surface to that in the bulk the set of
we calculate the structural Green's function of the ideal suryatia used for fitting includes such bulk properties as bulk
face by solving the Dyson equation self-consistently. Theyoqylus, lattice constant, the solution energy of a single Co
structural Green’s function of the ideal surface in a real SPaCfmpurity in bulk Cu, energy of interaction of two Co impu-
representation is then used as the reference Green’s functiofies in cu bulk, cohesive energy and elastic constas.
for the self.-consistent calculqtion of the Gregn’s function oftpe interatomic potentials based on fitting to a initio
clusters ofin) the surface using an algebraic Dyson equajatapase for surface and bulk properties can be used for the
tion: calculations of supported and embedded clusters on the same
' ° ° it ' o’ footing. Our very recent studies have demonstrated that
GEE/(E) = GEE’(E) > CL(BALEGL(E), (1) atomic relaxations in magnetic supported clusters calculated
L fully ab initio and determined using our interatomic poten-
nn’ . ials are in very good agreement mutu&fyLhus, we believe
where G,,(B) is ﬂ;le Henergy-dependent structural Green Sthat the intera%/ogmic po?entials constructg;i by fitting tcadn
function matrix and @, (E) the corresponding matrix for the initio data pool can be used to find an equilibrium structure
ideal surface, serving as a reference syst&f(E) describes of clusters and the substrate. The combinatiorabfinitio
the difference in the scattering properties at siteduced by and TB methods allows one to construct many-body poten-
the existence of clusters. The Green’s function of embeddetials for low-dimensional structures and to perform atomic
clusters is used to find the local density of staeBOS), relaxations for very large systems which still are out of pos-
spin magnetic moments, charge density, total energy and th&bilities of ab initio methods. Parameters of potentials and
Hellmann-FeynmaiiHF) forces acting on atoms in clusters. several applications of our approach can be found in the
Atomic relaxations in clusters and the substrate are perecent publicationd>?°-32The relaxed atomic configuration
formed with ab initio basedn-body interatomic potentials of the cluster and the substrate is used to perfabrinitio
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self-consistent calculations by means of the full potential b——————— 77—
KKR Green'’s function method. -

The electronic TB calculations are similar to those de-
scribed in Ref. 10. The semi-empiricet-d electron Hamil-
tonian parameters are checked to reproduce a number of lit
erature data and finally are fitted to KKR resylt®OS, spin
magnetic momenjsfor Co clusters embedded into the
Cu001) surface. The self-consistent adjustment of param-
eters is performed for 11 nonequivalent atoms containing the
Co cluster and Cu atoms in its neighborhadd atoms al-
togethey; for more distant Cu atoms, values derived for
semi-infinite CY001) are taken. The evaluation of the LDOS
is performed by the standard recursion-mefddchnique
with modifications appropriaté for models including the : . . s
spin-orbit coupling. -3 5) -1 0 1 2 3 4

For nonhomogeneous systems with h|gh peaks in the Relative distance r/a,, along <110> across the middle of Co,

LDOS at the Fermi leveEg a large number of moments .

might be necessaly to obtain accurate values of such a FIG. 1. (Color onling. The shape of the embedded {Jsland
small quantity as is the MAE. We employ 600 mome(380 and the Cu substrate; vertical dlsplacgments in the |s_Iand and the
levels of the continued fractiorto construct the LDOS in C_u(OOl) substrate across tk(d_lO) direction are shown; interlayer
final evaluations. To make the calculation feasible, the semidistanced=1.8075 A and lattice constang=3.615 A; the surface
infinite fco001) crystal is approximated by a 6-layer slab level corrt_esponds to the atomic position of the relaxed0CL)

with 49X 49 atoms in each001l) layer. For these calcula- surface without the Co cluster

tions, Coulomb integralgdiagonal matrix elements of the ] o )
Hamiltonian) on all Co atoms are carefully recalculated to 0-03 at noncentral atoms in Co clusters. By similar manipu-
ensure the postulatettelectron occupation. lations, also corrections of first-order ifiq to magnetic

The local electronic contribution to the MAE is expressedOrbital-moment values have been introdué@ds compared
as the difference of band energies corresponding to the peWith the Co clusterabovethe Cu surfacé? the “new” cor-
pendicular and in-plane direction of magnetic moments, ref€ctions are a good deal less important here even for the case
spectively. Let us begin our considerations with thecal) of a single Co atom.
one-electron band energy:
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Ill. RESULTS AND DISCUSSION

Er
Epand E =J Ep(E)dE. (5
bam( F) P First, we discuss strain relaxations in embedded Co is-

. o NI lands and the Cu surface.
Above, p(E) is LDOS at sitd. (For the sake of simplicity It has been believed that strain relaxations at the Co/Cu

we omit the site index.) Although the self-consistent Cou- interface are determined by the small mismatch which is

lomb integrals are well adjusted for the perpendicular orlen—Only ~20%. However, as we have recently shotdL3235.36

tation of the magnetic moment, the local charge changes b?f the deposited system is of mesoscopic size, its intrinsic
89 (which is usually a small quantifywhen the magnetic dl pth g.ﬁ tf the b % | th’ in the bulk
moment becomes parallel to the surface. It is easy to see thBPn engins are diterent irom the bond fength in the bu
to the 2nd order in5q the correction to band energy reéts and the strain effect_s at the mgsoscale canno_t be predlqted
as from the_ macroscopic lattice mlsmatch._ Even in homoepit-
axy the island growth can be drastically influenced by meso-
SEpand Er) = Er 80+ 0.5(p(Ep)) ™ 8. (6) scopic stra}in rglaxations. It has been demonstrated that the
mesoscopic mismatch between small Co islands and the Cu
Indeed, dEpand dg=(dEpang dE)(da/dE) ™' =Er at E=Er.  substrate is considerably larger than the mismatch calculated
Similarly,  d®Epand dof=dE-/dg=(dq/dEr)*=(p(Er))™~.  from the lattice constants of the two materials and depends
The term linear in5q in Eq. (6) represents the content of the on the size of islands. Therefore, the strain induced at the
well-known force theorem: one calculates the band-energinterface can locally be larger and may more strongly affect
difference for two systems that differ by a small perturbation.structural, electronic and magnetic properties, than expected.
The change oEr and of atomic potentials are neglected, butRecent atomic scale calculations and stress measurements
the error in the charge is compensated by changing the mukave revealed that the size-dependent mismatch between Co
tiplier E into (E-Ef) in the integrand in Eq(5). The qua- islands and the Cu substrate leads to stress oscillations in a
dratic corrections in Eq(6) are easily incorporated into the growing Co film3”
computer code and their values give some idea about the To give a demonstration of the impact of the mesoscopic
accuracy of results. Let us stress that they are not used tmismatch on the structure of the Co/Cu interface, we show
reach an unjustified “extremely high” accuracy but to avoidin Fig. 1, as an example, the shape of the Gtand and the
gross error for non-negligiblég. In our calculationsgq (in substrate in the fully relaxed geometry for the cluster and the
absolute valugdoes not exceed 0.05 and is typically aboutsubstrate atoms. The vertical displacements at the interface
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TABLE |. The average MAEAE for embedded clusters; the
Y MAE are calculated for the magnetization switch from the norfal
. towards the in-planeX and X+Y directions, as shown in Fig. 2.
toe0159.4 hi= 29974 Calculations without relaxation are shown in parentheses. Negative
L ’_' MAE values mean preferred in-plane magnetization.
Cluster  AE(X,Z) (meV/atom AE(X+Y,2) (meV/atom
Cos Co, -1.82(-2.59 -1.75(-2.42
r = 24384 204 —0.2(2) E—O.G% —0.25 E—O.G?;
)y = { -1.22(-1.4 -1.20(-1.5
D () 1, =2u54 B = %
12 E 1 ., =3544 A
DO 00754 ooy Cay -0.78(-0.91) ~0.68(-0.86
.‘.ﬁ*,*. 42,0099 A 400804
‘.‘.‘.‘. Az,=-0.081 A
atom and the average MAE for dCa; and Cq clusters in
® the Cu substrate are shown in Table | for the ideal and fully
7 X relaxed geometrie®. In all cases, the MAE prefers the in-

plane orientation of the magnetic moment. We present only
FIG. 2. (Color onling The bond lengths;; in embedded clusters the electronic part of the anisotropy energy, because the
and the vertical displacement relative to the clean surface. The shape anisotropy originating from dipole-dipole interactions
bond length in the ideal structure is 2.556 A. The astefiskis is very small for small clusters, e.g. 0.03 meV/atom for the
used to distinguish atoms=1-3 that become nonequivalent for nine-atom cluster. Our results clearly demonstrate that the
an in-plane magnetization orientation. In that case, the atomigtomic relaxations in embedded clusters and the substrate
couple n-n is oriented parallel anch*-n* perpendicularly to  strongly reduce the MAHTable I). The largest effect is
magnetization. found for the single Co atom and the Cduster which ex-

o hibit the largest atomic displacements due to the strain relief
are presented in Fig. 1 and demonstrate that due to the strgiBee Fig. 2 These results correlate with some reduction of

relaxation the substrate and the island atoms are pushef, minority-spin LDOS in the very vicinity ofe in the
down. The edge atoms in the Co island are highest. Thesg|axed geometry. For example, in Fig. 3 we show the LDOS
results reveal that the island and the surface layers are n@j, e single Co adatom in the Cu substrate before and after

flat. The island locally distorts the surface and induces ggjaxations calculated by the KKR Green's function method.
strongly inhomogeneous displacement pattern in the subgjnijar changes in the minority LDOS are found for other
strate. None of the above results could be predicted by thg| cters.

classical theory of cluster growth based on the macroscopic ~g|culations of the orbital and spin momeri&ble I

lattice mismat_ch which is small in thg present case. The Siz&wyeal that the single embedded Co atom has the largest or-
dependent mismatch between Co islands and the substraig,| moment in both the unrelaxed and relaxed geometry.

determines unusugl strain relaxations at the interfaear However, its spin moment is strongly reduced as compared
example, our studies showed that for small Co clusters thg, the spin moments of embedded islands. This effect can be
mesoscopic mismatch can be as large as §9@td it de- plained by the fact that thi:d interaction in Coand Ni)

. ) X
creases as the size of the clqsters increases. In other ‘_’Vor‘ﬁ?nostructures broadens thestates and can enhance spin
atomic displacements at the interface depend on the size o

the island. - T : T : : .
In Fig. 2 we present atomic bonds and the vertical dis- 100 :
placementgwith respect to the clean surfgcef small Co gl unrelaxed oo majority

clusters embedded in @201). One can see that the largest
vertical relaxation is found for the single Co atom in - 60
Cu002), i.e. the Co atom enters into the substrate deepel 49| relaxed
than the clusters. One of the reasons for this effect is that ar% -
attractive interaction between atoms in Co clusters weakensz 20 I
their bonds to the surface and with increasing size, the em& oL
bedded clusters approach the surface layer. However, simila3
to results of Bogicevi& for ad-clusters, only the rebonding

20

view would be oversimplified in our case, because cluster .40 minority

and substrate relaxations strongly determine the positions o r -

clusters in the surface and their bonds. Due to the atomic 6 . . . " . ! .
relaxations in the substrate the bond lengths in small clusters ~ -0.3 -0.2 0.1 Ep 0.1 0.2
and the position of clusters in the surface layer do not change Energy (Ry)

notably with an increase the size.
Now we turn to the discussion of the magnetic properties FIG. 3. The LDOS on a single Co atom embedded in the
of embedded clusters. Our results for the MAE of a single CaCu(001) surface
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TABLE II. Orbital magnetic moment&™ for Z, X, and X+Y When the embedded and suppotfe@o, islands are com-
orientation of magnetization, and spin magnetic moméhtsf par-  pared, one finds that both immersion of the island into the
ticular Co atoms in embedded clustésse Fig. 2, both for relaxed  copper surface and relaxation strongly reduce the MAE and
and unrelaxed geometries; see the details in Table I. All values armake the distribution of local MAE contributions and

in ug. orbital-moment values more homogenedtiable 1ll). Par-
ticularly, the MAE contribution from corner Co atongat-
Cluster ~ Atom LY LY Loy M oms 3, 3% is reduced about twice by the embedding, It is
remarkable, however, that the local values of the magnetic
Co 1 0.51 0.61 0.60 126 orbital moment for the perpendicular magnetization are less
(0.67) (0.80 0.79 (1.59 sensitive to the above mentioned changes. We would like to
Coy 1 0.15 0.20 0.16 1.68 note that it is well known that the calculated MAE might be
0.19 (029 (022  (1.70 sensitive to the model details. However, as a rule, quantita-
1* 0.15 0.20 0.24 1.68 tive rather than qualitative results are expected to be sensi-

tive to them. Our studies have proved that the above dis-
0.1 0.2 0.31 1.7
.19 ©.29 ©.39 (179 cussed results on the MAE of supported and embedded

Cos 1 0.09 0-15 0-15 1.78 clusters do not indicate any instabilities and trends found
0.13 0.20 (0.20 (1.82 look natural.
2 0.22 0.40 0.35 151 A naive argumentation suggests that the MAE scales
(0.30 (0.46 0.43 (1.63 roughly inversely proportionally to typical energy level sepa-
2% 0.22 0.27 0.35 1.51 rations(denominators in the 2nd order perturbation thgory
(0.30 (0.39 (0.43 (1.63 i.e. as(d/dy)~>. The latter value reads as 0.7—0.8 in our case,
Coy 1 0.10 0.19 0.19 1.76 that agrees quite well for GpCos and single Co. It is diffi-
cult to say, however, whether the agreement is not partly
) (g:i) (06.212 (05?8 (1'18_ ?O accidental. For Cp the MAE is reduced to one half due to

the relaxation(cf. Table | and Fig. 2 Let us consider the
(.19 (0.24 022 @73 corresponding LDOS. In Fig. 4 the LDOS peak Bt in

2* 0.13 0.17 0.18 1.70 minority-spin states is clearly diminished by relaxation. If,
(01 (021 (023 (173 for an isolated square Galuster, a Hamiltonian including

3 0.18 0.28 0.25 1.65 only nearest-neighbad-electron interactions is considered,
(0.21) (0.32 (0.29 (1.66) the energy spectrum is easily analyzed in terms of orbitals or

3 0.18 0.28 0.26 1.65 the corresponding spherical functions. Namely, for#eis

normal to the square plane, tie?—y?,xy) orbitals (orbital
moment eigenvaluesy = +2) with hopping matrix elements
that comprise also a stronddo interaction form a wide
magnetic moment® In other words, spin magnetic mo- Spectrum. Théxz,yz) pair (m=+1) with mainly dd= inter-
ments in embedded clusters are stabilized and enhanced bgtions forms bonding and antibonding groups of levels, and
the interaction between Co atoms. However, the orbital mo3z2-r?(m=0) orbitals with rather weak interatomic interac-
ments of embedded clusters are drastically suppressed Iypns form a group of essentially nonbonding states. The
interactions between atoms. For example, we found that theninority-spin LDOS atEr conserves partially this character
orbital moments of the central and edge atoms in thg Coeven when the island is embedded in Cu; see Fig. 5. In that
clusters are about 3-5 times smaller than for the single Céigure we do not display they=+2 components that form a
atom. rather uniform background with poorly pronounced peaks

(021 (032 (030  (1.66

TABLE Ill. A comparison of magnetic properties of supported and embeddgdi@sters in a fully relaxed geometry. The notation as
in Tables | and II.

Supported C¢ Immersed Cg
Atom LY LY AE(X,2) M LY LY AE(X,2) M
1 0.09 0.18 -1.13 1.78 0.10 0.19 -0.70 1.76
2 0.13 0.19 -1.05 1.70 0.13 0.19 -0.73 1.70
2* 0.13 0.25 -1.26 1.70 0.13 0.17 -0.55 1.70
3 0.18 0.39 —-2.60 1.71 0.18 0.28 -0.95 1.65
Atom LY Ly AE(X+Y,2) M LY L%y AE(X+Y,2) M
1 0.09 0.21 -1.06 1.78 0.10 0.19 -0.65 1.76
2 0.13 0.20 -1.15 1.70 0.13 0.18 -0.52 1.70
3 0.18 0.37 -2.38 1.71 0.18 0.25 -0.79 1.65
3* 0.18 0.35 -2.71 1.71 0.18 0.26 -0.91 1.65
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100 | ' ' ' ' ' ' ' magnetization for clusters containing at least two Co atoms.
! Their MAE and orbital-moment values are generally much
80 - majority higher than ours because of embedding of clusters into the
60 | unrelaxed ~e - noble-metal surface as well as because of different inter-
= | ] atomic distances and another position of the copper
& a0 d-electron band® The recent calculatidd ascribes a mag-
£ relaxed o netic orbital moment of 0.1Lg (0.27 ug when orbital-
% ™~ polarization is includedto Co impurity in Cu which is well
8 below the value for single Co in the surfaCeble I). Em-
o= bedding into the surface removes any tendency of a single
I N Co atom to prefer the perpendicular magnetization that might
40 F V' minority be present when it is depositegonthe surfacé:1041
- ' Now we would like to comment on the approximate rela-
60 L tion between the MAEdenoted below ad\E°™®) and the
03 02 0.1 E, 0.1 02 magnetic orbital-moment changeAL™ proposed by
Ener Bruno#3#4 From the 2nd order perturbation theory one can
gy (Ry) .
obtain
FIG. 4. The LDOS on the Ccclusters embedded in the ©01) AEOD ~ — 0.25¢AL™, (7)
surface

In the derivation of Eq(7) one supposes that the interac-
- tion between minority- and majority-spin electrons can be
away from Er. The remaining components form marked neglected. In the paprit has been argued that Eq7)

peaks abovem=2x1) and below(m=0) Eg; the former g0 14 otor rather to global system MAE and magnetic or-
peak 1S vyell sensitive to the geometry relaxation. For theDital moment than to their local values associated with par-
guantization axis in the Goplane, however, we observe a ticular atoms. Note that an inaccuracy ©0.01 ug in AL™
drastic_reduct_ion of LDOS. withn, = +2 near_EF caused by introduces aﬁ error of more than 0.1 méV AfEB"rb. Our
relaxation. This may explain the large drop in the MAE Valueanalysis shows that the relatigf) is correct with accuracy
for th_e Fe'axed cluster. . about 20-40%; the exception is Cwhere AE®™® is about

It is important to note that small ferromagnetic (:IusterstWice as large as the calculated MAE. We ascribe the inac-
and adatoms apove ,Q@Dl) or Al11(001) surfaces have been curacy of Eq.(7) mainly to large LDdS atEg for all the
treated _theoretlcally in pape‘?é. The comparison can _be clusters considered which can make the 2nd order perturba-
ma<_je with results for Co in the second reference. S|_m|IarIyti0n theory not fully adequate. We have yet illustrated this
as in the present study, the authors get preferred In'pl‘an&tuation for the case of GoTo see whether the spin-orbit

interaction between electrons with unlike spins cannot

40 ' T ' ' change the situation, we have made some tests with the SOC
I operator acting solely upon minority electrons. The tests

30 A show that accuracy of Eq7) remains the same and thus
20 corroborate our idea about quasidegenerate states thtat
= are not treated accurately enough by the 2nd order perturba-
g 10 tion theory.
§ 0 I Finally, we note that very recently it has been reported
5 | that for Co chains at steps on thgHitl) surface, spin and
.10 orbital moments can become noncollif@aven if all spins
~ are parallel. For geometries considered in our work, such a

-20

situation cannot occur because of high, symmetry of the
_30'_ atomic arrangement. For example, let us consider in-plane
L orientation of spins and let us suppose that the magnetic
-40 . L . . orbital moment has a nonzeekbocomponent, the same on all
-0.10 -0.05 Ep 0.05 atoms connected by rotations around the central symmetry

Energy (Ry) axis. By applying the time-reversal operation, X|Y,Z
components of spin and orbital magnetic moments change
) . > . :

spin d-electrons in the Cpcluster embedded in the @01) sub- S'fg?(' No(\j/v\,(performlng thécl:_‘;) rotatlr?n, WT c_hange the S|gn.
strate into components with different magnetic orbital moments® an components. Hence, the solution must remain

Positive LDOS corresponds to the quantization axis along the surL-mChamE’ed when th_e 5'9” of tIZecomponent of any vector
face normal: full(dotted lines are associated with orbital-moment changes. In other situations, reflection planes are also to be

eigenvaluem =1 (m=0). Negative LDOS correspond to the quan- iNvoked.

FIG. 5. Decomposition of the tight-binding LDOS of minority-

tization axisX; full (dotted lines mearm =1 (m=2). Heavy(nor-

mal) lines show LDOS for the relaxe@ddeal) cluster. Spin-orbit V. CONCLUSIONS

coupling is not included and, hence, results are the samme fand Our studies lead to the conclusion that mesoscopic strain
-my, respectively. relaxations in the Co islands embedded in the Cu substrate

224419-6
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have a strong effect on the magnetic properties at the intesstrong strain relaxation. However, our results clearly demon-
face. The size-dependent mesoscopic mismatch is the drivirgirate that due to the mesoscopic mismatch, strain relaxations
force of the strain relaxations in the island and the substrateand their impact on magnetic properties could be stronger
We have shown that the MAE of the embedded clusters ishan expected. It would be of great interest to study the effect
significantly reduced compared to those in supported clusof mesoscopic relaxations on magnetic properties for a sys-
ters. The interaCtiOI’l W|th the SubStrate atoms and the atom.[%m having a |arge macroscopic mismatch’ for example Fe
relaxations drastically reduce the MAE of edge atoms of eMjs|ands on W or Pd substrates. We expect that in such cases

bedded clusters which play a major role for supported clusye jmpact of relaxations on magnetism can be crucial. Such
ters. Atomic relaxations are also found to reduce the orbital; qies are in progress now.

magnetic moments of embedded clusters. For all clusters,
including a single Co atom, in-plane magnetization is ener-
getically preferred over the perpendicular one. We have
found a strong enhancement of the spin magnetic moments
in embedded Co clusters compared to a single Co atom in the This work was supported by the Deutsche Forschungsge-
Cu(001) surface. We believe that our results are of funda-meinschafi(DFG), Schwerpunktprogramm “Cluster in Kon-
mental value to understand how the magnetic properties dfkt mit Oberflachen: Elektronenstruktur und Magnetismus”
nanostructures change due to the interface intermixing. W&. P. thanks the Max-Planck-Institut fir Mikrostrukturphysik,
have used for our studies a particular system, Co islands inlalle, and the Martin-Luther-Universitat, Halle—

ACKNOWLEDGMENTS
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