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Magnetic properties of finite Fe chains at fcc C001) and Cu(111) surfaces
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We present a systematic study of the magnetic moments and magnetocrystalline anisotropy of finite mono-
atomic Fg (1=<n=<9) chains deposited along the_(a)ldirection on top of fcc C®01 and Cy111) surfaces
as well as embedded into the uppermost three surface layers and into a perfect copper bulk host. The calcu-
lations are performed fully relativistically using the embedding technique within the Korringa-Kohn-Rostoker
method. We focused our investigations on the effect of the interaction between the Fe atoms as well as between
the Fe and host atoms on the magnetic properties of the chains. We found that the calculated spin and orbital
moments in the Fe chains are systematically larger than in the corresponding monolayer. Exploring the mag-
netic anisotropy properties of these systems we obtained a strong out-of-plane easy axis for wires deposited
both on the C(001) and Cy111) surfaces, while for the embedded chains the orientation of the easy axis
depends on the distance from the surface. We also found remarkable anisotropies for two different in-plane
magnetic orientations: namely, for the one parallel and the other perpendicular to the chains.
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[. INTRODUCTION The objective of the recent paper is to study in terms of
fully relativistic, ab initio calculations the magnetic proper-

The fast development of manufacturing and observationies of Fe chains deposited along the ()1direction of
techniques made available a large number of different geocuy(001) and Cy111) surfaces as well as buried by the sur-
metrical arrangements of magnetic impurities on metallictace layers. By performing calculations for different lengths
surfaces like dots, wires, stripes, or corrals. Due to their senof the chain, kn=<9, and by varying its distance from the
sitivity to the local environment, the magnetic properties ofsurface, we shall emphasize the role of the Fe-Fe and Fe-host
transition-metal structures can thus be greatly modulated, eXnteractions on the spin and orbital moments as well as on
ploring a wide spectrum of magnetic phenomena, e.g., inthe MAE. Concomitantly, in terms of the above quantities we
creased spin and orbital magnetization and strong magnetiglso describe the crossover from a pointlike impuf@p) to
anisotropies as well as a temperature and time dependence®iinear chain(1D).
the magnetization. Since the experiments of Elne¢ral on
Fe nanostripes on a W10) surface, often referred to as the
pioneering work in the field of magnetic nanowires, a large
number experimental and theoretical works have been deal- Within multiple-scattering theory, the matrix of the so-
ing with the electronic and magnetic properties of thesecalled scattering path operat@®PO, 7., corresponding to a
(quasiyone-dimensional systeris™ In particular, the struc- finite clusterC embedded into a host system can be obtained
ture and magnetism of monoatomic Fe wires grown on diffrom the following Dyson equatioft:
ferent stepped Cu(h) (n=3-11) surfaces were investi-
gated by Spigk and Hafner! while Eisenbachet al!? 7(E)=m(E){I [t YE) - X E)Im(E)} L, (D)
demonstrated that changing the crystallographic orientation
of infinite Fe wires embedded into Cu bulk can even result irwheret,(E) and 7,(E) denote the single-site scattering ma-

a change of the easy axis. trix and the SPO matrix for the unperturbed host confined to

It was also shown by Stepanyuwit al® that small mag- the sites inC, respectively, whild, comprises the single-site
netic clusters buried by surface layers can be energeticallgcattering matrices of the embedded atoms. Note thatliq.
more favorable than deposited on the surface. At an earl{akes into account all scattering events both in and out of the
stage of growth of Fe films on a vicinal Ciil) surface iron cluster. Oncer, is derived, all quantities of interest—i.e., the
forms a quasi-one-dimension@uasi-1D fcc-related struc- charge and magnetization densities and the spin and orbital
ture along the step edges due to the step decoration effechoments as well as the MAE for the cluster—can be
For the Fe stripes oriented along tHELO) axis an easy di- calculated’
rection of magnetization pointing perpendicular to the sur- Self-consistent calculations of the host copper were per-
face and a time- and temperature-dependent magnetizatidarmed in terms of the fully relativistic screened Korringa-
was reported by Sheet al}**° Very recently, for the same Kohn-Rostoker methd#!® using 45 and 8k points in the
system Boegliret al® observed an in-plane magnetocrystal- irreducible segment of the surface Brillouin zone in the case
line anisotropy energyMAE) favoring an orientation per- of (001 and(111) surfaces, respectively, and three layers of
pendicular to the chain. empty spheres to represent the vacuum region. The cluster

IIl. THEORETICAL APPROACH
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calculations were then carried out such that the Fe atoms F -
. . TN i . 331K v—v Cu(00)| ]
substituted sites along the (@)L direction in the first 32 oo cotin| 3
vacuum layer and in the uppermost three surface layers as 31k .
well as in the perfect 3D bulk host. No attempts were made = 30F -
to include lattice relaxation effects: the host and cluster sites o 29F -
refer therefore to the positions of an ideal fcc parent lattice 28 -
with the experimental Cu lattice constant. The local spin- 27 7
density approximation as parametrized by Voskal* was 26 | | | ]
applied throughout, and the effective potentials and fields F ]
were treated within the atomic sphere approximatia8A). g'z F B
When solving the Kohn-Sham-Dirac equation and also for 0:5 r E
the multipole expansion of the charge densities, a cutoff of ® 04f .
€ max=2 was used. — 03F ]
By using the self-consistent potentials with a magnetiza- = 02k ]
tion pointing perpendicular to the surfa@@ong thez axis), 0.1F .
we caICLlJIazlged the MAE by means of the magnetic force 0.0 f ——— |
theoreni'~*3as a difference of band energi¥s, ontop S S1 S2  inbulk
AElﬁZ: EZ_ Eg (=xy), ?) Layer position

FIG. 1. Calculated sping,) and orbital momentsl(,) of a

AE, ,>0, zpreferred, single Fe impurity embedded at different distances from €G1)
and a C@l11l) surface with a magnetization along the surface nor-
AE, ,<0, u preferred, (3 mal (z). The position of the impurity is labeled as follows: on top,

. . . first vacuum layer; S, surface layer; S-1, first subsurface layer; S-2,
where the axex andy refer to in-plane directions parallel gorond subsurface layer; in bulk, perfect bulk host.

and perpendicular to the chains, respectively. Quite naturally,

within this formalism, the MAE can be resolved into contri- ment of a single Fe impurity deposited on a(@1) surface
butions with respect to atoms. In principle, the magnetic(3.19uz) is by about 15% larger than in the corresponding
dipole-dipole interaction part of the MAE,A Efj’,z, should  monolayer case (2.78) (Ref. 25. This result agrees well
also be considered. Evidently, for the caseyefz this con-  with the full-charge density calculations of Stepanyatlal 2°
tribution almost vanishes. For the casexefz we can make A similar comparison between an Fe impurity embedded
an estimate based on the calculations of Ref. 12, which givesito the bulk host and an Fe monolayer sandwiched by two
AEY? ~0.12 meV/Fe atom for chains in the bulk and semi-infinite C4001) substrates shows that the difference
~0.2 meV/Fe atom for chains on top of the surfaces. Sincéetween the corresponding spin moments of Fe (2gJ0
these values are typically by a factor of 3 smaller than theand (2.54«g), respectively, is by about 6% smaller than at
correspondingAE®_, (see, e.g., Fig.)7in the present study the surface. This obviously demonstrates that the Fe-Cu in-
we have not discussed the magnetic dipole-dipole interactiotgraction, subject to the actual position of the Fe impurities,

part of the MAE. plays an important role in the formation of the magnetic
properties of the Fe nanostructures.
Ill. SPIN AND ORBITAL MOMENTS Placing the Fe impurity at increasing distances from the

surface one can selectively trace the effect of hybridization

For the Cu atoms adjacent the Fe impurities we found detween the impurity and host atoms. We observed a clear-
relatively weak magnetic polarization even in the surfacecut correlation between the coordination numbly;, of the
layer, where the polarizability of the host atoms is expectedmpurity formed by the nearest-neighbor Cu atoms and the
to be the strongest. The calculated spin moments of thesgctual value of the spin moment of the impurity. Inspecting
host atoms £5") were about 0.025, and the corresponding Fig. 1 one can see that the spin moment of the Fe impurity
orbital momentsI($") were less than I0ug . These values on Cu111) (3.27ug) is larger than that on the Q@01) sur-
are much lower than found for substrate Pt atoms in a similaface (3.1%g), which can be attributed to the smaller num-
geometrical arrangement  with  Co chains[Sft ber of nearest-neighbor Cu site; of the Fe impurity in case of
=(0.09-0.14)5, L7'=(0.02-0.04)5] (Ref. 24. For the 2 (11D surface (\Ic_u=3)_ than in case_of 6(001)_ surface
Co-Pt system our tests showed that treating only one shell dfNcu=4). For an impurity embedded into the first Cu sur-
host atoms around the impurities self-consistently was suffiface layer, on the contrarg;® is larger for the(001) surface
cient to get reasonable results for the magnetic properties ¢B.01ug) for which nowN¢,=8 as compared to thel1)
the impurities. The weaker polarization of the Cu atoms asurface layer (2.94g) with N¢,=9.
compared to the Pt atoms implies that this approach applies Clearly enough, for Fe impurities buried deeper in the
also for the Cu-Fe system. host,S;® differs only very little for the two kinds of surfaces

In Fig. 1 the spin and orbital moment of a single Fe im-and also it converges rapidly &, of an Fe impurity embed-
purity is shown as a function of the distance of the impurityded into the bulk (2.7@g). The sensitivity ofS;® on the
from the surface. We found that the spin-only magnetic mo-choice of the surface and the distance of the impurity from
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FIG. 3. Calculated spin momentsSj of the Fe atoms in

0 w\ Fe, (n=2,...,9) chains at the Q@01 surface with a magnetiza-

tion pointing normal to the surfacev( on top; A, layer S; ¢,

50 i ] layer S-1;0, layer S-2;0, in bulk; see Fig. L
1 1 1
i inbulk | =3), Sfe is systematically higher at the edges of the chains
50 | than in the middle. This feature cdagain be attributed to
0 the reduced coordination numhgg, formed by the adjacent
I \M\ i Fe atoms Ng.=2 and 1 for atoms inside the chain and at the
50 | - edge, respectivelysince the strong Fe-Fe hybridization low-
PR T ST T T S T M |
04 02 0 0.2 340F n=2|F n=3
320 v C
E-Ep Ry) Vool __ AN
FIG. 2. Calculated spin-projected densities of StaB®S) of 280 o 5
. 2. Calculated spin-projected densities of sté#3S) of an 260 L =8 r Btagﬁ
1 1 L

Fe impurity embedded into different layers of the (@d) (solid L1 1

line) and the C(11) (dashed lingsurfaces and into a Cu bulk host z-;g i =4[ =

with a magnetization pointing normal to the surfa@.(In each e RN L Ao

entry, the majority- and the minority-spin DOS is depicted in the U z A L A A

upper and lower panels, respectively. For the notation of the posi- 280 L

: ! . o ! : ~ 260k B8 L Bt

tion of the impurity see Fig. 1. £ 14 S T T N N S R T | ST T N A NN N A
~« 340F —1F -
A [ n=6 ([ n=7

the surface can be traced in Fig. 2 in terms of spin-projected el T U A | S N ~

densities of state€DOS) (Refs. 19 and 2j7of the Fe impu- 3.00 C

. 280k Apttopt L Ap A A g A

rity. Note that the DOS was calculated at an energy mesh ] Sgtppt | Opbbed

o . . 2.60 | r
parallel to the real axis with an imaginary part of 1 mRy. As S | R
can be seen the very sharp minority-spirband of the Fe 3A0F n=8|[ n=9

adatoms on the surface is intersected by the Fermi level just 320 e A | N ¥

a littte beneath the maximum of the peak. Therefore, the ;.go N C
30 F 2~a—ttttpd [ AptpnpApb

broadening of the minority-spin band due to the increasing oo [ Bt || Bogptrs N

hybridization with Cu pushes more states below the Fermi e et
level than above, resulting into a decrease of the spin
moment.

In Figs. 3 and 4 the calculated spin moments are dis- F|G. 4. Calculated spin momentsS) of the Fe atoms in
played for each Fe atom in the chains near thed0l and  Fe, (n=2,...,9) chains at the G111 surface with a magnetiza-
Cu(111) surfaces, respectively. As can be seen, independefibn pointing normal to the surfaceV( on top; A, layer S; ¢,
from the distance from the surface, for longer chains ( layer S-1;0, layer S-2;0, in bulk; see Fig. L

Atomic position
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ers the spin moment of the Fe atoms. Note that we observed F n=2f n=3

a similar trend for Co chains on [®11),>* while for Rh g':gz -

chains the opposite trend was reportethe extent of the o0k — L M

difference between the spin moments of the inner and outer- 0.10 &= L

most atoms is slightly affected by the distance from the 00 M T S TN | T T S O

surface. 040 L n=4|r n=5
For Fe on top of Cy111) the difference betwee8® of 030f -

the inner atoms (3.Q/g) and that of the outermost atoms 020 o r ‘;: g :;‘

(3.15ug) is about 2% while for a chain of the same length 010F  O=p=tt) -

OOO L 1 L 1 1 L 1 L 1 L 1 L L 1 L L 1
n=6 | n=7

embedded into the bulk this difference is only about 1%. In
general, it can be concluded that the spin magnetism of the 040 C
Fe impurities is affected by the Fe-Cu interaction and modu- 0.30 1 y
lated mainly by the distance of the magnetic nanostructure g'fg: m : m
from the surface and also by the Fe-Fe interaction. 0:00 S |

In the lower panel of Fig. 1 one can see that the orbital o0 b n=8 | n=9
moment of an Fe impurity dramatically decreases from its 0'30 r r
value as an adatom when it is placed into the surface and, by 0220 r L
further moving below the surface, it slowly tends to the cor- 0.10 ;m ;m
responding bulk value. In fact, the orbital moment of the Fe ool o v v ALy
adatom is about 3.3 times larger on top of {881 surface
(0.47ug) than in the surface layer (0.44), while for the
(111) surface this ratio is as large as 5.5 (Qugb FIG. 5. Calculated orbital moments {) of the Fe atoms in ke
—0.12ug). Note that these changes are much larger than then=2,...,9) chains at the €001 surface with a magnetization
corresponding changes in the spin momehts6% and pointing normal to the surfaceV( on top; A, layer S; ¢, layer
~12% for the(001) and(111) surfaces, respectively S-1;0, layer S-2;0, in bulk; see Fig. L

Similar to our previous studies of atomic-scale magnetic
structures,”** this implies that the orbital moment is much  These estimated values f&® compare well with the
more sensitive to the local environment than the spin magtheoretical results for infinite Fe wires at a (@L7) surface,
netization: due to the localization of thetlike states(see 2 86ug—2.96uz depending an the actual position of the
also Fig. 2, L;® is less quenched for the adatom as com-wire* and to that embedded into a copper bulk h&St

pared to an impurity in or below the surface. For the same=2 50y, (Ref. 12. Also listed are in Table | the moments of
reason, the adatom on a @@1) surface carries a consider-

ably higher value olL® than that deposited on a @D1)

L, (ug)

Atomic position

F n=2|r n=3

surface. 040 -

The calculated orbital moments of the Fe atoms in the 030F C \/
chains are shown in Figs. 5 and 6. As in the case of a single 020 - v C
impurity, the chains deposited on the surface display a quali- 010 o=t C S0
tatively different behavior as compared to those in or below 000 Pom = 'n='4 ——— 'n='5
the surfaceL , is much larger and also it exhibits remarkable gv;‘g C C
oscillations for the chains on the surface. el C

Apparently these features are more pronounced for chains 0.20 ¢ N L W
on a(111) surface than th€001). In case of an Fe trimer on ® g,(l)g '_. . ?“?‘?"’? L '_. . W L
Cu(11)), e.g.,L, of the outer atoms (0.3&;) is about 2.2 T F parals =7
times larger than that of the central one (QuE%. For longer g';‘g F 3

chains @>7) the oscillations ofL, inside the chains are 020F W d W

clearly damped. From Figs. 5 @r6 a rapid convergence of

. . . 0.10 Crmptmt ) [ Oyl
the orbital moment to the value of the chains embedded into vy i | P
the bulk host can be inferred. wh n=8 | =9
A transition from a pointlike (OD) to a quasi-one- 8'38-_ g

dimensional(1D) system can be traced in terms of the spin 020 -_M :W
and orbital moments of the central atoms of the chains 0'10-_ r

shown in Fig. 7 as a function of the length of the chaims, 0'00-? °'| °| °| °| ? "? ? . :. °‘| °| °| °| °| °| '? ?
As also can be inferred from Figs. 1, 3, 4, 5, and 6, up to ’ o

n=3 the magnetic moments decrease systematically and Atomic position

then seem to converge to a well-defined value. The value of £ig 6. calculated orbital momentd f) of the Fe atoms in
Sse and LZFe eXtI’ap0|ated from the data in F|g 7 numerica”y Fq_l (n:2, . ,9) chains at the qllll) surface with a magnetiza_
ton=, listed in Table I, can be interpreted as an estimatiorion pointing normal to the surfaceV( on top; A, layer S; ¢,
for the moments in the corresponding infinite chains. layer S-1;01, layer S-2;0, in bulk; see Fig. 1
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FIG. 7. Calculated sping,) and orbital momentsl(,) of the 0 e E
central(most symmetricFe atom in Fg (n=2,...,9)chains along [
the (110) direction at the C{@®01) and Cy111) surfaces with a 05 é Sll SI2 —1 m
magnetization pointing normal to the surfade, (on top; A, layer ) - in bu
S; ¢, layer S-1;00, layer S-2;0, in bulk; see Fig. 1 Layer position
the corresponding Fe impuriti¢se., for the 0D caseand, in FIG. 8. Calculated orbital moment anisotropfl(=L,—L,)

case of a C(D01) surface, those for the corresponding mono-and magnetic anisotropy energik=E,—E,) of a single Fe im-
layers (2D).?° Thus, a systematic trend of the reduction of Purity embedded at different distances from a(@i) and a
both S, andL, can be seen when increasing the dimensionCu(11) surface. For the notation of the position of the impurity see
ality of the magnetic nanostructure, 6D1D—2D. A simi-  Fig- 1.

lar trend has been explored experimentillyand . )
theoretically®?* also for Co nanostructures. Our estimatedferent positions with respect to the ©01) and Cy111) sur-

values ofL, for infinite monoatomic chains on top (0.23) faces and the corrgsponding orbital_ moment ani_sotropies
and in the surface layer (0.1@) of Cu(111) fit well into the ~ ALx—, are shown. Similar to our previous observatfgrfé
tendency of the experimental values when reducing théhe spin moments of the magnetic impurities are fairly insen-
thickness of the Fe film as reported in Refs. 16 and 29.  sitive to the orientation of the effective field. Comparing

The experimental value approximated to the wire casdrigs. 1 and 8 one can find that the orbital moment and the
(~0.13ug) lies between the two above calculated values ofanisotropy of orbital moment are of the same order of mag-
L,, most possibly since the step-edge geometry used in theitude, indicating that the orbital moment is indeed very sen-
experiments can be regarded as a crossover between wires gitive to the magnetization direction coupled to the crystal
top of the surface and those embedded into the surface layetue to the spin-orbit interaction. For an adatom placed on top

of both kinds of surfaces an easy magnetization axis pointing
IV. MAGNETIC ANISOTROPY perpendicular to the surface is favored, as can be inferred
In Fig. 8 the MAEAE,_, of single Fe impurities in dif- from the positive sign of the MAE2.86 meV on C(001)
) ) and 4.30 meV on Qd11)].

TA.BLE.I. Calculated spin momentS{z) anq orb!tal momgnt Remarkably, the MAE of the Fe adatom on () is
(L), in units ofug, of an Fe atom as a single impurt§D) and in 51,5t 20 times larger as compared to the corresponding Fe
an |.nf|n|te wire (1D) as estlmited from_ the calf:ulatlons.for finite monolayer cas® Comparing the upper and lower panels of
chains embedded along the (@)1direction at _dlfferent distances Fig. 8 a strong correlation betweerl. and AE can be ex-
from a CU00D) and a Ci11Y) surface(on top, first vacuum layer;  yqred: in accordance with the qualitative rule obtained from
S, su.nface layer; S-1, first subsurface Iaygr; S-2, second SUb,Surfaf)%rturbation theoﬁ?ﬁlthe easy axis corresponds to a maxi-
Eﬁe&;&zﬁg gfegee(i:; 2”&;0?5(%%%'58\/2?5 Zrzors?e%oe;pggson mum of the orbital moment. Clearly, bottL andAE of the
d . & yer syst : . Fe impurity decrease dramatically in magnitude when placed

enoted by subscript 2D, are also presented by using the mapplnﬂto the surface la belows E h idlv th
m=0, on top;m=1, layer S-1;m=2, layer S-2; andn=<, in : . € layer or belo approaches rapidly tne
bulk. practically vanishing MAE of the impurity embedded into
the bulk with perfect cubic symmetry. As can be seen from

Cu(001) Cu(111) the oscillating sign of the MAE the orientation of the easy

SO gl g0 0D 1D 2 g gIo |0 | 1D magnetization axis (_jepends_on the distance from the surface.
Lz r S Previous theoretical studies by Szunyogh and i@y®’
Ontop 3.19 3.02 2.78 0.47 0.16 0.08 3.27 3.07 0.65 0.22for Fe impurities buried by a Au surface also explored an
S 3.01 292 - 0.14 011 - 2091 2.82 0.12 0.10 oscillatory behavior of the easy axis with varying distance
S-1 2.72 2.66 2.61 0.10 0.09 0.07 2.74 2.67 0.12 0.09from the surface. As can be seen in Fig. 2 the DOS of the Fe
S-2 2.72 2.65 2.58 0.09 0.08 0.06 2.67 2.62 0.10 0.09impurity refers to the case of a completely filled majority
Inbulk 2.70 2.62 2.54 0.09 0.08 0.07 2.69 2.62 0.09 0.08 band. Thus, the most important condition to use perturbation
theory in simple terms-namely, omitting spin-flip
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d,2, andd,_,2 orbitals of a single Fe impurity deposited
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FIG. 11. Calculated contributions of Fe atoms in chains im-

change of the reorientation of the easy axis in terms of thenersed at different distances from a(Q@il) surface to the mag-
electronic structure, we plotted in Fig. 9 the minority-spin netic anisotropy energAE,_, (V, on top;A, layer S; ¢, layer

DOS of an Fe adatom on @a01) as well as that in the
surface layer as projected onto “canonical), orbitals («
=Xy, Xz, yz, z>, andx®—y?). Note that only in this case
did we “switch off” the spin-orbit couplingSOQ using the
scaling scheme proposed by Ebettal 3*
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S-1;0, layer S-2;0, in bulk; see Fig. 1

As can be inferred from Fig. 9, for an Fe adatom, the large
dy,- andd,2_2-like DOS at the Fermi level indicate a strong
perpendicular anisotropy due to the interaction induced by
the SOC (., coupling.®® When placed into the surface layer,
the in-plane states—namely, tlg,- andd,2_,2-like states
of the impurity—get hybridized with mostlgp-like states of
the adjacent Cu atoms, resulting in a broadening and, conse-
quently, in a corresponding lowering of these components of
the DOS at the Fermi level.

The contributions of individual Fe atoms within the

chains (=2) to the MAE AE.“ and AEsfiZ (i
=1,...)n) are displayed in Figs. 10 and 11 for a (€QJ)
and in Figs. 12 and 13 for a Cl11) surface. The first thing
to note is that, although considerably decreased in magnitude
as compared to the chains on top of the surfaces, all the
contributions ofA Effiz remain positive for all the embedded
chains; thus the orientation normal to the planes is always
preferred with respect to the one along the chains. As this
observation does not apply for the case of a single Fe impu-
rity (see Fig. 8 we can conclude that the origin of an easy
axis normal to the chains can be attributed to the Fe-Fe
bonds along the chairté:®

For chains deposited onto the surface the direction normal
to planes remains the easy axis as can be inferred from the
corresponding positive values Angf‘Z in Figs. 11 and 13.

However, for the embedded chains the energetical difference

FIG. 10. Calculated contributions of Fe atoms in chains im-P€tween the two orientations normal to the chains—namely,

mersed at different distances from a(Q@1) surface to the mag-
netic anisotropy energ\WE,_, (V, on top; A, layer S; <, layer
S-1;0, layer S-2;0, in bulk; see Fig. 1

z andy—qgets very small and converges to a value below 0.1
meV/Fe atom for the chains embedded into a perfect bulk.
On top of the surfaces, for shorter chaims<(5) typically
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Atomic position Atomic position

FIG. 13. Calculated contributions of Fe atoms within the chains
immersed at different distances from a(Cl0) surface to the mag-
netic anisotropy energAE,_, (V, on top; A, layer S; ¢, layer
S-1;0, layer S-2;0, in bulk; see Fig. 1

FIG. 12. Calculated contributions of Fe atoms in chains im-
mersed at different distances from a(CLd) surface to the mag-
netic anisotropy energ\WE,_, (V, on top; A, layer S; ¢, layer
S-1;0, layer S-2;0, in bulk; see Fig. 1

rapid variations oAEF® along the chains apply. For longer ~1.5 meV and~0.65 meV, respectively, are again in good
chains =6) one can find that the largest contributions toagreement with that deduced from the experiments,
AE,_, come from the outermost atoms, whileA&,_, the  ~1.6 meV 2 The perpendicular MAE numerically estimated
inner and outermost sites add nearly the same contributiorfitom our results for an infinite Fe wire along thELO) direc-
Interestingly, this relationship is reversed for chains im-tion in an fcc Cu bulk host is about 0.4-0.5 meV which is
mersed in or below the surfac&E' * is systematically appr?zximately 3—4 times larger as obtained by Eisenbach

smaller at the edges of the chains than in the interior regiorft alr.]. dift b h h ical | b
while AE)'jSiZ seems to be quite homogeneous along thea This difference between the two theoretical results can be

chains ttributed to the different directions of the induced moments
Except for chains on top of the surfaces, thal MAE of at the Cu sites adjacent the Fe atoms which was fixed to be

the chains(including the contributions also from the first
shell of Cu sites and as normalized to one Fe atisrshown

in Fig. 14. One can immediately recognize the different be-
havior of AE, _, and AE, , with respect to the distance
from the surface: the sign &E,_, does not change for any
embedding depth, whilAE, _, is negative for wires embed-
ded into the first layer of a @001 surface or into the first

07 Cu(00D) [
0.6 - 4t
0.5 I
04

030 v v v v AT L T

Cu(111) ]

_, (meV)

%
|

and third layers of a Qa11) surface. ConsequentipE, _, o 31‘3‘;_ C“(OOI)_: L C“(m)_:

<0 refers to cases for which the easy axis is normal to both g 02 Lo~ 0—0—0—0—0] L y

the surface and chain. R e e e S H—00—0—0—0—0—0

For chains embedded into the bulk, we obtained an easy « | fA~,a—A—at—a—2 1 | R RR=E=00=0=0

axis perpendicular to both th@g11) and (110) directions; 020 ooy T B ]

i.e., it can be identified by the (1_12jirection. Clearly, the SRR R L N
Chain length Chain length

convergence of the total MAE with respect to the length of
chains is slower than that of the spin and orbital moments of £ 14, calculated magnetic anisotropy energié8AE)

the central atomgsee Fig. 7. An approximate value for in- AE,_, andAE,_, for Fe, (n=2, ..., 9) chains immersed at differ-
finite wires can, however, be estimated from the data conen distances from a €11 and a C(@01) surface including also
tained in Fig. 14. Similar to the orbital moment, our esti- contributions from the nearest-neighbor Cu sites and normalized to
mated values ofAE,_, for the infinite wires on top and one Fe atom 4\, layer S; ¢, layer S-1;01, layer S-2;0, in bulk;
embedded into the surface layer of a (Cll) surface, see Fig. 1
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V. CONCLUSIONS

Using a real-space embedded cluster technique based on

> the Korringa-Kohn-Rostoker Green function method, we car-
g ried out fully relativistic self-consistent calculations for finite
3* Fe chains oriented along the (@)L direction near the

Cu(001) and Cy111 surfaces. We found that the magnetic
properties of the Fe chains strongly depend on the distance
from the surface, i.e., on the local environment. As compared
23 45 6 7 89 to the monolayer case, we found enhanced spin and orbital
Chain length moments as well as magnetic anisotropy energies for the

FIG. 15. Calculated in-plane magnetic anisotropy enéiE) chains mainly controlled by the coordination of the magnetic

AE,_y, for Fg (n=1,...,9) chains on a C{©01) and a C¢11]) atoms. . . . . .
surface including also contributions from nearest-neighbor Cu sites In the special case of a single Fe Impurlty, we illustrated
and normalized to one Fe atofi¥, Cu001) on top; A, Cu001) the _c_hanges of th_e spin moment and MAE with respect to the
layer S;0J, Cu(111) on top: O, Cu(11Y) layer S; see Fig. 1L position of the impurity in terms of the corresponding
changes in the electronic structure. For most of the quantities

parallel to the Fe moments in our calculations but was freely!nder consideration we found a reasonable convergence
fluctuating in Ref. 12. It should, however, be noted that theVhen increasing the length of the chains. Thus, the corre-
calculations of Ref. 12 have been performed by using periSPonding quantities for the infinite chaiD) could easily be
odic boundary conditions in the plane normal to the Wire;esnmated.z?lmllar to our previous calculatlorjs for Co chains
therefore, the corresponding resuits particular, the MAE O P{111),”" we showed that from calculations for rather
can also be influenced by “interchain” interactions. short linear chains the magnetic properties for Igigpally

In Fig. 15 the in-plane magnetic anisotropy energies INfinite) chains can be deduced, keeping, however, the pos-
AE, , of chains on top and embedded into the surface |aye§lbl|lty tp study local fluctpatlonsflnlte—sae effect}swnhm
of Cu(001) and Cu111) surfaces are displayed with respect the cha_lns. Although a d_|fferent geometry was use_d in our
to the length of Fe chains. In particular, for chains on top ofc@lculations, the easy axis of the system and the size of the
the CY111) surface AE,_, shows rapid oscillationéwith a MAE as well as the. orbital moment anisotropy are in good
period of two atomj indicating that the in-plane MAE is 2dreement with available experimens.
influenced by confinement effects caused most possibly by
surface states. The extrapolated value of the in-plane MAE
for an infinite chain on a Qud11) surface,~ 0.5 meV, is
very close to the experimental value of about 0.4 meV re- This paper resulted from a collaboration partially funded
ported by Boegliret al® by the RTN network “Computational Magnetoelectronics”

In order to complete the comparison between our calcu¢Contract No. HPRN-CT-2000-001%3 Financial support
lations and experiment we also estimated the anisotropy ofras also provided by the Center for Computational Materials
the orbital moment for an infinite Fe wire from the calculatedScience (Contract No. GZ 45.45] the Austrian Science
values for the sites at the center of longer chaing7), Foundation(Contract No. WOOA and the Hungarian Na-
yielding a value ofAL, ,=0.025ug on top of a C¢lll) tional Scientific Research Foundation Grant N6GTKA
surface andAL,_,=0.03%g in the corresponding surface T037856 and OTKA M36482 and the Research and Tech-
layer, again in good agreement with the experimental dataological Cooperation Project between Austria and Hungary
ALy ,=0.032ug (Ref. 16. (Contract No. A-23/01L
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