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Magnetism at high-index transition-metal surfaces and the effect of metalloid impurities: Ni210)
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Structural, electronic, and magnetic properties near thg19j 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 (2&0Nclean 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, Quf9 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 NR10) 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 nickel 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.
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I. INTRODUCTION interfaced!! has been extensively studied and the effect of
the chemisorption of gases on the surface magnetization of
During the last two decades, the electronic and magneti@M has also drawn more and more attention from both ex-
properties of transition-met4'M) surfaces has been a sub- perimentalists and electronic structure theoriét&or the
ject of great theoretical and experimental interest. The abruptase ofsp atomic overlayers adsorbed on a magnetic TM
termination of the lattice leads to a variety of exotic phenom-surface, the strong reduction of the surface magnetic moment
ena such as magnetic moment enhancement and multilayer even magnetically dead layers and the induced magnetic
relaxation, which are now well recognized and generally exinoments at the adsorbate atoms are well-recognized
plained in terms of the decrease in the coordination numbeexperimentally->** However, many fundamental aspects of
and the increase in the localization of tHestates near the the interplay between adsorbate-TM bonding and TM mag-
surfacet? Extensive studies have focused on low index sur-netism remain unknown.

faces, i.e.(001), (110, and(111). Little is known, however, In this paper, we present results of an all-electron spin-
whether this explanation holds true for surfaces with higheipolarized semirelativistic FLAPW study of the magnetism
indices. near the Ni210 surface with and without an atomic over-

Nickel, a prototypical ferromagnetic transition metal, haslayer, X (X=Li, B, P, or Ca). These elements, when seg-
received extensive investigations not only because of its inregated to the grain boundary in Ni, show significant
triguing electronic and magnetic properties, but also becaussirengthening or embrittling effect on the grain boundary
of its technological importance as a catalyst, and its versatilcohesion>*® A plausible thermodynamic model proposed
ity in metallurgy and materials science.(Bl01) has been one by Rice and Wantf correlates the potency of a segregation
of the most studied metal surfaces since the report of magmpurity in reducing the “Griffth work” of a brittle bound-
netically dead layers on this surface. Instead, first-principlesiry separation with the difference in binding energies for that
investigations on 9-layer5-layer* and 7-layet slabs have impurity at the gran boundary and at the free surface. It is
predicted a significant enhancement of the magnetic momenierefore of much interest to investigate eNi bonding on
at this surface, which was later confirmed by experinfent.the Ni surface. Exchange-correlation interactions between
Full-potential linearized augmented plane wavELAPW)  electrons are treated by the generalized gradient approxima-
studies on th¢110°® and(111)° surfaces demonstrated simi- tion (GGA), which is well-known to give a better description
lar enhancement, but to a smaller degree. Very recently, Mitef the structural properties ofd3transition metals than does
tendorfer et al!® studied comprehensively the structural, the local density approximatiolLDA). For the N{210)
electronic, and magnetic properties of the low-index surfaceslean surface, multilayer relaxation is found to be confined to
of ferromagnetic nickel with the first-principles pseudopo-the top three layers. Our calculations show that the surface
tential method. Their results agree in general with the previmagnetic moment of N210) is 0.7%g, i.e., enhanced by
ous full-potential calculations and again indicated magnetisn27% compared with the bulk value (0,6g) and even larger
enhancement for these three surfaces. However, nickel suihan that of the Ni0O1) surface’ Thus, our first-principles
faces with higher indicies remain unexplored. result confirms, in the case of a magnetic transition metal

On the other hand, the magnetism of the TM-TM surface with a high index, the well-accepted understanding

0163-1829/2001/68)/0644278)/$15.00 63064427-1 ©2001 The American Physical Society



W. T. GENG, A. J. FREEMAN, AND R. Q. WU PHYSICAL REVIEW B3 064427

that the reduced coordination number and the resulting band
narrowing at the surface lead to enhanced magnetic mo-
ments. B and P are found to introduce large relaxations of

(@)
the atomic structure near the(R10 surface, whereas Li and @
Ca have only a slight influence. Interestingly, the strength of
the perturbation largely scales with the binding energy of the
overlayer. All these fousp elements exert detrimental ef-
fects on the magnetism of the (21L0) surface, with the ef-
fects of B and P much more significant than those of Li and @
Ca. This is attributed to their stronger hybridization with the
nickel d bands. Our first-principles results indicate that the
strength of the detrimental effect varies roughly in scale with
the X-Ni bonding strength. An analysis and comparison of B
and P cases suggests that it is the stronger magnetization of (b)
its free-standing monolayer that makes P more detrimental
than B on the nickel surface magnetism.

The rest of the paper is organized as follows: In Sec. Il
the calculational model and computational details are de-

scribed. Results are presented in Sec. I, and finally, we give
a summary in Sec. IV.

IIl. METHODOLOGY AND COMPUTATIONAL ASPECTS

The (210 free surface of fcc nickel is simulated by an
11-layer slab, and the adatom§,are placed pseudomorphi-
cally on the substitutional sites on both of its sidek Fig.

1). The surface cell is chosen to be the primitive one, i.e.,
one atom in one layer. The two-dimensio(D) lattice con-
stants, 14.85 a.u. and 6.64 a.u., are taken from our GGA bulk
calculations while the vertical nickel atom positions are de-
termined by atomic force calculation. The open feature of
this surface is very significant since the interatomic distance
in the x-y plane is 6.64 a.u., while the vertical interlayer overlayer

distance(unrelaxedl is only 1.484 a.u.

In the FLAPW method, no shape approximations are FIG. 1. Top view{panela, plotted in(210) plang and side view
made to the charge densities, potentials, and matrix elemen{panelb, plotted in(001) plane] of the unit cell for the calculation
Core states are treated fully relativistically and the valencef the Ni(210 surface.
states are treated semirelativisticallye., without spin-orbit
coupling. The GGA formulas for the exchange-correlation thickness. The choice of an appropriate thickness depends on
potential are from Perdeet al’® An energy cutoff of 13 Ry the chemical or physical properties of interest and also on the
was employed for the augmented plane-wave basis to depecific system under investigation. The features of this
scribe the wave functions in the interstitial region, and a 140nodel have been discussed at length for semiconductors by
Ry cutoff was used for the star functions depicting the chargéppelbaum and Hammaf. It is known that for transition
density and potential. Summation over k9oints in the metals, a slab thickness of 20 a.u. is usually sufficient to
irreducible 2D Brillouin zone is employed fok-space obtain bulklike properties in the center of the slab and con-
integrations:? Muffin-tin radii for nickel, Li, B, P, and Ca sequently true surface phenomena at the two slab/vacuum
atoms were chosen as 2.0, 1.6, 1.3, 1.8, and 3.2 a.u., respéaterfaces. Our interest here is the magnetism nea(2he
tively. Within the muffin-tin spheres, lattice harmonics with surface of nickel, and hence, the criterion in judging whether
angular momentunt up to 8 were adopted to expand the an 11-layer slab is thick enough, is that the magnetic mo-
charge density, potential, and wave functions. Convergenceents of the Ni atoms near the surface do not change when a
is assumed when the average root-mean-square differencdscker slab is used. In the study of the(NdO) surface,
between the input and output charge and spin densities adepsenet al* employed a 5-layer slab whereas Krakauer
less than X 10 * e/(a.u.f. The equilibrium atomic posi- et al® simulated it with a 7-layer slab. The use of the same
tions in the vertical direction were determined according tothickness as theirs suggests a simulation of th@ N sur-
the calculated atomic forces being less than 0.004 Ry/a.uface with a 9- to 13-layer slab. Hence, in consideration of
This tolerance results in an error to the atomic position ofboth obtaining reliable physics and managing the computing
about 0.01 a.u., which results in a total energy error of abouéffort, we chose an 11-layer slab.

0.001 Ry. As a rigorous test to see whether such a slab is thick

An inherent approximation in the slab model is its finite enough, we also carried out full FLAPW calculations on a
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TABLE I. The calculated interlayer distancé&su) near the clean N210) surface by ferromagneti&M)
and paramagnetiPM) treatments.

C112 d23 d34 d45 d56 d67
11-layer slab(FM) 1.32 1.47 1.58 1.47 1.51
11-layer slabPM) 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

13-layer slab for the clean K10 surface. The calculated ation. The differences between FM and PM cases are within
interlayer distances and magnetic moments in each muffin3.01 a.u. This can be explained by the fact that the magne-
tin sphere for these two slabs are listed in Table | and Iltism of nickel is much weaker than that of iron.

respectively. Although both the interlayer distances and the

magnetic moments take the bulk values in the center of the

13-layer slab, good convergence is not found for either of B. Magnetism

them on going from the surface to the center of the slab. This The calculated magnetic moment in each muffin-tin

is an indication that even the 13-layer slab is still not th'Cksphere of the 11-layer slaffirst row in Table 1) shows a

enough to give a highly realistic bulk enviro_nment for thevery large enhancement of the (RL0) surface magnetism.
center layer atoms. Nonetheless, a comparison of the wopa magnetic moment of the surface atoms R.7% 27%
systems shows that for atoms near the surface, the firs

> . . T . Férger than the bulk value. For {0i01), the surface magnetic
principles calculations give very similar interlayer distances

d i s The di in interl Y moment is 0.7@g from a 7-layer slal,for which there was
and magnetic moments. ihe discrepancy in Interiayer disp, iy cryral optimization and LDA was used. To make a

tances s qnly 0.01 a.u., which i_s the same as the error thore meaningful comparison, we again studiedON1) in
atomic positions. For the magnetic moments, the Iarge;t dISt’he present work. Here, the optimized GGA atomic structure
grgpan(.:y. ht?]ppigsl for N:D'b Ir.'t f[heo 11-Ia3|/j:r slab, Itth'ls was obtained by total energy/atomic force calculations. The
; W In the Ls-layer sia, 1t 1s -G2g . However, this magnetic moment of the K001 surface atoms is 0.¢s,
difference(in percent is still much smaller than that between i.e., 0.07.5 smaller than that of N210). The moment of the

the surface moment 0.Z% and the bulk value 0.6i5 ob- ; ;
) . center layer is 0.6dg, which well recovers the bulk value.
tained from our FLAPW GGA calculation. It can thus be . large moment enhancement for(Ali0) can be ex-

concluded that the 11-layer slab is an appropriate choic lai -
. o . ) ained by its more open structure. Tt@1) and (210 sur-
when the interest is in the physics of the first few layers neaFaces have a different coordination number and roughpess

the Ni210) surface. that is defined as the inverse of surface packing density cal-
culated for a crystal made of touching hard spheres. For
Ill. CLEAN NI (210 SURFACE Ni(001), p=1.273; for Ni210, p=2.847. The weaker in-
plane Ni-Ni interaction gives the210 surface a larger mag-
netism enhancement.
As stated above, the optimized atomic structiafe Table To gain a deeper insight into the surface induced charge
) is obtained through atomic force calculations. To show theearrangement relevant for the surface magnetic moments,
effect of spin polarization on the surface relaxation, we alsave now analyze thé-decomposed number of majority and
performed spin unpolarized computations for this system. minority valence electrons separatétf. Table I1l). Similar
The calculated interlayer distances are also listed in Table to the Ni001) case> for the surface atoms the amount of
It is seen that the multilayer relaxation of (RL0) occurs  majority d-like charge increases while the minoritylike
only in the top three layers, with K8) and Ni2) moving up  charge decreases. Nevertheless, the tbtikle charge is dif-
and Ni1) down. The surface layer relaxatior,12%, com-  ferent for the surface and subsurface layers. The surface
pares very well with that observed in thel10) case layer Ni(1) has mored electrons than the subsurface layers.
(—9%) by low-energy electron diffractiolEED),?? butis  Thes- andp-like electrons in different layers scale very simi-
much larger than those found for tl@01) surface 3%) larly for both the majority and minority spin electrons. As a
and the(111) surface & —2%)22 which are more close result, the spin imbalance is larger for the surface atom than
packed. Unlike the case of the (B&1) surface?® spin polar- in the interior of the slab and the surface magnetism is en-
ization has no noticeable effect on the(li0) surface relax- hanced compared with the interior.

A. Geometry

TABLE Il. The calculated magnetic momentg£) in each muffin-tin sphere near the clean(20)

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
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TABLE lIl. Decomposition of the majority and minority va- responsible for the loss of minority chargef. Table ).
lence charges in each muffin-tin sphere at the2lN) clean surface  Panel(c) is a replot of pane(b) with a higher resolution. It is
and in the bulk. seen that abovE, the spin-up DOS of NL) is lower than
that of Ni(3) and this decrease in the number of unoccupied
S p d Total states is responsible for the gain of majority chajafeTable
III. With an increased majority charge and a decreased mi-

Majorit . .
Ni(1) 013 (J) 06y 435 454 nority charge, the surface layer atoms have a larger magnetic
Ni(2) 0'13 0.08 4'30 4'51 moment than the interior atoms.
Ni(3) 0.13 0.10 4.26 4.50
Bulk 0.14 0.11 4.26 451 IV. NI (210) WITH A LI, B, P, OR CA OVERLAYER

Minority A. Geometry
Ni(1) 0.13 0.06 3.57 3.76 . .
Ni(2) 014 0.09 358 381 In order to understand the electronic and magnetic struc-
Ni(3) 0'14 0'11 3'61 3'86 tures at the interface, we first examined the crystal structure.
Bulk 0'14 0'12 3'61 3'88 The calculated interlayer distances of each optimiXéNi

system are listed in Table IV; for comparison, the values for
the clean surface are also listed. We can see that B and P
] . introduce a much stronger perturbation to the Ni surface than
In order to examine the driving force of the charge rear-yq i and Ca, as expected from their stronger chemical in-
rangement discussed above, we plotted the layer-projectggaction with the nickel atoms. For instance, with the ad-
density of stategDOS) of the surface layer N1) (black  gorption of P,d,, increases from 1.32 to 1.64 a.u. adgh
lines) and an interior layer NB) (gray lines in Fig. 2. For  jncreases from 1.47 to 1.90 a.u. in the presence of B, whereas
both majority(panela) and minority (panelb) states, Nil) | j and Ca introduce only moderate relocation of the surface
has a smaller energy dispersion than(@)i indicating the  pickel atoms. A straightforward gauge of the multilayer re-
well-known band-narrowing due to the lower atomic coordi-|gxation is the sum of the absolute value of the change in
nation at the surface. From (8) to Ni(1), the minority DOS  g5ch interlayer distancé&denoted asAD) over the upper
(panela) experiences a significant increase at the Fermi engo\er) half of the slab relative to the clean surface; this
ergy. The increase of the number of unoccupied states igppears to be the easiest way to take into account the effects
on all the interlayer distances. Defined in this way, the per-
30 m———————m————r—— turbation strengtiAD is listed in Table IV. According to this
i ] definition, B and P have the same influence on th€@Nj)
surface structure, which is much larger than that of Li and
Ca. As mentioned above, this can be explained by the fact
that B and P have stronger chemical bondings with Ni atoms
than do Li and Ca. As a scale of the strength of chemical
bonding, the binding energyEg of each overlaye(defined
as the energy difference between the fully relaX¢li sys-
tem and the sum of energies of again fully relaxed clean Ni
system and the free-standiXgayer is listed in Table IV. It
is interesting to note thatD scales approximately tAEs.
Calcium, however, is an exception to this scaling behavior as
it has a larger binding energy yet a smaller perturbation
strength than Li. This is due to its extraordinarily large
atomic size, and hence, large bond length with Ni, as seen
from Table IV. With a Ca overlayer so high above,(Nij
] Ni(2), and N{3) have similar distances to Ca, and therefore,
spin up | ln (@ ] do not need to adjust themselves myoblative to their Ni
[ neighbor$ to form bonds.

[ spin down (a)
20

1.0 b

00 L —
X —

[ spin up
20 |

DOS (states/eV atom spin)

0.10 |- f‘ We note that due to their strong chemical bonding with
i " the surface Ni atoms, B and P can possibly form surface
WY alloy on Ni(210 surface and can also possibly introduce
0.00 B faceting and reconstruction of this surface. That means the

X/Ni(210) structure we obtained might not all be the most
stable one. For instance, Kirbst al?* observed by LEED
E (eV) the adsorption of activated N can introdu@®0 facets to

the Ni(210 surface. However, a complete investigation of all

FIG. 2. Calculated layer-projected density of sta@®9S) for ~ the possible NR10) reconstruction and surface alloyings

Ni(1) (black lines and Ni3) (gray lines in an 11-layer Ni210 upon adsorption oX is apparently beyond the scope and

slab. effort of the present study. As our focus in this work is on

8.0 -60 -40 -2.0 0.0 2.0 4.0
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TABLE IV. Interlayer distancesa.u) at the N{210 surface, with and without aK overlayer, and the
perturbation strength and binding energefined in texk of the X overlayer on Ni210).

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

dyq 2.24 0.02 0.64 2.72
di» 1.32 1.19 1.34 1.64 1.36
dos 1.47 1.58 1.90 1.67 1.47
day 1.58 1.60 1.40 1.47 1.55
dys 1.47 1.45 1.52 1.50 1.46
dsg 151 151 1.49 1.49 151
AD(=X|Ad|) 0.30 0.70 0.70 0.10
Eg(eV) -2.28 -6.34 -5.99 —-3.43

the chemical trend shown by differesfp elements when the charge gain or loss of a nickel atom from its environment
adsorbed on this surface, we believe that the nonreconstruthirough NiX bonding has, in general, an unbalanced major-
tion treatment is a reasonable approximation. ity and minority spin distribution, and hence, a change in its
magnetic moment. This interatom charge transfer originates
B. Magnetism from the ionic feature of the N chemical interaction. On
_ , . the other hand, the covalent feature of theX\interaction,
Spg:ri ;t""t'rfg'gltggn ngggégrb’;"grp{grl‘g S'Srf:éiggré”ﬁ‘sf‘;g‘;'”i.e., Nig-Xs, hybridization, will broaden the distribution of
. . ; - the Ni electronic states. This change is mainly an electro-
in Table V. Following the idea of the definition &D, we . . - . . :
- : ) statically driven band-filling effect, in which the adsorption-
may employ a quantibtAm that is defined as the sum of the duced | £ th ority states th hXBonding i
magnetic moment changes of nickel atoms over the upp pduced loss ot the majo_rlty states throug onding 1S
(lowen half of the slab upon adsorption of theoverlayer, matched by an equal gain of the minority states. Thlg intra-
to describe quantitatively the effect ¥fon the surface mag- atom charge transfer, if any, will also alter the magnetic mo-
netism of Ni. All four selected atomisp overlayers are Ment of this atom. The magnetization of the free-standing
found to exert detrimental effects on the surface magnetisriionolayer, if existent, may exert an influence on the ex-
of Ni(210. In fact, B greatly reduces, and P kills almost change splitting of the substrate, and hence an intra-atom
completely, the magnetic moment of the top two surface laycharge transfer between majority and minority spins is made
ers Ni1) and Ni2). By comparison, Li and Ca introduce a possible.
moderate reduction. Furthermore, the effects of B and P are In Fig. 3, charge-density differences, obtained for each
rather long ranged and affect the moment of the center layegystem by subtracting the superimposed charge density of a
whereas the effects of Li and Ca are limited to their first rankfree standingX monolayer and the clean Ni reference slab
neighbors, extending to K8) and Ni4), respectively. (i.e., Ni positions are those after adsorptionXgf from the
The change of the magnetic moment inside the muffin-tincharge density of the corresponding X/Ni system, are pre-
sphere of a Ni atom is associated with the relative change afented for B(panela), P (panelb), Li (panelc), and Ca
the majority and minority charges in that sphere. This rela{paneld), respectively. In panel andb, a significant charge
tive change has two possible origins: One is the interatonaccumulation can be found betweXrand Ni3), indicating
charge transfer; the other is the intra-atom charge transfestrong B-N{3) and P-N{3) chemical interactions. As a typi-
between majority and minority spins. At the Miinterface, cal sp-d hybridization, the contours around (8) exhibit a

TABLE V. The calculated magnetic momeiit(xg) in each muffin-tin sphere at the (2iL0) surface, and
that in the muffin-tin sphere of a fréémonolayer AM stands for the change M upon adsorption oK. Am
is the summation oAM over the uppeflower) 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) —0.01 —0.01 -0.01 —0.05

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
Am(=%AM) 0.32 1.64 2.13 0.91
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0.0 |-
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Change in total charge (e) and magnetic moment ()

Layer

FIG. 4. The change in total valence charge in the muffin-tin
sphere of each nickel atom, upon adsorption of gdpen uptri-
angle, B (open square P (open circlg, and Ca(open diamong
monolayer; the change in spin magnetic moment in the muffin-tin
sphere of each nickel atom, upon adsorption of gddlid uptri-
angle, B (solid squarg P (solid circlg, and Ca(solid diamondl
monolayer.

overlayer are plotted in Fig. 4. Also plotted are changes in

FIG. 3. Calculated total valence charge-density difference of thédhe magnetic moments, which can be easily obtained from
upper half of a 13-layeX/Ni(210) slab =B, P, Li, and Ca) in the data in Table IIl. It is seen that all the Ni atoms gain
the (001) plane perpendicular to the surface. Contours start frommore or fewer electrons upon adsorption of an atosyic
1x 1072 e/a.u? and increase successively by a factor@. Solid ~ overlayer; the amounts are within 0.1 electron. Although B
and dashed lines denote charge accumulation and depletion, resp@tid P have a much stronger chemical interaction than do Li
tively. and Ca, the electrons gained by Ni atoms are not so different.

This is because the interatom charge transfer is related
distortedd,2 profile, while some electrons are removed from mainly to the ionic, not covalent, feature of theNi bonds.
the inner region at the P site. The difference between thé comparison of their magnitudes indicates that the gain in
B-Ni(3) and the P-Ni3) bond lies in the change qf, state  total charge is only 10—20 % of the decrease of the Ni sur-
upon bonding. Unlike B,, there is no loss of charge from face magnetic moment.
B-p, in the inner region at the B site. This difference is As also revealed in many other cases of a magnetic tran-
mainly due to the fact that B and P possess different numbersition metal overlayer grown on a nonmagnetic substrate,
of p electrons. hybridization  will  frustrate the surrounding spin

For a free-standing B monolayer, tpg state is empty polarization? In the present study of an atons@ overlayer
since thep electrons occupy thp, andp, bonding states. In  adsorbed on a magnetic transition metal surface, we found
the B/Ni(210) system, the Bp, state lies lower in energy due that for X=Li and Ca, the stronger thé,-Niy hybridization,
to its hybridization with thel,2 state of the underlying \(8) the stronger detrimental effect &f on the magnetization of
atom, and thus gains electrons frggandp, states. B-Nil)  the Ni surface. In the cases of B and P, however, there is an
and P-N{1) interactions are apparently weaker than Ba\i  extraordinary reduction of the magnetic moment of INi
and P-N(3) due to their large bond lengths and, as expectedand Ni2). The B(P)-Ni(3) interaction is stronger than(B)-
show quite similar covalent bonding features. Charge accuNi(1) and BP)-Ni(2), but the reduction of the magnetic mo-
mulation is also found betweeX and Ni atoms in Li/Ni ment of Ni3) is smaller than that of Ni) and Ni(2). As
(panelc) and Ca/Ni(paneld) systems. Different from the B discussed below, this appears to be related to the fact that
and P cases, Li-Ni and Ca-Ni interactions display a metallidooth B and P free-standing monolayers are magnetic.
nondirectionality bonding character. In the sense of intera- As isolated atoms, Li, Ca, B, and P possess a magnetic
tom charge transfer, a metallic bond is basically a covalenmoment of 1.0, 0.0, 1.0, and 3@, respectively. Although
bond, formed through band hybridization rather than charg@one of them shows magnetism in bulk, it is possible for an
transfer. Although stronger than Li-Ni bonding, the Ca-Ni sp element to remain spin polarized in a free-standing mono-
interactions are hardly strong enough to be viewed as chemiayer, especially with the large lattice constant of th€240)
cal bonds. This is because both Li's and Calslence levels plane. Our first-principles calculations indicate that in such a
are significantly less tightly bound than the dNband; hence, monolayer, B and P have a magnetic moment inside the
there is only a relatively weak interaction between them. touching muffin-tin sphere of 0.43 and 1/504, respectively,

The calculated changes in the total valence charges in thehereas the ground state for Li and Ca is nonmagnetic.
muffin-tin sphere of each Ni layer upon adsorption ofXan When adsorbed on K&10), however, both B and P lose
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ther, it is also clearly seen that B, P, and Ca cause decreases

0.15 | ' 1 Pw/\[ﬂ\”ﬂwoﬁ\ . 4 of the magnetic exchange splitting for the surface nickel lay-
000 b L edA LA g eeer wa ers. The effects of B and P are much larger than that of Ca,
NGO N w as can be understood by the fact that B-Ni and P-Ni bondings
20 ¢ E \ 7 are much stronger than that of Ca-Ni. But with a lower bond-
b »‘f/ o )J%& 1 ing strength, the poisoning effect of P is more significant
PN . N w than that of B(cf. Fig. 4). It is thus suggestive that, aside
20 ¢ A E . E from band hybridization, this difference in the poisoning ef-
C WL W B ™1 fectshould have other origis. One possibility is the differ-
& NG ' NGy w ence in strength of the B-Ni and P-Ni exchange interaction.
g 20¢ E Bearing this in mind, it is of interest to see what happens
% (1)3 3 ] in a B(P)/Ni system when the B and P, as free-standing
> ’ monolayers, have a zero magnetic moment. We found, by
2 030 pme . FLAPW calculations, that with the lattice constant of a
= . Ni(001) plane, neithea B nor a P monolayer has a magnetic
= G M\«MQ ] moment. We then investigated the poisoning effect of B and
& 000Low o ! P overlayer on the magnetism at the(®1) surface simu-
] L, | N E E lated crudely by a three-layer slab. According to our calcu-
10 F X/;N ] ] lations, when adsorbed on this (B01) three-layer film, the
0.0 Bt b ot binding energy for the B and P monolayer 1s3.59 and
20 | NO) E i —2.56 eV, respectively. The poisoning effeti is 0.86ug
10 F “1\ 3 4 for B and 0.6z for P. Although a three-layer slab is by no
0.0 Eomdamastiond ot means thick enough to well-describe free surface phenom-
20 | NG E {  ena, the result is still quite illustrative. When nonmagnetic,
10 b W/gw P\ ] ] the P monolayer has a smaller binding energy than B on the
0.0 Lo

Ni(001) surface and exerts a weaker poisoning effect on the

Ni magnetism than does B. Very likely, this conclusion will

hold for a thicker N§002) film. We might then suggest that it

is the large magnetic moment of the free monolayer that
FIG. 5. Calculated layer-projected density of std@®S) for X~ makes P more detrimental than B on the magnetism at the

and the top three nickel layers in eadiNi(210) 13-layer slab. Ni(210 surface.

Black lines and gray lines denote majority and minority states, re-

spectively.

8.0 -6.0 4.0 20 0.0 2.0 4.0
Energy (eV)

V. SUMMARY

almost completely their spin polarization, carrying only a We have performed first-principles studies of the atomic,
negligible moment of-0.01ug (cf. Table V) and coupling  €lectronic, and magnetic structures of a clean ahdX
antiferromagnetically with the Ni substrate. Like the case of=Li, B, P, and Ca) adsorbed high-index magnetic transi-
sulfur adsorbed on the F#01) surface?® the shift of the tion metal surface—NR10). For the clean surface, the cal-
unoccupied B and B states from the minority to majority culated magnetic moment of the surface layer atoms is
spectrum after adsorption indicates a stabilizing of the para@.79ug, i.e., enhanced by 27% compared with the bulk
magnetic state of the atom. value and is even larger than that of #®1) surface atoms

To gain a more in-depth understanding of their poisoning(0.72ug). This appears to confirm the well-accepted under-
effect, we now examine the electronic structure in energystanding that the reduced coordination number at clean metal
space through the DOS. Figure 5 displays the layer-projectesurfaces leads to the enhanced magnetic moment in this case
DOS for the majority and minority spins of and the top of a high-index surface. We found that all four selecsgul
three layers of the Ni substrate in eaXhNi(210) system. elements exert a detrimental effect on thg240) surface
One remarkable feature shown is the similarity between thenagnetism. The effects of B and P are much more significant
Li and Ca systems and that between the B and P system#)an those of Li and Ca, mainly due to their stronger band
indicating their similarity in chemical interaction with Ni. hybridization with the Ni substrate. An analysis of the B and
Both B-Ni and P-Ni interactions showp-d hybridization. P cases suggests that it is the stronger magnetization of its
Li-Ni and Ca-Ni interactions are rather weak. Although DOS free-standing monolayer that makes P more detrimental than
peaks also appear on Li and Ca sites, they are mainly replidd on the nickel surface magnetism.
of Ni d states, i.e., tails of the NI states passively overlap-
ping on the Li and Ca sites. Another important feature illus-
trated by Fig. 5 is the suppression of the minority statds-at
caused by th&-Niy hybridization[cf. Fig. 2, for the clean Work supported by a grant of Cray-J90 computer time at
Ni(210 surfacd. Presumably, this suppression will give rise the DOD supported Arctic Region Supercomputing Center.
to the loss of the minority spin states and the gain of majorityWork at CSUN supported by the ON@&rant No. NO0014-
spin states, and thus diminish the Ni magnetic moment. Fur95-1-0489.
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