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Density functional theory investigation of the geometric and spintronic structure ofh-BN/Ni(111)
in view of photoemission and STM experiments
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The (1X 1) commensurate layer of hexagonal boron nitride on nickel is investigated by density functional
theory calculations. The full-potential linear-augmented-plane-wave method is used to obtain total energies for
different structural models, the spin-resolved band structure, and local density of (k&fa@S) above the
surface. The calculations confirm the accepted structure model of a corrugated layer with nitrogen placed at
on-top sites. From the remaining two possibilities for boron the one with boron on fcc hollow sites is ener-
getically slightly favored, but the energy difference to the structure with boron on the hcp hollow site is smaller
than the thermal energy durinrgBN synthesis. The spin-resolved electrofépintronio band structure indi-
catesh-BN to be an insulator. The calculated band structure ofsthend o bands agrees well with photo-
emission data. The polarization-induced charge transfer frd@N to Ni reduces the magnetic moment in the
Ni top layer below the bulk value. The LDOS in front of the surface indicates distinct atomic sites in scanning
tunneling microscopySTM) images which are complemented with STM images. From the distance depen-
dence of the LDOS for N111) and h-BN/Ni(111) the apparent height of heteronuclear atomic steps may be
derived. From its spin and energy dependence we propose tunneling experiments with strong magnetic con-
trast.
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I. INTRODUCTION Il. THEORETICAL METHOD

: . o If-consistent calculations of total energies and the elec-
Hexagonal boron nitride is an insulating material, isos- Self-consistent calculations of total energies and the elec

tructural to semimetallic graphite. Much attention has beerironic structure based on the scalar r_elativistic full-potential
paid toh-BN in relation to its technological applications. On (FP) “augmented-plane-wavelocal orbitals” method APW
Ni(111) it forms an atomically sharp, almost perfect over- 110) g(ngefs_' 7 and Bwere carried out using the/EN2k
layer. h-BN/Ni(111) is thus a prototype system for the study code " This is a very _accurate anq eff|C|ent scheme to solve
of magnetic metal insulator interfaces. TheBN layer is ~ the Kohn-Sham equations of density functional the@#T)
only weakly bound to the substrate but remains stable up t§! Which exchange and correlation effects are treated, for
over 1000 K. A recent experimental investigation showedgxample, by the generalized gradient approximatGeA)
e.g., that the very low surface energy l6BN leads to a Which often leads to better energetics and equilibrium struc-
strongly temperature-dependent sticking coefficient fortures than the local density approximatiohDA).}* The
cobalt and to Co intercalation at elevated temperattreselectron density is obtained by summing over all occupied
(1x1) commensurate single atomic layersheBN may be  Kohn-Sham orbitals and plays the key role in this formalism.
growr® using the reaction of borazing(BNH);] with ~ Besides the “linearizing” local orbitals fos, p, andd va-
Ni(111) at 1000 K. Experimental structure determinations bylence states of the standard ARPW basis additional LO’s
two independent groups indicated single-domairBN/  are added in order to describe thp Gemicorg states of Ni
Ni(111) which shows the importance of the second Ni layerand the 2 in N. The atomic sphere radii were 2.0 a.u. for Ni
in the formation process of the structdré® Here, the geo- and 1.35 for both B and N. The required precision in total
metric structure oh-BN/Ni(111) is investigated for the ob- energy was achieved by using a large plane-w@w) cut-
served equilibrium structure and five other high-symmetryoff. In the linear APW(LAPW) method the relevant conver-
structures. Scanning tunneling microsco(§TM) images gence parameter RK,.x, Which is defined by the product
show a hexagonal Bravais lattice with a two-atom base thatf the smallest atomic sphere radius times the largest recip-
forms a honeycomb pattern. This corresponds to a wellrocal lattice vector of the PW basis. We UR&,,,= 7.5 for
ordered surface with two distinct atomic species, but it wasNi(111) andRK,,,= 6.0 forh-BN/Ni(111). This corresponds
not possible to make a clear assignment of the two atomito an energy cutoff of 14 Ry and 19.8 Ry, respectively. A
species and sitésThe theoretical local densities of states k-point sampling of up to 4000 points in the full two-
(LDOS) above the surface are correlated with the Tersoff-dimensional2D) Brillouin zone(BZ) was used. Th& mesh
Haman formulé to experimental STM data. The LDOS de- is generated in the irreducible wedge of the Brillouin zone on
pendence on the electron energy relative to the Fermi level ia special point grid which can be used in a modified tetrahe-
studied for the two spin directions and an STM experimentron schemé?

with maximum magnetic contrast is proposed. The Ni(111) andh-BN/Ni(111) surfaces were modeled by
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periodic slab supercells with a vacuum region of 20 Bohrs.[g
The geometry optimization was first performed using 7 Ni
layers, which was found to be sufficient for this purpose. All
other results were produced using this optimized geometry§
for the surface layers, but adding additional bulk layers ¢
forming a much thicker slab of 19 layers of Ni. Such large 2@
slabs are necessary to reduce the spurious surface-surfalSRsESIS /&
interactions, which otherwise lead to a splitting of the two
surface state¥’ Preliminary calculations with a smaller
vacuum or using only 7 Ni layers have shown that the two
surfaces interact weakly with each other via the “bulk” as
well as via the “vacuum,” producing a spurious splitting of
the surface states into a “bonding” and “antibonding” state.
This splitting vanishes by using the large slab.

(N,B)=(top.fcc)

Ill. EXPERIMENTS

L. . . (N.,B)=(fcc,top) (N,B)=(top,hcp) (N,B)=(hcp.fcc)
The photoemission experiments were performed in a

modified VG ESCALAB 220 spectrometer with monochro-  FIG. 1. Possible (X1) configurations for one-monolayer
matized He & radiation’* The overall energy-momentum h-BN/Ni(111). Thetop, fcc hollow, andhcp hollow sites are con-
resolution was better than 50 meV/0.02 Afull width at  sidered for the position of the nitrogen and boron atoms, respec-
half maximum(FWHM) and the presented data were takentively.

at room temperature. The preparation of thBN layers and
the Ni(111) substrate is described elsewh&feThe pre-
sented scanning tunneling microscopy data were taken fro
Ref. 1.

that the fcc hollow site, denoted as (N;Bjtop,fcc), is en-
rQrgetically the most favorable. In Fig. 2 we show the dis-
tances in the direction between the Ni layers and theBN
surface with respect to the top Ni layer for the ground-state
IV. GEOMETRIC STRUCTURE configuration. Theh-BN layer is buckled by about 0.1 A
. o with the B atom closer to the Ni surface than N. The agree-
Single-layerh-BN grows epitaxially on Nil11) as found  ment with the experimental resuisis very good, consider-

; 5,15-17 e X . s
by several experlme_nﬂs“. The positions of B and N jng that the GGA underestimates the bonding and tends to
with respect to the Ni-surface sites and their height above the

Ni surface are known from different experiments. The elec-
tron diffraction indicated single-domain-BN.}* Neverthe-
less, STM from incomplete layers find sometimes different

orientations of islands, leading to speculations about differ- . Ni2
ent orientations ofh-BN with respect to the NiL11)
substrate. OB
Three high-symmetry sites are possible for B and N above e
the hexagonal Ni11) surface: namelyfop, fcc, and hcp o

sites. We label these six possible configurations by their N
and B positiongsee Fig. 1 In a close-packed layer system
the fcc site is occupied in every third layegkBCABC . . .),
while the hcp site is occupied in every second layer
(ABAB. . .). B N
We have performed total energy calculations for the six

possible configurations that can be formed by the monolayer
h-BN/Ni(111) exhibiting a Ix 1 structure, shown in Fig. 1. 2-08AI 2.19A Nil
Structure relaxation was done using the forces acting on the
atoms to move them to their equilibrium positions so that we 2053 Ni2

can compare the total energies of the six configurations cor-
responding to their minimum energy. It turns out that only
for two configurations ish-BN bound at all to the Ni

surface—namely, when the N atoms are on top of the top- 2‘03AI Ni4
most Ni atoms—whereas for all other configurations the
h-BN layer is unbound. Thus it seems to be essential that the
N atom sits directly on top of a Ni atom. For this on-top  FIG. 2. Structure parameters of the minimum energy configura-
position two possibilities remain for the B atom: namely, totion (N,B)=(top,fcc). For nitrogen an outward corrugation of 0.1
occupy the fcc or the hep hollow site, respectively. We findA is found.

2.03AI Ni3
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obtain equilibrium distances larger than the LDA and some-
times than experiment. The energy difference between
(N,B)=(top,fcc) and(top,hcp is 18+4 meV (Ref. 18 per
unit cell (which contains twd-BN surfaces separated by the
vacuunm). This very small value may be understood since
differences betweeftop,fco and (top,hcp are only related

to the secondand deeperNi layers that are expected to
make a much smaller contribution to the bonding. The en-
ergy difference is also much smaller th&pTg, whereTg
=1000 K is the temperature of tHeBN/Ni(111) synthesis.
This indicates that kinetic effects must be important for the
dominance of thétop,fcg phase. The present GGA calcula-
tion might not have the accuracy to decide conclusively be-
tween these two structures.

Binding Energy (eV)

V. ELECTRONIC STRUCTURE

Hexagonal boron nitride is isoelectronic to graphite. It has
covalentsp? bonds that form the hexagonal network of in-
dividual layers. In contrast to graphite the heteronuclear BN 2o
base imposes ionicity and drivésBN to be insulating with
a band gap of<5 eV.'°

For the case of a single layer fBN on Ni(111) one ]
would not expect a strong influence of this insulator on theg 60 4
electronic(and spintronig structure of the underlying metal
since at the Fermi energy no BN states are available for
hybridization with the substrate. However, theBN layer
gets polarized upon adsorption on a metal and charge trans
fer (or displacemenjsmay occur which would decrease the
work function. This charge transfer does not imply hole dop-
ing of h-BN since the displaced charge remains localized in
the interface. It does, however, reduce the spin magnetic mo-
ment of the Ni top layerS (see below. The fact that tunnel- _ FIG. 3. Top:(a) Experimental gray scale dispersion plot on the
ing microscopy may be performed &rBN/Ni(111) (Ref. 1) I'-K azimuth as extracted from angular-resolved kephotoemis-
does, on the other hand, indicate “metallicity” in the sensesion data. The gray scale reproduces the intensity (white
that electrons may tunnel across a vacth#BN/Ni(111) in- ~ =maximum) and is determined by sif)y2mcEy;,/7i, where 6
terface. In Fig. 8) an experimental photoemission disper- is the polar emission angle. Bottom: the theoretical band structure

sion plot fromh-BN/Ni(111) is shown along th@K direc-  ©f H-BN/Ni(111) in the M-I"-K directions in the hexagonal recipro-
tion. The o and = bands are clearly resolved and nicely cal unit cell.(b) Spin up, the radius of the circles is proportional to
follow the calculated band structure. The experimental 1€ Partialp,+py charge density centered on the nitrogen sites (
band width of 5.5 eV matches the spin-averaged theoretic#f"mds; we include by thick ye"c.’w lines the ban.ds of a buckled
width (5.52 eV} and is in fair agreement with the photoemis- gzﬁzt:;dl?gggnn;gmaﬁ: r\;vgilﬁz Qfat\;]ee l;ﬁi{;gl;sggfgp%tﬂt:;fgll'to
sion experiment of Nagashine al. (5.8 eV).!® The experi- ' ’

_ _ the partialp, charge density on the nitrogen sites bands.
mentala(I") — 7(K) energy difference is 0.8 eV and agrees
as well with Nagashimat al. (0.9 eV),'® while the theoret-
ical energy difference is spin dependent, 0(029 eV for
spin up (down), respectively, and significantly smaller than R
the experimentally observed energy difference. This sugges X .
that the two bands with different character relax differently'ng_s'ze' These states form thebands which are degenerate
upon the creation of a hole in the photoemission procesdtI'- In Fig. 3c) (minority spin the weights of thep, orbit-

where the self-energy of the band appears to be larger than als (7 bands are shown. Ther band lies below the Nd
that of thes band. band, and neither crosses the dgiband nor contributes to

In Fig. 3 the band structure of the slab containing 19the conductivity. The firsh-BN-derived conduction band is
layers of Ni+2 layers of corrugateti-BN is shown for the ~found above the Fermi level. It has positive effective mass
two high-symmetry directions in the two-dimensional hex-and is centered df. For bulk h-BN Catellaniet al. found
agonal Brillouin zone for spin-up and spin-down electrons,such bands as well, which they identified as an interlayer
respectively. The magnetism is reflected in the flat,band®® In our case the main weight lies in the topmost Ni
exchange-split Nd bands which are partially empty for mi- layer and we term this band interface-state béladbeled
nority spins. In order to identify the-BN-related bands they with “i” in Fig. 3 (b)]. In Fig. 3b) we plot with a colored

-8.0 o

-10.0

Y 4 ! SPIN DOWN
M T K M E

were projected on atomic orbitals centered on the nitrogen
site. In Fig. 3b) (majority spin the weights of the in-plane
+py (s p?) orbitals are shown with circles of correspond-
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TABLE I. Band parametersEg—E)(eV) from h-BN/Ni(112), 0.70 FT 1 T T T T4
flat and buckled singlé-BN layers atl' and K. For the single m = B Ni(111)
layers no exchange splitting occurs and the energies have been ad- o ABN/Ni(111)
justed arbitrarily too;(T') of h-BN/Ni(111). 088 - Buk Ni
mband oy band  ojband Interface g ossl g - I R R
r K r K r K r 2
s | =smses g =l a-mm
Experiment 10.0 45 53 - 53 - - € oedl o - i
Theory 1 9.60 4.21 425 10.99 4.25 10.23-1.63 @
Theory | 9.61 3.95 4.23 10.99 4.23 10.24-1.75
BN-flat 8.26 293 4.25 10.94 425 10.12-176 e 7
BN-buckled 8.33 3.02 4.25 1095 4.25 10.17-1.50 °
0.60 = | | | I | 1 ] ] 1=
(yellow) line the bands corresponding to a calculation of a LA
Layer (0O=top)

single freestanding corrugatédBN_Iayer. In Fig. 3b) and

Table I the energies of the band atl” have been adjusted to  FIG. 4. Calculated layer dependence of the spin magnetic mo-
the values from th&-BN/Ni(111) slab. From this we see that ments in the first 10 layers of a 19-layer slab fofNil) andh-BN/
the o-type bands andr band do not show much difference Ni(111) [0 is the top(surface/interfaceNi layer]. The dashed line is
compared to their corresponding bands with the Ni substratehe result of a 3D Ni calculation without surface. The surface mag-
However, the relative shift between tlwebands and ther netic moment of nickel is reduced by theBN layer.
bands is about 1.3 eV, indicating a strongly different interac-
tion of the two band types with the substrate. In particularg jator. The charge on the atoms was determined with Bad-
the nominal gap increases from 4.5 eV for the bare, buckled,'s «3toms-in-molecules” methodAIM).2 In the case of
layer to 5.8 eV for the buckled layer on (dL1). The buck-  p gN/Nj(11]) the AIM procedure yields a charge of 0.59
ling or corrugation of thér-BN only weakly affects the elec- gjectrons on nitrogen and 0.65 electrons on boron. There-
tronic structure: i.e., the gap increases by 0.2 eV in goiNGyre the net charge transfer to the substrate is 0.06 electrons
from the corrugated to the flaEBN with the same surface per ynit cell and the ionicity of the BN bonds even increases
unit cell. This indicates that-BN makes no significant con- 55 goes the gap. Within an electrostatic picture, where a
tribut_ion to bands that cross the Fermi level, and it is thust:harge separation length 6f1 A is assumed, this yields a
considered to be an insulator. work function shift of 2 eV that has the sign and the same
It is remarkable that the energies of theBN 7 band  ger of magnitude as the experimental observation. The cal-
depend on the spin of the electrons. It does, however nqlated electrostatic potentialy/ ¢ E¢), 0.5 nm away from
imply magnetlm—BN since none of the exchange-split bands;},o top layer, are 5.1 and 3.4 eV for (811 and h-BN/
crosses the Fermi level. The substrate-induced exchanggi(111), respectively. This results in a calculated work func-
splitting decreases with the distance in energy from the Ni tion shift of 1.7 eV which is in good agreement with experi-
band—i.e., is largest=<260 meV) for ther band atk (see  ment.
Table ). The unoccupied interface state appears as well to be |n Fig. 4 the layer-resolved magnetic moments are shown.
exchange split by=130 meV. We expect that an experiment The charges in the individual spin channels have been deter-
with a spin analysis should resolve these exchange splittingsained inside the atomic spheres in the individual Ni layers
which are smaller than the intrinsic linewidth in photoemis- of the slab. This figure shows only ten layers since the sec-
sion. In Table | calculated and observed band parameters @hd half of the slab is redundant due to symmetry reasons.
h-BN are listed for ther, o, and interface-state bands of For Ni(111) we find a slightly higher bulk magnetic moment
h-BN on Ni(111). The last two rows correspond to the cal- (0.66ug) than in a previous LDA study of Fu and Freerfan
culated freestanding-BN monolayer. Flat BN refers to B (0.58uz) and the surface enhancement of the magnetic mo-
and N atoms in the same plane and BN buckled to#8N  ment is 6% only. However, the trend is identical; in particu-
layer with the corrugation ofi-BN/Ni(111). lar the two topmost layers have similar high magnetic mo-
The o bands at th& point may not be resolved by Hel ments before they decrease to the bulk vaff@.
photoemission because the accessifpleange at this photo- Furthermore, the calculations do indicate Friedel-type oscil-
electron energy is too smdkee Fig. 8)]. lations of the magnetic moment with an amplitude of less
The experimental work function shifts by 1.8 eV from 5.3 than 0.5% and a wavelength in the order of three to four
eV to 3.5 eV in going from Nil11) to h-BN/Ni(111).1>2°  layer spacings. In the case 6fBN/Ni(111) the magnetic
This indicates that thé»-BN layer gets polarized by the moment in the top Ni layer appears to be reduced by ©z08
nickel substrate. The calculations for a sin¢fieestanding  with respect to the pure Kill) top layer’® Interestingly, the
layer of h-BN with the experimental corrugatidnbut with- ~ Friedel-type oscillations of Ni11) and h-BN/Ni(111) are
out substrate, indicate a charge transfer of 0.56 electronsot exactly in phase and even a 19-layer slab does not yield
from boron to nitrogen. This charge transfer is due to thefull convergence to the bulk value (0,68). [Note that the
higher electronegativity of nitrogen and makeg8N an in- number of layers in the surface supercell calculation fixes

085404-4



DENSITY FUNCTIONAL THEORY INVESTIGATION CF . .. PHYSICAL REVIEW B 68, 085404 (2003

indirectly a particulak mesh in thek, direction] The reduc- 32
tion of the bulk magnetic moment can be explained in terms 56 O

of charge transfer from BN to Ni, and since around the Fermi i
level mainly Ni minority d-band states are available, this S E
charge transfer dopes the unoccupied minatityand states 52 o
and reduces the magnetic moment. This reduction mecha- 50 8
nism of the magnetic moment due to charge transfer has thus -

a different quality than the hybridisation mechanism of Ter-

soff and Falico? _
1.08 <

VI. INTERPRETATION OF STM DATA FROM  h-BN/NI(111) 1.02 0
) o
We combine the theory of Tersoff and Hamann for tun- 0.96 D
neling between a real surface and a model proffentifh our ' 8
ab initio calculations based on the FP-LAPW method and 0.90 a

compare them to scanning tunneling microscopy experi-

- ]

ments of Auwater et al." _ _ FIG. 5. Local charge density0.08 eV around the Fermi level
Considering the tusnnellng currehtgiven to first order by  at a distance ,=2.5 A above the corresponding top layer for the

Bardeen’s formalismi; Tersoff and Hamarfhtake the limit  pare N{111) (top panel and theh-BN/Ni(111) surface (bottom

to small voltage and temperature, pane). The units are ine/A3, illustrated by corresponding gray
shadings.
2me )
le= A % IMy.,.[*6(E,,—E¢) 8(E,~ Ep), @) Figure 6 shows a STM picture with atomic resolution as

obtained by Auweter et al! of the surface after formation of
whereE,, andE, are the energies of the states in the tip anda h-BN layer on N{11]). It was recorded at constant height
surface, respectively, ard , , are the tunneling matrix ele- with a tungsten tip at4.8 mV bias voltage. This experimen-
ments. In the limit when the tip is replaced by a point probetal image presents a hexagonal Bravais lattice with a two-
the tip wave functions are completely localized: then theatom base that forms a honeycomb pattern. These findings
matrix element is simply proportional to the density of statesstand for a well-ordered surface with two distinct atomic
imposed by the substrate wave functigpat the positiorr,  species and a dark spot in the center of the hexagon. The
of the tip (probe and simplifies to lattice constant of 250.1 A corresponds to that of the
Ni(111) substrate. From a comparison with Figbp the
) bright spots can be assigned to the nitrogen sites and the
't“EV | #,(r0)|“8(E, — Eg). 2 intermediate intensity spots to those of boron sifes). The
consistency of experiment and the Tersoff-Hamann picture

tell us that for this case the tip wave function is compatible

For E,=EF the tunneling current is the surface LDOS at ™, h th h f the ti f %A
Er . Thus the tunneling current is proportional to the surface/ith the (@ssumells character of the tip wave functidt.

LDOS at the position of the point probe, and the microscope
image represents a map of the LDOS above the surface.

In Fig. 5 the contour plots of the charge density for both
the bare Ni surface antd-BN on Ni(111) are shown. The
plots correspond to the spin-tygpin-down contributions at
E-+0.08 eV taken at a distance of 2.5 A from the surface.
For both spins the trend is the same, so we only show the
sum of both spin channels. In Fig(éh we present the va-
lence charge density of the bare(Nil) surface in the plane
parallel to the surface at 2.5 A from the topmost Ni layer.
The main contribution to the charge is on top of the topmost
Ni atoms, less charge is in the fcc sites, and the minimum
corresponds to the hcp hollow sites. The hcp and fcc sites are
only slightly different in the LDOS map, which indicates the
low importance of the second Ni layer—and that it is diffi-
cult to obtain N{111) substrate STM images that resolve a
two atomic base. In Fig.(b) the valence charge density of
h-BN/Ni(111) in the plane 2.5 A above the N atoms is
shown. The main contribution stems from on top of the N
atoms but the fcc and hcp sites show a significant difference FiG. 6. Atomically resolved STM image oh-BN/Ni(111)
where tunneling from boron sitedcc) is more likely than  (v,=4.8 mv, 0.1,<0.5 nA) from Ref. 1. Note the vision of a
from the empty hcp sites. hexagonal Bravais lattice with a two-atom base.
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10.2 LN
0.1 80 20 [ T
0.014 \down
5] H-0.2
10_4‘ __0_4 15 — “ 1
105 [-086 B 5
1064 08
107 40 &
L waes 02 Tg
011 4 \‘\_ _____ ==0.0 %
00147 o2 &
?:(‘ 103 o
D 1074 B4 &
T 105 -06 §
406 08 & FIG. 8. Energy and spin dependenceagfthe ratio of the local
10-1 1.0 g densities of states of Kill) and h-BN/Ni(111) at a distance of 5
02 @ a.u. from the top layer. The densities are averaged over the surface
0'1"'\\‘ ______ 10.0 2 unit cell.
0.01 N e 7]
108 e T heteronuclear step, we get for the apparent heightz,
104§ —Az, an electronic contrastz given by « and\, i.e.,Az
105 =\Ina, where\ is the exponential decay length of the
10°6] charge density¥ ,|2<exp—rq/\ (see Fig. 7. It can further-
107 more be seen that it is more likely for electrons to tunnel

0 1 2 3 4

o

height above top-layer (A)

acrossh-BN than a corresponding vacuum layer and the tun-
neling has an other spin dependence than in the vacuum. In
particular the spin anisotropy fd=BN/Ni(111) persists fur-

FIG. 7. Charge densitp +0.08 eV around the Fermi level
[solid lines, N{111); dashed linesh-BN/Ni(111)] and correspond-
ing spin anisotropy dup—Paown/ (Pup+ Pdown) [dash-dotted lines,  calculated since it affects the apparent NiBN step height
Ni(111); dotted lines,h-BN/Ni(111)] as a function of the height difference in a STM topograph. The spin-resolved calcula-
above the top layer for the three inequivalent high symmetry sitestions give a hint at which energy the magnetic contrast is
top, hep, andfcc. largest, i.e., at which tip-sample voltages the largest Ni—
h-BN step height differences are expected for parallel and
antiparallel sample-tip spin configurations. Figure 8 shaws
for the average chargdand spin densities |V ,|?(E
—Eg,rg) of Ni(112) andh-BN/Ni(111) on a plane parallel to
the surfacgatr,=5 a.u=2.5 A) for the majority spiny ,

ther away from the surface.
Finally, the energy and spin dependenceaohas been

In a further step we investigated the heighg)( depen-
dence of| ¥ |?(E) for both spin channels and for the three
high-symmetry sitesop, fcc, andhcpin the unit cell. Figure
7 shows the charge density Bt for Ni(111) and h-BN/

Ni(11]) as a function of the heightr§) above the top layer e minority & spin, and the total charge as a function of
and the spin anisotropyp(ip— Paown)/ (Pupt Paown)- FOrTo  the energy relative to the Fermi levél- E . Above 1.5 eV,

<1 A the electronic shell structure of the substrate becomeg decreases sindeV|, g |2 increases due to the onset of the
important, though this range is not accessible for STM exh-BN conduction(interfacé band. The spin dependencecf
periments. Forro>1 A, both cases Ni1l) and h-BN/  emphasizes a magnetic contrast exceeding that of homo-
Ni(111) show an exponential charge density decrease witluclear steps. The spin anisotropycothanges sign in going
about the same decay length From a comparison of these from the occupied statggninority dominatedl to the unoc-
exponential slopes in Figs(a-7(c) it can be seen that in cupied states(majority dominategl The zero anisotropy
Fig. 5 no change in contrast is expected for different tunnelpoint, wherea; =« , is close to the Fermi levellO meV).

ing distances. However, at a giveg the electron density is For a;# «| and a tunneling tip with a nonzero spin polar-
larger for metallic Ni111) than forh-BN/Ni(111). For a con-  ization we expect a spin-dependent tunneling conductance.
stant tunneling barrier this indicates that in a constantWe therefore propose an experiment that will show magnetic
conductance STM picture, where the topography is showrgontrastAz,=Az;;—Az; in a constant-conductance STM
the Ni-Ni steps are expected to be mapped with a highepicture(topographwhereAz;; (Az; ) is the spintronic con-
contrast(heighy than the Ni-h-BN steps although the true trast for a paralle(antiparalle] sample-tip spin configura-
height of both step types is about the same. Homonucledion: For a magnetized STM tip with a polarization Bf
steps show their true heigla, in a topograph. In hetero- — 10% we expect aE—Ex=0.3 eV a maximum magnetic
nuclear steps, e.g., a step between Ni aheBN island, the ~CONtrastdzm~PA In(a; /e) of ~0.1n, a value that may be
height seen in the topograph is modified by the ratiof the ~ "€adily measured.

LDOS and the different tunneling barriet@(E—Eg ,rg) is
the ratio between the local DOS of (iL1), ||, and that
of h-BN/Ni(111), | ¥,,_gn|?, at a height , above the surface. In this work the six possible configurations bfBN on
Assuming the same tunneling barriers below and above &li(111) were investigated in view of their stability. From the

VIl. SUMMARY AND CONCLUSIONS
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total energy calculations it turns out that only in the two shift of 1.8 eV(1.7 eV) between Ni111) andh-BN/Ni(111).
configurations with N on top of the topmost Ni atorhsBN The magnetic moments for bulk Ni and for the two surfaces:
is bound to the Ni surface while for all other configurationsNi(111) and h-BN/Ni(111) were calculated, and the strong
theh-BN is unbound. It is essential that N atoms sit on top ofreduction of the magnetic moment of the Ni top layer is
the Ni atoms and from the two possibilities for the B atom explained by a charge transfer fromaBN to Ni(111). The

the fcc hollow site (N,Bj= (top,fcc) is energetically slightly  calculated local charge density at the Fermi energy assigns
favored. However, the energy difference is very small andhe contrast in the STM image to N and B sites, using the
GGA-type calculations might not have sufficient accuracy toconfiguration with N on top and B in the fcc hollow site. The
give a decisive answer. The band structure for 19 layers ofpin-resolved LDOS above the surface ofNil) andh-BN/

Ni(111)+2 layers of corrugated-BN slabs was calculated Nj(111) is used in order to propose spin-dependent tunneling
for spin-up and spin-down electrons. The magnetism is reexperiments with high magnetic contrast.

flected in the exchange-split Ni bands which are partially
empty for minority spins. Théh-BN o and = bands are
identified and compared with the experimental photoemis-
sion dispersion plot fronm-BN/Ni(111). h-BN does not con-
tribute new bands that cross the Fermi level and is thus con- Triggering of this collaboration and continuous encour-
sidered to remain an insulator. Bader’s topological methogigement from J. Osterwalder and financial Support from the
was applied to determine the charge of the atoms comparesiwiss National Science Foundation are gratefully acknowl-
to the superposition of atomic charge densities and the coedged. We would like to thank J. Fuhr for his program AIM
responding charge transfer in the solid. A charge of 0.5%ased on the Bader Method and A. Preusser for his program
electrons on nitrogen and 0.65 electrons on boron produce XFARBE (Fill Area with Bicubics, visualisation of 2D-

a transfer of 0.06 electrons per unit cell to the substraté\rrays). G.B.G. acknowledges the support of CONICET
which explains the observe@nd calculatedwork function  (Argenting.
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