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Rippled surface structure and electronic and magnetic properties of NJAI(001)
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Structural, electronic, and magnetic properties ofAj001) are investigated by the all-electron thin film
full-potential linearized augmented plane wave method based on the local density approximation. A stable
rippled surface atomic geometry is determined by atomic force and total energy calculations. The surface Ni
atoms contract down to the bulk region by 4.2% of the bulk interlayer spacing while all of the other atoms
including the surface Al atoms remain close to their bulk positions. The amount of rippling found by calcu-
lation (0.06 A) is almost within experimental err¢d.02+0.03 A). Charge densities, calculated work functions,
and densities of states for the relaxed rippled and unrelaxed surfaces are reported. The spin polarized calcu-
lation predicts that the NAI(001) surface is “magnetically dead,” unlike the bulk region.

[. INTRODUCTION atoms are observed to contract down slightly to the bulk
region) Similar behavior was seen in the EAM calculations
Low energy electron diffractiodLEED) experiments on by Foiles and Daw, in which the Al atoms at the
intermetallic Ni-Al alloy surfaces have revealed rippled re-NizAl(001) surface relaxed outward by 0.06 A. More re-
laxations. N{Al) atoms in the NiA(110 surface have been cently, while Chulkovet al!! calculated the surface elec-
found to contract dowiexpand outfrom the bulk truncated tronic structure of NjAI(001) by means of the linearized
positions with a rippling of 0.22 Aor 10.6% relative to the augmented plane wave method, they did not investigate the
unrelaxed interlayer spacing? For the NjAl(001) surface, surface structure.
there are two possible terminations: mixed Ni-Al and pure Ni  To deal with this situation, it is desirable to investigate the
compositions. It has been found in LEED experim&h@nd  electronic and structural properties of;NI(001) by use of a
calculation&® that the Ni-Al termination is more stable than highly precise energy band method. Hence, we use the
the pure Ni one. The experiments also found that the firsELAPW method based on the local density approximation
interlayer spacingly, is contracted by 0.05 A2.8% of the (LDA).}? In order to determine the stable geometry, the
bulk value 1.78 A) and the second interlayer spadipgis  atomic structure is optimized with total energy and atomic
bulklike; the surface Al atoms appear to be slightly displacedorce calculations®* The electronic structures, charge den-
(0.02-0.03 A) outward with respect to the Ni atoms. It is sities, and work functions, etc., for the relaxed rippled and
curious that the rippling at NAI(001) is much smaller than unrelaxed NjAI(001) surfaces are calculated and discussed.
that of NiAl(110) in spite of the same composition at both  In addition to their attractive high temperature properties,
surfaces. Ni-Al alloys also have interesting magnetic properties which
These observations have challenged theoretical investig@re very sensitive to their structures. Experiments have
tions in two points:(i) why is the rippling for N;AI(001) shown that bulk NjAl is weakly ferromagneti® with a
much smaller than that of the Ni@l10) surface? andii)  small magnetic moment of 0.9% per Ni atom'® By a
what is the underlying mechanism for the relaxation? For thd=LAPW calculation, it was confirmed that bulk Dl is
NiAl (110 surface, several theoretical/computational investi-weakly ferromagnetic, but the calculated Ni magnetic mo-
gations have already been made. By use of the first principlesients(0.093ug ,*” 0.20ug ,'® and® 0.15u) are higher than
full-potential linearized augmented plane waWeLAPW)
energy band method|ee et al® obtained a stable surface
geometry, which is in good agreement with the experiment
data, and have given an explanation of the mechanism be-
hind the relaxation in terms of charge transfer. Similar re-pgition

TABLE I. The z position of atoms and the amount of relaxation
ith respect to the bulk positionAz, of a relaxed nine-layer
i3Al(001) slab for the spin-polarized case in units of A.

. > ! Atom type z Az
sults on the relaxation of NiAL10) have been obtained by
Kang and Melé, using the self-consistent pseudopotentialS Ni 6.900 —0.060
method. Based on the embedded atom mett®aM),*° Al 6.960 0
Chenet al® simulated the relaxation at various Ni-Al alloy S—1 Ni 5.232 +0.012
surfaces. For NiAlL10), they obtained a larger rippling S—2 Ni 3.491 +0.011
(0.33 A) compared to the LEED data (0.22 A). This trend Al 3.481 0
also appeared at the Mil(001) surface: the amount of rip- s—3 Ni 1.740 0
pling by the simulation (0.089 A) is too large compared toc Ni 0.000 0
that of experiment (0.020.03 A) due to the large outward Al 0.000 0

relaxation of the surface Al atonfln experiments, the Al
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TABLE II. Angular momentum decomposed electronic valenceface geometry was then optimized by total energy and
charge in the muffin-tin sphere and magnetic momentadmof a  atomic force calculations which allow automatic structure
nine-layer NjAI(001) film for the unrelaxed and relaxed geom- optimization!* We assumed that we had found a fully re-

etries. laxed structure when the force on each atom was less than 1
- mRy/a.u. and the position did not change by more than 3
Atom Magnetic % 10°3 a.u.
Layer tpe s P d  Total  moment The muffin-tin (MT) radii of Al and Ni atoms are set to
Unrelaxed 1.20 A. Inside each muffin-tin sphere, chargein densi-
IS Ni 040 032 836 909 0.00 ties and potentials are expanded in lattice harmonics with
Al 065 061 0.13 1.42 angular momentum up tc=8. The core electrons, including
S—1 Ni 045 045 831 924 0.00 the 3p states of Ni, are treated fully relativistically and the
S Ni 045 046 830 924 0.01 valence electrons derived from the atomid, 34s, and 4o
Al 062 073 020 159 orbitals are treated semirelativisticaﬁﬁl,by dropping the

spin-orbit term but keeping all the other relativistic terms in

— Ni 4 4 ) .24 .01 Lo B ) .
S73 ' 0.45 046 830 9 0.0 the Hamiltonian. Within the irreducible wedge of the two-

C Ni 045 046 830 9.24 0.01 . - - - . .
Al 063 072 020 159 dimensional Brillouin zone, eigenvalues and eigenvectors are
' R I. d ' ' calculated for 18 specidt points. Self-consistency was as-
_ elaxe sumed when the rms difference between the input and out-
S Ni 041 034 836 913 0.01

put charge (spin densities was less than x210™*

Al 066 062 0.13 143 e|ectr0n§/a_u)_3

S-1 Ni 045 046 831 926 0.06
S-2 Ni 045 046 830 9.24 0.13
Al 062 072 020 1.59 lll. RESULTS

S-3 N_' 045 046 830 924 0.16 The rippled geometry determined by total energy and
c Ni 045 046 830 924 0.18 force calculations for the NAI nine-layer slab is given in
Al 063 072 020 159 Table | for the spin-polarized case. We have also performed
the calculations for the paramagnetic system, but there were
) no meaningful differences from those of the spin-polarized
the experimental value. Hence, another purpose of thgystem. From this table, we find that all the atoms remain
present study is to investigate the magnetic properties of thgimost at their bulk positions except for the surface Ni at-
NizAl(001) surface. We calculate charge and spin densitiesyms, which are relaxed into the bulk region by 0.06 A. The
layer-by-layer magnetic moments, and densities of states igmount of rippling is therefore 0.06 A, which is almost
the NiAI(001) film, and discuss the fine features of the sur-yjthin experimental error, and the contraction of the inter-
face magnetism of NAI(001). layer spacing 4d;,) between Ni surface and subsurface is
In Sec. II, we briefly describe our model and the method_"4 2oy (0.072 A), which is 50% larger than the experi-
used. The results on the surface geometry gANDO1) and  ental value €2.8%).
the electronic and magnetic properties are presented in Sec. The overall features of our results are closer to the experi-
ll, as are discussions on the mechanism behind the surfaGgents than those obtained with the EAM calculations of

rippling. A brief summary is given in Sec. IV. Chenet al® and Foiles and DaWwhich showed consider-
able outward relaxation of the surface Al atof@henet al.,
1. MODEL AND METHODOLOGY 0.039 A; Foiles and Daw, 0.06 A). The wrong tendency

for the Al relaxation in their calculations is considered to be

To investigate the surface properties, we approximatedaused by an intrinsic defect of the EAM, namely, the use of
the NiAI(001) surface by a single slab consisting of nine parametrized potentials deduced from the bulk results, which
layers. For the surface layer, we chose the composite Ni-Als considered to overestimate the repulsive potential at the
surface, which has been shown to have lower energy thasurface.
that of the 100% Ni surface, by both experiméftand We have also performed similar calculations using the
calculations>® Since the calculated surface relaxations areexperimental lattice constant (3.56 A). Although the
known to depend very sensitively on the lattice consfdnts amount of rippling at the surface layer is found to be similar
and LDA calculations usually result in smaller lattice con-to that obtained with the theoretical lattice constant, the cal-
stants, we determined the bulk lattice constant using theulated surface relaxation showed large discrepancies with
FLAPW method so as to have an internally consistent bulk/ experiment and also with those obtained with the theoretical
thin film description. The Kohn-Sham equations incorporat-attice constant: Both surface Ni and Al atoms contracted
ing the Hedin-Lundqvist exchange-correlation poteftiate  considerably into the bulk regiondi by—19.2%, Al by
solved self-consistentl{The theoretical lattice constant de- —15.6%). The other atoms, including atoms in ti&-(3)
termined by the LDA isa,=3.48 A, which is smaller than layers, also contracted down into the bulk region—which is
the experimental valde(3.56 A) by 2.5%. It is expected inconsistent with experiment. This result demonstrates that
that generalized gradient approximafibnalculations would  one should be careful in choosing the lattice constant to get
improve the agreement with experiment. consistent results in the LDA calculation.

We started from an unrelaxed interlayer spacing with half Having established the rippled geometry for the
of the calculated bulk lattice constant. The equilibrium sur-NizAl(001) surface, we now focus on the possible mecha-
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FIG. 1. Valence electronic charge density
contour plots for(a) the unrelaxed andb) the
relaxed N3AI(001) surface geometriegwith
Ady; —3.4% andAd, 0.0%9 on the(110) plane
normal to the surface in units of 16e/(a.u.f.
Successive contour lines differ by a factor#.
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nism behind the rippled relaxation, following the discussionseV for the unrelaxed surface to 4.97 eV for the rippled one.
for transition metal surfaces by Pettiférand Fuet al?® In Note that this value of the work function is smaller than that
transition metals, the bulk lattice constant represents a bal5.18 eV} of the NiAl(110 surfaceé® which has more open
ance of the inward force of localizetlbonds and the homo- space into which ths,p electrons can spill.

geneous outward pressure of thg electrons. As the sur- Consider now the paramagnetic layer-by-layer density of
face is created, the bulk equilibrium is destroyed. Thd  stategLDOS) associated with each atom type for the relaxed
bonding between surface and subsurface atoms is enhancgdometry presented in Fig. 2. The LDOS for the spin-
and so the surface atoms contract down to the bulk regiorpolarized case, which is not presented here, is almost the
For Ni;AlI(001), the Ni atoms at the surface layer contractsame as the paramagnetic one since the spin splitting is neg-
down as a result of the increasded bonding with the Ni

atoms in the subsurface layer, which consists of all Ni atoms. 6.0

The small contraction actually found theoretically and ex- 4.0 Ni(S) L
perimentally may well be the result of an opposite effect: the 2.0 J/\
tendency to contract may be diminished by the more local- T gg AIS) e
izedd electrons in the surface Ni atoms compared to bulk, as £ 00 2

we can see from Table Il, in which the number of valence > 40 Ni(S-1)

electrons in each MT sphere is given for the relaxed and @ 209 I,J‘*’\/\w
unrelaxed structures. T 00 _

As for other metal surfaces, there is a spilling out of elec- ‘3’ :2 N'(S'Z)—//\/\/\A
trons into the vacuum region. The spill-out chargeostly = I N
s,p-like) serves to alleviate the sudden discontinuity in cre- » 05- nea
ating a surfacé® The electron charge density distribution in S ] NG
the vacuum region then becomes smooth and flat, as shown S 0] ,ﬂ\/\
in Fig. 1. These spill-out electrons give an outward pressure 2 oo S
to the surface Ni and Al atoms. However, the outward relax- 4.0 Ni(C)
ation of the surface Al atoms is reduced by the more local- 20 M&,\,
ized nature of thes,p electrons in surface Al atoms com- 9 AIC)
pared to other Al atoms, and this makes the surface Al atoms 0.0 - g ;

12 10 8 6 -4 -2 0 2 4

remain at the ideal bulk terminated position. This mechanism Energ}; (&V)

for the relaxation of the NAI(001) surface, originating

from the balance of inward-d bonding and outward,p FIG. 2. Paramagnetic partial density of states associated with
pressure, is different from the Ni&l10 surface case, which each atom type for relaxed Mil(001) surface in units of states/eV
has a large amount of rippling mainly caused by chargetom. Dotted lines indicate states and broken lines represent
transfer. The calculated work function decreases from 5.0{- - - ) andp (—- —: —- —) states.
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ligible as will be discussed below. The shape of the LDOSpne. This is due to the increasdell interactions between Ni
for the center C), (S—3), and B—2) layers is almost the atoms in the relaxed geometry.

same, but that for theS—1) layer becomes blurred, which

is a result of the reduced interlayer spacing due to relaxation. IV. SUMMARY

We find that the peaks in the DOS of surface Ni atoms The structural, electronic, and magnetic properties of

(mostly gontrlbuted byl electronss,. indicated by arrows, are izAI(001) have been investigated by the self-consistent all-
located in the same energy regions as those of surface Aligctron full-potential linearized augmented plane wave
atoms(mostly contributed byp electrong. This suggests @ method. The stable rippled geometry, determined by total
strongerp-d hybridization between Al and Ni atoms in the energy and atomic force calculations, results from the fact
surface layer than in the other layers. that the surface Ni atoms contract into the bulk region by
We first discuss the magnetic properties by use of thg) 06 A while the other atoms remain at their bulk positions.
paramagnetic DOS. From Stoner theory, an examination ofhe calculated value of rippling for the spin-polarized case
the paramagnetic DOS &t for each atom type allows one (3.4%,0.06 A) is almost within experimental error (0.02
to predict possible magnetic instabilities. If we compare the+0.03 A). The underlying mechanism for the relaxation is
DOS atE of Ni atoms in each layer given in Fig. 2, we see explained by the balance of inwaddd bonding and outward
that the value decreases by one-half on going from the centg@ressure bys,p electrons.
layer to the surface layer. Considering that the Stoner factor The value of the paramagnetic DOSEt implies that the
of bulk NisAl is slightly greater than %! it is expected that Stoner factor for the surface Ni atom is less than 1, and
the surface Ni is not magnetic at thesNI(001) surface. hence that the NAI(001) surface is not magnetic. The spin-
The above argument is confirmed by the spin-polarizedPolarized calculation confirms this fact: the magnetic mo-
calculations. The results of the calculated magnetic moment&ent of the surface Ni atom for relaxed geometry is negli-
for the relaxed and unrelaxed J4il(001) are summarized in  9ible (~0.01ug) while that of the center layer is 0.48 .
the last column of Table Il. The magnetic moments of the Ni & magnetically dead surface ofJRi(001) is explained
atom for the relaxedunrelaxed system decreases from by the fact that the enhancexp,d hybridization in the sur-

face region caused by the spilled-@jp electrons from the
0.18ug (0.01 ) for the center layer to- 0.01ug (0.00ug) ) : i
for the surface layer, which indicates that the;N{001) surface Al atoms weakens thied interaction between Ni

surface is essentially paramagnetic. The reason is that tHfd°MS-
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