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Anomalous ferromagnetism of a monatomic Co wire at the Pt(111) surface step edge
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A first-principles investigation of the anomalous ferromagnetism of a quasi-one-dimensional Co chain at the
P1(111) step edge is reported. Our calculations show that the symmetry breaking at the step leads to an easy
magnetization axis at an odd angle-e20° towardsthe Pt step, in agreement with experimgatGambardella
et al, Nature(London) 416, 301(2002]. Also, the Co spin and orbital moments become noncollinear, even in
the case of a collinear ferromagnetic spin arrangement. A significant enhancement of the Co orbital magnetic
moment is achieved when modest electron correlations are treated within L8RAleulations.
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Exploring magnetism in the one-dimension&D) limit 4 meV/Co atom and—using the LSDA}approach—a Co
has been a great challenge for many years. Only recentlprbital momentv, =0.45ug. . _ .
Gambardellaet al! succeeded to observe ferromagnetism of ~ Previously, several computational studies of the magnetic
monatomic Co wires decorating the($37) surface step Properties of adatoms, clusters, and monatomic chains on
edge. By exploiting the element-selectivity of the x-ray mag-Surfaces were reporte@ee, e.g., Refs. 7-11The calcula-
netic circular dichroism(XMCD), the existence of long- tons predictin general an enhanced MAE closely related to
range-like ferromagnetic order on Co was demonstrated bdh® reduced dimensionality. However, in all of these studies
low 15 K12 Although theoretically the Mermin-Wagner only transition-metal wires or adatoms dlat surfaces are
theorerd forbids long-range 1D ferromagnetic order at non_:{nvesngated—u.e., geometries tr:jat are essennaII)é different

oo ..__from the metal wire at a step edge. For wires, adatoms or
Zero temperatures, fer_romagnetlsm in 1D can be Stab'“?e luster§ at flat surfaces the easy axis is either normal to the
by a large magnetic anisotropy energy, which creates barrie

frectivaly blocking th Ll : The sianif frs‘ﬁ.lrface or in-line for some wiréd.So far only oneab initio
effectively blocking thermal fluctuations. The significance of gy, 4y of Co at a Pt step edge was reported, in which the

i : s &MCD spectrum was computéd,but the magnetic aniso-
occurrence of long-range magnetic order in 2D systems.  yopy was not considered. Our study focuses on the unprec-

The experiments of Gambardeltt al. revealed novel edented magnetic anisotropy properties observed for the
magnetic properties of monatomic Co wires at Pt step edgeguasi-1D Co chain.
An unexpected magnetocrystalline anisotropy was observed: Methodology We performed supercell calculations to
the easy magnetization axis was directed along a peculiahodel the Co chain at the ®11) surface step edge. Super-
angle of +43° towards the Pt step edge and normal to the Ceells of various sizes were investigated. We shall discuss
chain. The magnetocrystalline anisotropy engilAE) was  here particularly two supercells: one of small size, model |,
estimated to be substantial, of the order of 2 meV/Co dtom.and a large, realistic supercell, model($ee Fig. L Thus,
In addition, a considerable enhancement of the Co orbitalve can follow the successive changes while approaching the
magnetic momeni = 0.7ug—as compared to the bulk Co real situation. Model | consists of one subsurface Pt layer
M_ value of 0.14z—was deduced from XMCD experi- built of four rows of Pt atoms and one surface layer contain-
ments. ing one row of Co atoms and two rows of Pt atoms, as well

In this paper we report a first-principles investigation of as one empty row, to model the step edge. Model Il consists
the anomalous ferromagnetism of a monatomic Co wire abf a sub-subsurface and a subsurface Pt layer built of six
the Pt111) surface step edge, using state-of-the-art electronicows of Pt atoms, while the surface step is modeled by three
structure calculations. We focus on the intriguing features ofows of Pt atoms, one Co row, and two rows of empty Pt
the quasi-1D Co wire: i.e., the easy axis rotated away fronsites. In both supercells the vacuum is modeled by the
the (111) surface normal, the enhanced Co orbital momentgquivalent of two empty Pt layers. All interatomic distances
and the huge estimated MAE. The key outcomes of our studgre adopted to be those of pure Pt. We note that while model
are (i) the ab initio calculation of an easy axis at an odd Il reaches the maximally treatable supercell size for full-
angle rotated towards the Pt step edge @indhe prediction potential, relativistic calculations of the MAE, the propor-
of an intrinsic noncollinearity between spin and orbital mag-tions of the experimental Co chain at the927) step edge
netic moments of both the ferromagnetic, Co wire and Pre still larger, consisting of an eigtht-Pt-row-wide terrace at
substrate. The origin of this novel magnetic behavior, whichthe Pt step.
is to our knowledge not present in known 2D and 3D itiner- The first-principles calculations were performed using the
ant ferromagnets is explained to be a consequence of thelativistic full-potential linearized-augmented-plane-wave
magnetic symmetry lowering at the surface step €dger  (FP-LAPW) method, in which the spin-orbit coupling0Q
calculations furthermore yield a MAE of the order of is included in a self-consistent second-variational
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TABLE I. Spin and orbital magnetic moments jug, calculated
for the monatomic Co wire at the (Bfl1) step edge, using the su-
percell models | and II.

Ms M
X y z X y z
Model I, axis

Ml axis 2129 0 0 0084 0 0
Mdly axis 0 2128 0 0 0065 0.032
Spin/orbital M4z axis 0 0 2127 0 0.009 0.155

magnetlc moments
9(3 - e - Model Il, aton?

2.13/0.l§ 0.17/0.04 0.03/0.0!—0.01/—0.01 Pt‘SP Co 0 0 2127 0 0.011 0.149
P2l Yol Nl Y Pt-1 0 0 0168 0 0.005 0.044
0.15/0.05 0.07/0.02 0./0.  0./0.0.04/0.01 0.19/0.05 Pt-2 0 0 0.146 0 0.003 0.046
0.06/0.01 0.04/0.0 0./0. 0./0. 0.02/0.0 0.07/0.01 Pt-3 0 0 0194 0 0.005 0.052

3 -
FIG. 1. (Color online Top: schematic crystal structure of model Ms parallel to thez axis.

I, used to represent the Co chain at thélPt) surface step edge . . L . .
(Ref. 13. Middle: definition of the angle®, ¢, and coordinate situation is different: the magnetic symmetry operati@s

axes. Thex axis is chosen parallel {d.10] (along the Co wirg the and oy, which Conser\ieM):, force MY=M?=0 and, conse-
y axis to[121] (normal to the wirg and the surface normalis  quently, we must havil, |[Mg for a magnetization along the
chosen parallel td111]. Bottom: profile sketch with calculated wire.
Mg/M{ values specified. From Table | we further observe that both the Co spin and
orbital moment are considerably enhanced with respect to
proceduré? For most of the calculations the conventional the values for bulk hcp CY as expected for a dimensional-
(von Barth-Hedin local spin-density approximatiom.SDA) ity reduction leading to a more atomiclike configuration. The
iS adopted, Wh|Ch iS eXpeCted to be Valid f0r itinerant metal'cak:u'ated,vls and ML Of Co agree We" W|th those Of Ref
lic SyStemS. In order to Capture better the electron Correla]_z, Where' however' 0n|¥.axis collinear Components MS
tions expected for the Cod3electrons in the reduced dimen- gng M, were considered. The Qdg does not change when
sion also the LSDAY approach, in the implementation of the supercell is enlarged from model | to model II, but small
Ref. 15, has been applied. For further details of the calculachanges in the orbital moments exist. Also, there is a sizable
tions, see Ref. 16. magnetization induced on the nearest-neighbor Pt atoms,
First-principles resultsWe first applied the conventional which is decreasing rapidly for the Pt atoms farther away
LSDA approach using the FP-LAPW scheme. To start with,see Fig. 1 The size of supercell model Il appears thus
the spin magnetization axis was chosen to be fixed alongyfficient to separate the magnetic Co wires and to ensure the
either thex, y, or z axis. The essential computed sgiMy) Pt magnetization decreases away from the step edge.
and orbital(l\7|,_) moments are given in Table I. Table | re- Next, we tu_rn to the salient aspect of our investiga_tion, the
- - : MAE calculations. We used the so-called “magnetic force
vealg that thev S_and M, on Co and I_Dt areonc_olllnearfor theorem” to compute the MAE: starting from self-consistent
a spin moment fixed along thyeor z axis, bchoII|nea£when charge and spin densities calculated for the spin moment
Ms is along thex axis. Noncollinearity ofMs and M, has  galigned along the axis, theMg is rotated over angleg or ¢
been predicted previousi§yfor noncollinear spin magnetic (see Fig. 1 and a single energy band calculation is per-
structures, and not for a collinear, ferromaqnetic sPin conformed for the new orientation dfls. The MAE, which is
figuration. To understand the noncollinearityMf andM, it  defined as a directional total-energy difference, is computed
is instructive to consider the magnetic symmetry. The symfrom the change in one-electron energiesiue to theMg
metry operations which preserve the crystal symmetry areotation—i.e., MAE=E(6, ¢)—E(6=0,$=0) (Ref. 19. The
the identityE and the mirror operatiomn, with respect to the calculated angular dependent MAE is shown in Fig. 2 for
yzplane(see Fig. 1. Considering now the magnetic symme- supercell .
try operations, which are—for a total magnetic moment in  For a rotation ofMg over an angled in the xz plane the
the yz plane—E and o,R, with R the time inversion, we MAE dependence oW is symmetric, reflecting the mirror
observe that these symmetry conditions impb&=0, but  symmetryao,, with the easier axis pointing along taalirec-
MY, M?##0 without any restriction. Therefore there is no tion and the harder axis along the Co wire. For a rotation of
particular symmetry imposed direction in theplane which Mg over an angles in the yz plane, we obtain a peculiar
would force the spin and orbital moment to be parallel. Inasymmetric dependence of the MAE én reflecting the ab-
other words, the magnetic symmetry in the plane is the sence of any particular symmetry-imposed direction inythe
same for all magnetization directions. Along the wire theplane. The computed easy axis is rotated away fromzthe
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FIG. 2. (Color onling The MAE calculated for model Il as a
function of the angle® and ¢ of the spin moment. The solid lines
are fits to the points and are given by MAE=4.04-4.442Gps
-189 in the yz plane and 3.08-3.08 co¥ in the xz plane.
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FIG. 3. (Color onling The spin-resolved @ DOS, computed
with the LSDA and LSDA+J methods, for model Il and compared
to the LSDA DOS of hcp bulk Co.

Our computed cd$¢p— ¢o) dependence withp,#0 occurs

axis by 18°towardsthe Pt step edge, in semiquantitative ONly When Peq py, # Peopy, €ven for [Reo.py/=|Reopyl- IN-
agreement with the experimentally observed anomalous 43deed, at the step edge the Pt-2 and Pt-3 become nonequiva-
easy axis. The calculated direction of the hard axis of —72° lent (see Fig. 1 Their 5d-3d hybridization is therefore dif-

corresponds reasonably to the experimental value-650°

ferent, which causes the inequality leading to the asymmetric

also. MAE calculations adopting model | lead to similar MAE shape.

MAE(#, ¢) curves(not shown, yet the minimum occurs for

Although the LSDA works well for MAE calculations, it

¢=~-50°— i.e., an outward pointing easy axis. Thus, whileis known not to give large enough values for the orbital
both models provide nearly identical moments, increasingnoment'® This is in itself unsurprising, as the MAE is not
the supercell size from model | to Il improves the MAE and related to the size ofl, but to its anisotropy. The LSDA-
thus an even better agreement with experiment can be €¥alculatedM, of hcp Co is, for example, with 0.Q& only
pected for larger supercells. The MAE difference betweerhaif the experimental value of 0.44. The situation is even

the hard and easy axes #s4.45 meV/Co for model Il

worse for the Co wire. Comparing the LSDA calculated

(=1.6 meV/Co for model)l which exceeds by an order of \j —0.15,; (see Table ) with the experimentalM, of

magnitude the dipolar shape anisotrép¥he MAE is of the

0.68+0.0%up (Ref. 1) indicates that the LSDA value is too

same magnitude as thle experimentally estimated MAE 0ofmg)| by a factor of 4.5. Recently, the orbital-polarization

perimental MAE and thus an even better agreement Witrpeadmg to a Cavl, of 0.92ug (Ref. 12, but this value over-
model Il for T=0 K. We note that previous studies showed gjyq0ts the experimental data. '

the conventional LSDA theory to be quite successful for de-

To improve theM; one needs to account for electron-

scribing the uniaxial MAE of hep Co and CoPt bulk cqrreation effects beyond the conventional LSDA, which is

alloy?1??2 Here we observe that the LSDA also provides a

currently a challenging problem o&b initio relativistic

reasonable explanation of the MAE of the Co wire at the Ppergy-hand theory. To estimate this effect, we use here the

step edge.

semimodelbut physically transparent LSDAJ method,

The source of the large MAE of Co-Pt systems is well \hich was shown to correct the Od, of both hep Co
understood? the Pt atoms contribute substantially to the 5nq copt alloy with asingle choice of the Coulomb

MAE through their strong SOC, which couples to thé- 3 U(=1.7 eV) and exchangd(=0.91 e\} parameterd! Using

5d hybridization-induced Pt exchange splitting. For the Co
wire on Pt, the particular shape of the MAE can be furthe

unfolded. We note first that the asymmetric MAE in the

plane can be well fitted by a coangular dependence, sug-

gesting a uniaxial origif. Adopting a symmetry-based

“atomic pair” modef® the lowest second-order MAE can be
written as a sum over Co-atom nearest-neighbor pair

P(rﬁ-li), where m is the magnetization unit vectoR the
Co-Pt nearest-neighbor vector, aRdan empirical Néel pa-
rameter. The MAE then read$7/6Pcop,+1/ 3Pco-py

-3/ zpc:o-Ptl]COS2 (B)+213\2 Pco-py, = Pco-pyIsin(¢)cos ¢).

r

the sameU and J, we computeM{=0.45u5 when Mg is
along thez axis, still smaller than the experiment. The Co
spin moment hardly changes, from 2u3to 2.18ug when
the U is included. We could of course obtain better agree-
ment with experiment by another choice WfandJ, but we

g:efer to use the “universal” values found in Ref. 21, treating

us theU of metallic Co as a transferable, atom-specific
quantity.

This value ofU is supported also by the Co wired3
density of stategDOS) shown in Fig. 3. Since the LSDA
DOS shows a clear metallic behavior, there is no reason to
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expect a significant change in screening as compared to el- In conclusion, employing first-principles calculations we

emental Co. The spin-resolved LSDA DOS reveals a subhave provided a microscopic picture of the anomalous mag-
stantial narrowing of the bandwidth from6 eV for hcp Co  netocrystalline anisotropy of a quasi-1D Co chain at the
to ~4 eV for the Co wire as well as a moderate increase 0py111) step edge. The essential symmetry breaking at the

the spin splitting, as is expected for the reduced Co coordige ; ; ;
. g p edge leads to noncollinear spin and orbital moments as
nation. When the is included, the 8 DOS broadens some- well as to an easy magnetization axis oriented at a peculiar

what and significant changes in the spin-resolved DOS occur .
due to the gnhanced orb?tal polarizaF'Zion. TMe enhance- angle towards the Pt step edge. LSDA theory is found to

ment is found to be brought about by modifications of theProvide a rather good explanation of the magnetocrystalline
in-plane spin-down-y2 andxy orbital densities which are @nisotropy, yet a considerable improvement of the Co orbital
affected most by the missing Pt atoms at one edge side arffioment is obtained with LSDAW calculations.

thus most liable to locaize. In the LSDAJ approach the Wi ull K ledae di . th PG
MAE can be computed rigorously only from total e gratelully acknowleage discussions with P. Gam-
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