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All-electron local-density theory of the rippled NiAI(110) surface
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The structural and electronic properties of the rippled NiA1(110) surface are investigated using
the all-electron total-energy local-density full-potential linearized augmented-plane-wave method.
Surface states are found to have =1.3-eV binding energies at I —in excellent agreement with
the Auger spectra data. The geometry of the rippled surface and the optical-phonon frequency at
I are determined by means of frozen phonon calculations. In good agreement with recent experi-
ments, we find the rippling to be 0.20 A for the composite Ni-Al surface layer with Al displaced
outwards relative to the contracted Ni layer. A possible mechanism behind the surface rippling is
discussed in terms of charge-transfer effects and electrostatic neutrality. The charge densities and
calculated work functions for the relaxed and unrelaxed surfaces are also reported and discussed
in relation to this mechanism.

Recent experiments on NiA1(110) ' and Ni3A1(110) '
have revealed rippled surface relaxation for these alloy
surfaces. From their LEED analysis on NiAI(110), Davis
and Noonan' have shown that the top composite Ni-Al
layer possesses a large rippled relaxation with the Al site
being displaced approximately 0.22 A above the Ni site
[c.f. Fig. I(a)l; subsequently, Yalisove and Graham2 ob-
tained similar results by use of the medium-energy ion
scattering method. These interesting observations have
generated wide interest and have stimulated theoretical
and computational investigations. " Early theoretical
attempts to investigate surface relaxation were limited to
the semiempirical potential method, tight-binding ap-
proximation, or to simplified model Hamiltonians.
These approaches were not able to describe precisely the
delicate energetics or to reveal the detailed features of the
driving mechanism behind surface relaxation phenomena.
More recently, Chen, Voter, and Srolovitz simulated the
relaxation at various Ni-Al alloy surfaces including
NiA1(110) by the embedded-atom method;' they
presented the surface structure of NiA1(110), but were
not concerned about the electronic structure and the
mechanism behind the rippled relaxation. It is thus desir-
able to investigate the electronic and structural properties
of NiA1(110) by precise band method and to obtain an ac-
curate description of the mechanism behind the surface
rippling based on detailed information about the electron-
ic structure. Highly precise first-principles band methods,
based on the local-density functional formalism, '3 are
presently available for the detailed description of surface
relaxation eA'ects —as demonstrated in recent calcula-
tions —such as multilayer relaxation for the W(100) '

and Al(110) ' surfaces.
The purposes of the present study' are (1) to deter-

mine the rippled surface geometry and to understand the
mechanism behind the surface rippling, and (2) to investi-
gate the surface electronic properties such as the charge
density, work function, and surfaces states, etc. , of the
NiA1(110) surface. Our highly precise all-electron total-
energy study shows that the surface Ni atoms are con-

tracted into the bulk region by (8.0~ 0.5)% and that the
Al atoms expand out to vacuum region by (1.5+ 0.5)%
relative to the unrelaxed interlayer spacing (for a total
surface rippling of 0.20 A.). These results are in fairly
good agreement with the experimental data from LEED'
and ion scattering. The surface states are found to have
a binding energy of =1.3 eV at I . We also predict that
the work function is 5.17 eV and the optical phonon fre-
quency at I is 28.5 meV. The mechanism behind the rip-
pled relaxation can possibly be attributed to the charge
transfer which serves to maintain the electrostatic neutral-
ity for each layer.

In this investigation, the NiA1(110) surface is
represented by a single slab consisting of five atomic lay-
ers. To find out the rippled surface geometry, the total en-
ergies are calculated for various Ni and Al atomic posi-
tions at the surface layer by the full-potential linearized
augmented-plane-wave (FLAP W) method. ' ' The
Kohn-Sham local-density functional (LDF) equations in-

corporating the Hedin-Lundqvist exchange-correlation po-
tential ' are solved self-consistently for each trial
geometry. A total of 2x360 LAPW basis functions are
used to expand the wave functions. In all the calculations,
the muffin-tin radii of Ni and Al spheres are set to the
same value, 2.215 a.u. The unrelaxed interlayer spacing
corresponds to one-half of the experimental lattice con-
stant, 7.7001 a.u. (also employed in our calculation).
Charge densities inside the muffin-tin spheres are expand-
ed in lattice harmonics with angular momentum up to
l=8. The core electrons, including the 3p states of Ni,
are treated fully relativistically and the valence electrons
derived from the atomic 3d, 4s, and 4p orbitals are treated
semirelativistically, ' i.e., dropping the spin-orbit term,
but keeping the other relativistic terms in the Hamiltoni-
an. Up to 32 k points in the irreducible wedge of the
two-dimensional (2D) rectangular Brillouin zone are used
for the Brillouin-zone integration and a Gaussian
broadening scheme is employed). Self-consistency is as-
sumed when the root-mean-square difference of the input
and output charge densities is less than 5 x 10
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electrons/(a. u.); by then the total energy is stable to
within 0.2 mky.

The total energies were calculated for nine trial
geometries and then least-squares fitted by parabolic poly-
nomials in the 2D variational space to determine the
stable geometry and optical-phonon frequency at 1. The
rippled surface corresponding to the total-energy
minimum is for Ni atoms contracted into the bulk region
by (8.0+'0.5)% [in percentage, relative to d&2, the unre-
laxed (110) interlayer spacing], and Al atoms moved out-
wards by 1.5 ~0.5% from their bulk truncated positions.
Although these calculated values of atomic displacement
are different from those obtained from LEED (-6% for Ni
and 4.6% for Al), the trend of the relaxation is consistent.
Perhaps more significantly, the magnitude of the surface
rippling (0.20 A) is in excellent agreement with the
LEED analysis (0.22 A). A similar value for the surface
rippling was recently obtained by the self-consistent pseu-
dopotential method. "

Recently, a very similar result for the surface rippling
was obtained by ion scattering. Further, this experiment
also demonstrated that the amount of subsurface rippling
is relatively small compared with that of the surface layer
(the subsurface Ni and Al atomic positions are relaxed by
about 1% with a 180 phase diff'erence from those of the
corresponding surface atomic displacements). Motivated
by this observation, we have carried out a calculation with
the subsurface atomic positions given by the results of ion
scattering and with the surface atoms at their calculated
rippled position. The resultant total energy obtained by
allowing the second-layer relaxation is lower than that for
an unrelaxed second layer. (The difference is very small,
however —only 5 meV. ) This result is thus consistent
with the small amount of subsurface rippling expected
from the short-ranged metallic screening. (Although the
energy minimization was not carried out by simultaneous-
ly varying both the surface and subsurface atomic posi-
tions, the subsurface Ni and Al equilibrium positions
should be very close to those of the bulk truncated posi-

tions as shown by the small total-energy difference stated
above. )

The optical-phonon frequency at the I point, for vibra-
tions normal to the surface plane, was estimated to be
co=28.5 meV from the curvature of the total-energy
minimum path about its relaxed position.

Having established the geometry of the rippled
NiA1(110) surface, we now consider the mechanism
behind the surface rippling. For this purpose we show in
Fig. 1, the charge-density contour plots on the plane
(112). [Note that the nearest neighbors to surface
Ni(A1) atoms are two subsurface Al (Ni) atoms]. As the
surface is created, there is a "spill-out" charge (= 0.2
e/unit cell) into the vacuum region due to the reduced
coordination for the surface atoms. This spill-out charge
is s,p-like and acts to screen the discontinuity caused by
the formation of the surface. As a result, despite the ioni-
city of NiA1, the electron charge density in the vacuum re-
gion shows a smooth and structureless distribution (i.e.,
only a small corrugation). In contrast, a quite different
charge distribution is seen in the interstitial region just
one layer beneath the surface layer [cf. Fig. 1(a)], where
the charge density is bulklike and reflects the ionicity of
the NiA1 alloy. Further, due to the extended nature of the
Al s,p electrons, there is a large amount of interstitial
electronic charge distributed beneath the surface Ni sites.
Therefore, a strong surface dipole field acting along the
surface normal (with the negative end pointing into the
surface) is formed on the surface Ni site for the unrelaxed
surface. The corresponding electrostatic field on the Al
site arising from the dipole charge distribution is consider-
ably smaller, due to the localized nature of the Ni d elec-
trons and the lower amount of s,p-like electrons for Ni
atoms (recall that the nearest neighbors to surface Al
atoms are subsurface Ni atoms). Consequently, in order
to maintain electrostatic neutrality, the positive ion cores
in the surface layer should move to their individual elec-
trostatic center, i.e., a large inward contraction (into the
bulk region) for Ni and a relatively small relaxation for

(a) unrelaxed (b) rippled

FIG. 1. Valence electronic charge-density contour plots for (a) the unrelaxed and (b) the rippled NiAl(110) surface geometries
(with h~~.. +4%, dN;. —8%) on the (112) plane. Subsequent contour lines differ by a factor of J2 and the density contours are
shown in units of 10 e/(a. u). '
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Al (a small outward expansion).
Meanwhile, the response of surrounding electrons to the

atomic displacements is to counterpolarize the force
caused by the dipole fields [cf. Fig. 1(b)]: a decrease of
interstitial charge beneath the surface Ni sites accom-
panied by an increased density in/above the surface Ni
atoms (the opposite charge redistribution is found for the
surface Al sites). Because of this charge-transfer effect,
the corrugation of the charge density above the surface
layer is even smaller than that for the unrelaxed surface;
i.e., the relaxation has the effect of smoothing out the sur-
face roughness by a spatial redistribution of the electronic
charge. Further, due to the combination of counterpolari-
zation and charge smoothing effects, the electronic density
above the subsurface Ni (Al) sites tends to be increased
(decreased) which, in turn, induces nonvanishing dipole
forces acting on the subsurface atoms. Consequently, the
response of the subsurface atomic relaxations is expected
to have a 180' phase difference with respect to that of the
surface layer. (However, the magnitude of the subsurface
layer relaxation is far less than that of the surface layer
relaxation as a result of a less pronounced dipole field. )
This picture is clearly consistent with the subsurface re-
laxation discussed above.

We now consider the surface properties which are
correlated with the above electrostatic model (cf. Table
I): (1) the calculated work function decreases from 5.31
eV for the unrelaxed surface to 5.18 eV for the rippled
surface due to the lowering of the surface dipole barrier
(i.e., counterpolarization) as the Ni surface atoms are
contracted into the bulk region (although the amount of
lowering is partially compensated for by the outward re-
laxation of surface Al atoms), and (2) the number of elec-
trons within the surface Ni (Al) muffin-tin spheres in-
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creases (decreases) as the surface layer is relaxed; and the
decreased (increased) interstitial electronic density
beneath the surface Ni(A1) sites causes the electrons to
become more localized (delocalized) within the muffin-tin
spheres of subsurface Al(Ni) sites (cf. Table I). The elec-
trostatic model for the surface relaxation is, in fact, quite
general. An asymmetric electron charge distribution at
cleaved metallic surfaces was found to be responsible for
the surface relaxation in a heuristic model proposed by

TABLE I. Angular momentum (I) decomposed electronic
valence charges in the muffin-tin sphere of a five-layer
NiAl(110) film for the unrelaxed and relaxed geometries.
denotes the percentage change of the interlayer spacing between
surface and subsurface layers.

0 F

Total

S —1

Ni: 0.36
Al: 0.59

Ni: 0.39
Al: 0.55

Ni: 0.38
Al: 0.56

0.28
0.57

0.36
0.65

0.36
0.65

8.27
0.09

8.31
0.14

8.32
0.14

8.92
1.27

9.06
1.36

9.06
1.36 -12

X, E, I, h, Y, C2 S, D, X,
~AI 4p ~Ni

S —1

Ni: 0.38
Al: 0.59

Ni: 0.38
Al: 0.56

Ni: 0 38
Al: 0.56

0.31
0.55

0.35
0.66

0.36
0.65

8.23
0.09

8.30
0.15

8.32
0.14

8.98
1.24

9.04
1.40

9.06
1.36

FIG. 2. Energy bands for the rippled [as in Fig. 1(b)]
NiA1(110) surface along the high-symmetry directions in the
2D rectangular Brillouin zone as shown in the insert of upper
panel. Upper and lower panels show odd and even symmetries
with respect to the 2D rotation, respectively. Dashed and dotted
lines represent even and odd parities with respect to the z
reAection. Solid lines indicate surface states whose wave func-
tions have more than 50% weight within the surface layer.
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Finnis and Heine following the earlier discussion of
Smoluchowski ' about the effect of charge smoothing at
metallic surfaces. A similar picture has been applied to
the multilayer relaxation on Al(110). ' The dependence
on the bonding character of the electron distribution is
considered to be a secondary effect. The large surface rip-
pling for NiA1(110) is simply a manifestation of the
charge transfer (ionicity) of NiA1.

We now consider the single-particle energy spectra of
the rippled surface as depicted in Fig. 2. The energy
bands are plotted along the high-symmetry lines of the 2D
rectangular Brillouin zone [shown as inset to Fig. 2(a)].
The energy bands are sorted out for clarity into states
with even (upper panel) and odd (lower panel) parities
with respect to the 2D rotational symmetry. The dashed
and dotted lines represent the states with even and odd
parities with respect to z reflection, respectively. Surface
states, denoted by solid curves, are defined as having their
wave functions localized by more than 50% in the surface
layer. As shown, for each symmetry, we find very local-
ized surface states at the I point with binding energies =

—1.3 eV relative to Ep. Our calculated binding energies
of these surface states are in excellent agreement with the
Auger spectra results of Plummer; the observed binding
energies of surface states for the Z& and Z4 symmetries are
found to be —1.1 and —1.3 eV, respectively. Our calcu-
lated surface states reveal, however, differences in binding
energies compared with the calculated normal photoemis-
sion spectra for the unrelaxed NiA1(110) surface by
Konig, Redinger, Weinberger, and Stocks: They ob-
tained —1.4 and —1.6 eV for the binding energies of sur-
face states with X& and Z4 symmetries, respectively. This
deviation might originate from several sources: the effect
of their neglected surface relaxation, their use of bulk po-
tentials for the surface layer, and a steplike barrier poten-
tial at the vacuum-surface interface.
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