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Magnetism at high-index transition-metal surfaces and the effect of metalloid impurities: Ni„210…
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Structural, electronic, and magnetic properties near the Ni~210! surface and the effect of Li, B, P, and Ca
impurities are determined by means of the all-electron total energy/atomic force full-potential linearized aug-
mented plane wave method with the generalized gradient approximation. For the Ni~210! clean surface,
simulated with an 11-layer slab, multilayer relaxation is found to be confined to the top three layers. The
magnetic moment of the surface Ni layer, 0.79mB , is enhanced by 27%, compared with its bulk value. This
result confirms the well-accepted understanding that the reduced coordination number at a clean transition-
metal surface with a high index leads to enhanced magnetic moments. Boron and P strongly alter the atomic
structure at the Ni~210! surface, whereas Li and Ca have only a slight influence, due to the weak chemical
bonding with the nickel substrate. It is found that all four selected elements exert detrimental effects on the
Ni~210! surface magnetism. The effects of B and P are stronger than those of Li and Ca, mainly due to their
stronger hybridization with the nickeld states. An analysis of the results for B and P suggests that it is the
stronger magnetization of its free standing monolayer that makes P more detrimental than B on the nickel
surface magnetism.

DOI: 10.1103/PhysRevB.63.064427 PACS number~s!: 75.70.Rf, 75.70.Cn, 71.15.Mb, 73.20.At
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I. INTRODUCTION

During the last two decades, the electronic and magn
properties of transition-metal~TM! surfaces has been a su
ject of great theoretical and experimental interest. The ab
termination of the lattice leads to a variety of exotic pheno
ena such as magnetic moment enhancement and multi
relaxation, which are now well recognized and generally
plained in terms of the decrease in the coordination num
and the increase in the localization of thed states near the
surface.1,2 Extensive studies have focused on low index s
faces, i.e.,~001!, ~110!, and~111!. Little is known, however,
whether this explanation holds true for surfaces with hig
indices.

Nickel, a prototypical ferromagnetic transition metal, h
received extensive investigations not only because of its
triguing electronic and magnetic properties, but also beca
of its technological importance as a catalyst, and its vers
ity in metallurgy and materials science. Ni~001! has been one
of the most studied metal surfaces since the report of m
netically dead layers on this surface. Instead, first-princip
investigations on 9-layer,3 5-layer,4 and 7-layer5 slabs have
predicted a significant enhancement of the magnetic mom
at this surface, which was later confirmed by experime6

Full-potential linearized augmented plane wave7 ~FLAPW!
studies on the~110!8 and~111!9 surfaces demonstrated sim
lar enhancement, but to a smaller degree. Very recently, M
tendorfer et al.10 studied comprehensively the structura
electronic, and magnetic properties of the low-index surfa
of ferromagnetic nickel with the first-principles pseudop
tential method. Their results agree in general with the pre
ous full-potential calculations and again indicated magnet
enhancement for these three surfaces. However, nickel
faces with higher indicies remain unexplored.

On the other hand, the magnetism of the TM-T
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interfaces2,11 has been extensively studied and the effect
the chemisorption of gases on the surface magnetizatio
TM has also drawn more and more attention from both
perimentalists and electronic structure theorists.12 For the
case ofsp atomic overlayers adsorbed on a magnetic T
surface, the strong reduction of the surface magnetic mom
or even magnetically dead layers and the induced magn
moments at the adsorbate atoms are well-recogn
experimentally.13,14 However, many fundamental aspects
the interplay between adsorbate-TM bonding and TM m
netism remain unknown.

In this paper, we present results of an all-electron sp
polarized semirelativistic FLAPW study of the magnetis
near the Ni~210! surface with and without an atomic ove
layer, X (X5Li, B, P, or Ca). These elements, when se
regated to the grain boundary in Ni, show significa
strengthening or embrittling effect on the grain bounda
cohesion.15,16 A plausible thermodynamic model propose
by Rice and Wang17 correlates the potency of a segregati
impurity in reducing the ‘‘Griffth work’’ of a brittle bound-
ary separation with the difference in binding energies for t
impurity at the gran boundary and at the free surface. I
therefore of much interest to investigate theX-Ni bonding on
the Ni surface. Exchange-correlation interactions betw
electrons are treated by the generalized gradient approx
tion ~GGA!, which is well-known to give a better descriptio
of the structural properties of 3d transition metals than doe
the local density approximation~LDA !. For the Ni~210!
clean surface, multilayer relaxation is found to be confined
the top three layers. Our calculations show that the surf
magnetic moment of Ni~210! is 0.79mB , i.e., enhanced by
27% compared with the bulk value (0.62mB) and even larger
than that of the Ni~001! surface.5 Thus, our first-principles
result confirms, in the case of a magnetic transition me
surface with a high index, the well-accepted understand
©2001 The American Physical Society27-1
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that the reduced coordination number and the resulting b
narrowing at the surface lead to enhanced magnetic
ments. B and P are found to introduce large relaxations
the atomic structure near the Ni~210! surface, whereas Li and
Ca have only a slight influence. Interestingly, the strength
the perturbation largely scales with the binding energy of
overlayer. All these foursp elements exert detrimental e
fects on the magnetism of the Ni~210! surface, with the ef-
fects of B and P much more significant than those of Li a
Ca. This is attributed to their stronger hybridization with t
nickel d bands. Our first-principles results indicate that t
strength of the detrimental effect varies roughly in scale w
theX-Ni bonding strength. An analysis and comparison o
and P cases suggests that it is the stronger magnetizatio
its free-standing monolayer that makes P more detrime
than B on the nickel surface magnetism.

The rest of the paper is organized as follows: In Sec
the calculational model and computational details are
scribed. Results are presented in Sec. III, and finally, we g
a summary in Sec. IV.

II. METHODOLOGY AND COMPUTATIONAL ASPECTS

The ~210! free surface of fcc nickel is simulated by a
11-layer slab, and the adatoms,X, are placed pseudomorph
cally on the substitutional sites on both of its sides~cf. Fig.
1!. The surface cell is chosen to be the primitive one, i
one atom in one layer. The two-dimensional~2D! lattice con-
stants, 14.85 a.u. and 6.64 a.u., are taken from our GGA
calculations while the vertical nickel atom positions are d
termined by atomic force calculation. The open feature
this surface is very significant since the interatomic dista
in the x-y plane is 6.64 a.u., while the vertical interlay
distance~unrelaxed! is only 1.484 a.u.

In the FLAPW method, no shape approximations a
made to the charge densities, potentials, and matrix elem
Core states are treated fully relativistically and the vale
states are treated semirelativistically~i.e., without spin-orbit
coupling!. The GGA formulas for the exchange-correlatio
potential are from Perdewet al.18 An energy cutoff of 13 Ry
was employed for the augmented plane-wave basis to
scribe the wave functions in the interstitial region, and a 1
Ry cutoff was used for the star functions depicting the cha
density and potential. Summation over 49k points in the
irreducible 2D Brillouin zone is employed fork-space
integrations.19 Muffin-tin radii for nickel, Li, B, P, and Ca
atoms were chosen as 2.0, 1.6, 1.3, 1.8, and 3.2 a.u., re
tively. Within the muffin-tin spheres, lattice harmonics wi
angular momentuml up to 8 were adopted to expand th
charge density, potential, and wave functions. Converge
is assumed when the average root-mean-square differe
between the input and output charge and spin densities
less than 131024 e/(a.u.)3. The equilibrium atomic posi-
tions in the vertical direction were determined according
the calculated atomic forces being less than 0.004 Ry/a
This tolerance results in an error to the atomic position
about 0.01 a.u., which results in a total energy error of ab
0.001 Ry.

An inherent approximation in the slab model is its fin
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thickness. The choice of an appropriate thickness depend
the chemical or physical properties of interest and also on
specific system under investigation. The features of t
model have been discussed at length for semiconductor
Appelbaum and Hamman.20 It is known that for transition
metals, a slab thickness of 20 a.u. is usually sufficient
obtain bulklike properties in the center of the slab and c
sequently true surface phenomena at the two slab/vac
interfaces. Our interest here is the magnetism near the~210!
surface of nickel, and hence, the criterion in judging whet
an 11-layer slab is thick enough, is that the magnetic m
ments of the Ni atoms near the surface do not change wh
thicker slab is used. In the study of the Ni~100! surface,
Jepsenet al.4 employed a 5-layer slab whereas Krakau
et al.5 simulated it with a 7-layer slab. The use of the sam
thickness as theirs suggests a simulation of the Ni~210! sur-
face with a 9- to 13-layer slab. Hence, in consideration
both obtaining reliable physics and managing the compu
effort, we chose an 11-layer slab.

As a rigorous test to see whether such a slab is th
enough, we also carried out full FLAPW calculations on

FIG. 1. Top view@panela, plotted in~210! plane# and side view
@panelb, plotted in~001! plane!# of the unit cell for the calculation
of the Ni~210! surface.
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TABLE I. The calculated interlayer distances~a.u.! near the clean Ni~210! surface by ferromagnetic~FM!
and paramagnetic~PM! treatments.

d12 d23 d34 d45 d56 d67

11-layer slab~FM! 1.32 1.47 1.58 1.47 1.51
11-layer slab~PM! 1.31 1.48 1.57 1.47 1.51
13-layer slab~FM! 1.31 1.48 1.58 1.48 1.51 1.48
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13-layer slab for the clean Ni~210! surface. The calculated
interlayer distances and magnetic moments in each mu
tin sphere for these two slabs are listed in Table I and
respectively. Although both the interlayer distances and
magnetic moments take the bulk values in the center of
13-layer slab, good convergence is not found for either
them on going from the surface to the center of the slab. T
is an indication that even the 13-layer slab is still not th
enough to give a highly realistic bulk environment for t
center layer atoms. Nonetheless, a comparison of the
systems shows that for atoms near the surface, the fi
principles calculations give very similar interlayer distanc
and magnetic moments. The discrepancy in interlayer
tances is only 0.01 a.u., which is the same as the erro
atomic positions. For the magnetic moments, the largest
crepancy happens for Ni~4!. In the 11-layer slab, it is
0.65mB ; in the 13-layer slab, it is 0.62mB . However, this
difference~in percent! is still much smaller than that betwee
the surface moment 0.79mB and the bulk value 0.61mB ob-
tained from our FLAPW GGA calculation. It can thus b
concluded that the 11-layer slab is an appropriate cho
when the interest is in the physics of the first few layers n
the Ni~210! surface.

III. CLEAN NI „210… SURFACE

A. Geometry

As stated above, the optimized atomic structure~cf. Table
I! is obtained through atomic force calculations. To show
effect of spin polarization on the surface relaxation, we a
performed spin unpolarized computations for this system21

The calculated interlayer distances are also listed in Tab
It is seen that the multilayer relaxation of Ni~210! occurs
only in the top three layers, with Ni~3! and Ni~2! moving up
and Ni~1! down. The surface layer relaxation,212%, com-
pares very well with that observed in the~110! case
(29%) by low-energy electron diffraction~LEED!,22 but is
much larger than those found for the~001! surface (23%)
and the~111! surface (,22%),22 which are more close
packed. Unlike the case of the Fe~111! surface,23 spin polar-
ization has no noticeable effect on the Ni~210! surface relax-
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ation. The differences between FM and PM cases are wi
0.01 a.u. This can be explained by the fact that the mag
tism of nickel is much weaker than that of iron.

B. Magnetism

The calculated magnetic moment in each muffin-
sphere of the 11-layer slab~first row in Table II! shows a
very large enhancement of the Ni~210! surface magnetism
The magnetic moment of the surface atoms 0.79mB is 27%
larger than the bulk value. For Ni~001!, the surface magnetic
moment is 0.70mB from a 7-layer slab,5 for which there was
no structural optimization and LDA was used. To make
more meaningful comparison, we again studied Ni~001! in
the present work. Here, the optimized GGA atomic struct
was obtained by total energy/atomic force calculations. T
magnetic moment of the Ni~001! surface atoms is 0.72mB ,
i.e., 0.07mB smaller than that of Ni~210!. The moment of the
center layer is 0.61mB , which well recovers the bulk value
The large moment enhancement for Ni~210! can be ex-
plained by its more open structure. The~001! and~210! sur-
faces have a different coordination number and roughner
that is defined as the inverse of surface packing density
culated for a crystal made of touching hard spheres.
Ni~001!, r51.273; for Ni~210!, r52.847. The weaker in-
plane Ni-Ni interaction gives the~210! surface a larger mag
netism enhancement.

To gain a deeper insight into the surface induced cha
rearrangement relevant for the surface magnetic mome
we now analyze thel-decomposed number of majority an
minority valence electrons separately~cf. Table III!. Similar
to the Ni~001! case,5 for the surface atoms the amount
majority d-like charge increases while the minorityd-like
charge decreases. Nevertheless, the totald-like charge is dif-
ferent for the surface and subsurface layers. The sur
layer Ni~1! has mored electrons than the subsurface laye
Thes- andp-like electrons in different layers scale very sim
larly for both the majority and minority spin electrons. As
result, the spin imbalance is larger for the surface atom t
in the interior of the slab and the surface magnetism is
hanced compared with the interior.
TABLE II. The calculated magnetic moments (mB) in each muffin-tin sphere near the clean Ni~210!
surface.

Ni~1! Ni~2! Ni~3! Ni~4! Ni~5! Ni~6! Ni~7!

11-layer slab 0.79 0.70 0.65 0.65 0.65 0.69
13-layer slab 0.78 0.71 0.64 0.62 0.67 0.66 0.61
7-3
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In order to examine the driving force of the charge re
rangement discussed above, we plotted the layer-proje
density of states~DOS! of the surface layer Ni~1! ~black
lines! and an interior layer Ni~3! ~gray lines! in Fig. 2. For
both majority~panela) and minority~panelb) states, Ni~1!
has a smaller energy dispersion than Ni~3!, indicating the
well-known band-narrowing due to the lower atomic coor
nation at the surface. From Ni~3! to Ni~1!, the minority DOS
~panela) experiences a significant increase at the Fermi
ergy. The increase of the number of unoccupied state

TABLE III. Decomposition of the majority and minority va
lence charges in each muffin-tin sphere at the Ni~210! clean surface
and in the bulk.

s p d Total

Majority
Ni~1! 0.13 0.06 4.35 4.54
Ni~2! 0.13 0.08 4.30 4.51
Ni~3! 0.13 0.10 4.26 4.50
Bulk 0.14 0.11 4.26 4.51

Minority
Ni~1! 0.13 0.06 3.57 3.76
Ni~2! 0.14 0.09 3.58 3.81
Ni~3! 0.14 0.11 3.61 3.86
Bulk 0.14 0.12 3.61 3.88

FIG. 2. Calculated layer-projected density of states~DOS! for
Ni~1! ~black lines! and Ni~3! ~gray lines! in an 11-layer Ni~210!
slab.
06442
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responsible for the loss of minority charge~cf. Table III!.
Panel~c! is a replot of panel~b! with a higher resolution. It is
seen that aboveEF , the spin-up DOS of Ni~1! is lower than
that of Ni~3! and this decrease in the number of unoccup
states is responsible for the gain of majority charge~cf. Table
III !. With an increased majority charge and a decreased
nority charge, the surface layer atoms have a larger magn
moment than the interior atoms.

IV. NI „210… WITH A LI, B, P, OR CA OVERLAYER

A. Geometry

In order to understand the electronic and magnetic str
tures at the interface, we first examined the crystal struct
The calculated interlayer distances of each optimizedX/Ni
system are listed in Table IV; for comparison, the values
the clean surface are also listed. We can see that B an
introduce a much stronger perturbation to the Ni surface t
do Li and Ca, as expected from their stronger chemical
teraction with the nickel atoms. For instance, with the a
sorption of P,d12 increases from 1.32 to 1.64 a.u. andd23
increases from 1.47 to 1.90 a.u. in the presence of B, whe
Li and Ca introduce only moderate relocation of the surfa
nickel atoms. A straightforward gauge of the multilayer r
laxation is the sum of the absolute value of the change
each interlayer distance~denoted asDD) over the upper
~lower! half of the slab relative to the clean surface; th
appears to be the easiest way to take into account the ef
on all the interlayer distances. Defined in this way, the p
turbation strengthDD is listed in Table IV. According to this
definition, B and P have the same influence on the Ni~210!
surface structure, which is much larger than that of Li a
Ca. As mentioned above, this can be explained by the
that B and P have stronger chemical bondings with Ni ato
than do Li and Ca. As a scale of the strength of chemi
bonding, the binding energyDES of each overlayer~defined
as the energy difference between the fully relaxedX/Ni sys-
tem and the sum of energies of again fully relaxed clean
system and the free-standingX layer! is listed in Table IV. It
is interesting to note thatDD scales approximately toDES .
Calcium, however, is an exception to this scaling behavio
it has a larger binding energy yet a smaller perturbat
strength than Li. This is due to its extraordinarily larg
atomic size, and hence, large bond length with Ni, as s
from Table IV. With a Ca overlayer so high above, Ni~1!,
Ni~2!, and Ni~3! have similar distances to Ca, and therefo
do not need to adjust themselves much~relative to their Ni
neighbors! to form bonds.

We note that due to their strong chemical bonding w
the surface Ni atoms, B and P can possibly form surfa
alloy on Ni~210! surface and can also possibly introdu
faceting and reconstruction of this surface. That means
X/Ni(210) structure we obtained might not all be the mo
stable one. For instance, Kirbyet al.24 observed by LEED
the adsorption of activated N can introduce~100! facets to
the Ni~210! surface. However, a complete investigation of
the possible Ni~210! reconstruction and surface alloying
upon adsorption ofX is apparently beyond the scope an
effort of the present study. As our focus in this work is o
7-4
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TABLE IV. Interlayer distances~a.u.! at the Ni~210! surface, with and without anX overlayer, and the
perturbation strength and binding energy~defined in text! of the X overlayer on Ni~210!.

Layer Clean Li/Ni B/Ni P/Ni Ca/Ni

dX1 2.24 0.02 0.64 2.72
d12 1.32 1.19 1.34 1.64 1.36
d23 1.47 1.58 1.90 1.67 1.47
d34 1.58 1.60 1.40 1.47 1.55
d45 1.47 1.45 1.52 1.50 1.46
d56 1.51 1.51 1.49 1.49 1.51
DD(5SuDdu) 0.30 0.70 0.70 0.10
ES(eV) 22.28 26.34 25.99 23.43
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the chemical trend shown by differentsp elements when
adsorbed on this surface, we believe that the nonrecons
tion treatment is a reasonable approximation.

B. Magnetism

The calculated magnetic moments in each muffin-
sphere at the clean andX-adsorbed Ni~210! surface are listed
in Table V. Following the idea of the definition ofDD, we
may employ a quantityDm that is defined as the sum of th
magnetic moment changes of nickel atoms over the up
~lower! half of the slab upon adsorption of theX overlayer,
to describe quantitatively the effect ofX on the surface mag
netism of Ni. All four selected atomicsp overlayers are
found to exert detrimental effects on the surface magnet
of Ni~210!. In fact, B greatly reduces, and P kills almo
completely, the magnetic moment of the top two surface l
ers Ni~1! and Ni~2!. By comparison, Li and Ca introduce
moderate reduction. Furthermore, the effects of B and P
rather long ranged and affect the moment of the center la
whereas the effects of Li and Ca are limited to their first ra
neighbors, extending to Ni~3! and Ni~4!, respectively.

The change of the magnetic moment inside the muffin
sphere of a Ni atom is associated with the relative chang
the majority and minority charges in that sphere. This re
tive change has two possible origins: One is the intera
charge transfer; the other is the intra-atom charge tran
between majority and minority spins. At the Ni-X interface,
06442
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the charge gain or loss of a nickel atom from its environm
through Ni-X bonding has, in general, an unbalanced maj
ity and minority spin distribution, and hence, a change in
magnetic moment. This interatom charge transfer origina
from the ionic feature of the Ni-X chemical interaction. On
the other hand, the covalent feature of the Ni-X interaction,
i.e., Nid-Xsp hybridization, will broaden the distribution o
the Ni electronic states. This change is mainly an elec
statically driven band-filling effect, in which the adsorptio
induced loss of the majority states through Ni-X bonding is
matched by an equal gain of the minority states. This int
atom charge transfer, if any, will also alter the magnetic m
ment of this atom. The magnetization of the free-standingX
monolayer, if existent, may exert an influence on the
change splitting of the substrate, and hence an intra-a
charge transfer between majority and minority spins is m
possible.

In Fig. 3, charge-density differences, obtained for ea
system by subtracting the superimposed charge density
free standingX monolayer and the clean Ni reference sl
~i.e., Ni positions are those after adsorption ofX) from the
charge density of the corresponding X/Ni system, are p
sented for B~panel a), P ~panel b), Li ~panel c), and Ca
~paneld), respectively. In panela andb, a significant charge
accumulation can be found betweenX and Ni~3!, indicating
strong B-Ni~3! and P-Ni~3! chemical interactions. As a typi
cal sp-d hybridization, the contours around Ni~3! exhibit a
TABLE V. The calculated magnetic momentM (mB) in each muffin-tin sphere at the Ni~210! surface, and
that in the muffin-tin sphere of a freeX monolayer.DM stands for the change inM upon adsorption ofX. Dm
is the summation ofDM over the upper~lower! half of the slab.

Layer Clean Li/Ni B/Ni P/Ni Ca/Ni

X ~free! 0.00 0.43 1.54 0.00
X ~on Ni! 20.01 20.01 20.01 20.05
Ni~1! 0.79 0.60 0.23 0.00 0.30
Ni~2! 0.70 0.60 0.09 0.01 0.48
Ni~3! 0.65 0.61 0.30 0.24 0.56
Ni~4! 0.65 0.65 0.59 0.51 0.55
Ni~5! 0.65 0.67 0.63 0.56 0.64
Ni~6! 0.69 0.68 0.61 0.60 0.69
Dm(5SDM ) 0.32 1.64 2.13 0.91
7-5
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distorteddz2 profile, while some electrons are removed fro
the inner region at the P site. The difference between
B-Ni~3! and the P-Ni~3! bond lies in the change ofpz state
upon bonding. Unlike P-pz , there is no loss of charge from
B-pz in the inner region at the B site. This difference
mainly due to the fact that B and P possess different num
of p electrons.

For a free-standing B monolayer, thepz state is empty
since thep electrons occupy thepx andpy bonding states. In
the B/Ni~210! system, the Bpz state lies lower in energy du
to its hybridization with thedz2 state of the underlying Ni~3!
atom, and thus gains electrons frompx andpy states. B-Ni~1!
and P-Ni~1! interactions are apparently weaker than B-Ni~3!
and P-Ni~3! due to their large bond lengths and, as expec
show quite similar covalent bonding features. Charge ac
mulation is also found betweenX and Ni atoms in Li/Ni
~panelc) and Ca/Ni~paneld) systems. Different from the B
and P cases, Li-Ni and Ca-Ni interactions display a meta
nondirectionality bonding character. In the sense of inte
tom charge transfer, a metallic bond is basically a cova
bond, formed through band hybridization rather than cha
transfer. Although stronger than Li-Ni bonding, the Ca-
interactions are hardly strong enough to be viewed as che
cal bonds. This is because both Li’s and Ca’ssvalence levels
are significantly less tightly bound than the Nid band; hence,
there is only a relatively weak interaction between them.

The calculated changes in the total valence charges in
muffin-tin sphere of each Ni layer upon adsorption of anX

FIG. 3. Calculated total valence charge-density difference of
upper half of a 13-layerX/Ni(210) slab (X5B, P, Li, and Ca) in
the ~001! plane perpendicular to the surface. Contours start fr
131023 e/a.u.3 and increase successively by a factor ofA2. Solid
and dashed lines denote charge accumulation and depletion, re
tively.
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overlayer are plotted in Fig. 4. Also plotted are changes
the magnetic moments, which can be easily obtained fr
the data in Table III. It is seen that all the Ni atoms ga
more or fewer electrons upon adsorption of an atomicsp
overlayer; the amounts are within 0.1 electron. Although
and P have a much stronger chemical interaction than d
and Ca, the electrons gained by Ni atoms are not so differ
This is because the interatom charge transfer is rela
mainly to the ionic, not covalent, feature of theX-Ni bonds.
A comparison of their magnitudes indicates that the gain
total charge is only 10–20 % of the decrease of the Ni s
face magnetic moment.

As also revealed in many other cases of a magnetic t
sition metal overlayer grown on a nonmagnetic substra
hybridization will frustrate the surrounding spi
polarization.2 In the present study of an atomicsp overlayer
adsorbed on a magnetic transition metal surface, we fo
that forX5Li and Ca, the stronger theXs-Nid hybridization,
the stronger detrimental effect ofX on the magnetization o
the Ni surface. In the cases of B and P, however, there is
extraordinary reduction of the magnetic moment of Ni~1!
and Ni~2!. The B~P!-Ni~3! interaction is stronger than B~P!-
Ni~1! and B~P!-Ni~2!, but the reduction of the magnetic mo
ment of Ni~3! is smaller than that of Ni~1! and Ni~2!. As
discussed below, this appears to be related to the fact
both B and P free-standing monolayers are magnetic.

As isolated atoms, Li, Ca, B, and P possess a magn
moment of 1.0, 0.0, 1.0, and 3.0mB , respectively. Although
none of them shows magnetism in bulk, it is possible for
sp element to remain spin polarized in a free-standing mo
layer, especially with the large lattice constant of the Ni~210!
plane. Our first-principles calculations indicate that in suc
monolayer, B and P have a magnetic moment inside
touching muffin-tin sphere of 0.43 and 1.54mB , respectively,
whereas the ground state for Li and Ca is nonmagne
When adsorbed on Ni~210!, however, both B and P los

e

ec-

FIG. 4. The change in total valence charge in the muffin-
sphere of each nickel atom, upon adsorption of a Li~open uptri-
angle!, B ~open square!, P ~open circle!, and Ca~open diamond!
monolayer; the change in spin magnetic moment in the muffin
sphere of each nickel atom, upon adsorption of a Li~solid uptri-
angle!, B ~solid square!, P ~solid circle!, and Ca~solid diamond!
monolayer.
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almost completely their spin polarization, carrying only
negligible moment of20.01mB ~cf. Table V! and coupling
antiferromagnetically with the Ni substrate. Like the case
sulfur adsorbed on the Fe~001! surface,25 the shift of the
unoccupied Bp and Pp states from the minority to majority
spectrum after adsorption indicates a stabilizing of the pa
magnetic state of the atom.

To gain a more in-depth understanding of their poison
effect, we now examine the electronic structure in ene
space through the DOS. Figure 5 displays the layer-proje
DOS for the majority and minority spins ofX and the top
three layers of the Ni substrate in eachX/Ni(210) system.
One remarkable feature shown is the similarity between
Li and Ca systems and that between the B and P syste
indicating their similarity in chemical interaction with N
Both B-Ni and P-Ni interactions showsp-d hybridization.
Li-Ni and Ca-Ni interactions are rather weak. Although DO
peaks also appear on Li and Ca sites, they are mainly rep
of Ni d states, i.e., tails of the Nid states passively overlap
ping on the Li and Ca sites. Another important feature illu
trated by Fig. 5 is the suppression of the minority states atEF
caused by theXsp-Nid hybridization@cf. Fig. 2, for the clean
Ni~210! surface#. Presumably, this suppression will give ris
to the loss of the minority spin states and the gain of majo
spin states, and thus diminish the Ni magnetic moment. F

FIG. 5. Calculated layer-projected density of states~DOS! for X
and the top three nickel layers in eachX/Ni(210) 13-layer slab.
Black lines and gray lines denote majority and minority states,
spectively.
06442
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ther, it is also clearly seen that B, P, and Ca cause decre
of the magnetic exchange splitting for the surface nickel l
ers. The effects of B and P are much larger than that of
as can be understood by the fact that B-Ni and P-Ni bondi
are much stronger than that of Ca-Ni. But with a lower bon
ing strength, the poisoning effect of P is more significa
than that of B~cf. Fig. 4!. It is thus suggestive that, asid
from band hybridization, this difference in the poisoning e
fect should have other origin~s!. One possibility is the differ-
ence in strength of the B-Ni and P-Ni exchange interacti

Bearing this in mind, it is of interest to see what happe
in a B~P!/Ni system when the B and P, as free-standi
monolayers, have a zero magnetic moment. We found,
FLAPW calculations, that with the lattice constant of
Ni~001! plane, neither a B nor a P monolayer has a magne
moment. We then investigated the poisoning effect of B a
P overlayer on the magnetism at the Ni~001! surface simu-
lated crudely by a three-layer slab. According to our calc
lations, when adsorbed on this Ni~001! three-layer film, the
binding energy for the B and P monolayer is23.59 and
22.56 eV, respectively. The poisoning effectDm is 0.86mB
for B and 0.66mB for P. Although a three-layer slab is by n
means thick enough to well-describe free surface phen
ena, the result is still quite illustrative. When nonmagne
the P monolayer has a smaller binding energy than B on
Ni~001! surface and exerts a weaker poisoning effect on
Ni magnetism than does B. Very likely, this conclusion w
hold for a thicker Ni~001! film. We might then suggest that i
is the large magnetic moment of the free monolayer t
makes P more detrimental than B on the magnetism at
Ni~210! surface.

V. SUMMARY

We have performed first-principles studies of the atom
electronic, and magnetic structures of a clean andX (X
5Li, B, P, and Ca) adsorbed high-index magnetic tran
tion metal surface—Ni~210!. For the clean surface, the ca
culated magnetic moment of the surface layer atoms
0.79mB , i.e., enhanced by 27% compared with the bu
value and is even larger than that of the~001! surface atoms
(0.72mB). This appears to confirm the well-accepted und
standing that the reduced coordination number at clean m
surfaces leads to the enhanced magnetic moment in this
of a high-index surface. We found that all four selectedsp
elements exert a detrimental effect on the Ni~210! surface
magnetism. The effects of B and P are much more signific
than those of Li and Ca, mainly due to their stronger ba
hybridization with the Ni substrate. An analysis of the B a
P cases suggests that it is the stronger magnetization o
free-standing monolayer that makes P more detrimental t
B on the nickel surface magnetism.
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